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Abstract 

 Thermoelectric devices provide an excellent method for the generation of 

electrical power from low grade waste heat from energy production, but the current 

best inorganic materials used for such devices are expensive and require dwindling 

resources. Organic semiconductors derived from tetracenes may therefore provide an 

excellent alternative. However existing synthetic methods are step and atom 

inefficient and as such would provide poor yield and cost efficiency in mass 

production, and there is a paucity of n-type organic materials compared to p-type, 

which limits device design.  

 This report details attempts to develop rapid, general and scalable syntheses 

of tetracenes. A two-step process for the synthesis of substituted tetracenes via [3,3]-

sigmatropic rearrangement cascade reaction from a series of bis-propargyl diols is 

disclosed. This method furnished a variety of tetracenes in up to quantitative yield 

from commercially available materials. Mechanistic insights into the novel anionic 

Chugaev cascade derived from DFT calculations are disclosed along with computed 

and experimentally derived HOMO-LUMO gaps. A brief analysis of the predicted 

electronic properties of some of the materials synthesised is then presented. 

 In investigating bis-allenic cascades, an 8-membered ring was isolated in low 

yield. Mechanism of formation and the scope of the cascade which formed the 

carbocycle are briefly discussed.   

 A second method toward the synthesis of tetracenes via an attempted nitrile 

cyclisation reaction is disclosed. The method suffered from the rapid oxidation of the 

derived peri-diaminotetracene, and attempts to temper the reactivity of the resultant 

tetracene were stymied by a difficulty in forcing a second ring closure, which proved 

resistant to further attempts to force cyclisation. 

 A final method derived from an (E)-selective carbomagnesiation of 2-butyne-

1,4-diol with various benzylmagnesium chlorides and trapping with iodine is disclosed. 

This allowed for a facile and high yielding Negishi-cross coupling with various 

benzylzinc halides to allow for various substitution patterns on the outermost aryl 

rings. A high yielding Stahl oxidation gave access to various dialdehydes in excellent to 



9 
 

quantitative yields, allowing for a Lewis acid-mediated double closure with TiCl4. This 

step proved to be limited by the necessity of electron-donating groups to facilitate the 

double Bradsher closure, but allowed access to multiple substituted tetracenes. 
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Chapter One 

 

Introduction to Tetracenes: Application to Thermoelectric 
Materials and Syntheses 
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1.1. Semiconductors 

 Semiconductors are materials which display the properties of a resistor, but at 

elevated temperatures begin to display electrical conductivity.1 This behaviour is 

caused by the thermal excitation of electrons from the valence band into the 

conductance band populating an energetically higher band with electrons and 

generating a hole in the energetically lower valence band (Figure 1.1). This creation of 

charge carriers can therefore be used to generate a current at elevated temperatures.  

 

Figure 1.1 - Thermal excitation of electrons from the valence band to the conductance band in an intrinsic 

semiconductor, with ·- denoting electrons and ·+ denoting holes. EF denotes the Fermi level 

 The above described behaviour is for an intrinsic semiconductor, that is a pure 

elemental material for which the number of conductance band electrons is equal to 

the number of valence band holes. In this treatment, the size of the gap gives an 

insight into how conducting the material will be at a temperature. In elemental Si the 

band gap is 1.1 eV making it a poor semiconductor. However, elemental Ge has a band 

gap of 0.66 eV, making it a better semiconductor displaying greater conductivity.  

 Upon addition of dopant atoms to a pure intrinsic semiconductor such as Si, 

the material becomes an extrinsic semiconductor. By introducing atoms of 

phosphorus, which has 5 valence electrons compared with silicon which has 4 valence 

electrons, a greater number of electrons are present in the substance which can 

occupy empty orbitals within the conductance band. This creates a new narrow donor 

band at higher energy, reducing the band gap and reducing the amount of thermal 

energy necessary to excite electrons to the conductance band.  
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This is termed n-doping, where the n signifies the negative charge of the 

electrons which act as the major charge carrier in the substance. If a dopant with fewer 

valence electrons, such as boron, is introduced to silicon, positive holes are introduced 

to the silicon. This withdraws valence electrons and creates a new narrow acceptor 

band, similarly reducing the band gap. This is termed as p-doping, from the positive 

charge of the holes (Figure 1.2). 

 

Figure 1.2 - Effect of introducing dopants to electronic band structure in extrinsic semiconductors 

In the case of organic semiconductors, built out of discrete separate molecules, 

the molecular HOMO and LUMO energy levels can be treated as indicative of the 

valence band and conduction band respectively and the gap to be the lowest energy 

difference to excitation. This can be seen in the orbital diagrams for hexatriene (Figure 

1.3). 

 

Figure 1.3 - The HOMO-LUMO gap of hexatriene as an example of an organic bandgap. Eg denoted the HOMO-

LUMO energy gap. 
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1.2 Thermoelectric Materials 

 Thermoelectric modules are devices which utilise semiconducting materials in 

the generation of an electrical current from a source of heat (Figure 1.4).2  

 

Figure 1.4 - A Simplified Thermoelectric module, l denotes induced current. 

The generation of a current from a temperature difference is described by the 

Seebeck effect. Simple theoretical treatments describe how charge carriers in 

semiconductors act as molecules in an ideal gas. Upon the application of a heat 

difference upon a simple thermocouple (shown above), the charge carriers diffuse 

from the hot end to the cold end creating a potential difference. Ideal thermoelectric 

materials should transport energy only by electrical conduction (via charge carrier 

mobility) and not thermally (via lattice vibrations). In practice, it is challenging to 

achieve this but if efficient thermoelectric materials can be developed huge 

opportunities exist for meaningful energy recovery. It was estimated in 2008 that the 

efficiency of fossil fuel burning around the world is currently 30-40% with an 

approximate loss of 15 TW energy as low grade heat (heat up to 200°C).3 

The design and optimisation of thermoelectric modules therefore presents a 

means to generate electrical energy for the waste heat and improve the sustainability 

of energy generation. Thermoelectric devices are judged by the dimensionless figure 

of merit or ZT (Equation 1.1), where σ is the electrical conductivity, S the Seebeck 
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coefficient (Equation 1.2), T is temperature and κ is the thermal conductivity, and by 

power factor, or PF (Equation 1.3).2        

                      

                                                        𝑍𝑇 = σS2T
κ⁄                                                        (1.1) 

                                                            𝑆 =
∆𝑉

∆𝑇
                                                         (1.2) 

                                                          𝑃𝐹 = 𝜎𝑆2                                                           (1.3)     

Issues arise on increasing temperature, both σ and κ increase and S decreases, 

lowering the ZT of the material. Furthermore, as a heat engine, a thermoelectric 

module is limited by Carnot efficiency. The overall device efficiency is therefore a 

product of the Carnot efficiency and the ZT for any thermoelectric module (a ZT of 1 

correlates to a device efficiency of 5% with a temperature difference of 100 K, without 

taking into effect the Carnot efficiency). This means that ZT is dependent on both 

temperature and the tuning of several material properties to give high device 

efficiency.4, 5 Therefore, significant research effort has gone into optimising ZT through 

modifying materials to lower κ by introducing heavy elements into TE materials to 

scatter phonons (quantum mechanical descriptions of lattice vibrations contributing 

to heat transport in solids) and increase ZT. Superlative ZT values (2.6±0.3 at 928 K) 

have been observed in SnSe due to low κ along the b axis of the unit cell.6  Currently, 

the most commonly used and highest performing thermoelectric devices are based 

around bulk and thin film Bi2Te3 superlattices. High ZT values in superlattices have 

been attained through doping with some devices attaining >2=ZT values at room 

temperature upon doping with heavy element tellurides such as Sb2Te3.7, 8 However, 

the development of these devices is marred by their cumbersome and costly 

production, and by the scarcity of tellurium, reducing the sustainability of the 

technology.9 
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1.3. Organic Semiconductors 

 One potential method of obviating the cost issues of thermoelectric devices 

based upon Bi2Te3 is the usage of semiconducting materials of greater abundance, 

lower cost and greater ease of production. Although the electrical conductivity of 

organic materials is orders of magnitude lower than that of metallic alternatives, the 

low thermal conductivity of organic alternatives can be exploited to maximise the 

thermodynamic figure of merit of organic semiconductors and potentially make them 

comparable. Furthermore, modification of the substitution patterns of organic 

molecules has been shown to introduce perturbations in the HOMO-LUMO gaps of 

organic molecules allowing for the relatively facile tuning of their electronic properties 

for increased p or n-type properties and stability to oxidation.10 For example, addition 

of electron-withdrawing and donating groups has been shown to lower the LUMO of 

oligoacenes.11, 12 As such, the ability to tune organic semiconductor properties facilely 

through substitution presents a simple means to optimise the various factors 

thermoelectric device efficiency depends upon. 

    The reasons stated above have made the research of organic thermoelectric 

semiconductors a fertile and rapidly developing field, with many organic systems fast 

approaching similar ZT values to Bi2Te3 at r.t.13 The greatest advances have been made 

in the development of conductive polymers,14 with air stable oxidised PEDOT-Tos 

polymers 1 (Figure 1.5) with simple synthetic operations capable of optimising κ, σ, 

and S, engendering an optimised ZT = 0.42 and power factors PF = 469 μW m−1 K−2.15, 

16 

 

Figure 1.5 – A generalised PEDOT polymer 
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Furthermore, theoretical studies of similar PEDOT nanowires are calculated to 

possess an upper limit to ZT of 15.2, indicating significant room for improvement of 

these parameters.17 Furthermore, progress has been made in the development of n-

type polymers, achieving good power factors and conductivities allowing for the 

potential design of high performance organic thermocouples.18 

Other materials which show favourable semiconducting properties include 

linear oligoacenes such as tetracene 1 and pentacene 2 (Figure 1.6).19, 20  

 

Figure 1.6 - Examples of oligoacene molecules, 2- tetracene and numbering convention, 3- pentacene, 4- 

(tetrathio)tetracene (TTT), 5- 6,13-bis(triisopropylsilylethynyl)pentacene. 

 Although longer linear acenes (such as pentacenes, hexacenes and 

heptacenes) typically have lower HOMO-LUMO gaps and some excellent device 

properties, they are susceptible to oxidation and dimerisation. This can be rationalised 

that in increasing length of the linear poly aromatic, the HOMO-LUMO energy gap (or 

Eg) is depressed, creating greater diradical character. Indeed, the rate of 

photooxidation of 3 is approximately 18 times greater than 2 (bimolecular rate 

constants k=23 x 106 s-1 M-1 for 2 vs k=42 x 107 s-1 M-1 for 3) and require 

functionalisation (typically with 5,12-TIPS acetylenes such as 5) to make them solvent 

processable.21 While many impressive syntheses of higher acenes have been achieved, 

such as Miller et al. synthesis of a persistent nonacene22 and Anthony et al. synthesis 

of hexacene and heptacene,23 higher acenes require multiple synthetic steps and 

specific substitution to allow for synthetic tractability and stability. Furthermore, long 
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synthetic routes and prescribed substitution patterns limit rapid investigation of 

electronic properties and modification of the core polyaromatic, limiting the rate at 

which insights into developing better materials can be generated. While some longer 

quinone and tetracyanoquinone acenes and bent aromatic architectures have shown 

n-type semiconducting properties and resistance to oxidation,24-26 tetracenes 

represent a better trade-off between stability and ease of synthesis. As they possess 

a greater resistance to oxidation they possess superior handling properties, making 

them attractive for simplified fabrication of devices. Similarly, tetracenes can be more 

concise to synthesise and can be more varied in substitution as they do not require as 

many blocking groups to prevent oxidation or dimerisation. Furthermore, high 

measured σ values have been observed in substituted tetracene derivatives, such as 

tetrathiotetracene (TTT) 4. For example, some (TTT)2I3 radical cation salts can have 

conductivities as high as 4 x 104 Ω-1 cm-1 predicted for pure crystals, roughly 8 times 

superior to Bi2Te3.27   

 Manipulations of the substitution of organic materials allows for the tuning of 

HOMO-LUMO gaps, but can also alter the crystal packing properties of organic 

materials. Crystalline tetracene adopts a herringbone stacking motif where each 

adjacent tetracene molecule orients perpendicularly, with minimal π-stacking in the 

unit cell (Figure 1.7, tetracene’s packing from the CCD file TETCEN01).  

 

Figure 1.7 - Comparison of the stacking motifs in tetracene 2 and a quinone tetracene 6. 
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 Modification of supramolecular ordering in oligoacenes is regarded as key to 

optimal electron and hole transport for semiconducting properties. In oligoacenes, the 

predominant transport mechanism is still debated, however, there is a larger body of 

evidence for an intermolecular hopping mechanism above 100K.28-30 Futhermore, 

tetracene 2 shows a significant conductivity anisotropy along the a-b axis, where π-π 

contact is closer, resulting in a four-fold increase in conductivity.28 Theoretical 

treatments have highlighted that increased π-facial stacking in organic oligomers 

increases electron mobility and conductivity.31-33 The electrons from an excited 

molecule exchange with a neighbouring molecule, and this exchange is dependent on 

the overlap between the respective orbitals of the molecules. As such increased π- π 

staking and decreased stacking distance are desirable, as increased overlap increases 

electronic coupling between the conducting molecules and as such lowers the energy 

barrier for exchange, allowing greater charge transport.31, 34, 35  

Modification of supramolecular interactions can be accounted for by the 3 

factors: steric repulsion of pendant groups altering the herringbone stacking motif, 

the introduction of electron-withdrawing of donating groups to create dipole 

interactions and intramolecular bonding interactions between pendant groups. This 

was hypothesised to be due to disruption of herringbone stacking and increased π-

orbital overlap. For example, Moon et al. found that 5,11-dichlorotetracene adopted 

a π-stacking motif with a higher electron mobility (1.6 cm2/V.s vs 1.3 cm2/V.s) than 

unfunctionalised tetracene.36  

The introduction of electron-withdrawing and releasing groups can therefore 

be factored into molecular design to generate desired π-overlap and reduced π-π 

distance by altering the dipole of the aromatic molecule,37 improving conductivity and 

electron mobility. For example, Nuckolls et al. increased end on end stacking by 

attaching acenes with electron rich quinones to achieve greater π-overlap (Figure 1.6, 

6).38 

 Furthermore, introducing sterically demanding groups onto the tetracene 

structure has been shown to modulate crystal packing by preventing herringbone 

stacking, such as in the case of the alkylated and carboxylate tetracenes studied by 

Kitamura et al.39 Finally, Miao et al. found that the introduction of hydrogen bonding 



19 
 

moieties (in this case amides) interrupted herringbone stacking and increased π-

stacking distance, which was found to alter the regioselectivity of photooxidation.40 

Therefore, the relative oxidative stability of tetracenes coupled with the ability to 

modify their electronic and crystal packing properties via modification of substitution 

makes them attractive to investigate for semiconducting applications.  

 Organic semiconductors therefore present an attractive, sustainable 

alternative to elemental semiconductors for thermoelectric applications and are a 

rapidly developing area in the literature, although they are not without drawbacks. 

The development of optimal organic devices requires the careful tuning of p- and n-

type semiconductors, and although many new n-type organic materials have been 

developed, there are still relatively few of these in comparison to p-type organic 

semiconductors.33 

 

1.4. Synthesis of Tetracenes 

 Tetracenes may therefore present an excellent choice for the development of 

organic semiconductors for thermoelectric devices: while their band gaps and 

performance may be lower than that of pentacenes and longer polyacenes, they 

possess slower rate of dimerisation and oxidation, providing more stable materials. 

However, one drawback is that tetracene cannot be drawn from coal feedstocks unlike 

naphthalene and anthracene, but instead must be synthesised. A wide range of 

synthetic methods have been developed for the synthesis of tetracenes, including 

Friedel-Crafts acylations, aldol condensations, Diels-Alder cycloadditions, Bergman 

cyclisations and transition metal [2+2+2] co-trimerisations, [4+2] cyclisations and C-H 

activations and cross couplings and the relative merits of these are discussed below.41 

 

1.4.1. Friedel-Crafts approaches 

 Utilising Friedel-Crafts acylations is one means to extend aromatic molecules 

(Scheme 1.1). Several groups have utilised simple Friedel-Crafts acylations between 

aromatic molecules and 2,3-naphthalic anhydrides. Typically, a primary Friedel-Crafts 
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acylation forms the intermediate naphthyl keto acid followed by a second cyclisation 

step furnishing the desired fused ring system of tetracene. This approach has been 

utilised by many groups in the synthesis of terminally substituted tetracenes, for 

example in the synthesis of tetraceno-2,3-benzothiophene 11 by Du et al. (Scheme 

1.1).42 

 

Scheme 1.1 – Synthesis of a benzothiophenyl tetracene 11 via a Friedel-Crafts acylation. 

 The keto acid is formed via the facile Friedel-Crafts acylation between 2,3-

naphthalic anhydride 8 and dibenzothiophene 7 in 84% yield with AlCl3. To achieve the 

second closure the ketone 9 was reduced with Zn/AcOH and the carboxylic acid 

reduced to the alcohol with LiAlH4 and oxidised to the aldehyde 10 with PCC with a 

yield of 54% over the three steps. This allowed a final Bradsher cyclisation to be 

performed in PPA to yield the desired tetracene 11 with no reported yield. While the 

preceding steps were moderately high yielding, the multiple redox steps required 

highlights that the route is far from ideal. 

A similar approach was utilised by Gold and Sangaiah to synthesise 

benz[k]aceanthrylene 15 via a similar acylation with benzene to the substituted 

anhydride 12 with AlCl3, giving a 85% yield of regioisomers (Scheme 1.2).43  
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Scheme 1.2 – Synthesis of benz[k]aceanthrylene 15 via a Friedel-Crafts acylation. 

The tetracene quinone 13 was formed via a second acylation with AlCl3 in 55% 

yield. The desired tetracene 15 could then be formed via a Zn mediated reduction to 

the dihydrotetracene 14 and oxidation with DDQ under reflux. The route suffers from 

similar limitations: the naphthalene anhydride must be synthesised for the first 

acylation, and the fact that a second more forceful acylation is required to form the 

linear fused ring system along with the subsequent reductions and oxidation lowers 

the yield and step efficiency. 

In the synthesis of 2,3-norbornadienonaphthacene 19, the double Friedel-

Crafts acylation of 1,4-hydroquinone 16 with 2,3-naphthalic anhydride 8 yielded the 

desired tetracene quinone in 66% yield using AlCl3 as the Lewis acid (Scheme 1.3).44  
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Scheme 1.3 – Synthesis of 2,3-norbornadieneonaphthacene 19 via a Friedel-Crafts acylation. 

After reducing the intermediate tetracene quinone 17 to the 1,4-tetracene 

quinone 18 in quantitative yield, the desired norbornyl 19 tetracene could be 

synthesised via a Diels-Alder cyclisation to cyclopentadiene and reduced to the 

tetracene via a LiAlH reduction and tosylation.   

Douglas et al. synthesised 5,6,11,12-tetrachlorotetracene 24 via a Friedel-

Crafts acylation of 1,4-dihydroxynaphthalene 21 with phthaloyl chloride 20 and 

subsequent treatment with POCl3 and PCl5 and NaI, with an overall yield of 24 in 52% 

over multiple steps (Scheme 1.4).45 
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Scheme 1.4 – Synthesis of 5,6,11,12-tetrachlorotetracene 24 via a Friedel-Crafts acylation. 

The incorporation of the chlorides at the 5, 6, 11 and 12 positions carry the 

advantage of allowing further substitution, via Kumada-Corriu cross-coupling/C-H 

activations with phenyl magnesium bromide or by SNAr reactions leading to electron 

rich chalcogen substituted tetracenes.46  

A clear disadvantage to the Friedel-Crafts routes to tetracene is the common 

intermediate quinone structures formed in the transformation. This leaves the core at 

the incorrect oxidation state, necessitating further reactions to furnish the desired 

polyaromatic molecule. Several groups have exploited the carbonyl functionality to 

introduce further substitution to the central aromatic rings such as the Diels-Alder 

substitution shown above, increasing molecular complexity (Scheme 1.5). Anthony et 

al. utilised the addition of lithium acetylides to the quinone carbonyls of 25 and 

subsequent reduction with SnCl2 to synthesise a range of 5,12 - ethynyl tetracenes 26 

in poor to excellent yield (Scheme 1.5).47 
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Scheme 1.5 – Synthesis of a range of 5,12 – alkynyltetracenes 26 from tetracene dione 25. 

 Miao et al. reduced the tetracene quinone 25 to the dihydrotetracene 27, 

which could then be lithiated at the doubly benzylic sp3 centre and reacted with CO2 

to form the dicarboxylate 28 (Scheme 1.6).40 
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Scheme 1.6 – Synthesis of a 5,12 – amidotetracene 30 utilising hydrotetracene 27 as an intermediate. 

 An amide formation (hydroacene 29) and oxidation with CuIIO formed 

tetracene 30. While the quinone can therefore be exploited to introduce further 

structural complexity to the core tetracene structure, these transformations are often 

multistep and can be low yielding. Furthermore, the oxidation of intermediates such 

as dihydrotetracene can take as many as 4 days to complete using 10 mol% to 

stoichiometric loadings of Pd/C, making them cumbersome intermediates. 
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1.4.2 Diels-Alder Approaches to Tetracenes 

 Many literature methods utilise the Diels-Alder reaction with an aryne as the 

dienophile to homologate aromatic molecules over two steps. Representative 

approaches are shown in Scheme 1.7.  Kitamura et al. synthesised a range of alkyl 

substituted tetracenes 34 from the bis aryne Diels-Alder cyclisation of 3,6,-dibromo-

2,7-dihydroxynaphthalene 31 with alkyl substituted furans 32  similar to the method 

used by Gribble et al.,48 however the method required several protection steps and 

further transformations to form the desired tetracene with low to moderate yields 

(Scheme 1.7).39  

 

Scheme 1.7 – Synthesis of tetracenes 34a-f via Diels-Alder reactions with furans as the diene. 

Swager et al. used a similar approach to the synthesis of fluorinated tetracenes 

38 utilising flourinated isoindole 35 and naphthalene arynes formed from 

naphthalenes 36, but similarly over several steps only poor to modest yields are 

achieved (Scheme 1.8).49  



27 
 

 

 Scheme 1.8 – Synthesis of tetracenes 38 via Diels-Alder reactions with isoindoles as the diene. 

Miller and Rainbolt similarly utilised isobenzofuran 39 to synthesise tetracenes 

and similar polyaromatic ring systems without utilising aryne intermediates (Scheme 

1.9).  
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Scheme 1.9 – Synthesis of tetracenes via Diels-Alder reactions with transiently generated isobenzofuran as the 

diene. 

By treating the hemiacetal 39a with AcOH, the desired isobenzofuran 39b 

could be generated in situ and undergo a Diels alder cyclisation with 1,4-

naphthoquinone 40 forming cycloadduct 41 in one-pot in good yield (85%).50 

However, two further reductions and a final oxidation are required to yield the final 

desired tetracene 44 in a low overall yield from the starting hemiacetal. Furthermore, 

four synthetic steps were required to furnish the requisite hemiacetal for the reaction 

illustrating the inefficiency of these routes to tetracene. 

Reactive dienes can similarly be generated from the thermal retro-

electrocyclisations of benzoncyclobutenes in the synthesis of polyaromatic molecules. 
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Luo and Hart utilised the cycloaddition of benzocyclobutene 44 and endoxides 45 as 

the dienophile (Scheme 1.10).51 

 

 Scheme 1.10 – Synthesis of tetracenes 2 and 48 via Diels-Alder reactions with generation of diene via 

cyclobutene ring opening. 

After 24 h in a sealed tube, both the unsubstituted and dibrominated 

cycloadducts 46a-b were formed in excellent yield. A subsequent reduction of the 

bridgehead ester and oxidation of the formed dihydrotetracene 27 and 47 yielded the 

two tetracenes in excellent yield (72% for 2, 77% for 48) in an attractive 4 step 

sequence. Some downsides are clear however: the oxidation of the dihydrotetracenes 

take 2 days to complete and the initial endoxides must be synthesised adding further 

steps making the synthesis time and step inefficient.  

Frisbie utilised a similar synthetic strategy to form thioester substituted 

tetracenes 53a-b, albeit with lower yields from the Diels-Alder reaction (Scheme 

1.11).52 
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Scheme 1.11 – Synthesis of thioether substituted tetracenes 53a-b via Diels-Alder reactions with generation of 

diene via cyclobutene ring opening. 

In addition, the route suffered from the same limitations: the synthesis of the 

brominated endoxide 50 and benzocyclobutene 44 and 49 are required for the route, 

and the subsequent reduction and oxidation/nucleophilic aromatic substitution steps 

are low yielding and erode the yield significantly. 

Interestingly, organocatalytic Diels-Alder like cycloadditions have been utilised 

to form tetracenediones 56. Lee et al. utilised catalytic amounts of L-proline to form 

azadienes from crotonoaldehydes 55 which then went on to react with 1,4-

anthracenedione 54 to form tetracene diones 56 (Scheme 1.12).53 

 

Scheme 1.12 – Organocatalytic generation of tetracenediones 56. 

While an interesting disconnection, the lack of control over the regioselectivity 

of the cycloaddition and the need to subsequently reduce the molecule mars the 

disconnection. 
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1.4.3 Aldol Approaches to Tetracenes  

Aldol condensations have also been widely utilised in synthesising teteracenes. 

Desvergne et al. utilised and aldol condensation between phthaldialdehyde 57 and 

1,4-dihydroxy-6,7-dimethoxynaphthalene 58 in the presence of Na2CO3 (Scheme 

1.13).54  

 

Scheme 1.13 – Synthesis of tetracene dione 59 via an aldol condensation. 

This transformation had the advantage of being very high yielding in furnishing 

the desired tetracene dione 59. However, disadvantages in this approach to the 

synthesis of tetracenes are clear in that further reductions (in this case a Meerwein-

Pondorff-Verley reduction) are necessary to provide the aromatic rings of tetracene.  

The tetracene core has also been generated iteratively via the sequential aldol 

condensation phthaldialdehyde 57 with succinaldehyde 60 by Mallouli and Lepage, 

with the same methodology used by Nuckolls et al. to synthesise terminal quinone 

substituted polyacenes via a terminal aldol condensation of tetracene-2,3-

dicarboxaldehyde with 2,3-dimethylhydroquinone (Scheme 1.14).38, 55  

 

Scheme 1.14 – Synthesis of tetracene 61 via a one-pot sequential aldol condensation. 

An attractive quality of the route is that the desired polyacene 61 can be made 

in one synthetic transformation by altering the stoichiometry of the acetal in relation 

to 57. This route carries the advantage of utilising relatively inexpensive and 

commercially available starting materials with the potential to generate the desired 
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tetracene-2,3-dicarboxaldehyde in a step efficient manner. However, the 

condensations in the original iterative synthesis were poor (17-26%), limiting the 

applicability of the approach. 

 In a synthesis inspired by this iterative aldol condensation approach to 

polyacenes, Lin et al. synthesised a range of polyaromatics via the generation of a 

phosphine ylide from diethyl maleate and PEt3, which subsequently participated in a 

Wittig reaction with dialdehydes 62 and a Knoevanagel condensation mediated by 

catalytic DBU to furnish a homologated polyaromatics 63 in a single step (Scheme 

1.15).56  

 

Scheme 1.15 – Synthesis of tetracenes 63 via a cascade of a Wittig reaction and an aldol condensation. 

This approach offers a greater scope of substitution on the synthesised 

polyaromatics. The reaction was also performed well when fumaryl nitrile is used as 

the Michael acceptor in the ylide generation with comparable yields as diethyl 

maleate without catalytic base. Furthermore, a modest scope of aromatic substitution 

on the parent dialdehyde is tolerated, generating some interesting “push-pull” motifs 

across the length of the molecule making it a more attractive route for synthesising 

polyaromatics to investigate for materials. However, there is a clear disadvantage in 

that the product from each homologation requires the diesters or dinitriles generated 

be reduced to the aldehyde to perform the next homologation. This introduces a 

further two synthetic steps: a DIBAL-H reduction and Swern oxidation which makes 

the route less efficient for the synthesis of higher polyacenes such as tetracene. 

Furthermore, the yields for tetracenes via this route, while generally moderate to 

good (40-63%) tend to be lower than their respective naphthalenes and anthracenes. 
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 1.4.4 Bergman Approach to Tetracenes 

Further methods for the generation of linear aromatic rings can be found by 

utilising the Bergman cyclisation of ene-diynes (Scheme 1.16).57naphthalene 

 

Scheme 1.16 - Iterative Bergman cyclisation of tetracene 2. 

 Anthony et al. utilised an iterative method via the repeated halogenation of 

TMS acetylene 64, followed by a radical cyclisation and a Negishi coupling ingeniously 

yielding the desired tetracene core 2. This carries the same issues as the iterative bis-

aldol condensation approaches, the intermediates require multiple time intensive 

synthetic steps for each benzannulation. This impacts atom efficiency and yield,  in 

this case leading to a modest 25% yield over 8 total steps.  

 

1.4.5. Organometallic and Transition Metal-Catalysed Approaches to 

Tetracenes 

Recent oligoacene syntheses have used transition metal-catalysed [2+2+2] 

cotrimerisations and [4+2] cycloadditions to generate tetracenes by benzannulating 

smaller aromatic starting materials. 

Kitamura et al. synthesised a range of octaalkoxy-substituted tetracenes 67 

from the generation of a bis-aryne from 31 and subsequent Pd-catalysed [2+2+2] 

reaction in poor yield (Scheme 1.17).58 
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 Scheme 1.17 – Pd2(dba)3-catalysed [2+2+2] synthesis of tetracenes 67 via a transient aryne.  

Cramer et al. used a similar [2+2+2] homologation to synthesise 70 from the 

C-H activation of chlorinated anthracene 69, but again in low yield (Scheme 1.18).59  

 

Scheme 1.18 – Zirconocene-catalysed [2+2+2] synthesis of tetracenes 70. 

 Takahashi et al. effected the synthesis of the alkyl substituted tetracene 72 

via zirconocyclisation followed by coupling to DMAD and a final oxidation (Scheme 

1.19). 

 

Scheme 1.19 – A further zirconocene metal-catalysed [2+2+2] synthesis of tetracene 72. 
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While this provided a route to alkylated polyacenes, it is still multistep and 

required the use of a stoichiometric bis(pentamethylcyclopentadienyl) zirconium 

reagent, as well as the multi-step synthesis of the starting diyne.60  

Wang et al. similarly synthesised 5,6,11,12-tetracene diimides 74 via a double 

cross-coupling reaction of 2,3,6,7-tetrabromo-1,4,5,8-naphthalene tetracarboxylic 

diimides 73 with a range of similar preformed zirconocyclopentadienes in poor to 

moderate yields (35-55%) (Scheme 1.20). 

 

Scheme 1.20 – Synthesis of a range of 5,6,11,12- tetracene diimides 74. 

 A similar benzannulation could be effected with a double Stille-like coupling 

with stannylcyclopentadienes in moderate yield (32% and 42%).61 While an interesting 

disconnection, the required tetrabromonaphthalene diimides must be synthesised, 

stoichiometric zirconocyclopentadienes and toxic stannanes required along with the 

moderate yield highlights the limitation of the approach.  

Krische et al. utilised a two-step procedure via a formal [4+2] cycloaddition 

catalysed by triruthenium dodecarbonyl followed by a vanadium catalysed 

dehydrogenation to give tetracene 2 from 75 (Scheme 1.21).62  
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Scheme 1.21 – Synthesis of tetracene 2 via a ruthenium catalysed formal [4+2] reaction. 

 While this may yield tetracene, the yield is modest, and the complicated, long 

and harsh reaction conditions would potentially render it an unsuitable method for 

the synthesis of substituted tetracenes.  

Echavarren et al. provided an interesting route to hydrotetracenes 27 and 77 

and longer hydroacene derivatives via a AuI-catalysed cyclisation of aryl tethered 1,7-

eneynes 76 to furnish hydro tetracenes in moderate to excellent yields (Scheme 

1.22).63 

  

Scheme 1.22 – Synthesis of hydroacenes 27 and 77 via a gold catalysed cyclisation. 

Furthermore, the Sonagashira coupling of various aryl iodides provides access 

various end substituted hydroacenes, creating substitution patterns hard to access 

due to the inherent reactivity of tetracene. However, it must be stated that the 

products require further oxidation of the hydroacenes as shown in previous examples, 

and the starting aryl eneynes can only be accessed via multiple steps from aryl halides.  

The unifying limitation of these metal-catalysed approaches to the tetracene 

core is that they rely on transition metal catalysis, which increase the cost of each 
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transformation. A novel method for the synthesis of benzene rings and higher acenes 

is the [5+1] benzannulation developed by Sparr et al. (Scheme 1.23).64  

 

Scheme 1.23 – Synthesis of tetracenes 79a & b via a [5+1] Grignard benzannulation.  

 This takes advantage of the double Grignard addition to aromatic methoxy 

esters 78a-b and 1,4 elimination of the magnesium alkoxide to form the aromatic ring 

of tetracenes 79a-b. This method allows the synthesis of substituted benzenes, but 

more interestingly anthracenes, tetracenes and pentacenes in good to excellent 

yields. While this is an excellent disconnection which exploits the over-addition of 

Grignard reagents to esters, the formation of the Grignard reagents themselves are 

time consuming and multiple synthetic steps were required.   

 

1.4.6. Late-stage Modification of Tetracene  

 An argument could therefore be made that modification of the tetracene could 

be attempted via nucleophilic aromatic substitutions to furnish substituted tetracenes 

in a single step, instead of a multi-step synthetic route. Halogenations of tetracene 

have been performed using cupric halide sources to yield mono- and di-chlorinated 

and brominated tetracenes (Scheme 1.24).36  

 

Scheme 1.24 – Generalised substitution patterns in the halogenation of tetracene. 
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The introduction of halides provides a reactive handle on tetracene for further 

diverse elaboration via cross-couplings. However, there is the distinct disadvantage 

that substitution occurs solely on the central rings limiting substitution, owing to the 

largest LUMO orbitals being present on these rings. Limited examples of substitutions 

to the outermost rings exist, but they are marred by issues of selectivity. Kobayashi et 

al. found that tetracene 2 could be doubly borylated via iridium catalysis in high yield, 

but unfortunately in a 1:1 mixture of the 2,8- and 2,9- regioisomers 81a-b (Scheme 

1.25).65  

 

Scheme 1.25 – Synthesis of borylated tetracenes 81a-b utilising iridium catalysis.  

While this allowed access to multiple substituted tetracenes via Suzuki 

couplings, the lack of selectivity and the reliance on high loadings of iridium make this 

route less attractive.   

 One consistent feature of these methods is that the starting materials are 

generally not commercially available but must be prepared over several steps, all of 

which carry further steps to furnish the desired tetracene core. More specifically, the 

methods often yield intermediates which require time consuming and harsh 

reductions or oxidations to form the aromatic ring. This frequently leads to low overall 

yields, making current syntheses of tetracenes time consuming and inefficient. 

Furthermore, the use of expensive transition metal catalysts increases the cost of the 

synthesis and therefore limiting the wide application of any materials synthesised in 

general device applications. Therefore, short, operationally simple and substrate 

tolerant synthetic route would be a great boon to tetracene synthesis.  
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1.4.7. Sigmatropic routes to tetracenes 

Novel approaches to the core fused ring structure of polyacenes have been 

designed to exploit pericyclic reactions in cascade reactions to achieve synthetic 

expediency. By designing the synthesis to incorporate multiple rearrangements in a 

single reactive step, the step and atom efficiency of the synthesis of tetracenes and 

other such polyaromatics can be drastically improved. Furthermore, the use of 

pericyclic reactions carries the added benefit of not requiring extensive modification 

of commercially available aromatic precursors, instead synthesising the aromatic rings 

in a single sigmatropic rearrangement and elimination in one synthetic step. 

A simple and well-studied example would be the synthesis of rubrene 83 and 

substituted rubrene-like polyacenes via the dimerisation of allenes derived from 

propargylic alcohol 82. The allenes can then be formed via mesylation and SN2’ with 

an adventitious chloride anion to the desired chloroallene66, 67 or via a thermal 

rearrangement.68 The mechanism is proposed to proceed via a radical dimerisation of 

the chloroallene and multiple rearrangements to yield rubrene 83 after the 

elimination of HCl (Scheme 1.26).  

 

Scheme 1.26 - Proposed mechanism for the synthesis of rubrene 83 from propargylic alcohols 82. 
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These reactions carry the distinct advantage of multiple bonds of the tetracene 

core being formed in a single synthetic step without the requirement of further 

reactions, achieving remarkable synthetic concision. Furthermore, the starting 

propargylic alcohols can be simply prepared via addition of lithium or magnesium 

acetylides to aromatic ketones or high yielding Sonagashira reactions, simplifying the 

synthesis of substituted tetracenes.  

Diedrich et al. developed a two-step synthesis of a small library of 5,11-

dicyano-6,12-diaryltetracenes 85a-d utilising an interesting cascade reminiscent of 

the rubrenic synthesis above in the first step of the synthesis.69 The reaction begins 

with the [2+2] addition of TCNE to a 3-cumulene 84a-d, then a cyclobutane ring-

opening to furnish the zwitterionic intermediate, which can then undergo two 

sequential electrocyclic rearrangements and oxidation to furnish the intermediate 

5,5,11,11-tetracyano-5,11-dihydrotetracenes 85a-d (Scheme 1.27). 
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Scheme 1.27 – Proposed mechanism and yields for the synthesis of 5,11-cyanotetracenes 86a-d.  

 Subsequent elimination of two molecules of cyanide then provides the 

tetracene molecules 86a-d. While this is certainly an interesting and rapid means of 

producing the tetracene core, there are noteworthy limitations to the method. The 

scope of the reaction is limited only to electron releasing substituents in the para 

position and the effect of the substitution seems to rapidly erode the yield 

considerably. It must also be mentioned that, while the cumulenes could be 

synthesised in high yields, they required a total of 4 synthetic steps to furnish the 

examples used in the study.  
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As can be seen from the previous examples, the design of reactions to form 

multiple bonds via cascades of sigmatropic rearrangements can form polyaromatic 

cores with remarkable concision, but often in poor yield. A frequently employed 

synthetic strategy for the synthesis of linearly fused aromatic architectures utilises the 

initiation of cascade reactions from the formation of allenes ortho to unsaturated 

aromatic alkynes which then undergo further radical or sigmatropic rearrangements 

to form aromatic rings. Braverman et al. demonstrated that alkyl substituted ortho 

bis-allene 87 underwent thermal electrocyclisation and subsequent [1,5]-hydride shift 

to form vinyl naphthalene 88 in quantitative yield in diethyl ether at room 

temperature (Scheme 1.28).70 

 

Scheme 1.28 – Synthesis of naphthylene 88 via a 6π-electrocyclisation tethered allene 87. 

 Furthermore, it was demonstrated by the same authors that extended 

aromatic architectures could be synthesised via the base mediated rearrangement of 

bis-propargylic sulfoxides and sulfones 89a-b in quantitative yield (Scheme 1.29).71 

This was proposed to be via an intramolecular Diels-Alder cycloaddition of the bis-

allene formed by the deprotonation α to the sulfoxide or sulfone bridge in 89a-b.  

 

 Scheme 1.29 – Synthesis of a naphthylenes 89a-b via an intramolecular Diels-Alder cycloaddition of allenes 

generated by deprotonation of alkynes 90a-b. 

  It can be seen from these examples that this bis-allenic rearrangement 

strategy to furnish the core structure of tetracene can be utilised to generate 

substituted tetracenes in a small number of steps. A recently developed methodology 

developed based on this disconnection was utilised by Liu et al. to synthesise 
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tetracenes and pentacenes from Pd0-catalysed rearrangement of propargyl 

carbonates such as 91 (Scheme 1.30).72 

 

Scheme 1.30 – Example of a tetracene 92 synthesised in one-pot via a Pd catalysed sigmatropic cascade. 

 This initiated two subsequent 6π-electrocyclic rearrangements terminating in 

a Suzuki coupling with boronic acids to synthesise a range of phenyl tetracenes. This 

method has the benefit of generation of the two of the central aromatic rings of 

tetracene in a single step. While this method is certainly attractive in yield (many 

tetracenes and pentacenes were synthesised between 45-98% yield), and step 

efficiency, the use of four equivalents of boronic acid and Pd catalysis reduces the 

atom efficiency of the method.   

Kitagaki et al. found that the bis-sulfinyl allenes generated from [2,3]-

rearrangements of sulfinyl esters derived from diols such as 93 gave the desired diene 

for further electrocyclic rearrangements.73 This approach was utilised by Lin in order 

to form phenyl bis-allenes and two further 6π-electrocyclisations yielding a wide array 

of sulfoxide and sulfone substituted tetracenes, such as 94 (Scheme 1.31).74 
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Scheme 1.31 – Examples of a tetracene 94 synthesised in one-pot via a sigmatropic cascade initiated by the 

rearrangement of propargyl sulfenyl esters derived from diol 93. 

This approach has the dual advantages of being tolerant to a wide array of 

substitution on the phenyl rings leading to increased structural variance in the 

resultant tetracene molecule.  

 

1.5 Aims  

 In summary, it should be clear that while there are diverse routes for the 

synthesis of tetracenes, there are few concise and general methods for controlled 

synthesis of substituted polyacenes. Therefore, the aims of this project were to devise 

step and atom efficient methods to synthesise a range of substituted tetracenes and 

analyse their crystal structures, conductive and thermoelectric properties. This has 

been undertaken to a) improve step and cost efficiency in comparison to existing 

methods for creating polyacenes and b) to attain a better understanding of the 

structural features which will improve the behaviour of the molecules as 

semiconductors and as thermoelectric materials through further testing.  
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Chapter Two 

Propargyl Xanthate Cascade Approach to 5-Phenyl 
Tetracenes 
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2.1. Results and discussion 
 

2.1.1. Optimisation and Scope of the Sigmatropic Rearrangement 

Cascade 

 As stated in the previous chapter, various methods for the sigmatropic cascade 

synthesis terminated by a final irreversible reaction (such as sulfoxide elimination or 

C-C bond formation) of tetracenes exist within the literature, however the use of harsh 

reagents and conditions (such as PhSCl) or Pd catalysis and large excesses of boronic 

acids leaves room for improvement. Building upon these methods, a cascade to bis-

allenes initiated via the [3,3]-sigmatropic rearrangement of propargyl xanthates was 

proposed (Scheme 2.1).  

 

Scheme 2.1 – Proposed [3,3]-sigmatropic cascade reaction 

The thermal rearrangement of α-propargyl methyl xanthate esters to the 

corresponding allenes is a known transformation.75 Furthermore, the required 

propargyl xanthate esters can be prepared simply in one pot with the addition of base, 

CS2 and a suitable alkylating agent. 
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An initial model synthesis began with the formation of bis-propargyl diol 95a 

from the addition of lithium phenyl acetylide to phthaldialdehyde 57, furnishing the 

diol in 95% yield as a 1:1 ratio of diastereomers (Scheme 2.2). 

 

 

Scheme 2.2 – Synthesis of bis-propargyl diol 95a 

Diol 95a was then deprotonated by LiHMDS at 0 °C, then reacted with CS2 and 

MeI and immediately heated at variable temperatures in various solvents to yield the 

5-phenyl tetracene 96a (Scheme 2.3). 
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Scheme 2.1 – Optimisation of synthesis of tetracene 96a 

 The highest yield of 96a was found in THF at 60 °C, and as these conditions 

were kept constant across further reactions. Further optimisation was undertaken on 

the base used in the reaction, of which LiHMDS provided the highest yield of the 

desired tetracene over other alkali metal bases, with NaHMDS intriguingly not 

promoting the reaction at all. Other alkylating agents were also trialled, however, both 

benzyl bromide and bromoethane only returned traces of tetracene and this can most 

likely be attributed to the C-Br bonds in benzyl bromide and bromoethane being 

stronger than the C-I bond in MeI76 and the increase in the steric bulk around the σ* 

orbital preventing the SN2 reaction. 
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After the optimisation of the general method, several variously substituted 

diols were synthesised from the addition of a range of aromatic ring substituted 

alkynes to determine whether the method could be widely applicable to generate 

substituted tetracenes. The alkynes were predominantly commercially available or 

synthesised in high yield from a two-step Corey-Fuchs homologation (Scheme 2.4).77 

  

Scheme 2.4 – Synthesis of alkynes 98 and 100  

A family of propargyl diols 96b-j was then synthesised from the addition of the 

corresponding lithium acetylide to phthaldialdehyde 57 in moderate to excellent yield 

and in an array of diasteromeric ratios (Scheme 2.5).  
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Scheme 2.5 – Synthesis of diols 95b-j 

 The produced propargylic diols were then reacted in the established conditions 

to form the tetracenes 96b-i and anthrothiophene 96j in poor to quantitative yields 

(Scheme 2.6). 
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Scheme 2.6 – Synthesis of tetracenes 96b-i and anthrathiophene 96j. 
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2.1.2. Mechanistic Investigation of the rearrangement cascade 

In an attempt to rationalise the yields of compounds 96a-j, two factors were 

investigated: the effect of the diasteromeric ratio of the starting diol on yield and the 

substitution patterns of the aryl rings.  

 As is stipulated by the Woodward-Hofmann rules, the [3,3]-sigmatropic 

rearrangement must be suprafacial and the thermally allowed 6π-electrocyclisations 

must be disrotatory, with the retention of stereochemistry (Scheme 2.5).48, 78 

 

Scheme 2.7 – An orbital treatment of a [3,3]-sigmatropic rearrangement an 6π-electrocyclisation. 

Therefore, the initial stereochemistry of the diols is retained across all steps of 

the cascade, and therefore, different diastereomers provide different geometries for 

the final elimination. In the original mechanistic proposal, it was predicted that the 

meso would give a higher yield of tetracene as the abstracted proton and 

dithiocarbonate group would be antiperiplanar with respect to one another allowing 

an E2 elimination (as shown in Scheme 2.1), and so enriching mixtures of the meso 

was hypothesised to improve the yield. To enrich the meso enantiomer in the mixtures 

isolated, 95a was deprotonated with 2 equivalents of nBuLi and addition of 2 

equivalents of TBAF was found to enrich the meso diastereomer of 95a, enriching the 

rac: meso ratio to 1:5 (Scheme 2.8). 
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Scheme 2.8 – Enrichment of meso diastereomer, results obtained by Dr Laurence Burroughs. 

This can be hypothesised to arise from the deprotonation of the propargylic 

alcoholic groups and the sequestration of lithium cations with TBAF forming the 

dialkoxide (intA). One alkoxide can subsequently deprotonate the alpha proton of the 

second alcohol, forming the benzylic anion (intB). These two anions exist in 

equilibrium, with the proton shifting between the oxygen and carbon atom. It is 

postulated that the meso diastereomer was formed preferentially due to the lessened 

steric interaction of the pendant alkyne groups in the transition state posited in 

Scheme 2.8.  

 However, diol mixtures containing more of the meso diastereomer were found 

to give lower yields of the desired tetracenes under the optimised reaction conditions 

(Table 2.1).79  

 

Table 2.1 – Effect of diastereomeric ratio of 95a and 95c upon yield of tetracene 96a and 96c. 
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Separation by flash column chromatography was found to enrich earlier 

isolated fractions of 95a with the rac diastereomer and upon subjecting the mixture 

to the reaction conditions a higher yield of 85% was observed. The d.r. was assessed 

via titration of NMR samples with Eu(facam)3 utilised by Saa et al.80 The diastereomers 

could be assigned due to the formation splitting of peaks corresponding to the rac 

diastereomer: the rac diastereomer could form in a mixture of 2 enantiomers, 

whereas the meso diol is σ symmetric, and therefore only one isomer exists. The 

interaction of the chiral europium salt causes the peak for the rac isomer to split, 

allowing for the peaks to be differentiated from the meso diastereomer (see NMR 

spectrum in appendix 1).  Furthermore, recrystallization of 95c from chloroform was 

found to enrich the rac enantiomer owing to comparative insolubility relative to the 

meso isomer. Subjecting the rac enriched and meso mixtures of 95c to the optimised 

conditions provided the same result, with the rac enriched mixture furnishing a higher 

yield (Table 2.1).  

 This led to a revision of the proposed elimination to a hypothesised syn 

Chugaev-like elimination. However, Chugaev eliminations and similar syn pyrolytic 

eliminations classically proceed at high temperature (>150 °C), and therefore the 

comparatively mild reaction conditions should not effect the elimination.81 In addition 

to this apparent paradox, if the intermediate xanthate was isolated and subsequently 

heated (>200 °C) in a separate synthetic procedure, no product tetracene was 

observed. Further attempting to force the rearrangement with UV light and Bauld's 

catalyst failed to initiate the reaction.82 It was then hypothesised that the elimination 

proceeds anionically, with the alkylation of the pendant dithiocarbonate anion 

occurring after the formation of the tetracene core (Scheme 2.9).  

 

Scheme 2.9 – Proposed final transition state in the rearrangement cascade.  
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Furthermore, examples exist within the literature for the Chugaev elimination 

occurring at low temperatures (0 °C) without alkylating agents to “cap” the xanthate.83 

This lent credence to the hypothesis that the reaction must be anionically accelerated, 

with the alkylation of the dithiocarbonate as the final step. However, to what extent 

the anionic charge accelerated the reaction was unclear, as was which aspect of the 

cascade the negative charge had the greatest energetic effect on, as it has also been 

observed that anionic charge can accelerate various sigmatropic rearrangements.84-86 

Therefore, DFT calculations were undertaken at the CBS-QB3 level of theory,87, 88  in a 

vacuum without metal ions, by optimising the geometries of our transition states 

shown in our proposed reaction mechanism and using the QST3 function to optimise 

the proposed transition states from the optimised starting molecule, final molecule 

and a proposed transition state. Unfortunately, attempts to model the entire reaction 

via the transition states hypothesised in Scheme 2.1 proved to be too computationally 

intensive. As such, the sigmatropic rearrangement was modelled on a simpler phenyl 

propargyl xanthate and the elimination was modelled on anthracene (Scheme 2.10).  

 

Sigmatropic Rearrangement Chugaev Elimination 

Anionic ΔG‡ Methylated ΔG‡ Anionic ΔG‡ Methylated ΔG‡ 

+ 20.0 +24.5 +8.7 +29.6 

Scheme 2.10 – Computed energies of anionic and methylated transition states. 
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Interestingly, it was found that the anionic analogues produced lower energy 

transition states, and that there was a massive reduction in ΔG‡ for the anionic 

Chugaev-like elimination (Scheme 2.11), implying that the greatest energetic 

contribution to the reaction came from the elimination. This is perhaps to be expected 

as the anionic charge on the dithiocarbonate facilitates the deprotonation.  However, 

by substituting the computed energies into the Eyring equation (Equation 2.1, 

KB=Boltzmann’s constant. T=temperature, h=Planck’s constant, ΔG‡=Gibbs energy of 

activation, R=gas constant), it was found that the methylated Chugaev elimination 

would have been 0.13% complete over the 90 mins of the reaction at 60 °C, whereas 

the anionic elimination would have been 99% complete in 320 ns.  

                                      𝑘 =  
𝐾𝐵𝑇

ℎ
𝑒−

∆𝐺‡

𝑅𝑇                        (2.1) 

Conversely, the methylated sigmatropic rearrangement would be 87% 

complete over the 90 min reaction time, whereas the anionic case would be complete 

in 8.9 secs. This highlights the greater acceleration on the Chugaev elimination over 

the sigmatropic rearrangement.  

Attempts to model the anti E2 elimination within the same parameters proved 

to be more troublesome. A simplified E2 elimination utilising hydroxide as the 

deprotonating anion was modelled at the B3LYP/6-31+G(d,p) level of theory, due to 

issues with getting the elimination to converge at the CBS-QB3 level of theory. The 

Gibbs energy of activation calculated at this level of theory proved to be very low, 

implying that the anti elimination was viable (Scheme 2.11). 
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E2 Elimination 

Anionic ΔG‡ Methylated ΔG‡ 

+10.4 +12.8 

Scheme 2.11 – Computed energies of anionic and methylated anti elimination transition states. 

The methylated E2 elimination appears to be the far more thermodynamically 

favourable elimination, which can be accounted for by the generation of an anion as 

opposed to the dianion formed from the anionic equivalent. However, it can be 

considered that the energy barriers are close enough in energy that both are viable 

elimination pathways. However, care should be taken in assuming that the anti 

elimination is viable. Firstly, the calculation was performed within a vacuum, without 

specifying a solvent dipole moment, and it can be expected that the calculations will 

not describe the E2 elimination. The hydroxide will lower the energy due to charge-

dipole interactions, therefore giving a lower energy result than would be expected in 

solvent due to the loss of this interactions. Secondly, the model is fairly removed from 

the reaction, and as such should be noted, but not treated as a reliable model for the 

elimination.  

It could therefore be argued that the difference in energy of the anionic 

Chugaev and methylated Chugaev transition state was similarly overestimated. 

However, the CBS-QB3 level of theory is considered more accurate than B3LYP/6-

31+G(d,p) and should there be a lowering of the energy barrier due to lessening of 

charge due to dipole interactions from the solvent, it is likely that the difference would 
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be significant to an intramolecular process (Chugaev elimination) vs an intermolecular 

process (E2 elimination). 

 The other explanation for the spread of yields is that they are due to the steric 

and electronic contributions from the aryl substitution. The general trend across the 

yields of tetracenes appears to be that para substitution negatively affects the yield 

of the final tetracene, as can be observed in the relative distribution of yields across 

the methoxy substituted tetracenes (yield = 95d (>99%) >> 95b (47%) > 95g (38%)). 

Several publications in the synthesis of oligoacenes via allenic rearrangements report 

that the intermediate shown below (102, scheme 2.11) exists in equilibrium with the 

cyclobutene when the allene is tetrasubstituted, also stating that the intermediate in 

many bis-allenic rearrangements is due to a radical dimerisation of allenes (Scheme 

2.12).60, 67, 70, 73   

 

Scheme 2.12 – Dimerisation of 101 to cyclobutane 102, and unstable tetracene 103. Compounds 101 and 102 

were prepared by Mkethwa Ngenywa and compound 103 was isolated by Dr Laurence Burroughs. 

Therefore, it can perhaps be speculated that the para substitution alters the 

cyclobutene: diene equilibrium by the stabilisation of radicals via an increased 

capotodative effect, promoting the [2+2] cyclisation and reducing the amount of free 

allene left to undergo the 6π-electrocyclisation, thus reducing the yield. This is 

corroborated by evidence within the literature. It was found in the allenic dimerisation 

of rubrene (Scheme 2.2) that electron-donating groups at para positions on the phenyl 

ring favoured the formation of the cyclobutene via a radical mechanism over 

rubrene.67 Therefore, if the reversible cyclobutene formation is favoured, on 

quenching diminished yield of the tetracene would be observed. This theory is 

potentially corroborated by the isolated crystals of the cyclobutadiene 102 from the 



59 
 

rearrangement of the simple phenyl dithiocarbonate allene 101, as well as a second 

tetracene molecule 103 which proved difficult to isolate due to its inherent instability 

(Scheme 2.12).  

 However, this does not account fully for the yield variance in the meta 

substituted cases, as the quantitative return of tetracene 96d implies that the E2 

elimination must be proceeding. It was therefore hypothesised that the increase in 

the steric bulk of the meta substituents was driving the increase in yield. As the 

calculated Van der Waals volume at the meta position increased, the yield also 

increased (OMe 33.32 Å3 (96d = >99% yield), CF3 22.12 Å3 (96c = 56% yield), F 3.59 Å3, 

(96e = 56% yield)),89 perhaps implying that the extra steric bulk was forcing the E2 

elimination. Some evidence of trans Chugaev eliminations exists within the literature, 

however, these are usually dependent upon groups which lower the pKa of the 

antiperiplanar proton.90 However, the high yield of the parent phenyl tetracene 96a 

implies that the true cause for the spread of yield in the transformation is a 

complicated combination of unknown factors and the factors discussed.   
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2.1.3. Density Functional Theory Calculations and Electrooptic properties 

To develop a better working knowledge of which motifs produced more 

favourable HOMO and LUMO energies, computational calculations of the molecules 

were undertaken using Gaussian from the B3LYP/6-31G** basis set (Table 2.2). 

 

Table 2.2 – HOMO and LUMO energies computed at the B3LYP/6-31** level of theory 

 The variance in the HOMO-LUMO levels for the substituted tetracenes 

highlighted two important factors: a) electron-withdrawing groups largely lowered 

the HOMO and LUMO while electron-donating groups raised the HOMO and LUMO, 

and b) the tetracenes substituted derived from the diols with para substitution 

lowered the HOMO and LUMO energies, potentially highlighting that the location of 

substitution has a great effect on the electronics of the aromatic core. This is 

corroborated by the lowest LUMO in 96f and highest HOMO in 98d which is lowered 

by the introduction of a further methoxy group in 96b. The wider HOMO-LUMO gap 

in anthrathiophene 96j is perhaps to be expected due to the introduction of the 

thiophene interrupting the π-delocalisation across the aromatic rings. 
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Table 2.3 – Experimentally derived HOMO levels and HOMO-LUMO gap 

  Estimates of the optical bandgap Eg opt. were attained form the onset of the 

lowest energy band in the UV/vis spectrum as it corresponds the HOMO-LUMO π to 

π* transition (Table 2.3). It was observed that the general trend of the Eg measured by 

UV/vis matched the trend in the calculated Eg, showing that the calculated gap could 

be used moderately reliably for the prediction of the HOMO-LUMO gap. The HOMO 

gap could be derived experimentally from cyclic voltammetry measurements (supp 

info.). Estimation of the LUMO was difficult and in many cases, could not be attained, 

however, the calculated HOMO levels obtained corroborate the previously observed 

pattern that donating groups raise the HOMO and withdrawing groups lower it, and 

that para substitution depresses the energy levels.  
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 It must be stressed however, that while these combined methods add insight 

into the electronic properties of the polyaromatics, the values measured differ in 

some fundamental ways. The calculated energy gap can be considered as an 

approximation of the fundamental gap (Efund), which is defined as the difference 

between the calculated ionisation potential and electron affinity of the molecule. The 

Tauc method for approximating the HOMO-LUMO gap (Eopt or the optic gap) is 

similarly not a perfect approximation of the fundamental gap.91 The excitation of an 

electron via an absorbed photon to the lowest accessible electronic transition does 

not reflect the ionic method calculated by DFT. As the electron promoted and the hole 

generated remain electrostatically bound, the optical gap calculated from UV 

spectroscopy is often much lower than Efund. 

 To probe the properties further, alternate DFT methods were employed to gain 

more accurate approximations of Efund. Previous computational studies have shown 

that calculations of excitation of an electron to the first singlet state can be treated as 

an approximation of the HOMO-LUMO gap.92 Furthermore, improved accuracy of the 

excitation energy has been described using time-dependent DFT at the CAM-B3LYP/6-

31G(d,p) level of theory with the Tamm-Dancoff approximation. As such the 

tetracenes synthesised were assessed at this level of theory (Table 2.4).93 
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Table 2.4 – Time dependent DFT calculations 

  As can be seen from table 2.4, the computational results generated from the 

CAM-B3LYP/6-31G(d,p) level of theory are not in agreement with the experimental 

values, with the HOMO and LUMO overestimated across the molecules studied. As 

such, it could be inferred that the B3LYP/6-31G(d,p) was sufficient in modelling the 

tetracenes.  

  

2.1.4. Crystal Structures of Dithiocarbamate Tetracenes  

 In analysing the crystal structures of the synthesised tetracenes, it was found 

that electronic and steric factors influenced the crystal packing to varying degrees. In 

the model 5-phenyl tetracene 96a increased π-stacking was observed with a high 

degree of overlap compared with unsubstituted tetracene, which can probably be 

attributed to the increased steric bulk over the tetracenes interrupting the usual 

herringbone stacking of tetracenes, with a 3.68 Å C-C distance. Furthermore, the 

phenyl group introduced an edge-to-face interaction (C-H to C 2.89 Å) with a further 

molecule, creating columns of π-stacked tetracenes in the unit cell (Figure 2.1).  
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Figure 2.1 – π-stacking behaviour in 96a. 

 Nuckolls and Swager both found that introducing electron-withdrawing or 

releasing groups onto the acene structure on the peripheral rings created an electron 

rich and electron poor end, creating a greater dipole along the length of the molecule, 

and increasing the π-stacking within the crystal structure.38, 73,49,66 This effect was 

observed in the unit cell of 96d, where there was overlap on the methoxy substituted 

terminus of the molecule with the unsubstituted terminus of a second molecule, 

producing a large offset of roughly 7.35 Å and a π-stacking distance of 3.51 Å (Figure 

2.2).  

 

Figure 2.2 – π-stacking behaviour in 96d 

This offset is also due to the 5-phenyl methoxy groups forming H-bonding 

interactions (2.48 Å) in the unit cell, reducing the π-overlap from that observed in 96a.  

 Interestingly, the crystal packing in 96e displays a similar overlap due to dipole 

as displayed in 26d with two molecules orienting in reverse, as in 96a (Figure 2.1 and 
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2.2), and a very reduced π-stacking distance (C to C 3.286 Å) (Figure 2.3.i) and a slight 

offset, but also forms a second overlap with another molecule of 96e (π-stack 

distance, C to C 3.773 Å) (Figure 2.3.ii).  

 

Scheme 2.3 – π-stacking behaviour in 96e. 

This implies that the introduction of a dipole along the molecule in the 

tetracenes induces greater π-stacking as might well be expected, but that the size of 

the attached groups limits the overlap of the acenes. This implies that for the greatest 

overlap of the molecules, modestly sterically demanding groups with high inductive 

withdrawing or releasing effects (such as fluorines or linear functional groups such as 

cyanides) are desired.  

 

2.2. Conclusions and Future Work 

 To conclude, the xanthate rearrangement to substituted xanthate tetracenes 

is concise and mechanistically interesting, and furnishes insights into substitution 
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effects on crystal habits in the materials that can be synthesised by the method. 

However, the wide variation in the yield coupled with the erosion of yield on scale 

makes the method insufficient for generation of a wide range of tetracenes.  

 Mechanistic insight was gained through experimental observation and 

computational investigation. While the calculations do indicate a significant anionic 

rate acceleration in the final elimination step, this insight comes with distinct caveats. 

The full reaction coordinate proved to be too computationally intensive to model, and 

so the transition states do not necessarily represent the actual progression of the 

reaction. Furthermore, separately modelling the sigmatropic rearrangement and the 

final syn elimination means that there is little insight into how the 6π-

electrocyclisations are affected by the presence of the charge on the dithiocarbonate. 

Computational analysis of electrocyclization of hexatrienes has shown that altering 

substitution around the chain accelerates the cyclisation via captodative effects.94 

Donating groups at the 2 position and withdrawing groups at the 3 position have been 

shown to accelerate electrocyclisations, with evidence from Magomedov et al. that 

anionic groups are sufficiently activating (Scheme 2.13).95, 96 

 

Scheme 2.13 – Known accelerating substitution patterns in 6π-electrocyclisations. 

 Substitution at the 1 and 6 positions was also found to be moderately 

activating, as such an argument could be made that the substitution of the allenes 

affects the course of the reaction. Therefore, attempts to model the cyclisation 

computationally would no doubt be worthwhile to gain greater insight into the 

reaction.   

 



67 
 

Chapter 3 

 

Synthesis of 8-membered rings via a [1,5]-hydride 
rearrangement-propargyl Michael addition cascade 

 
 

 

Publications from this section  

1. One-Pot Cannizzaro Cascade Synthesis of ortho-Fused Cycloocta-2,5-dien-1-ones from 2-

Bromo(hetero)aryl Aldehydes, L. Burroughs, L. Eccleshare, J. Ritchie, O. Kulkarni, B. Lygo, S. 

Woodward, W. Lewis, Angew. Chem. Int. Ed. 2015, 54, 10648-10651. 

2. Diversification of ortho-Fused Cycloocta-2,5-dien-1-one Cores and 8 to 6-Ring Conversion by 

Sigma Bond C-C Cleavage, L. Eccleshare, L. Lozada-Rodríguez, P. Cooper, L. Burroughs, J. 
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3.1. Introduction 

Over the course of investigating the bis-allenic rearrangement route to form 

tetracene, attempts were made to synthesise compound 106 via a CuI-mediated SN2’ 

addition of the intermediate aryl lithium 104 to α-phenyl propargyl chloride 105 

(Scheme 3.1). 

 

Scheme 3.1 – An unexpected 8-membered ring. 

It was intended that 106 would then be converted into the propargyl xanthate to 

effect the rearrangement cascade discussed in Chapter 2. However, this 

transformation was unsuccessful, and an unexpected 8-membered carbocycle 107a 

was isolated from the reaction mixture in very low yield. It was speculated that the 

intermediate allene was formed, however, the anomeric donation of charge from the 

propargyl alkoxide to the σ* orbital was sufficient to accelerate the [1,5]-migration of 

the α-proton. The subsequent allylic anion formed was then sufficiently nucleophilic 

to undergo a Michael addition to the pendant ynone formed by the rearrangement, 

and on quenching the reaction, form the carbocyclic enone 107 (Scheme 3.2). 
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Scheme 3.2 – Putative mechanism for 8-ring formation. 

Though formed in a low yield, this reaction was sufficiently mechanistically 

interesting to warrant further investigation. 8-membered rings pose a synthetic 

challenge owing to their inherent strain due to conformation and transannular 

interactions across the ring, and conformational interactions on 8-membered rings 

can have profound and unexpected effects on further reactions to the carbocycle.97 

However, in spite of these difficulties in synthesising 8-membered rings, they are a 

common motif in natural products with interesting biological properties (Figure 3.1), 

and so efficient synthesis of challenging medium sized rings creates a clear boon to 

medicinal and natural product chemistry.98-103  

 

Figure 3.1 – A number of 8-membered ring containing natural products. 
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 A brief survey of synthetic methods employed in 8-membered ring synthesis 

(primarily metathesis, ring expansions, metal-catalysed additions, aldol reactions and 

rearrangements) and their limitations are discussed below. 

 

3.1.1. Ring Closing Metathesis (RCM) Approaches to 8-Membered Rings 

One of the most common synthetic strategies for accessing medium sized rings 

utilises ring closing metathesis (RCM). While RCM has proven a great boon to synthesis 

of small rings and indeed large rings, such as in the 16-membered ring systems in 

epothilones,104 entropic and enthalpic factors make the synthesis of 8-membered 

rings challenging. As studied by Hillier et al., the high ring strain of 8-membered rings 

creates a strong enthalpic barrier to formation, and the entropic barrier due to loss of 

bond rotors in the fused ring being far less favourable to intermolecular 

polymerisation.105  

The metric used for the comparison of the favourability of various ring sizes  was 

the thermodynamic effective molarity (EMΤ). EMΤ is a measure of the favourability of 

ring closure over dimerisation and is calculated from the intramolecular cyclisation 

equilibrium constant and the intermolecular dimerisation equilibrium constant 

(Equation 3.1).  

                                              𝐸𝑀𝛵 =
𝐾𝑖𝑛𝑡𝑟𝑎

𝐾𝑖𝑛𝑡𝑒𝑟
= 𝑒

(∆𝐺𝑖𝑛𝑡𝑟𝑎
‡−∆𝐺𝑖𝑛𝑡𝑒𝑟

‡)

𝑅𝑇                               (3.1) 

Effectively it is a metric for determining the concentration at which cyclisation out-

competes dimerisation. Hence an increase in effective molarity signifies a more 

favourable cyclisation. As can be seen above, the 6-membered ring closure is favoured 

over the competing polymerisation, with 9-membered ring formation strongly 

disfavoured over polymerisation (Scheme 3.3).  
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Scheme 3.3 – Thermodynamic effective molarity as a factor of chain length calculated by Hillier et al.  

While the 8-membered ring closure is more favourable than the analogous 9-

membered closure, to attain the same ring closure: polymerisation ratio for a 6 

membered ring in 1 ml, the corresponding molar concentration for the 8-membered 

ring formation would require dilution in 100 L of solvent. This makes it clear that the 

ring closing event is highly disfavoured. 

This result is in close agreement with experimental evidence. Grubbs et al. 

discovered success in the metathesis of 8-membered rings was usually only successful 

in the introduction of geometric constraints in the diene to effect ring closure.106 

When groups incapable of rotation were introduced, the cyclisation became relatively 

high yielding: as an example, the introduction of a trans-cyclohexene unit actively 

favours the ring closure due to the reduction of bond rotors. 

This has been exploited in many natural product syntheses. Chavan et al. 

synthesised the carbocyclic natural product (-)-parvifolene 112 over 8 steps from (R)-

(+)-citronellal with a high yielding RCM of 111 as the final step (Scheme 3.4).107  

 

Scheme 3.4 – Application of RCM to the synthesis of 8-membered rings in total synthesis of (-)-parvifoline 112. 
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While this transformation furnished an excellent yield of the final product, it must 

be highlighted a high catalyst loading of Grubbs 2nd generation catalyst was required 

in addition to the conformational restraint of the phenyl ring. Tadano et al. similarly 

utilised conformational restraints inherent in the structure of (±)-mycoepoxydiene 

115 (Scheme 3.5).108 

 

Scheme 3.5 – Application of RCM to the synthesis of 8-membered rings in total synthesis of (±)-mycoepoxydiene 

115. 

 A high yield of the desired cyclooctene 114 could be effected due to the bridging 

ether in the resultant structure: the RCM was enhanced due to the two allyl groups 

being syn to one another on the tetrahydrofuran ring in 113, again reducing the 

entropic barrier to the reaction. However, this similarly required high catalyst loadings 

in order to effect the reaction. As such, while it has been employed to good effect, 

metathesis often requires geometric constraint and high loadings to effect efficient 

closure, limiting wide applicability to medium sized ring synthesis. 
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3.1.2. Aldol Approaches to 8-Membered Rings 

Attempts toward aldol closure for 8-membered rings have also been reported. 

Robin et al. utilised an intramolecular aldol addition to an aromatic aldehyde 116 to 

excellent effect in their studies toward the synthesis of steganone 108 (Scheme 

3.5).109  

 

Scheme 3.5 – Aldol ring closure en route to steganone 108 

Treadgold et al. reported a Mukaiyama aldol annulation to form a variety of rings 

119 (Scheme 3.6).110  

 

Scheme 3.6 - Mukayama aldol ring closure and proposed transannular interactions promoting or disfavouring 

ring formation.  

However, the yields for this transformation were typically low. This again 

highlights that geometric constraint are generally key in forming 8-membered rings 
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to lower the entropic barrier to ring closure, an issue not present in Robin et al. 

synthesis due to the rings in 116. There are also geometric constraints to Mukaiyama 

annulation: eclipsing interactions in a proposed chair boat transition state could 

disfavour the aldol closure (Scheme 3.6). In many substrates gem-dimethyl 

substituted carbons, most likely implemented to accelerate ring closure via the 

Thorpe-Ingold effect, either promoted or disfavoured the closure. In the case of the 

neopentyl TMS-enol ether, there was no eclipsing interaction, whereas in the 

neopentyl acetal case, this lead to eclipsing interactions, disfavouring closure. This 

shows that utilising an aldol method requires judicious choice of substitution to 

favour the desired ring closure. 

 

3.1.3. Radical Approaches to 8-Membered rings 

 A range of radical methods have been used to synthesise 8-membered rings. 

Using SmI2 in order to form ketyl radicals in order to effect ring closure is a well-studied 

method within the literature, having been utilised in model systems and applied to 

the synthesis of natural products.111, 112 Procter et al. utilised the radical ketyl forming 

and Lewis acid activity of SmI2 to effect an impressive cascade to form the 8-

membered ring of the pleuromutilin skeleton 121 in excellent yield (Scheme 3.7).111 

 

Scheme 3.7 – Application of SmI2 mediated radical ketal addition to the synthesis of (+)-pleuromutilin 111. 

In further model systems however, limitations of the radical cyclisation 

become apparent. In the 5-exo-trig cyclisations of δ-lactones 122 to form 8-

membered rings 123 (Scheme 3.8),112 yield seems to be severely eroded if the radical 

formed by the cyclisation is not stabilised by an aromatic group, perhaps highlighting 

the limited scope of such transformations.  
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Scheme 3.8 – Application of SmI2 mediated radical ketal conversion of 7-membered lactones 122a-o to 8-rings 

123. 

 Molander et al. utilised the same reactivity to synthesise the 8-membered ring 

of steganone 125a-b in good yield (Scheme 3.9).113 However, the 8-ring formed a 

mixture of diastereomers 125a-b which required epimerisation of the carbon α to the 

ester carbonyl with base to furnish the desired stereochemistry. Additionally, this 

cyclisation proves to be highly yielding, but this again is likely due to the geometric 

constraints due to the sp2 hybridised carbons on the ring removing bond rotors and 

favouring ring closure.  

 

Scheme 3.9 – SmI2 radical ketal approach to steganone. 

 In a highly inventive cascade disconnection, Maimone et al. facilitated the 

synthesis of the fused 5,8,5 ring system of (-)-epi-ophiobolin-N 127 in a single step in 

56% yield (Scheme 3.10).99  
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Scheme 3.10 – Radical cascade approach to (-)-epi-ophiobolin-N 109. 

The reductive formation of an electrophilic radical α-to the ketone then 

underwent an 8-endo-trig addition followed by a 5-exo-trig cyclisation, and 

terminated with a hydrogen atom transfer (HAT) from a chiral thiol catalyst. While 

impressive, it must be stated that the yield and d.r. of the final product were poor 

across a range of HAT catalysts, most likely due to epimerisation of the epimerisation 

of the tertiary radical formed at the end of the cascade being faster than the hydrogen 

atom transfer that ends the cascade. 

 

3.1.4. Transition Metal-catalysed Approaches to 8-Membered Rings 

 Transition metal-catalysed transformations have been employed to great 

effect in the synthesis of 8-membered rings, both in the synthesis of natural products 

and in general methodologies. In the synthesis of the 8-membered ring of a taxane, 

Nakada utilised a Suzuki-Miyaura cross coupling between a vinyl iodide 128 tethered 

to an alkyl borane derived from a hydroboration to furnish the taxane skeleton 129 in 

a high yield (Scheme 3.11).114  

 

Scheme 3.11 – Alkyl Suzuki cross-coupling approach to Taxane ring system 129. 
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However, it must be noted that the reaction conditions are long (72 h) and the 

palladium loading is also incredibly high (50 mol%). Furthermore, in extending the 

methodology to the synthesis of a simple fused carbocycle, yield proved to be low in 

most instances, but could be improved with addition of CsF as the base. No doubt the 

entropic loss of bond rotors sufficiently disfavoured the cross-coupling, but the 

addition of a more activating base began to favour transmetallation of the boronate. 

This no doubt highlights the difficulty in overcoming the enthalpic and entropic 

barriers in developing a general tolerant route to 8-membered rings via cross-

coupling.  

 Herzon et al. utilised a [Ni(cod)]2 catalysed reductive cyclisation of 130 to 

furnish the 8-membered ring system of pleuromutilin 131 in good yield (Scheme 

3.12).98  

 

Scheme 3.12 – Reductive Ni cyclisation en route to pleuromutilin 111. 

While this ring formation was successful in high yield, as is noted in the paper, 

it is the sole instance of a nickel reductive coupling known in the literature, and the 

reasons given for the favourable result are the reduced number of bond rotors due to 

the bicyclic rings in the starting material 130 and the sp2 hydridisation inherent to the 

molecule lowering the transannular interactions, rendering the ring formation 

favourable. Furthermore, the high loading of the nickel catalyst further mars the 

transformation. As this is in keeping with the current wisdom concerning 8-ring 

formation, it can be inferred the strategy could not be utilised widely for ring 

formation without similar constraints.   

 One of the common themes of the carbocyclisations discussed above is that 

the cyclisation step forms only one bond, and that multistep syntheses are required 
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to form the intermediates for the ring forming event. As such, metal-catalysed 

transformations creating multiple bonds in a single transformation are appealing as 

they circumvent the requirement of long syntheses to form 8-membered rings.  

 Rhodium catalysis has been exploited to good effect in the synthesis of fused 

8-membered rings via [4+2+2] and [6+2] cyclisations.115-117 Sato et al. reported a Rh 

catalysed [6+2] addition of alkynes 133 to allenals 132 in poor to excellent yield, with 

the addition tolerant to alkyl, phenyl, esters, alcohols, amines and acetylene gas 

(Scheme 3.13).118 

 

Scheme 3.13 – Rh catalysed [6+2] cyclisation of allenals 132. 

However, regioselectivity of the alkyne addition was adversely affected by 

substitution upon the alkyne, and gem-dimethyl substituted allenals favoured the 

formation of cyclohexenes. Furthermore, the loadings of the Rh catalyst were high (10 

mol%) and the allenals required multiple steps to access, generally between 4-7 steps, 

limiting the applicability of the method. 

 Rhodium catalysis has also been applied to [4+2+2] ring forming reactions with 

tethered dienes and alkynes. DeBoef et al. synthesised a range of fused 8-membered 

rings 137 from the [4+2+2] condensation between alkynes 136 and tethered alkynyl 

dienes 135 in poor to excellent yields (Scheme 3.14).115  
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Scheme 3.14 – Rh catalysed [4+2+2] cyclisation. 

However, the diene substitution proved to be key for regioselectivity: if the 

terminal alkene was unsubstituted, the 8-rings were formed in a mixture of 

regioisomers. Furthermore, the desired tethered alkynyl diene starting materials 

needed to by synthesised, and a route to access them was not discussed. Rovis et al. 

synthesised a range of unsaturated azocanes 140 in poor to excellent yields with 

excellent e.e. with chiral phosphoramidate ligands, via the [4+2+2] condensation of 

dienyl isocyanates 138 and alkynes 139 (Scheme 3.15).116 

 

Scheme 3.15 – Enantioselective Rh catalysed [4+2+2] cyclisation. 

However, as is the case with most of these Rh catalysed reactions, the 

isocyanates were non-commercial, and synthesised over multiple steps.  

 Wender et al. developed a Ni(cod)2, catalysed [4+4] cycloaddition of tethered 

dienes 141 in high yield and deployed the methodology to good effect toward the 

synthesis of the fused taxane ring system 142 (Scheme 3.16).119, 120 

 

Scheme 3.16 – Ni catalysed [4+4] cycloaddition to Taxane-like fused ring system 142. 
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 While this generates two new bonds in high yield, the loadings of Ni(cod)2 are 

high (10-22 mol%) and diastereoselectivity in the bicycles formed was sensitive to 

substitution. 

The methodology developed by Kang et al. is therefore an attractive one. A 

palladium cross-coupling between variously substituted vinyl bromides and propargyl 

halides and pseudohalides, generating a transient vinyl allene 144 which then 

undergoes a Pd catalysed [4+4] reaction to generate a series of 8-membered ring 145 

(Scheme 3.17).121  

 

Scheme 3.17 – Pd catalysed [4+4] cycloaddition developed by Kang et al. 

Impressively, this generates the carbocycle from simple starting materials 

(bromostyrenes and propargylic halides 143) in good yields, and the methodology can 

be expanded to do a further [4+2] reaction to form fused rings in a simple, one pot 

transformation. Where the methodology suffers however is in the scope. When the 

vinyl bromide bears and alkyl substituent, a [4+2] cyclisation predominates and little 

variation to the substitution on the propargyl fragments is poor (H and Me only).   

  

3.1.5. Gold Catalysed Approaches to 8-Membered Rings 

A number of groups have exploited gold catalysis in order to effect the ring 

closure of 8-membered rings. This is typically effected via the catalytic use of AuI acting 

as π-acids on terminal alkynes,122 allowing for nucleophilic addition to form the ring. 

Sawamura et al. effected the 8-exo-dig cyclisation of silyl enol ethers 146 through the 

judicious usage of large encumbering alkyne ligands (Scheme 3.18).123  
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Scheme 3.18 – Au catalysed ring closure effected by large phosphine ligands. 

This allowed access to a number of fused bicyclic 8 membered rings 147, and a 

number of 8-membered rings 149 from linear enol ethers 148. It was theorised that 

the increase of steric bulk created a “semi-hollow” steric environment with forced the 

8-membered ring into a reactive conformation, overcoming entropic factors 

disfavouring cyclisation. However, while impressive it must be noted that to achieve 

high yields catalyst loadings where somewhat high (5 mol%) and in the absence of 

gem-disubstitution on the ring further favouring ring closure via the Thorpe-Ingold 

effect yield was much lower (9-22%).   

While the methodology was more successful in 7-membered rings, Zhang et al. 

utilised one-pot umpolung cyclisation utilising pyridine N-oxide 151 insertion into 

alkynes 150, followed by an electrophilic aromatic substitution to furnish 8-membered 

ketones 152 (Scheme 3.19).124  

 

Scheme 3.19 – Au catalysed ring closure via a formal umpolung aldol reaction. 
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While yields attained where good to excellent and the transformation was 

mechanistically interesting due to the electrophilic aromatic ring closure mimicking an 

umpolung enolate disconnection, the scope for this transformation in 8-membered 

rings is limited to 8 examples and generally in a mixture of isomers. This was posited 

to arise from spiro intermediates rearranging, and as such limits the efficacy of the 

method.   

 

3.1.6. Synthesis of 8-Membered Rings via Ring expansions, 

Fragmentations and Rearrangements  

 Many interesting syntheses of 8-membered rings arise from ring expansions 

and rearrangements. This can circumvent many of the issues associated with the 

methods disclosed above. The DeMayo reaction has been exploited in multiple 

examples to synthesise 8-membered carbocycles and 8-membered natural product 

like fragments, such as 155 and 158. The carbocyclic fragment is formed via a 

photochemical [2+2] and basic ring opening of the cyclobutanyl intermediate, such as 

154 and 157 and has been exploited in high yield (Scheme 3.20).125, 126  

 

Scheme 3.20 – DeMayo ring expansions forming taxane-like fused ring structures 155 and 158. 

Frequently, the starting materials for these reactions are easily accessed 

cyclohexenones or unsaturated ketone and ester molecules, and in intramolecular 

ring closures can access complex carbocyclic ring structures. However, the generality 

of the method can be called into question. Intermolecular [2+2] reactions are far less 
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efficient,127, 128 and substrates for the intermolecular ring expansion must be accessed 

over multiple synthetic steps. 

 Fragmentations of other ring systems have also been exploited to great effect. 

Mehta et al. synthesised an 8-membered ring 160 via a Lemieux-Johnson reaction to 

effect ring opening of a tetrasubstituted double bond in 159 (Scheme 3.21).129, 130  

 

Scheme 3.21 – Formation of 157 via a Lemieux-Johnson ring fragmentation of 156.  

Furthermore, Trost et al. utilised the anion stabilising character of sulfones in 

161 to effect a basic ring opening in good yield (Scheme 3.22).131 

 

Scheme 3.22 – Grob fragmentation of 161 to an 8-membered enone 162. 

 These methods are, like the DeMayo ring expansion, marred by the number 

of synthetic steps required to synthesise the desired starting materials. 

 Rearrangements have been applied to medium ring synthesis with some 

success. The appeal of utilising sigmatropic rearrangements for 8-rings is akin to the 

appeal of their deployment in tetracene synthesis (see Chapter 2): the concision of 

making and forming multiple bonds in a single step shortens the route to the desired 

molecule. For example, Martin et al. demonstrated that the carbocyclic taxane ring 

system 165 could be simply accessed via an oxy anionic Cope rearrangement of 164 

through the simple addition of vinyl magnesium bromide to the ketone 163, in good 

yield (Scheme 3.23).85, 132 
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Scheme 3.23 – Taxane 8-ring system 165 formed via an oxyanionic Cope rearrangement  

Similarly, Paquette et al. exploited the same reactivity and the stereoretentive 

nature of the sigmatropic rearrangement to achieve the synthesis of more complex 

carbocycle 168 with complete diastereocontrol (Scheme 3.24).133  

 

Scheme 3.24 – Ophiobolin-like 8-ring system 165 formed via an oxyanionic Cope rearrangement  

Ma and Gu report a fascinating cascade of rearrangements to form a range of 

cyclooctatrienes 171 (Scheme 3.25).134  

 

Scheme 3.25 – Pericyclic cascade approach to cyclooctatrienes 171 initiated by a [1,5]-hydride migration. 

The putative mechanism involves a [1,5]-hydride shift to form a tetraene 

intermediate 170 which then undergoes a thermal 8π-electrocyclisation. The 

transformation was appealingly tolerant of substitution, required no catalysts or other 

reagents and was entirely atom efficient. However, the starting allene required 

multiple synthetic steps to access.  
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 While there are multiple variants of these kinds of transformations well 

studied within the literature, they are typical of the drawbacks associated with these 

transformations. They require multiple steps to synthesise the required intermediates 

and are often limited to specific substitution patterns. 

 While many more diverse variations upon these reactions exist for the 

synthesis of 8-membered rings,135 the brief survey above should make clear some 

common limitations: a) many of the routes suffer from multiple synthetic steps to 

access 8-membered rings, b) in different ways, many of the routes can be limited in 

scope by meagre tolerance to substitution and c) expensive metal catalysts and/or 

high catalyst loadings are required. As such, a one-pot, multicomponent reaction 

furnishing 8-membered rings would likely avoid the shortfalls of the methods 

disclosed above.  

 

3.2. Results and Discussion  
 

3.2.1. Optimisation and Mechanistic Investigation 

With the initial result in hand, efforts were directed toward the optimisation 

of the reaction conditions (Scheme 3.26). 
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Scheme 3.26 – Optimisation of the 8-ring cascade. Entries 1-4 were obtained by Dr Laurence Burroughs and 

Omkar Kulkarni. 

 The initial intermediate A was formed via the addition of TMS-acetylene to 

bromoaldehyde 172, followed by a subsequent lithium halogen exchange to give 

intermediate B. The organolithium intermediate is transformed to the copper 

intermediate C via transmetallation, and finally propargyl chloride 105 is added 

(Scheme 3.27).  Alteration of the solvent from Et2O to THF resulted in a marked 

improvement in the yield. Furthermore, forming the organocuprate instead of the 

organocopper intermediate by reducing the equivalents of CuBr.DMS to 0.5 with 

respect to the aryllithium intermediate further improved the yield. Interestingly, 

increasing the transmetallation time also improved the yield considerably, and 
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warming the reaction from -50 °C to -10 °C over 1 h, then holding the temperature at 

-10 °C returned a 70% yield as assessed by GC. As such these conditions were carried 

forward as the standard reaction conditions. 

 With an optimised procedure in hand, efforts were then directed toward 

establishing the mechanism of the reaction. As stated in the introduction, it was 

posited that the propargyl alcohol formed via a Cannizzaro-like displacement of a 

hydride alpha to oxygen, subsequently undergoing a nucleophilic attack on the allene, 

or via a [1,5]-hydride shift. The allylic anion subsequently generated then attacks the 

pendant ynone in a Michael addition, generating a allenolate anion, which upon 

quenching the reaction forms the 8-membered carbocycle 107a. [1,5]-hydride 

migration to an o-allene is precedented within the literature. Vidal et al. utilised the 

migration initiate a 6π-electrocyclisation reaction from the initial acetal 173 to form 

naphthalene 174, and in the case of aryl substituted allene 175 an 8-membered ring 

176 in low yield via an 8π-electrocyclisation (Scheme 3.27). 

 

Scheme 3.27 – Synthesis of naphthalene 171 and 8-membered ring 176 initiated by a [1,5]-hydride shift. 

Furthermore, the reaction disclosed in Scheme 3.25 utilises the same hydride 

shift to initiate the formation of a series of 8-membered rings 171. Where these differ 

from the organocuprate method discussed here is that the allenes must be 

synthesised and isolated, unlike the one pot method discussed herein.   
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To probe this, the D-aldehyde 177 was submitted to the reaction conditions to 

assess whether the deuterium would be retained in the reaction. It was observed that 

the expected deuterated 8-ring 178 was formed in 59% yield and with 69% deuterium 

incorporation, strongly implying an intramolecular displacement of hydride is in 

operation in the putative mechanism. Furthermore, evidence for the Michael addition 

of an allyl anion was given from quenching the reaction with D2O, which gave the 

deuterated 107b in 65% yield and with 90% D-incorporation, strongly implying that 

the final intermediate was the allenolate anion posited (Scheme 3.28). 

 

Scheme 3.28 – Experimental corroboration of the putative 8-ring cascade mechanism via deuterium labelling. 

Further experimental evidence for the mechanism was gathered from 

attempts to improve the reaction conditions. It must be noted that the generation of 

the cuprate in the reaction meant that for every reductive elimination of the aryl 

group to the propargyl chlorides, one equivalent of the propargyl alcohol is unreacted, 

meaning that the transformation is quite atom poor. Therefore, an attempt was made 

to form the higher order organocuprate from lithium 2-thienylcyanocuprate (Scheme 

3.29).136   
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Scheme 3.29 – Formation of an unexpected alkene 181. 

Instead of the expected pyridyl 8-ring 180, a 2 mg quantity of the propargylic 

alcohol 181 was recrystallised from the reaction mixture. This unexpected product can 

be assumed to have been formed by the reductive elimination of the 2-thienyl group 

to the allene over the migration of the hydride, which supports the mechanism stated 

above. Furthermore, the double bond geometry of 181 implies that the allenyl anion 

isomerises to the required geometry for the Michael addition. The alkene geometry 

formed in the transfer of the thiophene would be expected to be the (E)-alkene, 

however, the isolation of the (Z)-alkene shown above implies isomerisation does 

occur.  

 

3.2.2. Diversification of the 8-Ring Structure   

The scope of trapping the 8-ring with electrophiles was further investigated. 

Various electrophiles were successfully reacted with the allenolate (Scheme 3.30). 
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Scheme 3.30 – Synthesis of a range of substituted 8-rings 107a-h. Compounds 107e & f were obtained by Dr Lee 

Eccleshare. 

However, reacting larger electrophiles such as DEAD and ClSn(Bu)3 gave no 

yield of the desired 8-ring. However, trapping with other nucleophiles tended to give 

good yields of the products. Where poor yields were reported, increasing the 

equivalents allowed for a higher yield to be obtained (upon increasing the number of 

equivalents of allyl bromide from 2.5 to 4, the yield of 107c improved dramatically, 

see Scheme 3.31). Reacting the 8-ring with I2 and CO2 allows for the further 

diversification of the 8-ring via Suzuki cross couplings and amide couplings.137 

 

3.3. Further Work 

Further work into the scope of the reaction in the varying of the alkyne and 

propargyl chloride has been published, along with further diversification of the 8-

membered enone structures.137, 138   

 

 

 

 

 



91 
 

Chapter 4 

 

Knoevanagel Cyclisation Approach to Tetracenes 
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4.1. Introduction 

 A clear drawback to the sigmatropic cascade reaction is the stereochemical 

requirement to generate higher yields of tetracene, and currently no method exists 

enriching the rac diastereomer in the diols made. Future investigations were 

undertaken into other methods which could generate the tetracene core from achiral 

starting materials. By a series of disconnections about the double bond in the centre 

of the tetracene rings, it was hypothesised that the molecule could be generated in 

two steps from the Knoevanagel condensation of a reactive methylene compound and 

1,3-diphenyl ketone 182, followed by a Friedel-Crafts acylation (Scheme 4.1). 

 

Scheme 4.1 – Proposed disconnection of tetracene from 1,3-diphenyl propanone 182. 

  This method is attractive as evidenced by the large number of reported facile 

methods for Knovenagel condensations in the literature,139-141 and that the cyclisation 

of aromatic rings and 2-methylenemalononitrile moieties is well known.142 This 

method could therefore be a highly yielding and rapid synthesis of tetracene. Indeed, 

this transformation has been reported in a series of papers by Duffraise et al.143 by the 

generation of 2-(1,3-diphenylpropan-2-ylidene)malononitrile and a subsequent 

cyclisation to form the 5,6-peridiamine tetracene via two sequential cyclisations. 

Furthermore, calculations using the same basis set above predicted that the tetracene 

would possess a lower HOMO-LUMO gap (2.42 eV) compared with the other 

tetracenes made by the sigmatropic cascade reaction. 

 

4.2 Results and discussion  

 The desired alkene was synthesised via a Knoevenagel condensation with 182 

and azeotropic removal of water via a Dean-Stark trap in good yield. On treating 183 
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with Eaton’s reagent and heating to 50 °C for 90 mins, the major product was the 

mono-ring closure product 181 in good yield (Scheme 4.2). 

 

 

 

 

 

 

 

 

 

Scheme 4.2 – Synthesis of 183 and 184. 

 Further attempts at these conditions to force the second cyclisation in 184 only 

returned the naphthalene 184. Attempting more forcing conditions to promote the 

double closure of 183 were then attempted, including higher temperatures in Eaton's 

reagent, resulting in a large loss of material, and the formation of small amounts of 

the oxidised peri-aminotetracene 185, similarly to that reported by Dufraisse and 

observed in the crystal structure of the isolated product (Scheme 4.3). 

 

Scheme 4.3 – Formation of by-product 185. 

 Furthermore, attempts to cyclise using PPA produced no cyclisation in the 

starting alkene, and attempts with sulfuric acid produced large volumes of insoluble 
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red salts. This minor product may have been the only product detected due to the 

greater stability of the mono ring closure product compared with the desired 5,6-

diamine tetracene: the -NH2 σpara=-0.66 making the acene structure very electron rich 

and therefore reactive and hard to isolate.144 Indeed, the high lying HOMO (-4.68 eV) 

calculated at the B3LYP/6-31+G(d,p) level of theory agrees with the level at which 

oxidation is highly likely due to inductive elevation as evaluated by Nakano et al.10 

Furthermore, it was found that the rate of oxidation of the aromatic amine to the 

carbonyl was accelerated by the lack of steric substitution ortho to the amine group. 

Attempts to remove the amines from the final tetracene product were then 

attempted. As might be expected, attempts to reduce the bis-nitrile to the aldehyde 

using DIBAL-H resulted in complex mixtures, most likely due to the conjugate addition 

of the hydride to the alkene which probably acts as an excellent Michael acceptor. 

To improve the processability of the tetracene core derived from the second 

cyclisation, it was envisaged that the aromatic amine could be removed from the 

intermediate naphthalene 184 through a Sandmeyer reaction to introduce various 

halide groups, and reduce the nitrile to the corresponding aldehyde and effect a 

Friedel-Crafts cyclisation with a suitable Lewis acid. Fortunately, in preliminary 

reactions, the amine could be halogenated in good yield utilising variations upon Doyle 

et al. one-pot Sandmeyer conditions with cupric halides and tBuONO (Scheme 4.4).145 
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Scheme 4.4 – Syntheses of 186-188. 

 Interestingly, the CuBr2 brominated the naphthalene para to the amine as well 

as replacing the nitrogen group, which can perhaps be rationalised as a SET 

halogenation due to the use of a cupric halide (Scheme 4.4).146 Attempts to form the 

fluoride via a Balz-Schiemann reaction with nitrosonium tetrafluoroborate 

deaminated the naphthylamine in good yield.  

 Attempts were then made to reduce the nitrile of 186 to naphthaldehyde 189. 

It was envisaged that the nitrile could be reduced selectively to the aldehyde using an 

aluminium hydride.147 Unfortunately, when LiAlH4, DIBAL-H and Superhydride were 

trialled as reducing agents, the formation of the aldehyde was nil or was very poorly 

yielding (Scheme 4.5). 
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Scheme 4.5 – Attempted reductions of 186. 

Furthermore, when the modest amount of aldehyde was heated with BF3.OEt, 

no cyclisation to the desired 5-chlorotetracene was observed. In addition to these 

methods attempts were made to effect the cyclisation via reduction to the nitrile to 

the more reactive imine using Raney Nickel, however this attempt returned the 

starting material with no tetracene observed. Furthermore, an envisaged anionic 

cyclisation of the starting naphthalene was attempted with LDA, although again this 

did not yield any of the desired product. The failure of all these approaches may be 

attributed to the naphthyl ring: the π to π* donation from the naphthylene to the 

nitrile deactivating it toward addition of nucleophiles, hence the difficulty of the 

reduction.  

 

4.3 Future Work 

 The primary issue from these preliminary studies toward aminotetracenes has 

therefore yielded two observations. Firstly, that the free amine may be too electron-

donating to the tetracene, making it more sensitive to oxidation and decomposition, 

and secondly that the second nitrile closure requires more forcing conditions due to 

the electronic deactivation of the nitrile. As such a proposed future route to the 

aminated tetracenes may be to utilise synthetic conditions which activate the nitrile 

and deactivate the amine on the aromatic ring formed.  

An excellent candidate for this could be the formation of an intermediate 

arylnitrylium species via arylation. Multiple heterocycles have been accessed via 
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transiently generated aryl and vinyl nitrilium species generated from aryliodonium 

salts 190. The aryl nitrilium is much more electrophilic than the parent nitrile, and as 

a result more rapidly undergoes nucleophilic attack, and this reactivity has been 

exploited to generate a variety of heterocycles in copper catalysed [2+2+2] 

additions.148-150 

It could therefore be proposed that arylation of the deaminated naphthalene 

190 could react in a similar manner, furnishing the 6-exo dig cyclised product and 

rearomatizing to the desired tetracene 191 (Scheme 4.6). 

 

Scheme 4.6 – Proposed nitrilium cyclisation of 188. 

Furthermore, ability to introduce electron-poor aromatic rings on the amine 

will temper the mesomeric donation to the core of the tetracene allowing for potential 

tuning of the electronics for stability.   
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Chapter 5 

Carbometallation Approach to Tetracenes 
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5.1. Introduction  

Owing to the lack of success from the sigmatropic rearrangement and 

Knoevanagel cyclisation routes a novel disconnection was sought. As stated in chapter 

1, many of the synthetic routes reported within the literature depend upon Lewis acid-

mediated Friedel-Crafts acylations. As previously discussed, these approaches 

typically involve a single ring closure, and multiple steps to install the pertinent 

functional groups. It was envisaged that a double ring closure from C2 symmetric x 

would instead limit the number of synthetic steps required to furnish tetracene via a 

ring closing method by forming the two central tetracene rings via a double Bradsher 

closure in a single step (Scheme 5.1).  

 

Scheme 5.1 – Proposed disconnection of tetracene 2 to 1,4-butyne diol 192. 

 The synthesis of tetrasubstituted alkenes is a well-studied synthetic challenge. 

One of the favoured routes is carbometallation of alkynes followed by electrophile 

trapping, providing a reactive handle for further elaboration.151 This method presents 

two issues. Firstly, regioselectivity and secondly stereoselectivity of the alkenes 

formed. Many groups have studied the use of directing groups for carbometallation in 

a regiocontrolled manner, utilising pyridines,152 carbamates,153 ethers154 and 

unprotected alcohols.154, 155 Unfortunately, within the multitudinal carbometallations 

studied within the literature, the majority exhibit cis regioselectivities.156 Pleasingly, 

there are many carbometallations of alkynes which display the desired regioselectivity 

and (E)- stereoeselectivity from organomagnesium and organozinc reagents in the 

presence of unprotected alcohols22, 157-160 or esters.161 This is putatively explained by 



100 
 

the formation of a 5-membered chelate 194 from the alcohol to the formed vinyl 

magnesium reagent formed, ensuring anti-selectivity and regioselectivity in the 

product alkene 195 (Scheme 5.2). 

 

Scheme 5.2 – Proposed trans-selective carbometallation of propargyl alcohol 193. 

This is corroborated by some experimental evidence that indicates that 

increasing the alkyl chain distance between the alcohol and alkyne of propargyl 

alcohols severely erodes the yield as the chelate is less entropically favoured to form.22 

Furthermore, utilising unprotected alcohols as directing groups allows for the 

oxidation to the desired aldehyde for the Bradsher closure.  

 

5.2. Results and Discussion  

5.2.1. Carbometalation and Negishi Cross-Coupling of Vinyl Iodides 

As such a carbometallation of but-2-yne-1,4-diol 192 with benzylmagnesium 

chloride was envisaged to test the viability of the proposed disconnection (Scheme 

5.3). 

 

Scheme 5.3 – Proposed cis-selective carbometallation of propargyl alcohol 189 and synthesis of vinyl iodide 49. 

The carbometallation was attempted and formed the desired trisubstituted 

alkene upon quenching with NH4Cl in 74% yield.  Initial attempts were then made to 

form the desired diol in one step with the addition of benzyl chloride and Co(Acac)2 to 

effect an alkylation with the intermediate vinylmagnesisum chloride 195.162 However, 

this proved to be fairly capricious and low yielding, and attempts were made to trap 
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the intermediate vinylmagnesium with electrophiles to effect a two-step synthesis of 

the desired C2-symmetric synthon. 

 Considering the difficulty of cross coupling the vinyl iodides, efforts then 

turned toward the use of other electrophile substituents that could be cross coupled. 

The cross-couplings of tosylhydrazones with transition metal catalysts are well 

developed reactions,163 and one pot formations of tosylhydrazones from aldehydes 

and subsequent metal free couplings to boronic acids are known and would be an 

excellent and general alternatives to transition metal-catalysed cross couplings.164 

However, attempts to trap the Grignard intermediate with DMF and ethyl formate did 

not return the desired α,β-unsaturated aldehyde (Scheme 5.4). 

 

Scheme 5.4 – Failed synthesis of 198. 

 Attempts to form the vinyl boronic acid via trapping of the intermediate 

Grignard with (iPrO)3B were made to form the cyclic hemi-boronic ester to attempt 

the reverse coupling to phenyltosylhydrazone. Similar cyclic borates have been 

synthesised and have shown to be competent reactants which have been utilised in 

Suzuki and Chan-Lam cross couplings, Petasis reactions and oxidations.165-169 

Unfortunately, it proved similarly difficult to form the cyclic hemi-boronic acid, with 

no product observed. Attempts to form the vinyl sulphide by trapping with (PhS)2 also 

failed, and as such new electrophiles where sought. 

Pleasingly, the desired iodide 194a could be synthesised in a modest yield of 

53% (Scheme 5.5).  
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Scheme 5.5 – Synthesis of vinyl iodides 197a-d 

Similarly substituted iodides 197a-d could be synthesised in moderate to good 

yield by trapping with iodine, offering a range of substituted lynchpin vinyl iodides. 

The issues with the trapping of various electrophiles could perhaps be rationalised as 

a function of the pKa of the conjugate bases formed, with more stable anionic leaving 

groups facilitating the nucleophilic attack of the vinyl Grignard intermediate. The 

values pKa values for the halogens are many orders of magnitude lower in comparison 

the alcohols and thiols that would be displaced in using the electrophile trapping 

attempts above (pKa -I = -8.56 vs -SPh = 6.50 in water at 25°C).170 

Initial attempts with Pd and Ni catalysis to couple the vinyl iodide to benzyl 

halides had returned no yield of the desired diol. Consequently, efforts were turned 

toward the use of iron catalysis, which confers the benefit of general mild conditions, 

less toxic reactants and a well-studied array of sp2-sp3 couplings.171 The FeIIICl3/CuTc 

cross coupling developed by Hamze et al. was attempted, which pleasingly returned 

the desired diol 199a, but in an unsatisfactory yield of 16% (Scheme 5.6).172 
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Scheme 5.6 – FeIIICl3/CuTc catalysed cross-coupling of vinyl iodide 194a with benzylmagnesium chloride. 

  As such attempts to improve the yield through introduction of ligands and 

additives were undertaken. Changing the iron catalyst to FeIII(Acac)3 had a deleterious 

effect on the yield, and introduction of various phosphine ligands also had little effect 

upon the cross coupling with only PCy3 matching the yield of the initial conditions. 

Changing the stoichiometry of the copper and iron also had a modest beneficial effect. 

Doubling both led to an increase in yield, but individually increasing the CuTc to 20 

mol% had a greater effect on the yield over increasing the FeIIICl3. The addition of LiBr 

increased the formation of the homocoupled dibenzyl product. The addition of NMP 

also led to a reduction in yield, and TMEDA prevented the formation of the diol 

entirely (on addition of TMEDA the reaction mixture rapidly formed a solid gel). Across 

all the reactions, there was a moderate yield of the unreacted iodide, which coupled 

with the modest increase in the yield of the diol led to the postulate that the benzyl 

Grignard reagent was reacting too rapidly with the FeIIICl3 and deactivating the 

catalyst. 

  It was also hypothesised that the primary alcohols were interfering with the 

cross-coupling reaction, and that by protecting them yield could be maximised, and 

fewer equivalents of Grignard reagent would be needed. As such, the starting 

propargyl diol was protected with TMSCl and MOMCl and the transmetallation 

reattempted. Unfortunately, the reacted diols were completely inert under the 

carbometallation conditions over 24 h, which can be rationalised by the inductive 

removal of the lone pair electron density by the Si σ* orbital and by the C-O σ* orbital 

by the anomeric effect, preventing the directing effect and limiting the rate of the 

reaction, if not preventing it completely (Scheme 5.7). 
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Scheme 5.7 – Electronic deactivation of protected alcohols 

Upon difficulty of the optimisation of the cross-coupling of 197a using Hamze’s 

conditons and the relative lack of reactivity of the Grignard to various electrophiles, 

new means of coupling benzyl electrophiles to 199a were sought. The usage of benzyl 

zinc halides in sp3-sp2
 as electrophiles in cross couplings has been reported within the 

literature in excellent yield and with the presence of unprotected alcohols and amines 

by Knochel et al.173, 174 High yield of the cross coupled product versus the protonation 

of the active lithium organozincate halides was rationalised via competitive 

protonation studies with iPrOH. It was found that the benzyl organozinc halides were 

less basic than the corresponding alkyl and aryl zinc halides. The aryl and alkyl 

organozinc halides were chemoselectively protonated, with the benzylzinc halide 

almost unreacted. This could likely be attributed to the resonance stabilisation of the 

negative charge on the benzylic position by the benzene ring. As such, the limited 

basicity of the benzylorganozinc chloride may mean that the transmetallation to 

palladium is faster than the deprotonation of the diol 197a.   

Pleasingly, performing the reaction with a 1 mol% Pd(OAc)2/ 2 mol% SPhos 

catalyst loading at room temperature in under 30 minutes yielded a 94% return of 

desired diol 199a without the need of further purification. However, on repeating the 

procedure, conversion proved to be capricious. Full conversion could be ensured by 

reducing the ligand loading to 1 mol% with no erosion of yield and excellent 

reproducibility. This may offer insight into the mechanism of the cross coupling. The 

steric bulk of SPhos may well be limiting the oxidative addition to the palladium: the 

14e- complex of the (SPhos)2Pd0 generally considered necessary to participate in a 

catalytic cycle might be too sterically encumbered. Therefore, the oxidative addition 

of the vinyl iodide to the (SPhos)2Pd0 might well be inhibited, hence the inconsistency 

of the 2:1 SPhos:Pd(OAc)2 stoichiometry.  
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The reduction of Pd(OAc)2 can most likely be attributed to the benzylorgano 

zinc halide, as two equivalents of phosphine to palladium is usually required to reduce 

PdII to Pd0
 and allow the cross coupling to occur.175 If this were the case, an excess of 

SPhos would be required to reduce PdII, which is absent in the reaction conditions. The 

absence of any oxidant within the relatively mild reaction conditions perhaps 

precludes the presence of a PdII/ PdIV catalytic cycle,176 however further investigation 

is required. 

Pleasingly, the Negishi cross-coupling conditions proved relatively general, 

cross coupling with various substituted benzyl zinc halide and heterocyclic 

equivalents, yielding a wide range of substituted trans-benzyl diols (Scheme 5.8). 

 

Scheme 5.8 – Synthesis of a range of diols 199a-m. Compound 199g was synthesised by Miriam Ackermann, 

compound 199i was synthesised by Saurabh Ariwhar and compound 199m was synthesised by Simon Woodward. 

Unfortunately, the vinyl bromide was not a competent reaction partner within 

the established conditions. Given the exemplary ease and celerity of the Negishi cross-
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coupling, rapid access to a range of substituted diols offers large scope to the synthesis 

of a wide range of variably substituted polyaromatic molecules via the subsequent 

oxidation and ring closure. 

While the carbomagnesiation of 2-butyne-1,4-diol proved to be general, it 

must be noted that the synthesis of a symmetrically substituted diol requires large 

quantities of benzyl organometallic reagents over two steps, and with moderate yields 

in the carbomagnesiation. As such, it was posited that the (E)-diiodide could be a 

competent partner in a double cross coupling with similar conditions to the 

monocoupling. Pleasingly, the synthesis of the diiodide is known, although attempts 

to emulate the literature conditions provided low yields of the desired diiodide 200.177  

However, stirring 2-butyne-1,4-diol with iodine in chloroform at reflux for 24 h 

provided the desired trans-diiodide 200 in excellent yield (Scheme 5.9).  

 

Scheme 5.9 – Synthesis of a range of diiodide 200. 

Furthermore, the insolubility of the product allowed for the material to be 

simply filtered and washed with chloroform to provide the desired product in 

sufficient purity.  

 The disubstitution was then investigated. Initial runs emulating the reaction 

conditions using SPhos provided a 34% yield of the product and a larger 66% yield of 

the diiodinated 2-butyne-1,4-diol. Changing the ligand to Cy3P provided a similar but 

marginally superior yield by NMR in the conditions, and as such was the ligand carried 

forward across further runs. Attempts with PPh3 provided a mixture of desired 

product, deiodinated alkyne and unreacted diiodide, but interestingly the highest 

yield was of the monocoupled product. Increasing the reaction temperature had the 

effect of incrementally improving the conversion to the desired product. Furthermore, 

increasing the number of equivalents of the benzylzinc chloride had a positive effect 
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upon the yield, however increasing beyond 2.4 equivalents ceased to favour the cross-

coupling. 2.4 equivalents of benzylzinc chloride at 65 °C in THF were therefore selected 

as the general conditions for the reaction (Scheme 5.10). 

 

Scheme 5.10 – Optimisation of a Negishi di-coupling. 

 With these conditions in hand the scope of the di-coupling was investigated. 

The conditions produced the desired parent diol in 72% isolated yield (Scheme 5.11).  
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Scheme 5.11 – Synthesis of a range of diols 195a, h & n via a Pd-catalysed decoupling. 

Attempts with other organozinc halides produced only poor to moderate 

yields, and proved to be less general than the monocoupling. While it provided access 

to the doubly bromoarylated diol 199n in good yield (which could not be made via the 

carbometallation due to the 4-Br benzylmagnesium organometallic being inaccessible 

synthetically), the erosion of yield in changing the substitution made it far less general 

than the mono coupling. 

 

5.2.2. Oxidation of the Diols  

 With the desired diols in hand, attention then turned to oxidation conditions 

to furnish the desired dialdehydes. Of the plethora of oxidation conditions available, 

the O2/CuI/TEMPO catalysed conditions developed by Stahl et al. appealed due to the 

generality of the scope of the reaction in primary alcohols and the catalytic quantities 

of the reagents necessary for the oxidation.178 Upon testing these conditions upon the 

starting material, it was found that the oxidation proceeded almost quantitatively 

within 1 h. Furthermore, they proved to be quite general, furnishing high to 

quantitative yields of dials 201a-n for most of the diols reacted (Scheme 5.12).  
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Scheme 5.12 – Synthesis of a range of aldehydes 201a-n via a Cu/O2 oxidation. Compound 201i was synthesised 

by Miriam Ackermann. 

In many instances upon the removal of DMF under high vacuum, the products 

were sufficiently pure to be utilised in the subsequent step. Furthermore, the reaction 

was self-indicating. Initial mixtures appeared a dark brown, however on completion 

of the reaction the mixture became a clear green solution due to the yellow colour of 

the dialdehydes formed and the blue of the CuI in the DMF solution. However, some 

modifications for the reaction were necessary for certain substrates. The oxidation of 

199c required heating to 40 °C and redosing the reaction with the catalyst mixture due 

to the insolubility of the starting diol hindering the full conversion of the product. In 

addition, the pendant steric bulk on the benzyl group may also have hindered the 

oxidation.  

While these conditions could be considered optimal, the large quantity of the 

required reagents makes the procedure somewhat unwieldly. As such, modifications 

of Semmelhack et al. conditions, omitting the use of NMI and Bipy, were attempted 
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to see if similar yields could be attained.179 This appeared to be the case as similarly 

high yields of the desired aldehyde could be isolated from this reaction, however, the 

results could be far more capricious, often requiring repeated redosing of the copper 

and TEMPO to effect full conversion. Furthermore, attempts to perform a Swern 

oxidation on the products were low yielding and difficult to purify. 

 

5.2.3. Cyclisation of the Dialdehydes 

 At this point with multiple aldehydes in hand, attempts to perform the 

cyclisation were undertaken. Multiple Lewis acids were screened to attain optimal 

conditions for the reaction (Table 5.1).  
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Table 5.1 – A range of trialled Lewis acid mediated Bradsher closures. Results obtained by Dr Laurence Burroughs  

At 83 °C, the majority of the Lewis acids screened were ineffective in effecting 

the closure, with the exception of In(OTf)3, BF3.OEt2 and ZnCl2. Higher loadings of the 

Lewis acids and solvents which allowed access to higher temperatures were found to 

favour the formation of tetracene. As the improvement in yield was minor upon the 

increase of temperature of change of Lewis acid from BF3.OEt2, 2 equivalents of 

BF3.OEt2 at 83 °C in DCE were the conditions taken forward.  On limiting the BF3.OEt2 

to 1 eq., the monoclosure product 202 could be effected cleanly in DCE in 82% yield 

under the same conditions.  
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While this reaction was favourable on small scale, upon repeating the 

conditions on larger scales, difficulties were encountered in reproducing the yield. 

Interestingly, attempts to force the second closure proved to be difficult, providing no 

yield of the tetracene, but instead forming dihydrotetracene 27 in a modest yield 

(51%). To probe this transformation, H1 NMR spectra of the reaction mixture were 

taken at intervals to monitor the course of the reaction (Figure 5.1). 

 

Figure 5.1 – 1H NMR of formation of dihydrotetracene 27. 

By taking the integrals of the peaks in the reaction mixture, a rough kinetic 

assessment of the reactions could be made via the graphical method described by 

Mata-Perez and Perez-Bonito.180 Through this NMR analysis it was shown that the 

formation of the monoclosure is rapid and at 30 mins, the major product. However, 

as the reaction proceeds this is rapidly overtaken by 27, and by 2.5 h was effectively 

the sole product (Figure 5.2).   
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Figure 5.2 – Observed change in ratio of aldehyde 198 to dihydrotetracene 27. 

This is intriguing as after 30 mins there does appear to be a small quantity of 

tetracene has been formed, implying that the cyclisation was initially proceeding but 

was then superseded by a second reaction. Due to the formation of H2O from the 

Bradsher closure, it could be posited that the use of the molecular sieves in the 

reaction were not removing the adventitious water efficiently.  

This would therefore mean that the increasing concentration of water in 

combination with the stoichiometric amounts of BF3.OEt2, that BF3.OH2 may begin to 

form, potentially catalysing the rapid reduction of the desired tetracene. Formally, on 

the completion of a single Bradsher closure one equivalent of water is formed. As such 

this would explain the roughly autocatalytic reaction kinetics observed in the reaction: 

complexation of the BF3 to water decreases the pKa of water significantly via the 

formation of a species with acidity akin to concentrated sulfuric acid (approx. H0 = -

12).181 This is due to the oxophilic nature of BF3 (BDE B-O ΔHf298 = 806 kJ/mol).170 This 

rapidly leads to the dissociation of a proton from water to form the boronate species 

[BF3OH]-H+. This has been exploited synthetically to effect SNAr reactions of benzylic 

chlorides, benzylic alcohols and aldehydes.182-184 Furthermore, the reduction of 

acenes by strongly acidic conditions is precedented within the literature, with 

tetracene reduced to hydrotetracene 27 by HI/AcOH.185 It could therefore be 

hypothesised that the increasing acidic conditions caused by the formation of [BF3OH]-
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H+ are catalysing the formation of the tetracene radical cation. Traditional means of 

accessing the species utilise strong acids such as H2SO4 and methanesulfonic acid, 

which have similar pKa values to the proposed boronate species.186, 187 It must 

however be noted that if indeed the hydroacene 27 is formed via a radical cation 

intermediate, it is currently unclear what species acts as a reductant (in this instance, 

a hydride source).  It could be proposed that the 53% yield is due to a 

disproportionation of the radical cationic intermediate, however, further investigation 

is necessary for mechanism to be inferred than the more general assessment 

described above. 

 Alternate Lewis acids were then trialled due to the instability of tetracene 

within the previously established conditions. TiCl4 has been utilised in the Bradsher 

closure of benzyl groups has been employed in the synthesis of naphthalenes.188 As 

such it was utilised in the double closure of dial 201a. This was found to synthesis the 

desired tetracene in high yield with 2 equivalents of TiCl4 in DCE at 0 °C, then heating 

at 40 °C for 5 h (80%). Furthermore, the reaction conditions proved to be far more 

general when compared to the use of BF3.OEt2. The reaction mixture could be left for 

22 h with no degradation of the tetracene products by NMR. This can most likely be 

attributed to the high oxophilicity of titanium double bond formed facilitating the 

removal of the oxygen formed in the ring closure and the absence of a background 

reaction as observed in the BF3.OEt2 mediated closure. These conditions proved to be 

general across the dials substituted with electron-donating groups (Scheme 5.14). 
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Scheme 5.14 – Cyclisation yields of tetracene 2 and substituted tetracenes 203c, d, e, h, I, k & l. Compounds 203c-

l were synthesised by Dr Mary-Robert Garrett. 

 As is clear from the entries in Scheme 5.14, the presence of electron-

donating groups was key to force the reaction. What is interesting is that the 

Hammett parameter for the meta position is positive, denoting inductive electron 

withdrawal by the methoxy group, which (as it lowers electron density), should 

disfavour cyclisation.189 However, the general trend holds that the presence of 

electron-donating groups favour the ring closure.  

 Cyclisation attempts with dials with electron-withdrawing substituents 

proved difficult, with most examples forming the aldehyde from the single Bradsher 

closure (Scheme 5.15).   
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Scheme 5.15 – Attempted cyclisations of substrates bearing electron-withdrawing groups. Results attained by Dr 

Mary-Robert Garrett. 

 Attempts to force the closure using the conditions established in Scheme 

5.13 proved to not force the Bradsher closure of rings bearing electron-withdrawing 

groups, as such additional equivalents of TiCl4 and longer reaction times were 

attempted. However, the alterations to the conditions still resisted the double 

closure, instead forming the aldehydes 202b, 202f and 202m. This is to be expected 

as the electron-withdrawing groups would naturally lower the electron density at the 

meta position, preventing the closure. As such, new cyclisation conditions for these 

substrates must be sought.  

 

5.2.4. Calculated and Electrooptic properties 

 

Scheme 5.12 – 1H NMR of formation of dihydrotetracene 5.16. 

 Employing the same basis set and TDDFT method utilising the Tam-Dancoff 

modification as discussed in the second chapter, the HOMO and singlet excited states 

for various substituted tetracenes were investigated. As was stated in Chapter 2, the 

method proved not to be an accurate system for the dithiocarbonate tetracenes 96a-

j. However, the calculation for tetracene 2 proved to be more accurate as an 

assessment of Eg in agreement with computational and experimentally derived 

results.190  
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5.3. Conclusions and Future Work 

 In conclusion, a general method for the synthesis of tetracenes over 4 steps 

was developed, with varying substitution attained from simple para substituted 

benzylorganometallic reagents. As such, no synthetic effort has currently been 

dedicated to varying the substitution of the starting organometallic reagents, with 

substitution at the meta or ortho positions of the aromatic rings, or attempts with 

heteroatomic rings.  

 Furthermore, the synthesis of the brominated diols and dials 199n and 201n 

offers an ancillary approach to substitution. As reactive handles, they offer 

opportunities via cross coupling to new substitution patterns should the initial 

benzylzinc halide or chloride not be available commercially. As such investigations into 

cross-coupling conditions with these substrates would no doubt be worthwhile in 

further developing the synthetic route to allow for the design of substituted 

tetracenes. 

 The difficulty in forcing the Bradsher closure in dials with electron-withdrawing 

groups must also be addressed. 
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Appendices 

 

Appendix 1 – Experimental Data for Chapter 2 

General information 

 All reactions were carried under argon atmospheres using flame-dried Schlenk 

apparatus. Dichloromethane, toluene and acetonitrile were used distilled from 

calcium hydride; dimethoxyethane and tetrahydrofuran were used distilled from 

sodium/benzophenone ketyl.191 Alkynes were purchased from Sigma-Aldrich, Alfa-

Aesar and Maybridge and were distilled under reduced pressure before use. High cost 

alkynes were also prepared by Corey-Fuchs procedures.77 Phthaldialdehyde was 

purchased from Alfa-Aesar; hexamethyl disilazane, allyl bromide, diphenyl carbon 

disulfide and iodomethane were purchased from Sigma-Aldrich and were dried (4Å 

sieves) as necessary. 1,3-Dibenzylketone, methanesulfonic acid, ammonium acetate 

and malonitrile were purchased from Sigma-Aldrich; tBuONO was purchased from 

Fischer Scientific and all were utilised with no further purification. CuTc, FeCl3, CuCl2, 

CuBr2 and CuBr.DMS were purchased from Sigma Aldrich and Fischer Scientific and 

were dried in vacuuo before use and stored under an atmosphere of argon before use 

and when not in use.  Eaton's reagent was prepared by a literature procedure.192 

Benzyl halides purchased from Sigma Aldrich and distilled before use. Reducing 

reagents were assayed via a gas evolution. Organolithium reagents were Gilman 

double titrated before use. All temperatures referred to those of the external oil baths 

used. Thin layer chromatography was performed on foil-backed plates coated with 

Merck Silica gel 60 F254. The plates were developed using ultraviolet light and basic 

aqueous potassium permanganate. Preparative thin layer chromatography was 

performed using Analtech 1000 µm UV254 pre-coated plates. Liquid chromatography 

was performed using forced flow (flash column) with the solvent systems indicated. 

The stationary phase used was silica gel 60 (220–240 mesh) supplied by Fluorochem. 

Infrared spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer using NaCl 

plates (films were formed by evaporation of chloroform) or a Perkin–Elmer 1600 FT-

IR in solution cells. Solution UV-vis spectra were recorded on a Bruker Lambda 25 
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instrument. Nuclear magnetic resonance spectra were recorded on Bruker DPX-400 

(400.2 MHz), AV400 (400.1 MHz), AV(III)400 (400.1 MHz) or AV(III)500 (500.1 MHz) 

spectrometers at ambient temperature. Chemical shifts are quoted in parts per million 

(ppm) and were referenced as follows: chloroform-d, 7.26 ppm, methanol-d4, 4.87 

ppm for 1H NMR data; and for 13C NMR data: chloroform-d, 77.16 ppm, methanol-d4, 

49.00.193 Coupling constants (J) are quoted in Hertz and coupling correlations were 

based on standard COSY, DEPT, HMQC, HMBC experiments.  Mass spectrometry was 

performed using a VG Micromass AutoSpec spectrometer (EI) or Bruker MicroTOF 

(ESI) as noted. Melting points were determined with a Stuart Scientific SMP3 melting 

point apparatus. 

Preparation of diol starting materials 98 and 100 

3,5-Dimethoxyphenylacetylene 98 

(i) Preparation of dibromoalkene. Freshly sublimed CBr4 (6.39 g, 

19.3 mmol, 2 equiv.) was dissolved in dry CH2Cl2 (20 ml) and cooled 

to 0 °C. Triphenylphosphine (10.1 g, 38.5 mmol, 4 equiv.) in dry 

CH2Cl2 (20 ml) was added and the mixture left stirring for 30 min. Solid 3,5-

methoxybenzaldehyde (1.61 g, 9.69 mmol, 1 equiv.) dissolved in CH2Cl2 (20 ml) was 

added dropwise and the reaction monitored by TLC indicated completion (product Rf 

0.74, 7:3 pentane:Et2O). The resultant mixture was quenched with a 1:1 mixture of 

CH2Cl2:H2O (75 ml), extracted with CH2Cl2 (3 x 30 ml), dried (MgSO4), filtered and 

reduced in vacuo, giving a solid yellow crude (16.4 g). Purification by flash column 

chromatography (1:9 CH2Cl2:pentane) give a colourless powder 97 (2.99 g, 97%), Rf = 

0.74 (7:3 pentane:ether), m.p. 74-75 °C. 1H NMR (400.1 MHz, CDCl3): δ 7.45 (s, 1H, 

CCH), 6.72 (d, J = 2.1 Hz, 2H, ArH), 6.49 (t, J = 2.1 Hz, 1H, ArH), 3.83 (s, 6H, OCH3). 13C 

NMR (100.6 MHz, CDCl3): δ 160.7 (C), 137.0 (C), 136.9 (CH), 106.5 (CH), 100.9 (CH), 

90.0 (C), 55.4 (CH3). MS ESI calcd. for C10H10O2Br2 m/z expected 320.9120 (M+H), m/z 

found 320.9110 (M+H).  

(ii) Corey-Fuchs procedure. 97 (2.99 g, 9.28 mmol, 1 equiv.) was dissolved in dry THF 

(50 ml) under argon with stirring at -50 °C (dry ice/acetonitrile bath). A solution of 

nBuLi (24.0 ml, 1.6 M in hexanes, 38.4 mmol, 4.1 equiv.) was added dropwise after 
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which TLC indicated completion of the reaction. The mixture was quenched with 

saturated ammonium chloride (40 ml), extracted with CH2Cl2 (3 x 20 ml), dried 

(NaSO4), filtered and evaporated, giving an orange brown oil (1.61 g). Purification by 

flash column chromatography (pure pentane, followed by 19:1 pentane: Et2O) gave a 

pure colourless crystalline solid 98 (1.22 g, 81%), Rf = 0.24 (pentane), m.p. 46-47 °C 

with literature properties.i 1H NMR (400.1 MHz, CDCl3): δ 6.72 (d, J = 2.3 Hz, 2H, ArH), 

6.50 (t, J = 2.3 Hz, 1H, ArH), 3.76 (s, 6H, OCH3), 3.15 (s, 1H, CCH). 13C NMR (100.6 MHz, 

CDCl3): δ 160.6 (C), 123.4 (C), 110.0 (CH), 102.3 (CH), 83.7 (C), 76.9 (CH), 55.4 (CH3).   

1-Ethynyl-3,4,5-timethoxybenzene 100 

i) Sublimed CBr4 (6.43g, 19.4 mmol) was added to a flame dried 

Schlenk flask of dry dichloromethane (67 ml) and stirred at 0 °C. 

Triphenylphosphine (10.47 g, 39.9 mmol) was then added and 

stirred for 30 minutes. 3,4,5-trimethoxybenzaldehyde was then added in one portion 

and stirred. When TLC indicated completion, the reaction was quenched with 1:1 

dichloromethane: water, extracted with dichloromethane, dried with MgSO4, filtered 

and concentrated under reduced pressure giving a crude yellow solid (19.6 g). The 

crude was purified by flash column chromatography (7:3 pentane:diethyl ether) giving 

a colourless crystalline solid 99 (3.30g, 94%). Rf = 0.31 (7:3 pentane:diethyl ether), m.p. 

60 - 62 °C. ), IR (CHCl3) νmax/cm-1 3011, 2965, 2940, 2916, 2839.  1H NMR (400.2 mHz): 

δ 7.36 (s, 1H, C=CH), 6.76 (s, 2H, ArH), 3.83 (s, 3H, OCH3), 3.80 (s, 6H, OCH3). 13C NMR 

(100.6 MHz, CDCl3) δ 152.7 (C), 138.1 (C), 136.4 (CH), 130.1 (C), 105.5 (C), 88.2 (CH), 

60.4 (CH3), 55.8 (CH3).  MS (+ESI) calcd. for C11H12O3Br2 m/z 350.9226 (M+H), found 

m/z 350.9239 (M+H).     

ii) nButyllithium (22.5 ml, 1.6 M in hexanes, 36 mmol) was added dropwise to a stirred 

solution of 5-(2,2-dibromovinyl)-1,2,3-trimethoxybenzene 99 (3.06g, 8.69 mmol) in 

dry THF (45ml) under argon at -48 °C. On indication of completion by TLC, the mixture 

was quenched with saturated ammonium chloride, extracted with dichloromethane 

(3 x 20 ml), the organic washings dried with MgSO4, filtered and concnetrated under 

reduced pressure giving a crude brown oil (1.82 g). The crude oil was then filtered 

through a pad of silica with 4:1 pentane ether, and reduced under pressure giving a 

colourless solid 100 (1.44 g, 86%). Rf = 0.29 (4:1 pentane:diethyl ether), m.p. 74 - 75 
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°C. IR (CHCl3) νmax/cm-1 3690, 3607, 3305, 3011, 2967, 2942, 2839, 2361, 2341, 2112, 

1601, 1580, 1504, 1465, 1451, 1433, 1413, 1335, 1241, 1132, 1000, 957, 924, 839. 1H 

NMR (400.2 MHz, CDCl3) δ 6.67 (s, 2H, ArH), 3.79 (s, 3H, OCH3), 3.78 (s, 6H, OCH3), 

3.00 (s, 1H, C≡CH). 13C NMR (100.6 MHz, CDCl3) δ 153.2 (C), 139.4 (C), 117.1 (C), 109.5 

(CH), 83.8 (C), 76.3 (CH), 61.0 (CH3), 56.2 (CH3). MS (+ESI) calcd. for C11H12O3 m/z 

192.0786 (M), found 192.0780 (M) 

General procedure for preparation of the 1,4-diols 95a-j 

A solution of nBuLi (7.6 ml of 1.6 M hexane solution, 12.2 mmol, 2.1 equiv.) was added 

to a stirred solution of arylacetylene (12.2 mmol, 2.1 equiv.) in dry THF (25 ml) under 

argon in Schlenk tube at -50 °C (dry ice/acetonitrile bath). Once the lithium acetylide 

had formed (typically 20 min), phthaldialdehyde (6.1 mmol, 1 equiv.) was then added 

as a solid and the mixture allowed to come to room temperature (typically 3 h) until 

TLC showed formation of the diol 95a. The reaction mixture was quenched with 

saturated ammonium chloride (25 ml) and extracted with ether (3 x 20 ml). The 

organic washings were combined, dried (MgSO4), filtered, and evaporated to the 

crude product. Purification was achieved by flash column chromatography (3:2 

pentane:diethyl ether). Generally, the rac:meso diasteriomers (1:2 to 1.9:1 mixtures) 

proved essentially inseparable.   

1,1'-(1,2-Phenylene)bis(3-phenylprop-2-yn-1-ol) 95a 

From phenylacetylene (1.3 mL, 1.2 g, 11.8 mmol), nBuLi (7.3 

mL, 1.55 M in hexanes, 11.3 mmol) and phthaldialdehyde 

(0.75 g, 5.60 mmol) to yield 95a as a pale yellow oil 1.89 g, 

99% (rac:meso 1.2:1.0) with literature properties. Rf = 0.15 

(3:2 pentane:diethyl ether). IR (film): νmax/cm-1 3691, 3587, 3008, 2928, 2856, 2361, 

2230, 1601, 1491, 1455, 1444, 1375, 1242, 1070, 1031, 1015. 1H NMR (400.1 MHz, 

CDCl3): δ(rac) 7.96-7.93 (m, 2H, ArH), 7.52-7.29 (m, 12H, ArH), 6.20 (d, J = 4.7 Hz, 2H, 

ArCHOH), 3.50 (d, J = 4.7 Hz, 2H, OH); δ(meso): 7.78-7.76 (m, 2H, ArH), 7.52-7.29 (m, 

12H, ArH), 6.33 (d, J = 6.0 Hz, 2H, ArCHOH), 3.50 (d, J = 6.0 Hz, 2H, OH). 13C NMR (100.6 

MHz, CDCl3): δ(rac) 138.0 (C), 131.9 (CH), 129.3 (CH), 128.8 (CH), 128.5 (CH), 128.2 

(CH), 122.4 (C), 87.9 (C), 87.8 (C), 62.5 (CH); δ(meso) 138.4 (C), 131.9 (CH), 129.4 (CH), 
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128.8 (CH), 128.4 (CH), 128.2 (CH), 122.5 (C), 88.2 (C), 87.5 (C), 64.0 (CH).  MS (+ESI) 

calcd. for C24H18NaO2 m/z  361.1199  (M+Na), found m/z 361.1191  (M+Na). The 

rac/meso stereochemical assignments were confirmed using the procedure of Saá80; 

which are in agreement both with the literature and across the family of diols we have 

prepared. 

Stereochemical enrichment of 1,1'-(1,2-phenylene)bis(3-phenylprop-2-yn-1-ol) 95a  

A sample of 95a (rac:meso 5.0:1.0) could be prepared by addition of dry 

tetrabutylammonium fluoride (3.21 g, 12.3 mmol, 2.2 equiv.) to the reaction mixture 

immediately after the addition of phthaldialdehyde.194 The reaction mixture was then 

subsequently warmed to room temperature over 1 h. It was quenched and worked up 

in the normal way to provide meso enriched 95a. No direct synthetic procedure to 

prepare rac enriched 95a could be found. In all cases, the diasteromers were identified 

with the addition of sufficient mol equivalents of Eu(facam)3 to show spliting of the 

rac benzyl peak. All the upfield benzyl signals correlated to the rac diastereomer, and 

the remaining peaks were assigned to each diastereomer with 1H:1H COSY, HMBC and 

HMQC NMR techniques. Representative 1H NMR spectra of Eu(facam)3 shifted 95a are 

shown below: 
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1,1'-(1,2-phenylene)bis(3-(3,4,5-trimethoxyphenyl)prop-2-yn-1-ol) 95b 

From 3,4,5-tris(methoxy)phenylacetylene (1.12 g, 5.83 

mmol), nBuLi (3.64 mL, 1.60 M in hexanes, 4.2 mmol) 

and phthaldialdehyde (372 mg, 2.78 mmol) to yield 

novel 95b as a colourless solid 1.13 g, 74% (rac:meso 

1.9:1.0). Rf = 0.14 (7:3 pentane:diethyl ether), m.p. 64-

65 °C. IR (film): νmax/cm-1 3583, 3011, 2967, 2941, 

2841, 2232, 1580, 1464, 1454, 1433, 1413,1242, 1187, 1166, 1132, 1059, 1032, 998, 

953, 892, 837. 1H NMR (400.2 MHz, CDCl3) rac δ 7.88 (dd, J = 5.7, 3.5 Hz, 2H, ArH), 7.39 

(dd, J = 5.7, 3.4 Hz, 2H, ArH), 6.69 (s, 4H, ArH), 6.14 (s, 2H, ArCHOH), 3.97 (s, 2H, OH), 

3.81 (s, 3H, OCH3), 3.78 (s, 6H, OCH3), meso δ 7.69 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 7.36 

(dd, J = 5.7, 3.4 Hz, 2H, ArH), 6.66 (s, 4H, ArH), 6.27 (s, 2H, ArCHOH), 4.43 (s, 2H, OH), 

3.80 (s, 3H, OCH3), 3.75 (s, 6H, OCH3). 13C NMR (100.6 MHz, CDCl3) rac δ 153.0 (C), 

139.1 (C), 138.0 (C), 129.1 (CH), 128.1 (CH), 117.4 (C), 109.0 (CH), 87.4 (C), 87.0 (C), 

62.3 (CH), 60.9 (CH3), 56.2 (CH3), meso δ 153.0 (C), 139.0 (C), 138.5 (CH), 129.2 (CH), 

129.1 (CH), 117.4 (C), 109.0 (CH), 87.4 (C), 87.2 (C), 63.8 (CH), 60.9 (CH3), 56.1 (CH3).  

MS (+ESI) calcd. for C30H30O8 m/z 541.1833 (M+Na), found m/z 541.1845 (M+Na).  

1,1'-(1,2-Phenylene)bis(3-(3,5-bis(trifluoromethyl)phenyl)prop-2-yn-1-ol) 95c 

From 3,5-bis(trifluoromethyl)phenylacetylene (743 μL, 

1.00 g, 4.20 mmol), nBuLi (2.7 mL, 1.56 M in hexanes, 4.2 

mmol) and phthaldialdehyde (268 mg, 2.00 mmol) to yield 

novel 95c as a colourless solid 1.03 g, 84% (rac:meso 

1.9:1.0). Rf = 0.14 (7:3 pentane:diethyl ether), m.p. 164-

165 °C. IR (film): νmax/cm-1 3693, 3583, 3438, 3085, 3008, 

2924, 2232, 1814, 1614, 1603, 1488, 1463, 1382, 1280, 1184, 1145, 1108, 1032, 989, 

951, 900, 849. 1H NMR (400.2 MHz, MeOD): δ(rac) 7.97-7.83 (m, 6H, ArH), 7.77 (dd, J 

= 5.8, 3.5 Hz, 2H, ArH), 7.43 (dd, J = 5.8, 3.4 Hz, 2H, ArH), 6.20 (s, 2H, ArCHOH); δ(meso) 

7.97-7.83 (m, 6H, ArH), 7.73 (dd, J = 5.8, 3.4 Hz, 2H, ArH), 7.43 (dd, J = 5.8, 3.4 Hz, 2H, 

ArH), 6.23 (s, 2H, ArCHOH); OH signals not detected due to exchange. 13C NMR (100.6 

MHz, MeOD): δ(rac) 139.5 (C), 133.1 (C, d, JCF = 33.7 Hz), 132.7 (CH, q, JCF = 3.0 Hz), 

129.8 (CH), 128.5 (C), 126.7 (C), 124.3 (C, q, JCF = 272.1 Hz), 122.8 (m, CH), 94.7 (C), 
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83.5 (C), 62.2 (CH); δ(meso) 139.8 (C), 133.1 (C, d, JCF = 33.7 Hz), 131.2 (CH, q, JCF = 3.1 

Hz), 130.0 (CH), 129.5 (CH), 126.7 (C), 124.2 (q, JCF =272.2 Hz), 122.8 (s), 94.8 (s), 84.0 

(s), 63.0 (s), 19F NMR (376.6 MHz, CD3OD):  δ(rac/meso) -64.69 (s), -64.72 (s). MS (-

ESI): calcd. for C22426O2F12 m/z 609.0729 (M-H), found m/z 609.0714 (M-H).  

Diastereomeric ratios of up to 4.8:1.0 (rac:meso) could be achieved via the addition of 

CHCl3, as the rac diastereomer of 95c is nearly insoluble in this solvent.  

1,1'-(1,2-Phenylene)bis(3-(3,5-dimethoxyphenyl)prop-2-yn-1-ol) 95d 

From 3,5-bis(methoxy)phenylacetylene (1.00 g, 6.17 

mmol), nBuLi (3.9 mL, 1.68 M in hexanes, 6.55 mmol) and 

phthaldialdehyde (375 mg, 2.79 mmol) to yield 95d as an 

off-white solid 0.88 g, 69% (rac:meso 1.8:1.0). Rf = 0.12 

(7:3 pentane:diethyl ether), m.p. 73-74 °C. IR (thin film): 

νmax/cm-1 3693, 3603, 3011, 2963, 2940, 2842, 2360, 

2342, 2229, 1708, 1598, 1518, 1458, 1422, 1350, 1301, 1193, 1157, 1121, 1065, 1032, 

990, 952, 923, 852, 837. 1H NMR (400.1 MHz, CDCl3): δ(rac) 7.91 (dd, J = 5.7, 3.4 Hz, 

2H, ArH), 7.41 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 6.64 (d, J = 2.3 Hz, 4H, ArH), 6.44 (t, J = 2.3 

Hz, 2H, ArH), 6.14 (s, 2H, ArCHOH), 3.74 (s, 12H, MeH); δ(meso) 7.71 (dd, J = 5.7, 3.4 

Hz, 2H, ArH), 7.38 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 6.62 (d, J = 2.3 Hz, 4H, ArH), 6.43 (d, J 

= 2.3 Hz, 2H, ArH), 6.29 (s, 2H, ArCHOH), 3.72 (s, 12H, OCH3); OH signals not detected 

due to exchange. 13C NMR (100.6 MHz, CDCl3): δ(rac) 160.5 (C), 138.0 (C), 129.2 (CH), 

128.1 (CH), 123.7 (C), 109.6 (CH), 102.1 (CH), 87.6 (C), 87.5 (C), 62.4 (CH), 55.5 (CH3); 

δ(meso) 160.5 (C), 138.4 (C), 129.3 (CH), 128.1 (C), 123.7 (C), 109.6 (CH), 102.1 (CH), 

87.9 (C), 87.2 (C), 63.9 (CH), 55.4 (CH3). MS (+ESI): calcd. for C22H26O6 m/z expected  

481.1622 (M+Na), found m/z 481.1612 (M+Na).  
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1,1'-(1,2-Phenylene)bis(3-(3,5-difluorophenyl)prop-2-yn-1-ol) 95e 

From 1-ethynyl-3,5-difluorobenzene (599µl, 5.04 mmol), 

nBuLi (3.2 mL, 1.68 M in hexanes, 4.7 mmol) and 

phthaldialdehyde (322mg, 2.40 mmol) to yield novel 95e as 

a 774 mg, 79% (rac:meso 1.6:1.0) Rf = 0.29 (6:4 pentane: 

ether), m.p. 110-112 °C. IR (film): νmax/cm-1 3583, 3090, 

3012, 2458, 2242, 1705, 1618, 1590, 1514, 1502, 1474, 

1456, 1431, 1378, 1338, 1260, 1241, 1166,1123, 1094, 1044, 991, 954, 909, 860. 1H 

NMR (400.2 MHz, CDCl3) δ (rac) 7.85 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 7.44 (dd, J = 5.8, 3.4 

Hz, 2H, ArH), 7.02 – 6.91 (m, 4H, ArH), 6.85 – 6.74 (m, 2H, ArH), 6.10 (s, 2H, ArCHOH), 

3.77 (s, 2H, OH); δ (meso) 7.67 (dd, J = 5.5, 3.4 Hz, 2H, ArH), 7.41 (dd, J = 5.6, 3.4 Hz, 

2H, ArH), 7.02 – 6.91 (m, 4H, ArH), 6.85 – 6.74 (m, 2H, ArH), 6.21 (s, 2H, ArCHOH), 4.12 

(s, 2H, OH). 19F NMR (376.6 MHz, CDCl3) δ (rac) -109.21 (s); δ (meso) -109.25 (s). 13C 

NMR (100.6 MHz, CDCl3) δ (rac) 161.5 (d, J = 13.4 Hz, C), 137.5 (C), 129.6 (CH), 128.2 

(CH), 124.9 (dd, J = 11.7, 2.8 Hz, C), 114.8 (dd, J = 11.6, 2.8 Hz, CH), 105.2 (dd, J = 25.3, 

4.4 Hz, CH), 89.7 (C), 85.5 (t, J = 3.9 Hz, C), 62.3 (CH); δ (meso) 164.1 (d, J = 13.3 Hz, C), 

138.0 (C), 129.6 (CH), 129.4 (CH), 124.9 (dd, J = 11.8, 2.8 Hz, C), 114.9 (dd, J = 26.9, 2.8 

Hz, CH), 105.0 (dd, J = 25.3, 4.5 Hz, CH), 90.1 (C), 85.3 (t, J = 3.9 Hz, C), 63.8 (CH). MS 

(+ESI) calcd. for C24H14O2F4 m/z 433.0822 (M+Na), found 433.0812 (M+Na). 

1,1'-(1,2-Phenylene)bis(3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-ol) 95f 

From 4-(trifluoromethyl)phenylacetylene (103 μL, 1.07 

g, 6.30 mmol), nBuLi (4.1 mL, 1.54 M in hexanes, 6.3 

mmol) and phthaldialdehyde (402 mg, 3.00 mmol) to 

yield 95f as an off-white solid 1.24 g, 89% (rac:meso 

1.0:1.1) with literature properties.72 Rf = 0.28 (1:1 

pentane:diethyl ether), m.p. 53-54 °C. IR (thin film): νmax/cm-1 3690, 3586, 3009, 2960, 

2929, 2873, 2359, 1922, 1700, 1615, 1516, 1488, 1455, 1405, 1374, 1324, 1265, 1172, 

1134, 1107, 1068, 1018, 951, 844. 1H NMR (400.1 MHz, CDCl3): δ 7.90 (dd, J = 5.7, 3.5 

Hz, 2H, ArH), 7.57 (s, 4H, ArH), 7.55 (s, 4H, ArH), 7.46 (dd, J = 5.7, 3.5 Hz, 2H, ArH), 6.17 

(s, 2H, ArCHOH), 3.39 (s, 2H, OH); δ(meso) 7.73 (dd, J = 5.7, 3.5 Hz, 2H, ArH), 7.57 (s, 

4H, ArH), 7.55 (s, 4H, ArH), 7.44 (dd, J = 5.7, 3.5 Hz, 2H, ArH), 6.29 (s, 2H, ArCHOH), 
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3.77 (s, 2H, OH). 13C NMR (100.6 MHz, CDCl3): δ(rac) 137.7 (C), 132.1 (CH), 130.7 (C, q, 

JCF = 32.8 Hz), 129.6 (CH), 128.5 (CH), 126.3-126.0 (m, C), 125.6-125.3 (CH, m), 123.9 

(C, q, JCF = 272.1 Hz), 90.1 (C), 86.5 (C), 62.6 (CH); δ(meso) 138.1 (C), 132.2 (CH), 130.7 

(C, q, JCF = 32.8 Hz), 129.6 (CH), 129.4 (CH), 126.3-126.0 (m, C), 125.6-125.3 (CH, m), 

123.92 (C, q, JCF = 272.1 Hz), 90.5 (C), 86.2 (C), 64.0 (CH). Multiple JCF couplings prevent 

complete assignments being made. 19F NMR (376.6 MHz, CD3OD):  δ(rac/meso) -62.92 

(s), -62.93 (s). MS (+ESI): calcd. for C26H16O2F6 m/z expected 497.0947(M+Na), found 

m/z 497.0942 (M+Na). 

1,1'-(1,2-Phenylene)bis(3-(4-methoxyphenyl)prop-2-yn-1-ol) 95g 

From 4-methoxyphenylacetylene (0.8 mL, 6.2 mmol), 

nBuLi (4.1 mL, 1.54 M in hexanes, 6.3 mmol) and 

phthaldialdehyde (402 mg, 3.00 mmol) to yield 95g as 

an off-white solid 0.98 g, 82% (rac:meso 1.3:1.0) with 

literature properties.72 Rf = 0.12 (1:1 pentane:diethyl 

ether), m.p. 48-49 °C. IR (thin film): νmax/cm-1 3691, 3587, 3008, 2928, 2856, 2361, 

2230, 1601, 1491, 1455, 1444, 1375, 1242, 1070, 1031, 1015, 998, 950, 922, 843. 1H 

NMR (400.2 MHz, CDCl3): δ(rac) 7.93 (dd, J = 5.7, 3.5 Hz, 2H, ArH), 7.49-7.35 (m, 6H, 

ArH), 6.88-6.74 (m, 4H, ArH), 6.15 (d, J = 4.4 Hz, 2H, ArCHOH), 3.80 (s, 6H, MeH); 

δ(meso) 7.74 (dd, J = 5.6, 3.5 Hz, 2H, ArH), 7.49-7.35 (m, 6H, ArH), 6.88-6.74 (m, 4H, 

ArH), 6.29 (d, J = 5.6 Hz, 2H, ArCHOH); 3.80 (s, 6H, OCH3); OH signals not detected due 

to exchange. 13C NMR (100.6 MHz, CDCl3): δ(rac) 160.0 (C), 138.3 (C), 133.4 (CH), 129.2 

(CH), 128.2 (CH), 114.5 (C), 114.1 (CH), 87.8 (C), 86.5 (C), 62.7 (CH), 55.4 (CH3); δ(meso) 

160.0 (C), 138.6 (C), 133.4 (CH), 129.3 (CH), 129.2 (CH), 114.6 (C), 114.1 (CH), 87.4 (C), 

86.9 (C), 64.1 (CH), 55.4 (CH3). The signal at 129.2 is formed from a meso CH and rac 

CH signal overlapping (as confirmed by HMBC spectral data). MS (+ESI) calcd. for 

C26H16O4 m/z 497.0947(M+Na), found m/z 497.0942 (M+Na).    
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1,1'-(1,2-Phenylene)bis(3-(4-(tert-butyl)phenyl)prop-2-yn-1-ol) 95h 

From 4-(tert-butyl)phenylacetylene (2.1 mL, 11.6 mmol), 

nBuLi (6.8 mL, 1.7 M in hexanes, 11.5 mmol) and 

phthaldialdehyde (0.77 g, 5.74 mmol) to yield 95h as a 

colourless solid 1.71 g, 66% (rac:meso 1.0:1.6) with 

literature properties.74 Rf = 0.11  (7:3 pentane:diethyl 

ether), m.p. 78-79 °C. IR (thin film): νmax/cm-1 3690, 3602, 3451, 3075, 3011, 2970, 

2360, 2342, 2230, 1603, 1505, 1408, 1397, 1365, 965, 948, 837. 1H NMR (400.2 MHz, 

CDCl3): δ(rac) 8.00 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 7.54-7.47 (m, 4H, ArH), 7.43 (dd, J = 

5.8, 3.4 Hz, 2H, ArH), 7.39-7.34 (m, 4H, ArH), 6.15 (s, 2H, ArCHOH), 4.14 (s, 2H, OH), 

1.36 (s, 124, tBuH); δ(meso) 7.77 (dd, J = 5.6, 3.4 Hz, 2H, ArH), 7.54-7.47 (m, 4H, ArH), 

7.40 (dd, J = 5.6, 3.4 Hz, 2H, ArH), 7.39-7.34 (m, 4H, ArH), 6.35 (s, 2H, ArCHOH), 4.54 

(s, 2H, OH), 1.35 (s, 124, tBuH). 13C NMR (100.6 MHz, CDCl3): δ(rac) 151.8 (C), 138.0 

(C), 131.7 (CH), 129.3 (CH), 128.1 (CH), 125.3 (CH), 119.5 (C), 87.7 (C), 87.4 (C), 62.3 

(CH), 34.8 (C), 31.2 (CH3); δ(meso) 151.8 (C), 138.6 (C), 131.6 (CH), 129.1 (CH), 128.1 

(CH), 125.2 (CH), 119.5 (C), 87.8 (C), 87.4 (C), 63.9 (CH), 34.8 (C), 31.2 (CH3). MS (+ESI) 

calcd. for C32H34O2 m/z 473.2451 (M+Na), found m/z 473.2448 (M+Na).  

1,1'-(1,2-phenylene)bis(3-(p-tolyl)prop-2-yn-1-ol) 95i 

From 4-ethynyltoluene (1.33 mL, 10.5 mmol), nBuLi (6.8 

mL, 1.5 M in hexanes, 10.5 mmol) and phthaldialdehyde 

(671 mg, 5.00 mmol) to yield 95i as a colourless solid 1.08 

g, 57% (rac:meso 1.0:1.9), Rf = 0.12 (7:3 pentane:diethyl 

ether), m.p. 52-53 °C. 1H NMR (400.1 MHz, CDCl3): δ(rac) 

7.94 (dd, J = 5.7, 3.5 Hz, 2H, ArH), 7.44 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 7.40 (d, J = 7.8 Hz, 

4H, ArH), 7.14 (d, J = 7.7 Hz, 4H, ArH), 6.18 (d, J = 4.7 Hz, 2H, ArCHOH), 3.14 (d, J = 4.7 

Hz, 2H, OH), 2.36 (s, 6H, MeH).; δ(meso) δ 7.76 (dd, J = 5.6, 3.5 Hz, 2H, ArH), 7.41 (dd, 

J = 5.6, 3.5 Hz, 2H, ArH), 7.38 (d, J = 8.0 Hz, 4H, ArH), 7.13 (d, J = 8.0 Hz, 4H, ArH), 6.31 

(d, J = 6.1 Hz, 2H, ArCHOH), 3.53 (d, J = 6.1 Hz, 1H, OH), 2.35 (s, 6H, MeH); 13C NMR 

(100.6 MHz, CDCl3): δ(rac) 139.1 (C), 138.2 (C), 131.9 (CH), 129.3 (CH), 129.2 (CH), 

128.3 (CH), 119.3 (C), 88.1 (C), 87.1 (C), 62.8 (CH), 21.7 (CH3); δ(meso) 139.0 (C), 138.5 

(C), 131.8 (CH), 129.4 (CH), 129.3 (CH), 129.2 (CH), 119.4 (C), 87.7 (C), 87.5 (C), 64.16 
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(CH), 21.65 (CH3); MS (+ESI) calcd. for C26H22O2 m/z 389.1512 (M+Na), found m/z 

389.1505 (M+Na).  

1,1'-(1,2-Phenylene)bis(3-(thiophen-2-yl)prop-2-yn-1-ol) 95j 

From 3-(thiophen-2-yl)acetylene (500 mg, 4.62 mmol), nBuLi 

(2.8 mL, 1.68 M in hexanes, 4.7 mmol) and phthaldialdehyde 

(310 mg, 2.31 mmol) to yield novel 95j as a low melting yellow 

solid 529 mg, 65% (rac:meso 1.0:1.0), Rf = 0.30 (1:1 

pentane:diethyl ether). IR (thin film): νmax/cm-1 3691, 3676, 3583, 3438, 3113, 3079, 

3011, 2878, 2360, 2340, 2224, 1801. 1669, 1603, 1559, 1540, 1519, 1487, 1454, 1425, 

1408, 1373, 1269, 1191, 1109, 1081, 1046, 1004, 935, 852, 834. 1H NMR (400.2 MHz, 

CDCl3): δ(rac) 7.89 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 7.46 (dd, J = 5.7, 3.4 Hz, 2H, ArH), 7.31-

7.26 (m, 4H, ArH), 7.00 (dd, J = 3.4, 1.7 Hz, 2H, ArH), 6.20 (d, J = 4.8 Hz, 2H, ArCHOH), 

2.95 (d, J = 4.8 Hz, 2H, OH); δ(meso) 7.73 (dd, J = 5.6, 3.4 Hz, 2H, ArH), 7.43 (dd, J = 5.7, 

3.4 Hz, 2H, ArH), 7.31-7.26 (m, 4H, ArH), 6.98 (dd, J = 3.4, 1.9 Hz, 2H, ArH), 6.98 (d, J = 

6.3 Hz, 2H, ArCHOH), 3.35 (d, J = 6.3 Hz, 2H, OH). 13C NMR (100.6 MHz, CDCl3): δ(rac) 

137.5 (C), 132.7 (CH), 129.1 (CH), 128.0 (CH), 127.6 (CH), 126.9 (CH), 122.2 (C), 91.8 

(C), 80.8 (C), 62.8 (CH); δ(meso) 138.0 (C), 132.7 (CH), 129.2 (CH), 129.2 (CH), 127.6 

(CH), 127.0 (CH), 122.2 (C), 92.0 (C), 80.6 (C), 63.8 (CH). MS (+ESI) calcd. for C20H14S2O2 

m/z 373.0319 (M+Na), found m/z 373.0327 (M+Na). 

Preparation of Tetracenes 

General procedure for formation of tetracenes 96a-i  and antrathiophene 96j. 

Acenes 7 could be prepared via deprotonation via addition of LiHMDS (370 μL of 1.0 

M tetrahydrofuran solution, 0.37 mmol) of stirred solutions of diols 95a-j (0.18 mmol) 

in tetrahydrofuran (4 mL) at 0 °C under an argon atmosphere. After 20 mins, CS2 (32 

μL, 0.53 mmol) and iodomethane (88 μL, 1.42 mmol) were added, and the reaction 

vessel transferred to an oil bath preheated to 60 °C and stirred for 90 mins. This was 

usually accompanied by a bright orange or red colour developing within 5-15 mins. 

The reaction was quenched with water (4 mL), extracted with dichloromethane (3 x 4 

mL) and dried with MgSO4. The reaction mixture could then be purified via preparative 

TLC (7:3 pentane: diethyl ether for 96a-g & 96i-J; 6:1 pentane:CH2Cl2 for 96h). The 
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moderately soluble acenes could then be recrystallised either by liquid layering of 

pentane:diethyl ether and cooling from r.t. to 5 °C, or from stepwise cooling of 

refluxing acetonitrile solutions first to ambient temperature then to -24 °C.  

5-(((Methylthio)carbonyl)thio)-12-phenyltetracene 96a 

From diol 95a (62 mg, 0.15 mmol), LiHDMS (0.35 mL, 1.0 M in 

THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 mmol) and 

iodomethane (88 μL, 202 mg, 1.42 mmol) to yield 96a as an 

orange solid 64 mg, 85% that could be recrystallised from by 

liquid layering (pentane:ether, 5°C). Rf = 0.76 (3:2 

pentane:ether), m.p. 166-167 °C. IR (CHCl3): νmax/cm-1 3692, 3060, 3003, 2979, 2930, 

2873, 2361, 2341, 1639, 1602, 1491, 1462, 1491, 1462, 1442, 1384, 1344, 1319, 1261, 

1110, 1024, 909, 881, 854, 660. 1H NMR (400.1 MHz, CDCl3): δ 9.38 (s, 1H, ArH), 8.72 

(d, J = 9.0 Hz, 1H, ArH), 8.32 (s, 1H, ArH), 8.09 (d, J = 8.5 Hz, 1H, ArH), 7.81 (d, J = 8.5 

Hz, 1H, ArH), 7.70-7.62 (m, 4H, ArH), 7.56 (ddd, J = 9.0, 6.4, 1.2 Hz, 2H, ArH), 7.53 

(broad, s, 2H), 7.47-7.42 (m, 1H, ArH), 7.39-7.34 (m, 1H, ArH), 7.32 (ddd, J = 9.0, 6.4, 

1.2 Hz, 1H, ArH), 2.31 (s, 3H, SCH3). 13C NMR (100.6 MHz, CDCl3): δ 190.3 (C), 142.6 (C), 

138.6 (C), 135.3 (C), 132.4 (C), 132.4 (C), 131.3 (C), 131.2 (CH), 130.0 (C), 129.7 (C), 

128.6 (2 overlapping signals, both CH), 128.5 (CH), 128.1 (CH), 127.9 (CH), 127.5 (CH), 

127.1 (CH), 126.3 (CH), 126.3 (CH), 125.7 (CH), 125.1 (CH), 124.9 (CH), 120.2 (C), 13.7 

(CH3); UV-vis (CHCl3): λmax 286.8 nm. MS (+ESI) calcd. for C26H18OS2 m/z 433.0691 

(M+Na), found m/z 433.0702 (M+Na). CHN Anal. calcd. for C26H18OS2 C: 76.06, H: 4.42; 

found C: 76.01, H: 4.58%.  

5-(((Methylthio)carbonyl)thio)-1,2,3-trimethoxy-12-(1,2,3-trimethoxyphenyl)-

tetracene 96b 

From diol 95b (93 mg, 0.16 mmol), LiHDMS (0.35 mL, 1.0 

M in THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 mmol) 

and iodomethane (88 μL, 202 mg, 1.42 mmol) to yield 

96b as an orange solid 49 mg, 47% that could be 

recrystallised from by liquid layering (pentane:ether, 

5°C). Rf = 0.14 (7:3 pentane:ether), m.p. 214-216. IR 
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(CHCl3): νmax/cm-1 3690, 3059, 3045, 3006, 2966, 2938, 2838, 2422, 1717, 1635, 1618, 

1601, 1584, 1544, 1525, 1509, 1464, 1421, 1414, 1379, 1350, 1313, 1297, 1254, 1164, 

1129, 1105, 1053, 1006, 964, 938, 896, 880, 854. 1H NMR (500.1 MHz, CDCl3) δ 9.20 

(s, 1H), 8.20 (s, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.80 (s, 1H), 7.45 – 

7.40 (m, 1H), 7.38 – 7.33 (m, 1H), 6.67 (s, broad, 2H), 4.09 (s, 3H), 4.04 (s, 3H), 3.92 (s, 

3H), 3.85 (s, 6H), 3.46 (s, 3H), 2.33 (s, 3H). 13C NMR (125.8 MHz, CDCl3) δ 190.5 (C), 

154.7 (C), 152.5 (C), 149.3 (C), 142.4 (C), 139.9 (C), 137.9 (C), 136.7 (C), 134.6 (C), 132.5 

(C), 132.1 (C), 130.8 (C), 130.1 (C), 128.9 (CH), 128.4 (CH), 127.7 (CH), 126.5 (CH), 125.4 

(CH), 123.9 (CH), 123.2 (C), 117.6 (C), 107.1 (CH), 99.3 (CH), 61.4 (CH3), 61.0 (CH3), 60.9 

(CH3), 56.3 (CH3), 56.1 (CH3), 13.8 (CH3), UV-vis (CH2Cl2): λmax 297.3 nm. MS (+ESI) 

calcd. for C32H30O7S2 m/z 613.1325 (M+Na), found m/z 613.1313 (M+Na).  

1,3-Bis(trifluoromethyl)-12-((3,5-bis(trifluoromethyl)phenyl)-5-

(((methylthio)carbonyl)thio)- tetracene 96c 

From diol 95c (109 mg, 0.18 mmol), LiHDMS (0.35 mL, 1.0 

M in THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 mmol) 

and iodomethane (88 μL, 202 mg, 1.42 mmol) to yield 96c 

as an orange solid 60.1 mg, 56% that could be 

recrystallised from acetonitrile at -24 °C. Rf = 0.72 (7:3 

pentane:ether), m.p. 226-228 oC. IR (CHCl3): νmax/cm-1 

3696, 3089, 3054, 2928, 2856, 2361, 1719, 1648, 1587, 1542, 1458, 1420, 1396, 1367, 

1345, 1314, 1279, 1266, 1246, 1176, 1142, 1108, 1006, 956, 902, 880, 871, 850, 640. 

1H NMR (400.1 MHz, CDCl3): δ 9.45 (s, 1H, ArH), 9.36 (s, 1H, ArH), 8.15 (s, 1H, ArH), 

8.14 (d, J = 8.4 Hz, 1H, ArH), 8.07 (s, 1H, ArH), 7.98 (s, 1H, ArH), 7.96 (s, 2H, ArH), 7.83 

(d, J = 8.5 Hz, 1H, ArH), 7.60-7.54 (m, 1H, ArH), 7.51 (m, 1H, ArH), 2.41 (s, 3H, SCH3). 

13C NMR (125.8 MHz, CDCl3): Extensive JCF couplings prevented complete assignment 

of the spectrum, 19F NMR (376.5 MHz, CDCl3): δ -53.5 (s, 3F), -62.8 (s, 6F), -63.6 (s, 3F). 

UV-vis (CHCl3): λmax 297.2 nm. MS (+ESI) calcd. for C30H14F12OS2 m/z 705.0194 (M+Na), 

found m/z 705.0187 (M+Na).  
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1,3-Dimethoxy-12-(3,5-dimethoxyphenyl)-5-(((methylthio)carbonyl)thio)-tetracene 

96d 

From diol 95d (84.6 mg, 0.18 mmol), LiHDMS (0.35 mL, 

1.0 M in THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 

mmol) and iodomethane (88 μL, 202 mg, 1.42 mmol) to 

provide a quantitative yield of 96d as a red solid (96.3 

mg) that could be recrystallised from liquid layering (2:1 

pentane ether, 5°C). Rf = 0.43 (7:3 pentane:ether), m.p. 

220-221 °C. IR (CHCl3): νmax/cm-1 3691, 3604, 3011, 2963, 2938, 2840, 1766, 1720, 

1696, 1633, 1624, 1591, 1558, 1527, 1504, 1465, 1455, 1422, 1382, 1347, 1324, 1280, 

1265, 1241, 1165, 1156, 1113, 1061, 1014, 992, 969, 946, 927, 893, 880, 856, 827. 1H 

NMR (400.1 MHz, CDCl3): δ 9.19 (s, 1H, ArH), 8.27 (s, 1H, ArH), 8.03 (d, J = 8.5 Hz, 1H, 

ArH), 7.81 (d, J = 8.5 Hz, 1H, ArH), 7.57 (d, J = 2.3 Hz, 1H, ArH), 7.45-7.40 (m, 1H, ArH), 

7.35-7.30 (broad, s, 1H, ArH), 6.62 (dd, J = 2.3, 2.2 Hz, 1H, ArH), 6.32 (d, J = 2.2 Hz, 1H, 

ArH), 4.02 (s, 3H, MeH), 3.83 (s, 6H, MeH), 3.51 (s, 3H, MeH), 2.29 (s, 3H, SCH3). 13C 

NMR (125.8 MHz, CDCl3): 191.2 (C), 160.0 (2C, C), 159.5 (C), 158.9 (C), 144.8 (C), 141.8 

(C), 138.3 (C), 132.9 (C), 132.8 (C), 130.6 (C), 129.4 (C), 129.0 (CH), 128.4 (CH), 128.3 

(CH), 126.6 (CH), 125.1 (CH), 123.5 (CH), 120.8 (C), 116.7 (C), 99.2 (CH), 98.9 (CH), 94.9 

(CH), 55.9 (CH3), 55.7 (CH3), 55.6 (CH3), 13.8 (CH3), UV-vis (CH2Cl2): λmax 296.4 nm. MS 

(+ESI) calcd. for C30H26O5S2 m/z 531.1294 (M+H), found m/z 531.1305 (M+H). CHN 

Anal. calcd. for C30H26O3S2 C: 67.90, H: 4.94; found C: 67.86, H: 5.01%. 

1,3-Difluoro-12-(3,5-difluorophenyl)-5-(((methylthio)carbonyl)thio)-tetracene 96e 

From diol 95e (69.9 mg, 0.170 mmol), LiHDMS (0.35 mL, 1.0 

M in THF, 0.35 mmol), CS2 (31 μL, 38.9 mg, 0.51 mmol) and 

iodomethane (85 μL, 193 mg, 1.36 mmol) to yield 96e as an 

orange solid 23.9 mg, 29% that could be recrystallised from 

liquid layering (2:1 pentane:ether) at 5 °C. Rf = 0.67 (7:3 

pentane:ether), m.p. 224-226 °C. IR (CHCl3): νmax/cm-1 3691, 

3606, 3045, 3009, 2933, 2419, 1720, 1648, 1622, 1594, 1600, 1459, 1432, 1386, 1370, 

1348, 1320, 1283, 1256, 1193, 1150, 1133, 1121, 1074, 1004, 989, 942, 881, 857, 831. 

1H NMR (500.1 Hz, CDCl3) δ 9.30 (s, 1H, ArH), 8.21 (ddd, J = 11.2, 2.3, 1.4 Hz, 1H, ArH), 
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8.16 (s, 1H, ArH), 8.08 (d, J = 8.6 Hz, 1H, ArH), 7.83 (d, J = 8.6 Hz, 1H, ArH), 7.53-7.48 

(m, 1H, ArH), 7.45-7.40 (m, 1H, ArH), 7.09 – 7.03 (m, 1H, ArH), 7.03 (broad, s, 2H, ArH), 

6.92 (ddd, J = 12.4, 8.0, 2.4 Hz, 1H, ArH), 2.37 (s, 3H, MeH). 13C NMR (125.8 Hz, CDCl3): 

δ 189.0 (C), 133.3 (C), 132.8 (C), 131.8 (C), 129.3 (C), 128.7 (CH), 128.6 (CH), 127.4 (s), 

127.2 (s), 126.55 (s), 125.05 (s), 13.83 (CH3). 19F NMR (376.5 MHz, CDCl3) δ -98.93 (d, 

J = 9.0 Hz, 1F), -107.28 (d, J = 9.0 Hz, 1F), -110.00 to -110.28 (m, 2F). UV-vis (CH2Cl2): 

λmax 286.3 nm. MS (+ESI) calcd. for C26H14OS2F4  m/z 482.0422 (M), found m/z 482.0434 

(M). 

5-(((Methylthio)carbonyl)thio)-2-(trifluoromethyl)-12-(4-(trifluoromethyl)phenyl)-

tetracene 96f 

From diol 95f (167 mg, 0.36 mmol), LiHDMS (0.71 mL, 1.0 

M in THF, 0.71 mmol), CS2 (64 μL, 81.2 mg, 1.07 mmol) 

and iodomethane (177 μL, 404 mg, 2.84 mmol) to yield 

96f as an orange solid 86.0 mg, 44% that could be 

recrystallised from liquid layering (pentane:ether) 5 oC. Rf 

= 0.72 (3:2 pentane:ether), m.p. 225-226 °C. IR (CHCl3): 

νmax/cm-1 2928, 2856, 1721, 1645, 1456, 1406, 1386, 

1363, 1347, 1325, 1300, 1278, 1263, 1168, 1131, 1108, 1068, 1020, 975, 882, 847, 821, 

638, 609. 1H NMR (500.1 MHz, CDCl3): δ 9.42 (s, 1H, ArH), 8.84 (d, J = 9.4 Hz, 1H, ArH), 

8.23 (s, 1H, ArH), 8.12 (d, J = 8.6 Hz, 1H, ArH), 7.98 (d, J = 8.2 Hz, 2H, ArH), 7.91 (s, 1H, 

ArH), 7.89 (d, J = 8.5 Hz, 1H, ArH), 7.68 (dd, J = 9.4, 1.7 Hz, 1H, ArH), 7.66 (broad, s, 2H, 

ArH), 7.57-7.48 (m, 1H, ArH), 7.48-7.39 (m, 1H, ArH), 2.36 (s, 3H, SCH3). 13C NMR (125.8 

MHz, CDCl3): δ 189.3 (C), 142.6 (C), 141.5 (C), 135.0 (C), 133.2 (C), 133.0 (C), 132.0 (C), 

131.6 (CH), 131.1 (C, q, JCF = 32.7 Hz), 129.7 (C), 128. 7 (CH), 128.6 (CH), 128.4 (CH), 

128.1 (C), 127.4 (C, q, JCF = 32.3 Hz), 127.3 (CH), 127.1 (CH), 126.7 (CH), 126.1 (CH, dd, 

JCF = 7.2, 3.6 Hz), 125.6 (CH), 125.5 (CH, q, JCF = 5.1 Hz), 125.3 (C, q, JCF = 27.3 Hz), 123.1 

(C, q, JCF = 27.0 Hz), 122.4 (CH, q, JCF  = 2.7 Hz), 122.4 (C), 13.8 (CH3), 19F NMR (376.6 

MHz, CDCl3): δ -62.4 (s), -63.3 (s). UV-vis (CH2Cl2): λmax 290.9 nm. MS (+ESI) calcd. for 

C30H16OS2F6  m/z 547.0620 (M+H), found m/z 547.0625 (M+H).  

2-Methoxy-12-(4-methoxyphenyl)-5-(((methylthio)carbonyl)thio)-tetracene 96g 
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From diol 95g (70.8 mg, 0.18 mmol), LiHDMS (0.35 mL, 

1.0 M in THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 

mmol) and iodomethane (88 μL, 202 mg, 1.42 mmol) to 

yield 96g as an orange solid 32 mg, 38% that could be 

recrystallised from hot acetonitrile subsequently chilled 

to -28 °C. Rf = 0.41 (7:3 pentane:ether). m.p. 176-178 °C. 

IR (CHCl3): νmax/cm-1 3607, 3489, 3045, 2928, 2854, 2359, 

2338, 1718, 1648, 1602, 1506, 1457, 1396, 1368, 1345, 1314, 1279, 1176, 1142, 1107, 

1106, 956, 902, 880, 871, 850. 1H NMR (500.1 MHz, CDCl3): δ 9.32 (s, 1H, ArH), 8.64 

(d, J = 9.6 Hz, 1H, ArH), 8.28 (s, 1H, ArH), 8.06 (d, J = 8.5 Hz, 1H, ArH), 7.81 (d, J = 8.5 

Hz, 1H, ArH), 7.44 (s, broad, 2H, ArH), 7.43-7.39 (m, 2H, ArH), 7.37-7.33 (m, 2H, ArH), 

7.28 (d, J = 2.5 Hz, 1H, ArH), 7.20 (d, J = 8.8 Hz, 2H, ArH), 6.87 (d, J = 2.5 Hz, 1H, ArH), 

4.01 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 2.30 (s, 3H, SCH3); 13C NMR (125.8 MHz, CDCl3): 

δ 190.6 (C), 159.4 (C), 156.6 (C), 139.8 (C), 132.7 (C), 132.3 (CH), 131.9 (C), 131.5 (C), 

131.4 (C), 131.4 (C), 131.1 (C), 130.6 (C), 128.7 (CH), 128.5 (CH), 128.3 (CH), 126.4 (CH), 

125.9 (CH), 125.7 (CH), 125.0 (CH), 123.2 (CH), 120.2 (C), 114.3 (CH), 103.0 (CH), 55.6 

(CH3), 55.3 (CH3), 13.8 (CH3). UV-vis (CHCl3): λmax 290.0 nm. MS (+ESI) calcd. for 

C30H22O3S2 m/z 471.1083 (M+H), found m/z 471.1100 (M+H). 

2-(tert-Butyl)-12-(4-(tert-butyl)phenyl)-5-(((methylthio)carbonyl)thio)-tetracene 96h 

From diol 95h (80 mg, 0.18 mmol), LiHDMS (0.35 mL, 1.0 

M in THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 mmol) and 

iodomethane (88 μL, 202 mg, 1.42 mmol) to yield 96h as 

an orange solid 20.3 mg, 22% that could be recrystallised 

by liquid layering (pentane:ether). Rf = 0.58 (7:3 

pentane:ether), m.p. 255-256 °C. IR (CHCl3): νmax/cm-1 

3092, 3871, 3853, 3838, 3821, 3802, 3691, 3676, 3649, 

3608, 3080, 3057, 2966, 2931, 2870, 2377, 2337, 2229, 1734, 1699, 1684, 1636, 1602, 

1559, 1541, 1490, 1457, 1396, 1365, 1341, 1314, 1263, 1248, 1190, 1128, 1107, 1019, 

998, 979, 956, 923, 881, 852. 1H NMR (500.1 MHz, CDCl3): δ 9.33 (s, 1H), 8.64 (d, J = 

9.4 Hz, 1H), 8.39 (s, 1H), 8.07 (d, J = 8.6 Hz, 1H), 7.84 (d, J = 8.6 Hz, 1H), 7.69-7.64 (m, 

3H), 7.56 (d, J = 1.6 Hz, 1H), 7.45 (s, broad 2H), 7.44-7.40 (m, 1H), 7.37-7.33 (m, 1H), 
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2.31 (s, 3H, SCH3), 1.52 (s, 9H, tBuH), 1.28 (s, 9H, tBuH).13C NMR (125.8 MHz, CDCl3): δ 

190.8 (C), 151.0 (C), 147.1 (C), 142.6 (C), 135.6 (C), 134.4 (C), 132.3 (C), 132.2 (C), 131.2 

(CH), 131.0 (C), 130.4 (C), 130.1 (C), 128.7 (CH), 128.6 (CH), 127.4 (CH), 127.2 (CH), 

126.2 (CH), 126.0 (CH), 125.5 (CH), 125.4 (CH), 124.7 (CH), 122.1 (CH), 119.2 (C), 35.0 

(C), 35.0 (C), 31.7 (CH3), 30.6 (CH3), 13.8 (CH3). UV-vis (CH2Cl2): λmax 289.0 nm. MS 

(+ESI) calcd. for C34H34OS2 m/z  545.1943 (M+Na), found m/z  545.1968 (M+Na). 

2-(tert-Butyl)-12-(4-(tert-butyl)phenyl)-5-(((methylthio)carbonyl)thio)-tetracene 96i 

From diol 95i (80 mg, 0.18 mmol), LiHDMS (0.35 mL, 1.0 M 

in THF, 0.35 mmol), CS2 (32 μL, 40.6 mg, 0.53 mmol) and 

iodomethane (88 μL, 202 mg, 1.42 mmol) to yield 96i as an 

orange solid 20.5 mg, 26% that could be recrystallised by 

liquid layering (pentane:ether). Rf = 0.71 (7:3 

pentane:ether). m.p. 136-138 °C IR (CHCl3): νmax/cm-1 

3690, 3051, 3009, 2958, 2927, 2857, 2735, 1720, 1638, 1604, 1536, 1514, 1494, 1465, 

1420, 1380, 1341, 1312, 1284, 1262, 1243, 11182, 1124, 1107,1038, 1022, 972, 907, 

881, 853, 823, 1H NMR (500.1 MHz, CDCl3): δ 9.34 (s, 1H), 8.63 (d, J = 9.1 Hz, 1H), 8.31 

(s, 1H), 8.07 (d, J = 8.6 Hz, 1H), 7.81 (d, J = 8.6 Hz, 1H), 7.49 – 7.44 (m, 2H), 7.42 (ddd, 

J = 8.6, 6.4, 0.9 Hz ,1H, ArH), 7.40 (dd, J = 9.1, 1.6 Hz, 2H), 7.37 – 7.32 (ddd, J = 8.6, 6.4, 

0.9 Hz ,1H, ArH), 2.60 (s, CH3), 2.41 (s, 3H, CH3), 2.29 (s, 3H, SCH3), remaining signals 

could not be assigned due to extensive overlap of signals in the 1H NMR, but where 

observed in COSY spectrum. 13C NMR (125.8 MHz, CDCl3): δ 190.8 (C), 141.7 (C), 137.7 

(C), 135.7 (C), 134.7 (C), 134.4 (C), 132.2 (C), 132.1 (C), 131.3 (C), 131.2 (CH), 130.6 

(CH), 130.5 (C), 130.1 (C), 129.4 (CH), 128.7 (CH), 128.6 (CH), 127.1 (CH), 126.2 (CH), 

126.2 (CH), 125.9 (CH), 125.6 (CH), 124.8 (CH), 119.7 (C), 22.1 (CH3), 21.7 (CH3), 13.8 

(CH3). UV-vis (CH2Cl2): λmax 288.3 nm. MS (+ESI) calcd. for C28H22OS2 m/z 439.1185 

(M+H), found m/z  439.1197 (M+H). 
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11-(((Methylthio)carbonyl)thio)-4-(thiophen-2-yl)anthra[2,3-b]thiophene 96j 

From diol 95j (82.9 mg, 0.24 mmol), LiHDMS (0.35 mL, 1.0 M 

in THF, 0.35 mmol), CS2 (43 μL, 54.1 mg, 0.71 mmol) and 

iodomethane (88 μL, 298 mg, 1.89 mmol)  to yield 96j as a 

yellow-orange solid 38.3 mg, 38% that could be recrystallised 

from liquid layering (2:1 pentane:ether) at 5°C. Rf = 0.65 (7:3 

pentane:ether), m.p. 209-210 °C. IR (CHCl3): νmax/cm-1 3692, 3058, 3007, 2692, 2932, 

1719, 1648, 1502, 1460, 1432, 1413, 1369, 1321, 1290, 1262, 1176, 1115, 1091, 1045, 

1028, 973, 909, 882, 853, 821. 1H NMR (400.1 MHz, CDCl3): δ 9.06 (s, 1H), 8.69 (s, 1H), 

8.10 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.66 (dd, J = 4.1, 2.2 Hz, 1H), 7.53-7.47 

(m, 1H), 7.47-7.42 (m, 1H), 7.44 (d, J = 5.8 Hz, 1H), 7.36 (s, 1H), 7.35 (d, J = 2.0 Hz, 1H), 

7.33 (d, J = 5.8 Hz, 1H), 2.35 (s, 3H, SCH3). 13C NMR (125.8 MHz, CDCl3): δ 188.8 (C), 

149.0 (C), 138.9 (C), 138.3 (C), 132.1 (C), 131.3 (C), 130.8 (C), 130.5 (C), 130.2 (C), 129.6 

(CH), 129.3 (CH), 128.5 (CH), 128.5 (CH), 127.5 (CH), 127.2 (CH), 126.6 (CH), 126.4 (CH), 

125.8 (CH), 124.8 (CH), 123.0 (CH), 116.6 (C), 13.8 (CH3). UV-vis (CH2Cl2): λmax 283.7 

nm. MS (+ESI) calcd. for C22H14OS4 m/z 444.9820 (M+Na), found m/z 444.9811 (M+Na). 

CHN Anal. calcd. for C22H14OS4 C: 62.53, H: 3.34%, found C: 62.67, H: 3.44%.  

Characterisation of electro-optic properties of acenes 96a-j  

Cyclic voltammetry studies  

Cyclic voltammetry measurements were carried out in a three electrode cell under an 

argon atmosphere using 0.30 M TBAPF6 in dry CH2Cl2 as the supporting electrolyte. 

Typical concentrations of the tetracene analytes 96a-j ranged from 2 mM to 5 mM. 

Cyclic voltammagrams were recorded using a CH instruments CHI700D potentiostat. 

Curves were referenced from the Ag reference electrode calibrated using the 

ferrocene/ferrocinium (Fc/Fc+) redox couple as an internal standard, the halfwave 

potential (E½) of which was found to be 0.44-0.47 V relative to the reference 

electrode. Estimates of the HOMO levels could be attained by taking the onset of the 

oxidation peak and the known HOMO of Ferrocene (−4.4 eV) using the formula 

HOMO= −[EOnsetOx + 4.4]eV.195  
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Optical studies  

Estimates of the optical bandgap Eg opt. were attained form the onset of the lowest 

energy band in the UV visible spectrum. The method of Tauc was used: plots of (ahν)1/2 

as a function of hν from the primary A vs. wavelength (converted into eV).196 The 

UV/vis was collected from 10-4 M solutions of the molecules in CH2Cl2. 

Computational Calculations 

All calculations were carried out using Gaussian 09, Revision D.01197 with default 

settings. Initial structure searches for mapping of the reaction coordinate were run at 

the B3LYP/6-31+G(d,p) ii 198-202 level of theory, and the resulting structures further 

optimized using CBS-QB3iii with 'tight' convergence and 'UltraFine' integration grid 

keywords specified. Transition-state structures were all characterized by a single 

imaginary vibrational frequency and IRC calculations were run at the B3LYP/6-

31+G(d,p) level of theory to confirm all transition-states. All energies are listed in 

Hartrees and were converted to eV (1 Hartree = 27.2114 eV). Approximations for the 

HOMO eigenvalues of all tetracenes were calculated at the CAM-B3LYP/6-31G(d,p)202 

level of theory. Values for the vertical excitation energies of the first singlet and triplet 

excited states of all tetracenes were calculated using TD-SCF CAM-B3LYP/6-

31G(d,p)202 with the tda (Tamm-Dancoff Approximation)93 keyword. The excitation 

energy of the first singlet excited state can be taken as a reasonable estimate of the 

HOMO-LUMO gap.92 

CAM-B3LYP/6-31G(d,p) HOMO Eigenvalues and TD-DFT Calculations: 

96a: 

  

Highest alpha occupied eigenvalue:  -0.21832 

Triplet-A 0.9353 eV 1325.68 nm f=0.0000 S2=2.000 
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Singlet-A 2.6475 eV 468.30 nm f=0.2654 S2=0.000 

96b: 

 

Highest alpha occupied eigenvalue:  -0.21666 

Triplet-A 1.0083 eV 1229.61 nm f=0.0000 S2=2.000 

Singlet-A 2.5800 eV 480.56 nm f=0.2566 S2=0.000 

96c: 

 

Highest alpha occupied eigenvalue:  -0.25161 

Triplet-A 1.5301 eV 810.30 nm f=0.0000 S2=2.000 

Singlet-A 2.9359 eV 422.30 nm f=0.1978 S2=0.000 
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96d: 

 

Highest alpha occupied eigenvalue:  -0.22231 

Triplet-A 1.5300 eV 810.36 nm f=0.0000 S2=2.000 

Singlet-A 2.6274 eV 471.89 nm f=0.2523 S2=0.000 

96f: 

 

Highest alpha occupied eigenvalue:  -0.24042 

Triplet-A 1.1137 eV 1113.29 nm f=0.0000 S2=2.000 

Singlet-A 2.7441 eV 451.82 nm f=0.2301 S2=0.000 

96g: 
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Highest alpha occupied eigenvalue:  -0.22696 

Triplet-A 1.0196 eV 1216.04 nm f=0.0000 S2=2.000 

Singlet-A 2.6630 eV 465.57 nm f=0.2604 S2=0.000 

96h: 

 

Highest alpha occupied eigenvalue:  -0.22404 

Triplet-A 0.9054 eV 1369.32 nm f=0.0000 S2=2.000 

Singlet-A 2.7248 eV 455.02 nm f=0.2512 S2=0.000 

96i: 

 

Highest alpha occupied eigenvalue:  -0.22169 

Triplet-A 0.9494 eV 1305.87 nm f=0.0000 S2=2.000 

Singlet-A 2.6067 eV 475.64 nm f=0.2797 S2=0.000 
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Calculated CBS-QB3 Reaction Coordinates:  

 

1A 

CBS-QB3 (0 K)  = -1485.830076 

CBS-QB3 Energy = -1485.813171   

CBS-QB3 Enthalpy = -1485.812227  

CBS-QB3 Free Energy = -1485.880809  

1A_TS 

CBS-QB3 (0 K)  = -1485.802680  

CBS-QB3 Energy = -1485.786783 

CBS-QB3 Enthalpy = -1485.785839 

CBS-QB3 Free Energy = -1485.849362 

3A 

CBS-QB3 (0 K)  = -1485.864139  

CBS-QB3 Energy = -1485.846678 

CBS-QB3 Enthalpy = -1485.845733  

CBS-QB3 Free Energy = -1485.913747 

2A 

CBS-QB3 (0 K)  = -1525.562823  

CBS-QB3 Energy = -1525.543625 

CBS-QB3 Enthalpy = -1525.542681  
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CBS-QB3 Free Energy = -1525.616606  

2A_TS 

CBS-QB3 (0 K)  = -1525.529429  

CBS-QB3 Energy = -1525.510062 

CBS-QB3 Enthalpy = -1525.509118  

CBS-QB3 Free Energy = -1525.581858 

4A 

CBS-QB3 (0 K)  = -1525.595445  

CBS-QB3 Energy = -1525.576006 

CBS-QB3 Enthalpy = -1525.575062  

CBS-QB3 Free Energy = -1525.648302 

5B 

CBS-QB3 (0 K)  = -1447.846103  

CBS-QB3 Energy = -1447.830859 

CBS-QB3 Enthalpy = -1447.829915  

CBS-QB3 Free Energy = -1447.890516 

5B_TS 

CBS-QB3 (0 K)  = -1447.829880  

CBS-QB3 Energy = -1447.815192 

CBS-QB3 Enthalpy = -1447.814248  

CBS-QB3 Free Energy = -1447.872339 

7B 

CBS-QB3 (0 K)  = -1447.882665  

CBS-QB3 Energy = -1447.865989 

CBS-QB3 Enthalpy = -1447.865045  

CBS-QB3 Free Energy = -1447.934064 

6B 

CBS-QB3 (0 K)  = -1487.580076  

CBS-QB3 Energy = -1487.562671 

CBS-QB3 Enthalpy = -1487.561727  

CBS-QB3 Free Energy = -1487.627737 
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6B_TS 

CBS-QB3 (0 K)  = -1487.536578  

CBS-QB3 Energy = -1487.519477 

CBS-QB3 Enthalpy = -1487.518533  

CBS-QB3 Free Energy = -1487.583964 

8B 

CBS-QB3 (0 K)  = -1487.615634  

CBS-QB3 Energy = -1487.597063 

CBS-QB3 Enthalpy = -1487.596118  

CBS-QB3 Free Energy = -1487.668699 

 

Calculated B3LYP/6-31+G(d,p) E2 anti-Elimination Reaction Coordinates  

 

 

anti-5B 

Sum of electronic and zero-point Energies  = -1525.465788 

Sum of electronic and thermal Energies  = -1525.447515 

Sum of electronic and thermal Enthalpies  = -1525.446571 

Sum of electronic and thermal Free Energies = -1525.513827 

anti-5B_TS 

Sum of electronic and zero-point Energies  = -1525.443890 

Sum of electronic and thermal Energies  = -1525.425780 

Sum of electronic and thermal Enthalpies  = -1525.424836 

Sum of electronic and thermal Free Energies = -1525.493486 

anti-7B 

Sum of electronic and zero-point Energies  = -1525.519176 
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Sum of electronic and thermal Energies  = -1525.499379 

Sum of electronic and thermal Enthalpies  = -1525.498435 

Sum of electronic and thermal Free Energies = -1525.574353 

anti-6B 

Sum of electronic and zero-point Energies  = -1565.340391 

Sum of electronic and thermal Energies  = -1565.319916 

Sum of electronic and thermal Enthalpies  = -1565.318972 

Sum of electronic and thermal Free Energies = -1565.391585 

anti-6B_TS 

Sum of electronic and zero-point Energies  = -1565.325260 

Sum of electronic and thermal Energies  = -1565.305601 

Sum of electronic and thermal Enthalpies  = -1565.304657 

Sum of electronic and thermal Free Energies = -1565.375003 

anti-8B 

Sum of electronic and zero-point Energies  = -1565.469114 

Sum of electronic and thermal Energies  = -1565.446931 

Sum of electronic and thermal Enthalpies  = -1565.445987 

Sum of electronic and thermal Free Energies = -1565.528734 

 

Appendix 2 – Experimental Data for Chapter 3 

 

Synthesis of (6Z,9Z)-6-(methylthio)-8-phenyl-7-(trimethylsilyl)benzo[8]annulen-5(8H)-

one 107d 

nBuLi (1.0 mL, 1.58 M in hexanes, 1.62 mmol) was added to a 

stirred solution of trimethylsilylacetylene (229 µL, 1.62 mmol) 

in THF (2 ml) at -50 °C. After 30 min, 2- bromobenzaldehyde 

(189 µL, 1.62 mmol), was and stirred until TLC indicated the 

consumption of the aldehyde. nBuLi (1.0 mL, 1.58 M in hexanes, 1.62 mmol) was then 

added and stirred for 10 minutes. CuBr·SMe2 (167 mg, 0.81 mmol) was then added as 

a solid and stirred for 1 h. (1- chloroprop-2-yn-1-yl)benzene (119 mg, 0.79 mmol) was 
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then added and warmed to -10 °C  . Dimethyldisulfide (374 µL, 3.97 mmol) was added 

and stirred for 30 mins at -10 °C, then allowed to warm to room temperature over 30 

minutes and stirring for 30 minutes more, followed by quenching with buffered 

ammonia:ammonium chloride. The organic layer was extracted with EtOAc (3 x 10 ml) 

and the combined organic fractions dried over MgSO4. and flash column 

chromatography (19:1 pentane:diethyl ether) afforded (151.2 mg, 0.41 mmol) giving 

107d in 52% yield as a low melting solid. Rf = 0.37 (9:1 Pentane:Et2O), IR (NaCl, film): 

νmax 3062, 3031, 3017, 1650, 1590, 1496, 1434, 1250, 1194, 1023, 905, 840, 684 cm-

1 ; 1H NMR (400.2 MHz, CDCl3): δ 7.98 (app dt, J = 7.8, 1.4, 1H, ArH), 7.59 (app ddt, J = 

7.8, 7.6, 1.4, 1H, ArH), 7.47 (app ddt, J = 8.2, 7.6, 1.4, 1H, ArH), 7.44 (d with unresolved 

long range couplings, J = 8.2 Hz, 1H, ArH), 7.38 – 7.23 (m, 5H, ArH), 6.76 (d with 

unresolved long range couplings, J = 11.4 Hz, 1H, CCHCH), 6.64 (ddd, J = 11.4 Hz, 8.5, 

0.5 Hz, 1H, CCHCH), 4.76 (d, J = 8.5 Hz, 1H, CHPh), 2.21 (s, 3H, SCH3), 0.06 (s, 9H, 

Si(CH3)3); 13C NMR (100.6 MHz, CDCl3): δ 199.6 (C), 148.9 (C), 141.2 (C), 140.1 (C), 

138.8 (C), 135.8 (CH), 135.0 (C), 134.3 (CH), 132.3 (CH), 131.7 (CH), 131.4 (CH), 128.5 

(CH), 128.1 (CH), 126.9 (CH), 128.8 (CH), 49.1 (CH), 18.0 (SCH3), 1.5 (CH3); HRMS (+ESI) 

calcd. for C22H24OSSi m/z 365.1390 (M+H), found m/z 365.1393 (M+H).  

Synthesis of (6E,9Z)-6-allyl-8-phenyl-7-(trimethylsilyl)benzo[8]annulen-5(8H)-one 107c 

nBuLi (1.0 mL, 1.58 M in hexanes, 1.62 mmol) was added to a 

stirred solution of trimethylsilylacetylene (229 µL, 1.62 mmol) 

in THF (2 ml) at -50 °C. After 30 min, 2- bromobenzaldehyde 

(189 µL, 1.62 mmol), was and stirred until TLC indicated the 

consumption of the aldehyde. nBuLi (1.0 mL, 1.58 M in hexanes, 

1.62 mmol) was then added and stirred for 10 minutes. CuBr·SMe2 (167 mg, 0.81 

mmol) was then added as a solid and stirred for 1 h. (1- chloroprop-2-yn-1-yl)benzene 

(119 mg, 0.79 mmol) was then added and warmed to -10 °C  . Allyl bromide (170 µL, 

1.98 mmol) was added and stirred for 30 mins at -10 °C, then allowed to warm to room 

temperature over 30 minutes and stirring for 30 minutes more, followed by quenching 

with buffered ammonia:ammonium chloride. The organic layer was extracted with 

EtOAc (3 x 10 ml) and the combined organic fractions dried over MgSO4. and flash 

column chromatography (19:1 pentane:diethyl ether) afforded 107c (49.1 mg, 0.136 
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mmol 17%), Rf (9:1 pentane:diethyl ether): 0.60; mp: 88-90 °C; IR (NaCl, film): νmax 

3037, 3024, 3013, 1649, 1593, 1496, 1252, 963, 909, 843 cm-1; 1H NMR (400.2 MHz, 

CDCl3): δ 7.90 – 7.86 (m, 1H, ArH), 7.53 – 7.47 (m, 2H, ArH), 7.30 – 7.23 (m, 4H, ArH), 

7.21 – 7.16 (m, 1H, ArH), 6.74 (d, J = 11.3 Hz, 1H, CCHCH), 6.66 (dd, J = 11.3 Hz, 8.2 Hz, 

1H, CCHCH), 5.48 (dddd, J = 17.1, 10.1, 7.4, 5.3 Hz, 1H, CH2CH), 4.85 (app dq, J = 17.1, 

1.4 Hz, 1H, =CHtrans), 4.77  (app dq, J = 10.1, 1.4 Hz, 1H, =CHcis), 4.56 (d, J = 8.2 Hz, 

1H, CHPh), 3.34 (app ddt, J = 15.3, 7.4, 1.4 Hz, 1H, CH2α), 3.11 (app ddt, J = 15.3, 5.3, 

1.4 Hz, 1H, CH2β), -0.04 (m, 9H, Si(CH3)3); 13C NMR (100.6 MHz, CDCl3): δ 206.2 (C), 

147.4 (C), 143.8 (C), 141.5 (C), 139.8 (C), 137.1 (CH), 135.4 (C), 134.6 (CH), 133.9 (CH), 

131.9 (CH), 131.6 (CH), 131.5 (CH), 128.4 (CH), 127.9 (CH), 127.0 (CH), 126.6 (CH), 

116.9 (CH2), 48.1 (CH), 37.8 (CH2), 1.8 (CH3); HRMS (+ESI) calc. for C24H26OSi m/z 

381.1645 (M+H), : found m/z 381.1648 (M+H).      

(E)-1-(2-(3-Phenyl-2-(thiophen-2-yl)allyl)pyridin-3-yl)-3-(trimethylsilyl)prop-2-yn-1-ol 

181 

Recrystallised by liquid layering (2:1 pentane:Et2O) from the 

crude reaction mixture. 

m.p. 148-149 °C; IR (NaCl, CHCl3) νmax/cm-1 3691, 3597, 3062, 

3010, 2965, 2173, 1600, 1587, 1574, 1492, 1432, 1367, 1252, 

1040, 974, 921, 848 cm-1 ; 1H NMR (400.2 MHz, CDCl3) δ 8.54 (dd, 

J = 4.8, 1.7 Hz, 1H, ArH), 7.97 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.40 – 

7.35 (m, 3H, ArH), 7.31 – 7.24 (m, 2H, ArH), 7.25 – 7.17 (m, 2H, ArH), 7.09 (dd, J = 5.1, 

1.1 Hz, 1H, ArH), 6.93 (dd, J = 3.6, 1.1 Hz, 1H, ArH), 6.85 (m, 1H, PhCHC), 5.66 (d, J = 

4.9 Hz, 1H, ArCHOH), 4.37 (s, 2H, ArCH2C), 2.24 (d, J = 4.9 Hz, 1H, OH), 0.14 (s, 9H, 

Si(CH3)3); 13C NMR (100.6 MHz, CDCl3) δ 157.4 (C), 149.3 (CH), 146.7 (C), 137.4 (C), 

134.5 (CH), 133.6 (C), 132.2 (C), 128.8 (CH), 128.7 (CH), 128.4 (CH), 127.4 (CH), 127.1 

(CH), 124.3 (CH), 123.8 (CH), 121.7 (CH), 103.4 (C), 92.8 (C), 62.1 (CH), 36.6 (CH2), -0.2 

(CH3); MS (ESI+): m/z 404 [M+H]+; HRMS: C24H26NOSSi+ Calc. 404.1499 found 

404.1522. Xray data at: CCDC 1405855. 
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Appendix 3 – Experimental Data for Chapter 4 

Synthesis of  2-(1,3-diphenylpropan-2-ylidene)malononitrile 183  

1,3-Dibenzylketone 182 (11.5 g, 54.7 mmol) was added to a 

flame-dried 500 ml round bottom flask equipped with a Dean-

Stark trap and condenser along with malonitrile (4.32 g, 65.4 mmol), ammonium 

acetate (11 g, 143 mmol), acetic acid (66ml) and dry toluene (438 ml). The mixture 

was heated on an oil bath at 85 °C until TLC indicated completion. The reaction mixture 

was cooled, quenched slowly with 2M NaOH and extracted with dichloromethane. The 

organic washings were then dried with MgSO4 and reduced in vacuo giving a thick 

brown oil (12.1 g). The crude oil was passed through a short silica column with diethyl 

ether, reduced and recrystallised from methanol to give a light tan crystalline solid 

183 (11.6 g, 82%), m.p. 53-54 °C, Rf = 0.60 (1:1 hexane:ethyl acetate), IR (CHCl3) 

νmax/cm-1 3695, 3089, 3068, 3006, 2932, 2234, 1952, 1880, 1807, 1595, 1581, 1496, 

1455, 1340, 1291, 1246, 1183, 1079, 1030, 994, 914, 646, 1H NMR (400.2 MHz,CDCl3) 

δ 7.44 – 7.30 (m, 6H), 7.21 – 7.13 (m, 4H), 3.77 (s, 4H), 13C NMR (100.6 MHz, CDCl3) δ 

180.8 (C), 134.5 (C), 129.5 (CH), 129.1 (CH), 128.2 (CH), 112.3 (C), 86.9 (C), 40.5 (CH2). 

MS (+EI) calcd. m/z C12H14N2 258.1160 (M), found m/z 258.1151 (M).  

Synthesis of 1-amino-3-benzyl-2-naphthonitrile 184 

183 (200 mg) was added in one portion to a stirred solution of 

Eatons reagent (12 ml) in a flame dried Schlenck tube under 

argon in a preheated oil bath at 60 °C. The resultant solution 

was left stirring until TLC indicated completion (N.B. the TLC spot for the forming 

naphthylamine is a bright electric blue under UV and highly indicative of formation of 

product). The reaction was then removed from the oil bath and allowed to cool before 

quenching with copious water and extracting with dichloromethane. The organic 

washings were then dried with MgSO4 and reduced in vacuo, giving a brown solid (350 

mg). The crude was then purified by flash column chromatography (1:1 hexane:ethyl 

acetate) giving an off white crystalline product 184 (149 mg, 74%), m.p. 78-79 °C, Rf = 

0.50 (1:1 hexane:ethyl acetate), IR (CHCl3) νmax/cm-1 3641, 3507, 3410, 3066, 3052, 

3011, 2927, 2855, 2206, 1627, 1569, 1504, 1454, 1422, 1385, 1348, 1285, 1193, 1157, 
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1109, 1076, 1030, 871 , 1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.4 Hz, 1H), 7.68 (d, J 

= 8.1 Hz, 1H), 7.59 – 7.51 (m, 1H), 7.51 – 7.43 (m, 1H), 7.35 – 7.28 (m, 4H), 7.28 – 7.21 

(m, 1H), 6.98 (s, 1H), 5.11 (s, 2H), 4.20 (s, 2H), 13C NMR (100.6 MHz, CDCl3) δ 149.2 

(C), 139.2 (C), 138.4 (C), 135.8 (C), 129.4 (CH), 129.2 (CH), 128.8 (CH), 128.7 (CH), 126.7 

(CH), 125.9 (CH), 121.1 (CH), 120.7 (C), 118.4 (CH), 118.0 (C), 91.4 (C), 40.9 (CH2). MS 

(+EI) calcd. m/z C12H14N2 258.1160 (M), found m/z 258.1151 (M).      

Synthesis of 3-benzyl-1-chloro-2-naphthonitrile 186 

Copper (II) chloride (308 mg) and tert-butyl nitrite (341 μl) 

were added to dry acetonitrile (7.6 ml) in a flame dried 

Schlenck tube under argon with stirring in an oil bath at 65 °C. 

184 (493 mg) was added to the resultant solution in portions and stirred (N.B. there is 

some gas evolution after addition as N2 is formed) until TLC indicated completion. The 

reaction mixture was then removed from the oil bath and allowed to cool, then 

quenched with 1M HCl. Mixture was washed with dichloromethane (3x4 ml), the 

combined organic washings dried with MgSO4 and then filtered and concentrated in 

vacuo giving a brown solid (543 mg). The crude product could be recrystallised from 

methanol, giving off-white crystals 186 (1.43 g, 75%), m.p. 111-112 °C, Rf = 0.59 (3:2 

hexane: ethyl acetate), IR (CHCl3) νmax/cm-1 3691, 3606, 3065, 3012, 2930, 2858, 

2229, 1718, 1625, 1601, 1560, 1494, 1455, 1379, 1358, 1331, 1260, 1239, 1152, 1075, 

1029, 959, 939, 909, 893, 854, 821, 644, 1H NMR (400.1 MHz, CDCl3) δ 8.32 – 8.25 (m, 

1H), 7.82 – 7.75 (m, 1H), 7.68 – 7.61 (m, 2H), 7.57 (s, 1H), 7.39 – 7.26 (m, 5H), 4.36 (s, 

2H), 13C NMR (100.6 MHz, CDCl3) δ 139.6 (C), 138.3 (C), 138.2 (C) 135.5( C), 129.9 (CH), 

129.4 (CH), 129.1 (C), 128.9 (CH), 128.3 (CH), 128.2 (CH), 127.7 (CH), 127.1 (CH), 125.4 

(CH), 116.0 (C), 112.0 (C), 40.7 (CH2), MS (+ESI) calcd. m/z C12H12Cl1N1 300.0550 

(M+Na), found m/z 300.0542 (M+Na). 

Synthesis of 3-benzyl-1,4-dibromo-2-naphthonitrile 187 

Copper (II) bromide (134 mg) and tert-butyl nitrite (87 μl) were 

added to dry acetonitrile (4 ml) in a flame dried Schlenck tube 

under argon with stirring in an oil bath at 65 °C. 184 (129 mg) 

was added to the resultant solution in portions and stirred 
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(N.B. there is some gas evolution after addition as N2 is formed) until TLC indicated 

completion. The reaction mixture was then removed from the oil bath and allowed to 

cool, then quenched with 1M HCl. Mixture was washed with dichloromethane (3x4 

ml), the combined organic washings dried with MgSO4 and then filtered and 

concentrated in vacuo giving a brown solid (138 mg). The crude product could be 

recrystallised from methanol, giving tan crystaline 187 (114 mg, 57%), m.p. 111-112 

°C, Rf = 0.80 (3:2 hexane: ethyl acetate), IR (CHCl3) νmax/cm-1 3691, 3606, 3065, 3012, 

2930, 2858, 2229, 1718, 1625, 1601, 1560, 1494, 1455, 1379, 1358, 1331, 1260, 1239, 

1152, 1075, 1029, 959, 939, 909, 893, 854, 821, 644, 1H 8NMR (400.1 MHz, CDCl3) δ 

8.43 – 8.37 (m, 1H, ArH), 8.30 (dd, J = 8.4, 0.6 Hz, 1H, ArH), 7.76 (ddd, J = 8.4, 7.0, 1.2 

Hz, 1H, ArH), 7.69 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H, ArH), 7.34 – 7.17 (m, 5H, ArH), 4.66 (s, 

2H, CH2), 13C NMR (100.6 MHz, CDCl3) δ 139.3 (C), 137.1 (C), 134.7 (C), 131.4 (CH), 

131.2 (C), 129.8 (C), 129.2 (CH), 129.2 (CH), 128.8 (CH), 128.7 (CH), 128.7 (CH), 126.9 

(CH), 126.1 (C), 117.0 (C), 116.1 (C), 42.0 (CH2), MS (+ESI) calcd. m/z C12H12Cl1N1 

424.0908 (M+Na), found m/z 423.9126 (M+Na). 

Synthesis of 3-benzyl-2-naphthonitrile 188 

Nitrosonium tetrafluoroborate (70 mg) was added to dry 

acetonitrile (2 ml) in a flame dried Schlenck tube under argon 

with stirring in an oil bath at 65 °C. 184 (129 mg) was added to the resultant solution 

in portions and stirred (N.B. there is some gas evolution after addition as N2 is formed) 

until TLC indicated completion. The reaction mixture was then removed from the oil 

bath and allowed to cool, then quenched with 1M HCl. Mixture was washed with 

dichloromethane (3x4 ml), the combined organic washings dried with Na2SO4 and then 

filtered and concentrated in vacuo giving a brown solid (139 mg). The crude product 

could be recrystallised from methanol, giving tan crystaline 188 (80.3 g, 66%), m.p. 

111-112 °C, Rf = 0.59 (3:2 hexane: ethyl acetate), IR (CHCl3) νmax/cm-1 3691, 3606, 

3065, 3012, 2930, 2858, 2229, 1718, 1625, 1601, 1560, 1494, 1455, 1379, 1358, 1331, 

1260, 1239, 1152, 1075, 1029, 959, 939, 909, 893, 854, 821, 644, 1H NMR (400.1 MHz, 

CDCl3) δ 1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H, ArH), 7.85 (dd, J = 8.1, 1.4 Hz, 1H, 

ArH), 7.79 – 7.76 (dd, J=8.1, 1.4 Hz, 1H, ArH), 7.66 (s, 1H, ArH), 7.60 (ddd, J = 8.1, 6.9, 

1.4 Hz, 1H, ArH), 7.54 (ddd, J = 8.1, 6.9, 1.4 Hz, 1H, ArH), 7.37 – 7.22 (m, 5H, ArH), 4.34 
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(s, 2H, CH2), 13C NMR (100.6 MHz, CDCl3) δ 138.9 (C), 138.7 (C), 135.3 (CH), 135.1 (C), 

131.1 (C), 129.3 (CH), 129.3 (CH), 128.9 (CH), 128.8 (CH), 128.2 (CH), 127.9 (CH), 127.2 

(CH), 126.8 (CH), 118.5 (C), 111.0 (C), 40.3 (CH2), MS (+ESI) calcd. m/z C13H18N1 

266.0940 (M+Na), found m/z 266.0940 (M+Na). 

Synthesis of 3-benzyl-1-chloro-2-naphthaldehyde 189 

186 (70 mg) was added to dry THF (2 ml) in a flame dried 

Schlenck tube under argon with stirring at 0 °C. LiBHEt3 (144 

μl) was added to the resultant solution in portions and stirred 

(N.B. there is some gas evolution after addition as N2 is formed) until TLC indicated 

completion. The reaction mixture was then quenched with 1M HCl, washed with 

diethyl ether (3x2 ml), the combined organic washings dried with MgSO4 and then 

filtered and concentrated in vacuo giving a yellow oil (19.6 mg). The crude product 

was purified by flash column chromatography (7:3 pentane:diethyl ether), giving 

white solid 189 (7.3 g, 18%), Rf  = 0.60 (7:3 pentane: ether). 1H NMR (400.2 MHz, CDCl3) 

δ 10.79 (S, 1H, O=CH), 8.46 – 8.40 (m, 1H, ArH), 7.80 – 7.76 (m, 1H, ArH), 7 7.67 – 7.64 

(m, 1H, ArH), 7.64 – 7.61 (m, 1H, ArH), 7.31 – 7.26 (m, 2H, ArH), 7.23 – 7.20 (m, 1H, 

ArH), 7.17 (m, 2H, ArH), 4.49 (s, 2H, CH2). MS (+ESI) calcd. m/z C18H13Cl1O1 303.0547 

(M+Na), found m/z 303.0539 (M+Na). 

Appendix 4 – Experimental Data for Chapter 5 

Arylzinc chloride reagent preparation, representative examples: PhCH2ZnX (X = Cl, 

Br) Chloride reagents:  

Zinc dust (5-9 µm, 52.4 g, 0.801 mol) was dried under vacuum at 

>200 °C (2-5 mins), then cooled to room temperature under an 

atmosphere of argon. Tetrahydrofuran (400 mL) was then added, forming a grey 

suspension. The reaction mixture was cooled to 0 °C and trimethylsilyl chloride (2.05 

mL, 16.1 mmol) was added in one portion and the mixture stirred (0.5 h). Freshly 

distilled benzyl chloride (46.1 mL, 0.401 mol) was subsequently added over a period 

of 10 minutes. After addition of the PhCH2Cl was complete the reaction mixture was 

warmed to 40 °C and stirred (4 h). Cooling to room temperature provided a turbid 

white suspension over the remaining residual zinc powder. The supernatant solution 
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could be stored for at least one week at 4 °C (resulting in clear or pale yellow 

supernatants), but typically the organometallic was used within 48 h. Bromide 

reagents: were prepared from ArCH2Br and elemental zinc in THF at 0 °C using the 

method described by Shannon et al.203 

Grignard reagent preparation, representative example: PhCH2MgCl  

Grignard quality magnesium turnings (55.0 g, 2.26 mol) were 

activated by mechanical stirring204 under argon (20 °C, 14 h) until 

black in colour. Tetrahydrofuran (1.00 L) was then added, forming a suspension of 

activated magnesium. Distilled benzyl chloride (250 mL, 2.17 mol) was then added 

dropwise to the reaction mixture at a rate of ca. 0.2 mL min-1. After completion of 

the addition the reaction mixture was filtered through a sinter under argon to 

provide the desired Grignard reagent as a dark grey solution (on small scales the 

reagent could be simply syringed off). The solutions should be used within 48 h. N.B.  

Use of undistilled benzyl chloride can result in delayed vigorous exotherms that are 

potentially explosive at large scale. This is attributed to the propylene oxide 

commonly present in commercial PhCH2Cl (as supplied) as a radical inhibitor. This 

appears to delay initiation of Grignard formation resulting in a build-up of unreacted 

benzyl chloride. When the reaction does initiate uncontrolled exotherms result. 

Thus, all commercial benzyl chlorides were distilled before use, especially at larger 

scales. 

Synthesis of (Z)-2-benzyl-3-iodobut-2-ene-1,4-diol 197a 

Benzylmagnesium chloride (7.6 ml, 2 M, 15.3 mmol) was added to 

a stirred solution of 1,4-but-2-yne diol 192 (436 mg, 5 mmol) in dry 

THF (20 ml) with rapid stirring in schlenk tube in an oil bath at 65 

°C under an Ar atmosphere. After addition of the Grignard reagent, 

CuBr.DMS (11 mg, 0.05 mmol) was added in one portion and the 

reaction mixture was diluted with further dry THF (5 ml). When TLC showed the 

disappearance of the 1,4-butyne diol, the reaction mixture was chilled to -78 °C with 

a dry ice/acetone bath, and I2 (1.52g, 6 mmol) was added in one portion. When TLC 

indicated completion, the reaction was quenched with saturated ammonium chloride, 
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and washed with metabisulfite until the solution was a pale yellow. The aqueous layer 

was extracted with EtOAc (3 x 15 ml), the organic fractions combined and dried with 

Na2SO4, filtered and reduced under reduced pressure, giving a crude white crystalline 

solid with some yellow oil (1.29 g). The crude was then recrystallised from hot toluene, 

and the solid washed with toluene and dried in vacuuo, giving a white crystalline solid 

197a (809 mg, 53%), Rf = 0.57 (EtOAc), 1H NMR (400.2 MHz, CDCl3) δ 7.34 – 7.28 (m, 

2H), 7.25 – 7.22 (m, 1H), 7.21 – 7.17 (m, 2H), 4.50 (d, J = 6.6 Hz, 2H), 4.24 (d, J = 6.5 

Hz, 2H), 1.98 (d, J = 6.6 Hz, 1H), 1.61 (t, J = 6.5 Hz, 1H), 13C NMR (100.6 MHz, CDCl3) δ 

144.6 (C), 138.0 (C), 128.9 (CH), 128.5 (CH), 126.8 (CH), 106.6 (CH), 71.1 (CH2), 67.8 

(CH2), 36.0 (CH2).MS (+ESI) calcd. m/z C11H13O2I 326.9852 (M+Na), found m/z 326.9842 

(M+Na). 

Synthesis of (Z)-2-iodo-3-(4-methylbenzyl)but-2-ene-1,4-diol 197b 

4-Methylbenzylmagnesium chloride (57.9 ml, 1.0 M) was added via 

cannula to a stirred solution of but-2-yne, 1,4- diol (1.64 g, 19.0 mmol) 

in THF (20 ml) heated to 60 °C over 15 minutes. After complete 

addition of the Grignard solution, solid CuBr.DMS (39.0 mg, 0.190 

mmol) was added in a single portion. When TLC indicated that the starting diol had 

been consumed (1 h), the reaction flask was cooled to -40 °C, and solid I2 (6.27g, 24.7 

mmol, 1.30 eq.), and allowed to warm to -5 °C over 1h, at which point there was no 

spot for the carbomagnesiation product or starting diol. The reaction mixture was 

then quenched with saturated sodium metabisulphite (100 ml) and the organic 

extracted with EtOAc (3 x 100ml). The organic fractions were then washed with water 

(50 ml), the combined organic fractions dried with MgSO4, filtered and concentrated 

in vacuo (9.48 g). The crude residue was then purified by flash column 

chromatography (CH2Cl2, then 9:1 DCM:EtOAc) giving the product 197b as a white 

solid (4.24 g, 67%), Rf = 0.64 (EtOAc),  1H NMR (400.1 MHz, Chloroform-d) δ 7.12 (d, J 

= 7.9 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 4.50 (d, J = 6.6 Hz, 2H), 4.23 (d, J = 6.6 Hz, 2H), 

3.76 (s, 2H), 2.32 (s, 3H), 1.95 (t, J = 6.6 Hz, 1H), 1.59 (t, J = 6.6 Hz, 1H), 13C NMR (100.6 

MHz, Chloroform-d) δ 144.9 (C), 136.5 (C), 134.8 (CH), 129.7 (CH), 128.4 (C), 106.5 (C), 

71.3 (CH2), 67.8 (CH2), 35.8 (CH2), 21.2 (CH3). 

Synthesis of (Z)-2-(4-fluorobenzyl)-3-iodobut-2-ene-1,4-diol 197c 
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4-Fluorobenzylmagnesium chloride (140 ml, 0.5 M) was added via 

cannula to a stirred solution of but-2-yne, 1,4- diol (1.86 g, 21.6 

mmol) in THF (20 ml) heated to 60 °C over 15 minutes. After complete 

addition of the Grignard solution, solid CuBr.DMS (90.0 mg, 0.438 

mmol) was added in a single portion. When TLC indicated that the 

starting diol had been consumed (1 h), the reaction flask was cooled to -40 °C, and 

solid I2 (7.72 g, 30.4 mmol), and allowed to warm to -5 °C over 1h, at which point there 

was no spot for the carbomagnesiation product or starting diol. The reaction mixture 

was then quenched with saturated sodium metabisulphite (100 ml) and the organic 

extracted with EtOAc (3 x 100ml). The organic fractions were then washed with water 

(50 ml), the combined organic fractions dried with MgSO4, filtered and concentrated 

in vacuo (9.48 g). The crude residue was then purified by flash column 

chromatography (CH2Cl2, then 9:1 DCM:EtOAc) giving the product 197c as a white 

solid (3.36 g, 48%). Rf = 0.43 (2:1 EtOAc:Hexane), m.p. 114-115 °C, IR (Solid ATR) 

νmax/cm-1 3251, 2947, 2928, 2874, 2844, 1626, 1600, 1506, 1477, 1462, 1439, 1414, 

1317, 1295, 1244, 1222, 1160, 1099, 1071, 1021, 993, 962, 920, 841, 812, 760, 697, 

660, 551, 497, 452, 439; 1H NMR (400.2 MHz, D4-MeOD) δ 7.24 – 7.18 (m, 2H, H-7), 

7.03 – 6.96 (m, 2H, H-8), 4.45 (s, 2H, H-4), 4.16 (s, 2H, H-1), 3.79 (s, 2H, H-5); 19F NMR 

(100.6 MHz, MeOD) δ -119.22 13C NMR (100.6 MHz, D4-MeOD): δ 163.0 (d, J = 243.0 

Hz, C, C-9), 145.6 (C, C-2), 135.9 (d, J = 3.0 Hz, C, C-6), 131.2 (d, J = 8.4 Hz, CH, C-7), 

116.0 (d, J = 21.5 Hz, CH, C-8), 106.5 (C, C-3), 71.1 (CH2, C-1), 68.1 (CH2, C-4), 34.8 (CH2, 

C-5); HRMS (+ESI) calcd. for C11H12IFO2 m/z  344.9758 (M+Na), found m/z 344.9756 

(M+Na).  

Synthesis of (E)-2,3-diiodobut-2-ene-1,4-diol 200 

Granular solid iodine (9.00 g, 35.5 mmol) was suspended in CHCl3 (120 

mL) and a large (50 mm long x 15 mm wide) egg-shaped stir bar added. 

The stirred mixture was brought to reflux briefly, effecting I2 dissolution, and then re-

cooled to ambient temperature. Finely ground 2-butyne-1,4-diol 192 (3.11 g, 36.1 

mmol) was added. The mixture was refluxed and stirred for 22h during which time it 

became almost colorless. Heating was stopped and the mixture allowed to come to 

room temperature. Any large masses of 4 or residual solid iodine were gently broken 
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up with a glass rod and the suspension gently warmed to ca. 40 °C. Diiodide 200 was 

isolated by filtration and washed with chloroform (2 × 30 mL) and Et2O (2 × 30 mL). 

Drying afforded 4 as a colourless powder 10.94 g (90%). This procedure gives much 

improved yields over those described in the literature and identical spectroscopic 

data.177 Rf = 0.55  (1:1 EtOAc/hexane), 1H NMR (400.1 MHz, DMSO-d6) δ 5.54 (t, J = 6.1 

Hz, 1H), 4.23 (d, J = 6.1 Hz, 1H), 13C NMR (100.6 MHz, DMSO-d6) δ 105.2 (C), 73.9 (CH2). 

Synthesis of (E)-2,3-dibenzylbut-2-ene-1,4-diol 199a 

Method A - FeIIICl3/CuTc catalysed Kumada coupling 

CuTc (32 mg, 0.12 mmol) and FeCl3 (19 mg, 0.12 mmol) were 

added to a flame dried Schlenk flask diluted with dry THF (4ml), 

and stirred rapidly under an atmosphere of argon. 197a (360 mg 

1.18 mmol) was added to the stirred mixture in one portion, and 

benzylmagnesium chloride (2 M, 1.8 ml, 3.67 mmol) was added rapidly in one portion 

and left for 24 h. The reaction was quenched with 1 M HCl, extracted with EtOAc (3 x 

4 ml), dried with MgSO4, filtered and concentrated under reduced pressure to give a 

yellow solid (494 mg). The solid was then recrystallised from hot acetone, washed with 

acetone and dried in vacuuo, giving a clear crystalline solid product 199a (50mg, 16%), 

Rf = 0.18 (1:1 Hexane:EtOAc), 1H NMR (400.2 MHz, CDCl3) δ 7.35 – 7.28 (m, 4H), 7.25 

– 7.19 (m, 6H), 4.24 (d, J = 5.6 Hz, 4H), 3.73 (s, 4H), 1.18 (t, J = 5.6 Hz, 2H), 13C NMR 

(100.6 MHz, CDCl3) δ 139.9 (C), 136.9 (C), 128.9 (CH), 128.7 (CH), 126.5 (CH), 62.0 

(CH2), 35.8 (CH2), MS (+ESI) calcd. m/z C18H20O2 291.1356 (M+Na), found m/z 291.1349 

(M+Na). 

Method B – Monocoupling of iodide 197a 

Lithium chloride (328 mg, 7.7 mmol) was dried under vacuum until free flowing, the 

cooled under and atmosphere of argon. Tetrahydrofuran (30 ml) was then added 

followed by (Z)-2-benzyl-3-iodobut-2-ene-1,4-diol (2.13 g, 7 mmol), forming a clear, 

pale yellow solution on addition. Solid SPhos (55 mg, 0.13 mmol, 1.9 mol%) was added 

followed by Pd(OAc)2 (31 mg, 0.14 mmol, 2 mol%), forming an orange reaction 

mixture. Benzylzinc chloride (5.2 ml of a 1.61M solution in THF) was added promptly 

and the reaction became bright orange and refluxed as the addition proceeded. On 
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complete addition,the reaction mixture became a deep brown, almost black mixture. 

TLC analysis (2:1 EtOAc:Hexane) after 15 minutes of reaction time indicated complete 

formation of the desired product 199a (Rf = 0.37), with disappearance of the starting 

vinyl iodide (Rf = 0.67). The reaction mixture was quenched with saturated aqueous 

ammonium chloride (10 ml) and extracted with ethyl acetate (3 x 20 ml). The organic 

layer was separated, the aqueous re-extracted with ethyl acetate (15 ml) and the 

organic fractions combined. The combined fractions were then dried with sodium 

sulfate, filtered and concentrated under reduced pressure giving a crude orange 

brown solid. The solid could then be triturated with Et2O and filtered to provide a 

colourless solid (1.64 g, 6.11 mmol, 87%). 

Method C – Dicoupling of diiodide 200 

Lithium chloride (407 mg, 9.60 mmol) was dried under vacuum until free flowing, the 

cooled under and atmosphere of argon. Tetrahydrofuran (8.1 ml) was then added 

followed by (E)-2,3-diiodobut-2-ene-1,4-diol 200 (1.36 g, 4.00 mmol) and the mixture 

heated to 60 °C, forming a clear, pale yellow solution on addition. Solid PCy3 (21.8 mg, 

0.078 mmol, 1.9 mol%) was added followed by Pd(OAc)2 (18.8 mg, 0.084 mmol, 2.1 

mol%), forming a deep brown reaction mixture. Benzylzinc chloride (11.9 ml of a 0.81 

M solution in THF) was added promptly and the reaction became bright orange and 

refluxed as the addition proceeded. On complete addition, the reaction mixture 

became a deep brown, almost black mixture. TLC analysis (2:1 EtOAc:Hexane) after 15 

minutes of reaction time indicated complete formation of the desired product 199a 

(Rf = 0.57), with disappearance of the starting  diiodide (Rf = 0.37). The reaction 

mixture was quenched with saturated aqueous ammonium chloride (15 ml) and 

extracted with ethyl acetate (3 x 10 ml). The organic layer was separated, the aqueous 

re-extracted with ethyl acetate (15 ml) and the organic fractions combined. The 

combined fractions were then dried with MgSO4, filtered and concentrated under 

reduced pressure giving a white solid with some yellow oily residue (2.94 g). N.B. It is 

key at this point that the reaction mixture is not heated on a waterbath above 30 °C, 

as it was found that the mixture became an intractable oil which was difficult to 

separate the product from. The solid could then be triturated with Et2O and filtered 

to provide a colourless solid after 2 cycles (767 mg, 6.11 mmol, 72%). 
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Preparation of (E)-2,3-bis(4-methoxybenzyl)but-2-ene-1,4-diol 199d 

Lithium chloride (361 mg, 8.52 mmol, 1.21 eq.) was dried 

under vacuum until free flowing, the cooled under and 

atmosphere of argon. Tetrahydrofuran (14.0 ml) was 

then added followed by (Z)-2-benzyl-3-iodobut-2-ene-

1,4-diol 197a (2.14 g, 7.04 mmol), forming a clear, pale yellow solution on addition. 

Solid PCy3 (36.9 mg, 0.132 mmol, 1.9 mol%) was added followed by Pd(OAc)2 (38.0 mg, 

0.169 mmol, 2.4 mol%), forming a dark brown reaction mixture. 4-Methoxybenzylzinc 

bromide (21 ml of a 0.4M solution in THF, 8.4 mmol, 1.20 eq.) was added promptly 

(total volume added dropwise over 1 min) and the dark solution became bright orange 

and refluxed as the addition proceeded. On complete addition, the reaction mixture 

became a deep brown, almost black mixture. TLC analysis (2:1 EtOAc:Hexane) after 20 

minutes of reaction time indicated complete formation of the desired product 199d 

(Rf = 0.33), with disappearance of the starting vinyl iodide (Rf = 0.55). The reaction 

mixture was quenched with saturated aqueous ammonium chloride (20 ml) and 

extracted with warm EtOAc (3 x 20 ml). The organic layer was separated, the aqueous 

re-extracted with ethyl acetate (15 ml) and the organic fractions combined. The 

combined fractions were then dried warm with MgSO4, filtered and concentrated 

under reduced pressure giving a crude feathery off-white solid with an orange-brown 

residue (6.00 g). The solid could then be triturated with Et2O and filtered to provide a 

colourless solid after two cycles (1.96 g, 5.73 mmol, 82%), m.p. 131-132 oC, IR (Solid 

ATR) νmax/cm-1 3388, 3326, 3062, 3022, 2998, 2984, 2951, 2916, 2891, 2833, 1610, 

1581, 1509, 1493, 1453, 1432, 1325, 1301, 1249, 1216, 1173, 1128, 1078, 1057, 1034, 

1011, 992, 929, 879, 844, 832, 804, 759, 728, 701, 612, 515, 497, 454; 1H NMR (400.2 

MHz, D6-DMSO) δ 7.30 – 7.22 (m, 2H, H-15), 7.21 – 7.12 (m, 3H, H-14 and H-16), 7.12 

– 7.07 (m, 1H, H-5), 6.85 – 6.79 (m, 1H, H-6), 4.72 (t, J = 5.3 Hz, 1H, -OH), 4.69 (t, J = 

5.3 Hz, 1H, -OH), 3.94 (d, J = 5.3 Hz, 2H, H-10), 3.92 (d, J = 5.3 Hz, 2H, H-1), 3.71 (s, 3H, 

H-9), 3.59 (s, 2H, H-12), 3.52 (s, 2H, H-3).; 13C NMR (100.6 MHz, D6-DMSO): δ 157.3 

(C), 140.6 (C), 135.8 (C), 135.0 (C), 132.3 (C), 129.4 (CH), 128.5 (CH), 128.2 (CH), 125.7 

(CH), 113.6 (CH), 59.2 (CH2), 59.2 (CH2), 54.9 (CH3), 34.1 (CH2), 33.2 (CH2); HRMS (+ESI) 

calcd. for C19H22O3 m/z  316.1907 (M+NH4), found m/z 316.1902 (M+NH4). 



156 
 

Preparation of (E)-2-benzyl-3-(4-fluorobenzyl)but-2-ene-1,4-diol 199b 

Lithium chloride (460 mg, 10.9 mmol) was dried under 

vacuum until free flowing, the cooled under and 

atmosphere of argon. Tetrahydrofuran (30 ml) was then 

added followed by (Z)-2-benzyl-3-iodobut-2-ene-1,4-diol 

197a (2.74 g, 9.00 mmol), forming a clear, pale yellow solution on addition. Solid PCy3 

(47.8 mg, 0.170 mmol, 1.9 mol%) was added followed by Pd(OAc)2 (41.1 mg, 0.183 

mmol, 2 mol%), forming a deep orange/brown reaction mixture. 4-Fluororbenzylzinc 

chloride (11.9 ml of a 0.91M solution in THF) was added promptly and the reaction 

became bright orange and refluxed as the addition proceeded. On complete addition, 

the reaction mixture became a deep brown, almost black mixture. TLC analysis (2:1 

EtOAc:Hexane) after 15 minutes of reaction time indicated complete formation of the 

desired product 199b (Rf = 0.28), with disappearance of the starting vinyl iodide (Rf = 

0.50). The reaction mixture was quenched with saturated aqueous ammonium 

chloride (5 ml) and extracted with warm 9:1 ethyl acetate:THF (3 x 20 ml). The organic 

layer was separated, the aqueous re-extracted with warm ethyl acetate (15 ml) and 

the organic fractions combined. The combined fractions were then dried warm with 

sodium sulfate, filtered and concentrated under reduced pressure giving a crude 

feathery off-white solid with an orange-brown residue. The solid could then be 

triturated with Et2O and filtered to provide a colourless solid (2.25 g, 8.61 mmol, 96%), 

m.p. 137-138 oC, IR (Solid ATR) νmax/cm-1 3384, 3329, 3063, 3023, 2982, 2951, 2917, 

2990, 1631, 1601, 1506, 1494, 1483, 1453, 1432, 1328, 1295, 1222, 1156, 1128, 1076, 

1057, 1012, 993, 930, 879, 850, 834, 824; 1H NMR (400.2 MHz, D6-DMSO) δ 7.25-7.18 

(m, 4H, H-5), 7.11-7.04 (m, 4H, H-6), 4.69 (t, J = 5.1 Hz, 2H, OH), 3.91 (d, J = 5.1 Hz, 4H, 

H-1), 3.53 (s, 4H, H-3).; 13C NMR (100.6 MHz, D6-DMSO): δ 160.6 (d, J = 240.8 Hz, C), 

136.5 (d, J = 2.9 Hz, C), 135.4 (C), 130.2 (d, J = 8.0 Hz, CH), 114.8 (d, J = 21.1 Hz, CH) , 

59.2 (CH2), 33.4 (CH2); HRMS (+ESI) calcd. for C18H18O2F2 m/z  322.1613 (M+NH4), 

found m/z 322.1614 (M+NH4).  
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Synthesis of (E)-2-([1,1'-biphenyl]-4-ylmethyl)-3-benzylbut-2-ene-1,4-diol 199c 

Lithium chloride (459 mg, 10.8 mmol, 1.20 eq.) was 

dried under vacuum until free flowing, the cooled 

under and atmosphere of argon. Tetrahydrofuran (22 

ml) was then added followed by (Z)-2-benzyl-3-

iodobut-2-ene-1,4-diol 197a (2.74 g, 9.00 mmol), forming a clear, pale yellow solution 

on addition. Solid PCy3 (47.6 mg, 0.170 mmol, 1.9 mol%) was added followed by 

Pd(OAc)2 (40.4 mg, 0.180 mmol, 2 mol%), forming an orange reaction mixture. 4-

Phenylbenzylzinc chloride (18.0 ml of a 0.61M solution in THF) was added promptly 

and the reaction became bright orange and refluxed as the addition proceeded. On 

complete addition, the reaction mixture became a deep brown, almost black mixture. 

After TLC indicated the reaction was complete (199c Rf = 0.77, EtOAc), the reaction 

mixture was quenched with saturated aqueous ammonium chloride (10 ml) and 

extracted with 9:1 ethyl acetate:THF to prevent the diol crashing out of solution (3 x 

20 ml). The organic layer was separated, the aqueous re-extracted with 9:1 ethyl 

acetate:THF (15 ml) and the organic fractions combined. The combined fractions were 

then dried with magnesium sulfate, filtered and concentrated under reduced pressure 

giving a crude orange brown solid. The solid could then be triturated with Et2O and 

filtered to provide a colourless solid (2.90 g, 8.43 mmol, 94%), m.p. 156-158 oC, IR 

(Solid ATR) νmax/cm-1 3390, 3331, 3079, 3059, 3021, 2983, 2951, 2889, 1600, 1582, 

1562, 1520, 1485, 1451, 1431, 1406, 1324, 1295, 1267, 1216, 1191, 1153, 1127, 1077, 

1057, 1030, 1012, 994, 931, 906, 880, 843, 834, 818, 754, 738, 702, 687, 625, 593, 568, 

557, 546, 497, 439, 425; 1H NMR (400.2 , D6-DMSO) δ 7.66 – 7.62 (m, 2H, H-16), 7.58 

– 7.54 (m, 2H, H-13), 7.47 – 7.42 (m, 2H, H-17), 7.36 – 7.31 (m, 1H, H-18), 7.30 – 7.28 

(m, 2H, H-12), 7.29 – 7.24 (m, 2H, H-6), 7.23 – 7.20 (m, 2H, H-H-5), 7.18 – 7.13 (m, 1H, 

H-7), 4.78 (t, J = 5.1 Hz, 1H, -OH), 4.77 (t, J = 5.1 Hz, 1H, -OH), 3.99 (d, J = 5.1 Hz, 2H, H-

1), 3.98 (d, J = 5.1 Hz, 2H, H-8), 3.65 (s, 2H, H-10), 3.62 (s, 2H, H-3); 13C NMR (100.6 

MHz, D6-DMSO) δ 140.5 (C), 140.01 (C), 139.9 (C), 137.6 (C), 135.5 (C), 135.3 (C), 129.1 

(CH), 128.9 (CH), 128.5 (CH), 128.2 (CH), 127.1 (CH), 126.5 (2 overlapping CH signals), 

125.7 (CH), 59.4 (CH2), 59.3 (CH2), 34.2 (CH2), 33.8 (CH2); HRMS (+ESI) calcd. for 

C24H24O2 m/z  367.1669 (M+Na), found m/z 367.1670 (M+Na). 
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Synthesis of (E)-2,3-bis(4-fluorobenzyl)but-2-ene-1,4-diol 199f 

Lithium chloride (460 mg, 10.9 mmol) was dried under 

vacuum until free flowing, the cooled under and 

atmosphere of argon. Tetrahydrofuran (30 ml) was then 

added followed by (Z)-2-(4-fluorobenzyl)-3-iodobut-2-

ene-1,4-diol 197c (2.90 g, 9.00 mmol), forming a clear, pale yellow solution on 

addition. Solid PCy3 (48.0 mg, 0.171 mmol, 1.9 mol%) was added followed by Pd(OAc)2 

(40.7 mg, 0.181 mmol, 2 mol%), forming a dark brown mixture. 4-Fluorobenzylzinc 

chloride (12.0 ml of a 0.91 M solution in THF) was added promptly and the reaction 

became bright orange and refluxed as the addition proceeded. On complete addition, 

the reaction mixture became a deep brown, almost black mixture. TLC analysis (2:1 

EtOAc:Hexane) after 15 minutes of reaction time indicated complete formation of the 

desired product 199f (Rf = 0.26), with disappearance of the starting vinyl iodide (Rf = 

0.45). The reaction mixture was quenched with saturated aqueous ammonium 

chloride (20 ml) and extracted with ethyl acetate (3 x 20 ml). The organic layer was 

separated, the aqueous re-extracted with ethyl acetate (15 ml) and the organic 

fractions combined. The combined fractions were then dried with MgSO4, filtered and 

concentrated under reduced pressure giving a crude orange brown solid (8.14 g). The 

solid could then be triturated with Et2O and filtered to provide a colourless solid after 

3 cycles (2.25 g, 7.39 mmol, 82%), m.p. 129-130 oC, IR (Solid ATR) νmax/cm-1 3372, 3033, 

2980, 2948, 2938, 2922, 2883, 1604, 1506, 1481, 1449, 1424, 1317, 1296, 1264, 1226, 

1214, 1157, 1127, 1100, 1057, 1011, 992, 939, 932, 881, 851, 834, 820, 763, 704, 607, 

573, 545, 490, 436, 416; 1H NMR (400.2 MHz, D6-DMSO) δ 7.31 – 7.16 (m, 2H, H-5), 

7.14 – 7.02 (m, 2H, H-6), 4.77 (t, J = 5.1 Hz, 2H, -OH), 3.92 (d, J = 5.1 Hz, 4H, H-1), 3.57 

(s, 4H, H-3); 13C NMR (100.6 MHz, D6-DMSO): δ 160.6 (d, J = 240.8 Hz, C), 136.5 (d, J = 

2.9 Hz, C), 135.4 (C), 130.2 (d, J = 8.0 Hz, CH), 114.8 (d, J = 21.1 Hz, CH), 59.2 (CH2), 33.4 

(CH2); 19F NMR (376.5 MHz, DMSO-d6) δ -117.80. ; HRMS (+ESI) calcd. for C18H22O2F2 

m/z  322.1613 (M+NH4), found m/z 322.1614 (M+NH4).  
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Synthesis of (E)-2,3-bis(4-methylbenzyl)but-2-ene-1,4-diol 199h 

Lithium chloride (187 mg, 4.4 mmol) was dried under 

vacuum until free flowing, the cooled under and 

atmosphere of argon. Tetrahydrofuran (14 ml) was then 

added followed by (Z)-2-iodo-3-(4-methylbenzyl)but-2-

ene-1,4-diol 197b (1.27 g, 4.00 mmol), forming a clear, pale yellow solution on 

addition. Solid PCy3 (22 mg, 0.13 mmol, 1.9 mol%) was added followed by Pd(OAc)2 

(19 mg, 0.14 mmol, 2 mol%), forming an orange reaction mixture. 4-Methylbenzylzinc 

chloride (6.9 ml of a 0.64M solution in THF) was added promptly and the reaction 

became bright orange and refluxed as the addition proceeded. On complete 

addition,the reaction mixture became a deep brown, almost black mixture. TLC 

analysis (2:1 EtOAc:Pentane) after 15 minutes of reaction time indicated complete 

formation of the desired product 199h (Rf = 0.39), with disappearance of the starting 

vinyl iodide (Rf = 0.57). The reaction mixture was quenched with saturated aqueous 

ammonium chloride (5 ml) and extracted with warm 9:1 ethyl acetate:THF (3 x 20 ml). 

The organic layer was separated, the aqueous re-extracted with warm ethyl acetate 

(15 ml) and the organic fractions combined. The combined fractions were then dried 

warm with sodium sulfate, filtered and concentrated under reduced pressure giving a 

crude feathery off-white solid with an orange-brown residue. The solid could then be 

triturated with Et2O and filtered to provide a colourless solid (1.10 g, 6.11 mmol, 93%), 

m.p. 181-182 oC, IR (Solid ATR) νmax/cm-1 3368, 3041, 3015, 2994, 2953, 2912, 2896, 

2854, 1509, 1494, 1483, 1434, 1332, 1300, 1266, 1210, 1191, 1128, 1066, 1012, 992, 

944, 925, 881, 839; NMR (400.2 MHz, D6-DMSO) δ 7.05 (s, 4H, H-5 and H-6), 4.69 (t, J 

= 5.2 Hz, 1H, OH), 3.91 (d, J = 5.2 Hz, 4H, H-1), 3.53 (s, 4H, H-3), 2.24 (s, 6H, H-8).; 13C 

NMR (100.6 MHz, D6-DMSO): δ 137.4 (C, C-7), 135.3 (C, C-2), 134.5 (C, C-4), 128.7 (CH, 

C-6), 128.3 (CH, C-5) , 59.2 (CH2, C-1), 33.6 (CH2, C-3), 20.6 (CH3, C-8); HRMS (+ESI) 

calcd. for C18H20O2 m/z  314.2115 (M+NH4), found m/z 314.2112 (M+NH4).  
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Preparation of (E)-2-(4-bromobenzyl)-3-(4-methylbenzyl)but-2-ene-1,4-diol 199j 

 Lithium chloride (260 mg, 6.13 mmol, 1.23 eq.) was 

dried under vacuum until free flowing, the cooled under 

and atmosphere of argon. Tetrahydrofuran (18.0 ml) 

was then added followed by (Z)-2-iodo-3-(4-

methylbenzyl)but-2-ene-1,4-diol 197b (1.59 g, 5.00 mmol), forming a clear, pale 

yellow solution on addition. Solid PCy3 (48.2 mg, 0.172 mmol, 3.4 mol%) was added 

followed by Pd(OAc)2 (40.5 mg, 0.180 mmol, 3.6 mol%), forming a dark brown reaction 

mixture. 4-Bromobenzylzinc chloride (7.3 ml of a 0.83M solution in THF, 8.4 mmol, 

1.21 eq.) was added promptly (total volume added dropwise over 1 min) and the dark 

solution became bright orange and refluxed as the addition proceeded. On complete 

addition, the reaction mixture became a deep brown, almost black mixture. TLC 

analysis (2:1 EtOAc:Hexane) after 20 minutes of reaction time indicated complete 

formation of the desired product 199j (Rf = 0.42), with disappearance of the starting 

vinyl iodide (Rf = 0.57). The reaction mixture was quenched with saturated aqueous 

ammonium chloride (20 ml) and extracted with warm EtOAc (3 x 20 ml). The organic 

layer was separated, the aqueous re-extracted with ethyl acetate (15 ml) and the 

organic fractions combined. The combined fractions were then dried warm with 

MgSO4, filtered and concentrated under reduced pressure giving a crude feathery off-

white solid with an orange-brown residue (8.36 g). The solid could then be triturated 

with Et2O and filtered to provide a colourless solid after two cycles (1.65 g, 4.58 mmol, 

92%), m.p. 153-154 oC, IR (Solid ATR) νmax/cm-1 3375, 3305, 3041, 3016, 2981, 2953, 

2913, 2894, 2854, 1509, 1484, 1434, 1402, 1333, 1295, 1265, 1235, 1210, 1189, 1129, 

1105, 1066, 1011, 994, 927, 881, 835, 808, 794, 760, 718, 611, 537, 480, 457, 438; 1H 

NMR (400.2 MHz, D6-DMSO) δ 7.50 – 7.38 (m, 2H, H-6), 7.23 – 7.10 (m, 2H, H-5), 7.06 

(s, 4H, H-12 and H-13), 4.75 (t, J = 5.1 Hz, 1H, -OH), 4.72 (t, J = 5.1 Hz, 1H, -OH), 3.93 

(d, J = 5.1 Hz, 1H, H-1), 3.90 (d, J = 5.1 Hz, 1H, H-8), 3.55 (s, 2H, H-3), 3.52 (s, 2H, H-10), 

2.25 (s, 3H, H-15).; 13C NMR (101 MHz, DMSO-d6) δ 140.1 (C), 137.3 (C), 135.8 (C), 

134.8 (C), 134.5 (C), 131.0 (CH), 130.8 (CH), 128.8 (CH), 128.3 (CH), 118.7 (C), 59.3 (CH2, 

2 overlapping signals), 33.8 (CH2), 33.5 (CH2), 20.6 (CH3); HRMS (+ESI) calcd. for 

C19H21BrO2 m/z  383.0617 (M+Na), found C19H21BrO2 m/z 383.0622 (M+Na). 
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Preparation of (E)-2,3-bis(4-methoxybenzyl)but-2-ene-1,4-diol 199k 

Lithium chloride (326 mg, 7.69 mmol) was dried 

under vacuum until free flowing, the cooled under 

and atmosphere of argon. Tetrahydrofuran (24.6 ml) 

was then added followed by (Z)-2-iodo-3-(4-

methoxybenzyl)but-2-ene-1,4-diol 197d (2.36 g, 7.06 mmol), forming a clear, pale 

yellow solution on addition. Solid PCy3 (37.3 mg, 0.133 mmol, 1.9 mol%) was added 

followed by Pd(OAc)2 (31.7 mg, 0.141 mmol, 2 mol%), forming a light orange reaction 

mixture. A small aliquot of 4-Methoxybenzylzinc bromide (roughly 100 μl of a 0.74M 

solution in THF) was added promptly and the reaction became bright orange, then 

darkened as the catalyst activated. The remainder of the solution (10.3 ml) was added 

the dark solution became bright orange and refluxed as the addition proceeded. On 

complete addition, the reaction mixture became a deep brown, almost black mixture. 

TLC analysis (2:1 EtOAc:Hexane) after 15 minutes of reaction time indicated complete 

formation of the desired product 199k (Rf = 0.20), with disappearance of the starting 

vinyl iodide (Rf = 0.40). The reaction mixture was quenched with saturated aqueous 

ammonium chloride (5 ml) and extracted with warm EtOAc (3 x 20 ml). The organic 

layer was separated, the aqueous re-extracted with warm ethyl acetate (15 ml) and 

the organic fractions combined. The combined fractions were then dried warm with 

MgSO4, filtered and concentrated under reduced pressure giving a crude feathery off-

white solid with an orange-brown residue. The solid could then be triturated with Et2O 

and filtered to provide a colourless solid (1.96 g, 5.97 mmol, 85%), m.p. 144-145 oC, 

IR (Solid ATR) νmax/cm-1 3384, 3332, 3065, 3029, 2990, 2950, 2929, 2915, 2891, 2831, 

1608, 1580, 1506, 1461, 1439, 1323, 1300, 1245, 1215, 1129, 1109, 1062, 1032, 1010, 

991, 928, 880, 843, 831, 814, 802, 756, 707, 603, 556, 512, 419; 1H NMR (400.2 MHz, 

D6-DMSO) δ 7.13 – 7.05 (m, 4H, H-5), 6.85 – 6.79 (m, 4H, H-6), 4.68 (t, J = 4.9 Hz, 2H, 

OH), 3.93 (d, J = 4.9 Hz, 4H, H-1), 3.71 (s, 6H, H-9), 3.51 (s, 4H, H-3); 13C NMR (100.6 

MHz, D6-DMSO): δ 157.3 (C), 135.4 (C), 132.3 (C), 129.3 (CH), 113.6 (CH), 59.1 (CH2), 

54.9 (CH3), 33.2 (CH2); HRMS (+ESI) calcd. for C20H24O4 m/z  351.1567 (M+Na), found 

m/z 351.1560 (M+Na). 
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Preparation of (E)-2,3-bis(4-bromobenzyl)but-2-ene-1,4-diol 199n 

Lithium chloride (918 mg, 21.7 mmol, 2.41 eq.) was 

dried under vacuum until free flowing, the cooled under 

and atmosphere of argon. Tetrahydrofuran (19 ml) was 

then added followed by (E)-2,3-diiodobut-2-ene-1,4-diol 

200 (3.06 g, 4.00 mmol) and the mixture heated to 65 °C, forming a clear, pale yellow 

solution on addition. Solid PCy3 (48.2 mg, 0.172 mmol, 1.9 mol%) was added followed 

by Pd(OAc)2 (40.8 mg, 0.181 mmol, 2.0 mol%), forming a deep brown reaction mixture. 

4Bromobenzylzinc chloride (26.0 ml of a 0.83 M solution in THF) was added promptly 

dropwise over 2 min and the reaction became bright orange and refluxed as the 

addition proceeded. On complete addition, the reaction mixture became a deep 

brown, almost black mixture. TLC analysis (2:1 EtOAc:Hexane) after 15 minutes of 

reaction time indicated complete formation of the desired product 199n (Rf = 0.33), 

with disappearance of the starting diiodide (Rf = 0.53). The reaction mixture was 

quenched with saturated aqueous ammonium chloride (15 ml) and extracted with 

ethyl acetate (3 x 10 ml). The organic layer was separated, the aqueous re-extracted 

with ethyl acetate (15 ml) and the organic fractions combined. The combined fractions 

were then dried with MgSO4, filtered and concentrated under reduced pressure giving 

a white solid with some brown residue (14.1 g). The solid could then be triturated with 

Et2O and filtered to provide a colourless solid after 2 cycles (2.47 g, 5.81 mmol, 65%), 

m.p. 139-140 oC, IR (Solid ATR) νmax/cm-1 3373, 3305, 2991, 2957, 2911, 2894, 2850, 

1899, 1619, 1484, 1433, 1400, 1339, 1294, 1267, 1232, 1187, 1129, 1104, 1069, 1010, 

992, 924, 884, 834, 811, 788, 713, 636, 511, 453; 1H NMR (400.2 MHz, D6-DMSO) δ  

7.48 – 7.42 (m, 4H, H-5), 7.18 – 7.12 (m, 4H, H-6), 4.78 (t, J = 5.0 Hz, 2H, -OH), 3.91 (d, 

J = 5.0 Hz, 4H, H-1), 3.55 (s, 4H, H-3); 13C NMR (100.6 MHz, D6-DMSO): δ 140.0 (C), 

135.3 (C), 131.0 (CH2), 130.8 (CH2), 118.7 (C), 59.4 (CH2), 33.6 (CH2); HRMS (+ESI) calcd. 

for C18H22Br2O2 m/z  442.0012 (M+NH4), found C18H22Br2O2 m/z 442.0015 (M+NH4). 

General proceedure for the synthesis of dialdehydes  

Aerobic oxidation was carried out by modifying the procedure of Stahl. Reactions were 

carried out in the 100-mL apparatus shown in Figure S3a were the O2 inlet pipe had 

an internal diameter of ca. 5 mm. The flask was charged with a suitable stirrer, diol 
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199a-n and DMF. Without any O2 flowing the following solids and liquids were 

promptly added to the reaction mixture: [Cu(NCMe)4]BF4 (8 mol%) [causing formation 

of a yellow or very pale green solution], 2,2-bipyridyl (8 mol%) [causing the solution 

to become very dark], TEMPO (8 mol%) [leading to a dark orange/brown solution] and 

finally N-methylimidazole (16 mol%). The oxygen flow was promptly started (flow rate 

~5 bubbles/sec) as the reaction stirred. [NOTE: Rarely the reaction mixture turned a 

pale green colour within the first 5 minutes, this typically indicated premature catalyst 

deactivation which could be overcome by a second charge of all oxidation catalyst 

components.] The reaction was continued until TLC indicated formation of the dial 

and consumption of the diol. 

Preparation of 2-benzyl-3-(4-fluorobenzyl)fumaraldehyde 201b 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (78.0 mg, 0.248 mmol, 8.3 mol% in 2 ml 

DMF), Bipy (38.3 mg, 0.245 mmol, 8.2 mol% in 2 ml DMF), 

TEMPO (37.8 mg, 0.241 mmol, 8.1 mol% in 2ml DMF) and 

NMI (38 μl, 0.477 mmol, 15.9 mol%) to a stirred solution of (E)-2,3-bis(4-

methoxybenzyl)but-2-ene-1,4-diol 199b (859 mg, 3.00  mmol) in DMF (8 ml). On 

addition of all reagents, O2 was bubbled into the solution until TLC analysis showed 

formation of the aldehyde. The reaction mixture was quenched by washing the 

mixture into a separatory funnel with warm 9:1 EtOAc:THF (20 ml), and quenched with 

aqueous 1M HCl (2 x 20 ml) then water (2 x 20ml). The aqueous was then re-extracted 

extracted with warm 9:1 EtOAc:THF (20 ml), the organic fractions combined and 

washed a final time with 1M HCl (20 ml). The combined fractions were then dried 

warm with MgSO4, filtered and concentrated under reduced pressure giving a yellow 

solid (1.10 g, 3.89 mmol, 97%), m.p. 113-114 oC; IR (Solid ATR) νmax/cm-1 3332, 3062, 

3031, 2981, 2940, 2910, 2873, 2818, 2767, 1667, 1600, 1507, 1494, 1452, 1416, 1398, 

1297, 1225, 1191, 1158, 1128, 1094, 1031, 1017, 976, 924, 901, 873, 852, 830, 809, 

760, 735, 696, 608, 571, 504, 468, 418; 1H NMR (400.2 MHz, Chloroform-d) δ 10.48 (s, 

1H), 10.47 (s, 1H, ), 7.31 – 7.26 (m, 2H, H-14), 7.24 – 7.19 (m, 1H, H-15), 7.14 – 7.11 

(m, 2H, H-13), 7.13-7.06 (m, 2H, H-5), 7.01 – 6.92 (m, 2H, H-6), 4.14 (s, 2H, H-11), 4.09 

(s, 2H, H-3).; 13C NMR (100.6 MHz, Chloroform-d) δ 193.4 (CH), 193.4 (CH), 161.8 (C, 
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d, J = 245.5 Hz), 147.6 (C), 147.2 (C), 138.1 (C), 133.9 (C, d, J = 3.3 Hz), 129.9 (CH, d, J = 

8.0 Hz), 129.1 (CH), 128.4 (CH), 127.0 (CH), 115.9 (CH, d, J = 21.3 Hz), 29.4 (CH2), 28.6 

(CH2); 19F NMR (376.5 MHz, Chloroform-d) δ -115.90; HRMS (+ESI) calcd. for C20H20O4 

m/z  305.0948 (M+Na), found C18H15O2F1 m/z 305.0944 (M+Na). 

Preparation of 2-([1,1'-biphenyl]-4-ylmethyl)-3-benzylfumaraldehyde 201c 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (102 mg, 0.324 mmol, 8.2 mol% in 3 

ml DMF), Bipy (50.2 mg, 0.321 mmol, 8.1 mol% in 3 ml 

DMF), TEMPO (52.6 mg, 0.337 mmol, 8.5 mol% in 3 ml 

DMF) and NMI (51 μl, 0.64 mmol, 16.1 mol%) to a stirred solution of (E)-2-([1,1'-

biphenyl]-4-ylmethyl)-3-benzylbut-2-ene-1,4-diol 199c (1.37 g, 3.98  mmol) in DMF (7 

ml) and heated to 40 °C. On addition of all reagents, O2 was bubbled into the solution, 

and the mixture appeared light green after 15 min, however TLC analysis (2:1 

EtOAc:Hexane) showed the diol had not been consumed. The reaction mixture was 

redosed with [Cu(MeCN)4]BF4 (80.4 mg), Bipy (39.3 mg) and TEMPO (37.8 mg) and 

monitored by TLC until complete formation of the dial (Rf = 0.88). The reaction mixture 

was quenched by washing the mixture into a separatory funnel with EtOAc (20 ml), 

and quenched with aqueous 1M HCl (2 x 20 ml) then water (2 x 20ml). The aqueous 

was then re-extracted extracted with EtOAc (20 ml), the organic fractions combined 

and washed a final time with 1M HCl (20 ml). The combined fractions were then dried 

with MgSO4, filtered and concentrated under reduced pressure giving a yellow solid 

that required no further purification (1.31 g, 3.83 mmol, 96%), m.p. 134-135 oC, IR 

(Solid ATR) νmax/cm-1
 3332, 3060, 3030, 2940, 2908, 2817, 2768, 1763, 1667, 1598, 

1563, 1523, 1496, 1487, 1453, 1396, 1345, 1214, 1191, 1130, 1077, 1030, 1006, 977, 

950, 927, 903, 875, 835, 808, 760, 737, 730, 697, 687, 641, 598, 551, 488, 474, 415; 1H 

NMR (400.2 MHz, D6-DMSO) δ 10.52 (s, 1H, H-1), 10.52 (s, 1H, H-8), 7.57 – 7.53 (m, 

2H, H-16), 7.53 – 7.48 (m, 2H, H-13), 7.45 – 7.40 (m, 2H, H-17), 7.37 – 7.31 (m, 1H, H-

18), 7.31 – 7.26 (m, 2H, H-6), 7.24 – 7.18 (m, 3H, H-5 and H-7), 7.15 (m, 2H, H-12), 4.18 

(s, 2H, H-10), 4.16 (s, 2H, H-3); 13C NMR (100.6 MHz, D6-DMSO): δ 193.6 (CH), 193.6 

(CH), 147.6 (C), 147.4 (C), 140.7 (C), 140.0 (C), 138.3 (C), 137.3 (C), 129.1 (CH), 128.9 

(CH), 128.8 (CH), 128.4 (CH), 127.8 (CH), 127.5 (CH), 127.2 (CH), 127.0 (CH), 29.4 (CH2), 
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29.0 (CH2); HRMS (+ESI) calcd. for C24H20O2  m/z  363.1356 (M+Na), found C24H20O2 

m/z 363.1352 (M+Na). 

Preparation of 2-benzyl-3-(4-methoxybenzyl)fumaraldehyde 201d 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (102 mg, 0.324 mmol, 8.1 mol% in 3ml 

DMF), Bipy (50.1 mg, 0.321 mmol, 8.1 mol% in 3ml DMF), 

TEMPO (50.2 mg, 0.321 mmol, 8.1 mol% in 3ml DMF) and 

NMI (52 μl, 0.652 mmol, 16.4 mol%) to a stirred solution of (E)-2-benzyl-3-(4-

methoxybenzyl)but-2-ene-1,4-diol 199d (1.19 g, 4.00  mmol) in DMF (7 ml). On 

addition of all reagents, O2 was bubbled into the solution until TLC analysis (2:1 

EtOAc:Hexanes) showed formation of the aldehyde (Rf = 0.72). The reaction mixture 

was quenched by washing the mixture into a separatory funnel with warm 9:1 

EtOAc:THF (20 ml), and quenched with aqueous 1M HCl (2 x 20 ml) then water (2 x 

20ml). The aqueous was then re-extracted extracted with warm 9:1 EtOAc:THF (20 

ml), the organic fractions combined and washed a final time with 1M HCl (20 ml). The 

combined fractions were then dried warm with MgSO4, filtered and concentrated 

under reduced pressure giving a yellow solid (1.11g, 3.76 mmol, 94%), m.p. 132-133 

oC, IR (Solid ATR) νmax/cm-1 3331, 3059, 3031, 3013, 2968, 2936, 2909, 2874, 2839, 

2820, 2768, 1667, 1607, 1580, 1510, 1496, 1453, 1397, 1332, 1305, 1274, 1243, 1179, 

1153, 1130, 1108, 1077, 1025, 977, 961, 925, 901, 874, 821, 807, 752, 736, 696, 609, 

577, 530, 510, 493, 453; 1H NMR (400.2 MHz, Chloroform-d) δ 10.49 (s, 1H, H-10), 

10.47 (s, 1H, H-1), 7.31 – 7.25 (m, 2H, H-15), 7.24 – 7.18 (m, 1H, H-16), 7.13 (m, 2H, H-

14), 7.08 – 7.02 (m, 2H, H-5), 6.84 – 6.78 (m, 2H, H-6), 4.12 (s, 2H, H-12), 4.07 (s, 2H, 

H-3), 3.77 (s, 3H, H-9).; 13C NMR (100.6 MHz, Chloroform-d): δ 193.7 (CH), 193.6 (CH), 

158.6 (C), 147.8 (C), 147.2 (C), 138.3 (C), 130.2 (C), 129.5 (CH), 129.0 (CH), 128.4 (CH), 

126.9 (CH), 114.4 (CH), 55.4 (CH3), 29.3 (CH2), 28.5 (CH2); HRMS (+ESI) calcd. for 

C19H18O3 m/z  317.1148 (M+Na), found C19H18O3 m/z 317.1144 (M+Na). 
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 Preparation of 2,3-bis(4-fluorobenzyl)fumaraldehyde 201f 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (94.6 mg, 0.301 mmol, 8.0 mol% as a 

solid), Bipy (46.6 mg, 0.298 mmol, 8.0 mol% as a solid), 

TEMPO (46.7 mg, 0.299 mmol, 8.0 mol% as a solid) and 

NMI (48.0 μl, 0.602 mmol, 16.1 mol%) to a stirred solution of (E)-2,3-bis(4-

fluorobenzyl)but-2-ene-1,4-diol 199f (1.14 g, 3.75 mmol) in DMF (16 ml). On addition 

of all reagents, O2 was bubbled into the solution until TLC analysis (2:1 EtOAc:Hexane) 

showed formation of the aldehyde (Rf = 0.66). The reaction mixture was quenched by 

washing the mixture into a separatory funnel with EtOAc (20 ml), and quenched with 

aqueous 1M HCl (2 x 20 ml) then water (2 x 20ml). The aqueous was then re-extracted 

extracted with EtOAc (20 ml), the organic fractions combined and washed a final time 

with 1M HCl (20 ml). The combined fractions were then dried with MgSO4, filtered and 

concentrated under reduced pressure giving a yellow solid that required no further 

purification (859 mg, 2.68 mmol, 92%), m.p. 115-116 oC, IR (Solid ATR) νmax/cm-1
 3331, 

2939, 2910, 1666, 1600, 1505, 1446, 1416, 1397, 1297, 1226, 1158, 1127, 1093, 1017, 

976, 877, 852, 830, 817, 763, 700, 557, 494, 428 ; 1H NMR (400.2 MHz, D-Chloroform) 

δ 10.46 (s, 1H), 7.09 (ddt, J = 8.2, 5.2, 2.5 Hz, 2H), 7.03 – 6.91 (m, 2H), 4.09 (s, 2H).; 13C 

NMR (100.6 MHz, D-Chloroform) δ 193.3 (CH), 161.8 (CH, d, J = 245.8 Hz), 147.3, 133.7 

(C, d, J = 3.0 Hz), 129.9 (CH, d, J = 8.0 Hz), 115.9 (CH, d, J = 21.4 Hz), 28.7 (CH2).; 19F 

NMR (376.5 MHz, D-Chloroform) δ -115.72; HRMS (+ESI) calcd. for C19H17Br1O2 m/z  

379.0304 (M+Na), found C19H17Br1O2 m/z 379.0300 (M+Na). 

Preparation of (E)-2,3-bis(4-methoxybenzyl)but-2-ene-1,4-diol 201i 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (102 mg, 0.243 mmol, 8.1 mol% in 2 

ml DMF), Bipy (37.0 mg, 0.237 mmol, 7.9 mol% in 2 ml 

DMF), TEMPO (38.0 mg, 0.243 mmol, 8.1 mol% in 2 ml 

DMF) and NMI (38 μl, 0.64 mmol, 16 mol%) to a stirred solution of (E)-2-(4-

isopropylbenzyl)-3-(4-methylbenzyl)but-2-ene-1,4-diol 199i (985 g, 3.00  mmol) in 

DMF (6 ml). On addition of all reagents, O2 was bubbled into the solution. After 2 

minutes, the solution was clear green however TLC analysis indicated that the starting 
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material remained, so was redosed with [Cu(MeCN)4]BF4 (71.6 mg), Bipy (34.0 mg) and 

TEMPO (38.7 mg) and monitored until TLC analysis showed complete conversion to 

the aldehyde (Rf = 0.78). The reaction mixture was quenched by washing the mixture 

into a separatory funnel with EtOAc (20 ml), and quenched with aqueous 1M HCl (2 x 

20 ml) then water (2 x 20ml). The aqueous was then re-extracted extracted with EtOAc 

(20 ml), the organic fractions combined and washed a final time with 1M HCl (20 ml). 

The combined fractions were then dried warm with MgSO4, filtered and concentrated 

under reduced pressure giving a yellow solid that required no further purification (859 

mg, 2.68 mmol, 89%), m.p. 107-109 oC, IR (Solid ATR) νmax/cm-1  3333, 3053, 3022, 

3007, 2958, 2907, 2870, 2822, 2768, 2731, 1908, 1753, 1668, 1511, 1448, 1417, 1398, 

1380, 1363, 1269, 1216, 1188, 1130, 1055, 1020, 967, 880, 834, 800, 750, 693, 565, 

547, 493; 1H NMR (400.2 MHz, Chloroform-d) δ 10.48 (s, 1H, H-10), 10.48 (s, 1H, H-1), 

7.16 – 7.11 (m, 2H, H-6), 7.09 (m, 2H, H-15), 7.05 (m, 2H, H-5), 7.03 (m, 2H, H-14), 4.09 

(s, 2H, H-3), 4.09 (s, 2H, H-12), 2.86 (hept, J = 6.9 Hz, 1H, H-8), 2.31 (s, 3H, H-17), 1.22 

(d, J = 6.9 Hz, 6H, H-9); 13C NMR (100.6 MHz, Chloroform-d): δ 193.8 (CH), 193.7 (CH), 

147.6 (C, 2 overlapping signals), 147.5 (C), 136.5 (C), 135.5 (C), 135.3 (C), 129.7 (CH), 

128.3 (CH, 2 overlapping signals), 127.1 (CH), 33.8 (CH), 28.9 (CH2, 2 overlapping 

signals), 24.1 (CH3), 21.1 (CH3); HRMS (+ESI) calcd. for C22H24O2 m/z  343.1669 (M+Na), 

found C22H24O2 m/z 343.1660 (M+Na) 

Preparation of 2-(4-bromobenzyl)-3-(4-methylbenzyl)fumaraldehyde 201j 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (76.7 mg, 0.243 mmol, 8.1 mol% in 2 ml 

DMF), Bipy (38.5 mg, 0.246 mmol, 8.2 mol% in 2 ml 

DMF), TEMPO (35.8 mg, 0.229 mmol, 7.6 mol% in 2 ml 

DMF) and NMI (38 μl, 0.64 mmol, 16 mol%) to a stirred solution of (E)-2-(4-

bromobenzyl)-3-(4-methylbenzyl)but-2-ene-1,4-diol 199j (1.08 g, 3.00  mmol) in DMF 

(6 ml). On addition of all reagents, O2 was bubbled into the solution until TLC analysis 

(2:1 EtOAc:Hexane) showed formation of the aldehyde (Rf = 0.76). The reaction 

mixture was quenched by washing the mixture into a separatory funnel with EtOAc 

(20 ml), and quenched with aqueous 1M HCl (2 x 20 ml) then water (2 x 20ml). The 

aqueous was then re-extracted extracted with EtOAc (20 ml), the organic fractions 
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combined and washed a final time with 1M HCl (20 ml). The combined fractions were 

then dried with MgSO4, filtered and concentrated under reduced pressure giving a 

yellow solid that required no further purification (1.10 g, 3.07 mmol, >99%), m.p. 155-

156 oC, IR (Solid ATR) νmax/cm-1
 3333, 3057, 3024, 2981, 2971, 2940, 2912, 2875, 2820, 

2769, 1738, 1667, 1588, 1513, 1487, 1447, 1397, 1217, 1189, 1129, 1073, 1023, 1011, 

967, 944, 880, 822, 799, 790, 750, 702, 640, 582, 527, 497, 477, 460 ; 1H NMR (400.2 

MHz, D6-DMSO) δ 10.47 (s, 1H, H-1), 10.43 (s, 1H, H-9), 7.41 – 7.37 (m, 2H, H-6), 7.11 

– 7.07 (m, 2H, H-14), 7.05 – 6.97 (m, 2H, H-13), 7.02 – 6.99 (m, 2H, H-5), 7.00 (m, 2H, 

H-), 4.09 (s, 2H, H-11), 4.06 (s, 2H, H-3), 2.30 (s, 3H, H-15); 13C NMR (100.6 MHz, D6-

DMSO): δ 193.4 (CH), 193.4 (CH), 148.1 (C), 146.5 (C), 137.3 (C), 136.7 (C), 134.9 (C), 

132.1 (CH), 130.2 (CH), 129.8 (CH), 128.3 (CH), 120.9 (C), 29.1 (CH2), 28.8 (CH2), 21.1 

(CH3); HRMS (+ESI) calcd. for C19H17Br1O2 m/z  379.0304 (M+Na), found C19H17Br1O2 

m/z 379.0300 (M+Na) 

Preparation of (E)-2,3-bis(4-methoxybenzyl)but-2-ene-1,4-diol 201k 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (102 mg, 0.324 mmol, 8 mol% in 3ml 

DMF), Bipy (50.1 mg, 0.321 mmol, 8 mol% in 3ml 

DMF), TEMPO (51.0 mg, 0.326 mmol, 8.2 mol% in 3ml 

DMF) and NMI (51 μl, 0.64 mmol, 16 mol%) to a stirred solution of (E)-2,3-bis(4-

methoxybenzyl)but-2-ene-1,4-diol 199k (1.30 g, 4.00  mmol) in DMF (8 ml). On 

addition of all reagents, O2 was bubbled into the solution until TLC analysis showed 

formation of the aldehyde (Rf = 0.64). The reaction mixture was quenched by washing 

the mixture into a separatory funnel with warm 9:1 EtOAc:THF (20 ml), and quenched 

with aqueous 1M HCl (2 x 20 ml) then water (2 x 20ml). The aqueous was then re-

extracted extracted with warm 9:1 EtOAc:THF (20 ml), the organic fractions combined 

and washed a final time with 1M HCl (20 ml). The combined fractions were then dried 

warm with MgSO4, filtered and concentrated under reduced pressure giving a yellow 

solid (1.44 g). The solid could then be triturated with Et2O and filtered to provide a 

yellow solid (874 g, 2.69 mmol, 63%), m.p. 150-152 oC, IR (Solid ATR) νmax/cm-1 3332, 

3063, 3036, 3013, 2969, 2937, 2908, 2876, 2840, 2821, 2769, 1668, 1606, 1581, 1509, 

1455, 1443, 1397, 1327, 1305, 1284, 1241, 1178, 1131, 1109, 1025, 979, 962, 878, 833, 
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825, 811, 756, 695, 634, 565, 516, 423; 1H NMR (400.2 MHz, D6-DMSO) δ 10.47 (s, 2H, 

H-1), 7.04 (d, J = 8.7 Hz, 2H, ), 6.81 (d, J = 8.7 Hz, 2H), 4.05 (s, 2H, H-3), 3.77 (s, 3H, H-

9); 13C NMR (100.6 MHz, D6-DMSO): δ 193.8 (CH), 158.5 (C), 147.5 (C), 130.2 (C), 129.5 

(CH), 114.4 (CH), 55.4 (CH3), 28.5 (CH2); HRMS (+ESI) calcd. for C20H20O4 m/z  342.1700 

(M+NH4), found C20H20O4 m/z 342.1695 (M+NH4). 

Preparation of 2-(4-bromobenzyl)-3-(4-methylbenzyl)fumaraldehyde 201n 

Following general procedure: In the written order, 

[Cu(MeCN)4]BF4 (76.5 mg, 0.243 mmol, 8.1 mol% in 2 ml 

DMF), Bipy (38.0 mg, 0.243 mmol, 8.1 mol% in 2 ml DMF), 

TEMPO (38.5 mg, 0.246 mmol, 8.2 mol% in 2 ml DMF) and 

NMI (38 μl, 0.64 mmol, 16 mol%) to a stirred solution of (E)-2,3-bis(4-

bromobenzyl)but-2-ene-1,4-diol (5hh) (1.28 g, 3.00 mmol) in DMF (6 ml). On addition 

of all reagents, O2 was bubbled into the solution. After 7 minutes, the solution was 

clear green however TLC analysis indicated that the starting material remained, so was 

redosed with [Cu(MeCN)4]BF4 (76.0 mg), Bipy (38.0 mg) and TEMPO (38.0 mg) and 

monitored until TLC analysis showed formation of the aldehyde until TLC analysis (2:1 

EtOAc:Hexane) showed complete conversion to the dialdehyde (Rf = 0.76). The 

reaction mixture was quenched by washing the mixture into a separatory funnel with 

EtOAc (20 ml), and quenched with aqueous 1M HCl (2 x 20 ml) then water (2 x 20ml). 

The aqueous was then re-extracted extracted with EtOAc (20 ml), the organic fractions 

combined and washed a final time with 1M HCl (20 ml). The combined fractions were 

then dried with MgSO4, filtered and concentrated under reduced pressure giving a 

yellow solid that required no further purification (859 mg, 2.80 mmol, 94%), m.p. 135-

136 oC, IR (Solid ATR) νmax/cm-1 3333, 2979, 2941, 2913, 2875, 2820, 2769, 1910, 1667, 

1639, 1588, 1561, 1544, 1486, 1449, 1405, 1397, 1321, 1294, 1271, 1247, 1216, 1188, 

1129, 1104, 1072, 1011, 981, 966, 946, 880, 822, 791, 702, 636, 499, 446; 1H NMR 

(400.2 MHz, D6-DMSO) δ 10.43 (s, 2H, H-1), 7.43 – 7.37 (m, 4H, H-6), 7.03 – 6.96 (m, 

4H, H-5), 4.07 (s, 4H, H-3); 13C NMR (100.6 MHz, D6-DMSO): δ 193.0 (CH), 147.1 (C), 

137.0 (C), 132.2 (CH), 130.1 (CH), 121.0 (C), 28.9 (CH2); HRMS (-ESI) calcd. for 

C18H14Br2O2  m/z  418.9288 (M-H), found C18H14Br2O2 m/z 418.9290 (M-H). 

Synthesis of 3-benzyl-2-naphthaldehyde 202 
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BF3.OEt2 (266 μl, 2.15 mmol) was added to a magnetically 

stirred solution of 201a (600 mg, 2.15 mmol) in DCE (8 ml) in a 

flame dried Schleck tube under argon at r.t. The solution was 

then heated to 83 °C on an oil bath until TLC indicated completion.  The solution was 

then cooled to r.t. and quenched with saturated aqueous NH4Cl (10 ml) and extracted 

with Et2O (3 x 15 ml). The combined organic fractions were then concentrated under 

reduced pressure and purified by flash column chromatography (9:1 pentane:ether) 

and the fractions concentrated under reduced pressure giving a off white solid (439 

mg, 82%). Spectroscopic data was in agreement with previously reported data.205 Rf = 

0.55 (7:3 pentane:Et2O); 1H NMR (400.2 MHz, Chloroform-d) δ 10.31 (s, 1H), 8.39 (s, 

1H), 8.00 (d, J = 8.2 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.68 (s, 1H), 7.67 – 7.63 (m, 1H), 

7.57 (ddd, J = 8.0, 6.9, 1.3 Hz, 1H), 7.37 – 7.31 (m, 2H), 7.29 – 7.22 (m, 3H), 4.63 (s, 

2H), 13C NMR (100.6 MHz, Chloroform-d) δ 192.7 (CH), 140.6 (C), 137.7 (C), 136.5 (CH), 

135.8 (C), 132.7 (C), 131.6 (C), 130.5 (CH), 129.4 (CH), 129.3 (CH), 129.1 (CH), 128.6 

(CH), 127.6 (CH), 126.7 (CH), 126.3 (CH), 38.8 (CH2). 

Synthesis of 5,12-dihydrotetracene 27 

BF3.OEt2 (266 μl, 2.15 mmol) was added to a magnetically 

stirred solution of 201a (300 mg, 1.08 mmol) in DCE (4 ml) in a 

flame dried Schleck tube under argon at r.t. The solution was then heated to 83 °C on 

an oil bath until TLC indicated for 5 h. The solution was then cooled to r.t. and the 

crude mixture filtered through a plug of silica with CH2Cl2. The organic filtrate was then 

concentrated under reduced pressure and purified by flash column chromatography 

(4:1 cyclohexane:CH2Cl2) and the fractions concentrated under reduced pressure 

giving an off white solid (130 mg, 51%). Spectroscopic data was in agreement with 

previously reported data.63 Rf = 0.22 (4:1 cyclohexane:CH2Cl2), 1H NMR (400.1 MHz, 

Chloroform-d) δ 7.79 (dd, J = 6.2, 3.3 Hz, 2H), 7.76 (s, 2H), 7.42 (dd, J = 6.2, 3.3 Hz, 2H), 

7.35 (dd, J = 5.5, 3.3 Hz, 2H), 7.22 (dd, J = 5.5, 3.3 Hz, 2H), 4.10 (s, 4H), 13C NMR (100.6 

MHz, Chloroform-d) δ 137.2 (C), 135.9 (C), 132.5 (C), 127.4 (CH), 127.4 (CH), 126.4 

(CH), 125.4 (CH), 125.3 (CH), 37.0 (CH2). 

 



171 
 

Synthesis of tetracene 2 

TiCl4 (238 μl, 2.16 mmol, 1.90 eq.) was added in one portion to 

a stirred solution of 201a (300 mg, 1.13 mmol) in dry CH2Cl2 (4 

ml, c=0.25) at -30 °C. The reaction mixture was then allowed to warm to r.t. over 5 h, 

and stirred for 22 h, at which point NMR of the crude mixture showed complete 

formation of tetracene. The reaction was then quenched with 1:1 acetone:MeOH 

forming a bright orange precipitate and reduced under reduced pressure, washed 

with saturated aqueous NaHCO3 (10 ml), and extracted with DCM (3 x 30 ml) (351 mg). 

The crude was subsequently recrystallized from hot toluene and canulla filtered giving 

bright orange plates (196 mg, 0.860 mmol, 76%). Tetracene can also be purified 

further by sublimation at 225 °C at 4.0×10-2 mbar, m.p. >250 °C; IR (diamond-ATR): 

νmax/cm-1 3043, (pseudo emission 2165, 2027), 1805, 1734, 1696, 1627, 1537, 1493, 

1462, 1386, 1294, 1196, 1164, 1121, 995, 957, 901, 738, 469; 1H NMR (500.2 MHz, 

CS2, insert referenced to D6-DMSO) δ 8.30 (s, 1H), 7.66 (dd, J = 6.6, 3.2 Hz, 1H), 7.08 

(dd, J = 6.6, 3.2 Hz, 1H); 13C NMR (125.8 MHz, CS2, insert referenced to D6-DMSO): δ 

130.9 (C), 129.6 (C), 127.8 (CH), 125.9 (CH), 124.7(CH); HRMS (FDMS) calcd. for C18H12 

m/z  228.0298, found m/z 228.0934.  

CAM-B3LYP/6-31G(d,p) HOMO Eigenvalues and TD-DFT Calculations: 

 

Highest alpha occupied eigenvalue:  -0.20897 

Triplet-A 0.8416 eV 1473.21 nm f=0.0000 S2=2.000 

Singlet-A 2.7478 eV 451.21 nm f=0.1478 S2=0.000 

 

Highest alpha occupied eigenvalue:  -0.21781 

Triplet-A 0.9776 eV 1268.26 nm f=0.0000 S2=2.000 

Singlet-A 2.7267 eV 454.70 nm f=0.1386 S2=0.000 
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Highest alpha occupied eigenvalue:  -0.21132 

Triplet-A 0.8573 eV 1446.24 nm f=0.0000 S2=2.000 

Singlet-A 2.5641 eV 483.53 nm f=0.1497 S2=0.000 

 

Highest alpha occupied eigenvalue:  -0.22915 

Triplet-A 0.9772 eV 1268.81 nm f=0.0000 S2=2.000 

Singlet-A 2.7292 eV 454.29 nm f=0.1450 S2=0.000 

 

Highest alpha occupied eigenvalue:  -0.23504 

Triplet-BU 1.1602 eV 1068.63 nm f=0.0000 S2=2.000 

Singlet-BU 2.8578 eV 433.85 nm f=0.1311 S2=0.000 

 

Highest alpha occupied eigenvalue:  -0.21982 

Triplet-A 1.0019 eV 1237.50 nm f=0.0000 S2=2.000 

Singlet-A 2.7602 eV 449.19 nm f=0.1430 S2=0.000 

 

Highest alpha occupied eigenvalue:  -0.20942 

Triplet-A 1.5316 eV 809.48 nm f=0.0000 S2=2.000 

Singlet-A 3.1035 eV 399.50 nm f=0.1350 S2=0.000 
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Highest alpha occupied eigenvalue:  -0.21467 

Triplet-A 1.6088 eV 770.68 nm f=0.0000 S2=2.000 

Singlet-A 3.2116eV 386.05 nm f=0.1341 S2=0.000 

 

Highest alpha occupied eigenvalue:  -0.21018 

Triplet-A 1.5731 eV 788.15 nm f=0.0000 S2=2.000 

Singlet-A 3.1417 eV 394.64 nm f=0.1231 S2=0.000 
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