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Abstract 

The work detailed in this PhD thesis can be broadly separated into two parts, both focusing on 

the use of certain principles of Green Chemistry in organic synthesis. The aim of the first part 

was to feature catalysis as our major application of Green Chemistry in the formal synthesis of 

the angucycline natural product 1,8-dihydroxy-3-methyltetraphene-7,12-dione, also known as 

tetrangulol. Other principles of Green Chemistry were also integrated as part of our design 

strategy, where possible. 

Previously in our laboratory, a methodology was developed for the synthesis of tetrangulol, 

that involved a PtCl2- and a AuCl3- mediated cycloisomerization as the key step to construct 

the B ring of the angucycline. However, significant amounts of the side product 1,10,12-

trimethoxy-8-methylchrysene were produced. We therefore set out to attempt to improve this 

synthesis of tetrangulol, and in so doing incorporate some principles of Green Chemistry. We 

anticipated using the recently developed carbonyl-olefin metathesis catalyzed by the earth 

abundant FeCl3 as the key step to construct the B ring of tetrangulol. A palladium- catalyzed 

Suzuki-Miyaura coupling reaction was used to synthesize the highly congested, carbonyl-

olefin containing biaryl intermediate 2-[1,4-dimethoxy-3-(2-methylprop-1-en-1-

yl)naphthalen-2-yl]-3-methoxy-5-methylbenzaldehyde. This precursor was then subjected to 

carbonyl-olefin metathesis conditions, in the presence of 27 mol% of FeCl3, to furnish the 

desired tetracyclic core, 1,7,12-trimethoxy-3-methyltetraphene. The unexpected formation of 

quinone 1-methoxy-3-methyltetraphene-7,12-dione was also observed as a side product of this 

reaction, albeit in poor yields. A late-stage C-H functionalization protocol was subsequently 

used to introduce a hydroxyl group, however; this led instead to the unforeseen formation of 

the two chlorocyclinones 2,4-dichloro-11-hydroxy-1-methoxy-3-methyltetraphene-7,12-dione 

and 2,4-dichloro-6-hydroxy-1-methoxy-3-methyltetraphene-7,12-dione, rather than 

tetrangulol. 

The second part of this PhD thesis details the use of cashew nut shell liquid-derived cardanol 

as a bio-renewable feedstock to synthesize a small library of UV-absorbing hydroxy-

xanthones. A ceric ammonium sulfate-mediated oxidation that was developed in our laboratory 

was used to efficiently construct the xanthones, for example 2-methoxy-6-pentadecyl-9H-

xanthen-9-one, from benzophenone intermediates, such as (2,5-dimethoxyphenyl)(2-hydroxy-

4-pentadecylphenyl)methanone. Late-stage oxidation procedures were subsequently used to 

introduce a hydroxyl functionality ortho to the carbonyl moiety of the xanthones, to deliver for 
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example 1-hydroxy-7-methoxy-3-pentadecyl-9H-xanthen-9-one. The hydroxy-containing 

xanthones, as well as benzophenone intermediates, were tested for their UV absorption 

capabilities. Although all compounds tested displayed good UV absorption profiles, the 

hydroxy-xanthone 1-hydroxy-6,7-dimethoxy-3-pentadecyl-9H-xanthen-9-one was found to 

show excellent UV absorption in both the UVA and UVB regions of the UV spectrum with 

molar extinction coefficients of 20320 L mol-1 cm-1 at 290 nm, and 13949 L mol-1 cm-1 at 368 

nm, qualifying it for a broad-spectrum UV protectant.
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CHAPTER 1 

 
1.1 Green Chemistry  

The first major chemical discovery made by mankind was the smelting of rocky ore to release 

copper metal.1 Since then, chemistry has undoubtedly had an enormous impact on the course 

of history over the years. From the futile chasing of gold and immortality by the alchemists of 

more than a thousand years ago, to the eventual transition of alchemy to, and the rise of, modern 

chemistry, enormous strides have been made.  

Following the ‘accidental’ synthesis of urea by Friedrich Wöhler in 1828,2 the first planned 

total synthesis of an organic molecule, acetic acid, was accomplished in 1845 by the German 

chemist Hermann Kolbe.3 Subsequently came the syntheses of a plethora of well-known 

organic molecules such as ethyl alcohol, methyl alcohol, and benzene, among others, by the 

French chemist Berthalot in the 1850s.4 This set the stage for the beginning of organic synthesis 

which would eventually progress and flourish into a discipline with unparalleled respect from 

the other sciences.5 From the manufacture of dyes that revolutionized the textile industry, to 

the synthesis of soaps that improved hygiene practices, organic and chemical synthesis has 

contributed significantly to the many improvements in our way of life.5 Perhaps most important 

of all, is the manufacture of drugs of ever-increasing complexity that have helped tremendously 

in the fight against diseases. 

The problem, however, is that many chemical processes have the potential to cause immediate 

or long term negative impacts on the environment.6-7 A prime example was the surprising and 

yet disturbing discovery by American chemists of the British Antarctic Survey, that the 

springtime levels of ozone in the Antarctic had eroded by 40% between 1977 and 1984.8 To 

put it simply, the ozone layer which is vital to living organisms,9 was in danger of depletion. It 

was later identified that the primary cause of this depletion were chlorofluorocarbons (CFCs) 

generated by industry, and this then led to the establishment of the Montreal Protocol in 1989, 

calling for a reduction in the amounts of CFCs produced.10 Another leading global scientific 

and environmental issue in recent times is that of the global warming effect.11 There are rising 

concerns over the increasing levels of atmospheric greenhouse gases,12 and the negative impact 

that this is having on climate change globally. 
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Chemical disasters differ in their nature of occurrence as well as in their mode of action. A 

prototype of a chemical disaster that had a major immediate impact on humans was the Bhopal 

disaster of 1984, when 30 metric tons of methyl isocyanate was accidentally released into the 

atmosphere. It is reported that 3800 people were killed immediately,13 and the long term effects 

could be seen in the casualties that ran as high as 20,000 over a period of 2 decades.14 

These types of disasters lead to increased pressure among synthetic organic chemists to try and 

minimize the risks to the environment, and yet achieve the desired synthetic products in a cost-

effective manner. In its most simple form, risk can be expressed as: Risk = Hazard × 

Exposure.6 The more traditional option to minimize risk is by minimizing exposure, through 

improved handling, treatment and disposal of chemicals.6 This method however is costly as it 

requires that funds be directed away from research and development, and rather towards the 

proper handling and treatment of chemical waste.15 

Another option is to minimize risk through the elimination of the use of chemicals that are 

likely to cause environmental damage or are known to be toxic to humans, i.e., reducing the 

hazard factor of the risk equation. Hence, new reaction pathways that reduce or eliminate 

substances that are hazardous to human health and the environment, are designed, developed, 

and thereafter, implemented.6, 16 This approach towards organic synthesis is what is most 

commonly referred to as ‘Green Chemistry’.  

The term ‘Green Chemistry’ was first coined in the early 1990s by the US Environmental 

Protection Agency Office of Pollution prevention and Toxins, although it had been in practice 

long before that.7 In 1998, a set of design principles were published by Anastas and Warner in 

their seminal book (Figure 1). These principles are a set of guidelines to help guide chemists 

in the design of more sustainable routes towards the synthesis of chemical compounds.6-7, 16-17  

The focus of this PhD thesis will be mainly on two of the principles of Green Chemistry (refer 

to Figure 1), namely principle 7, The Use of Renewable Feedstock which details the use of 

chemicals which are made from bio-renewable sources, rather than other equivalent chemicals 

originating from finite sources. The second major focus of this PhD thesis is principle 9, 

Catalysis, which details the use of catalytic instead of stoichiometric reagents in reactions.  

While particular emphasis is placed on these Green Chemistry principles in this thesis, other 

principles such as atom economy, reduced use of derivatives, i.e. protecting groups, and less 

hazardous chemical synthesis are aspects that were also considered. 
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The focus of Chapter 1 and Chapter 2 of this thesis will be on the use of catalysts as one of the 

major design principles of Green Chemistry. The use of bio renewable feedstock as another 

major design principle will be the focus of Chapter 3 and Chapter 4 of this thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The twelve principles of Green Chemistry.6-7, 16-17 

1.1.1 Catalysis 

Of the twelve principles of Green Chemistry (see Figure 1), catalysis is often identified as one 

of the most important in the drive towards sustainability at the molecular level.18-19 The use of 

catalysts is significant in achieving several Green Chemistry benefits, one example being 

improved selectivity. In fact, it was in 1968, long before the birth of Green Chemistry, that the 

first ever selective catalyst to promote asymmetric hydrogenation was developed by William. 

S. Knowles.20 The catalyst, Rh-DiPAMP, was used in the first catalytic asymmetric industrial 

synthesis of L-DOPA 1, an amino acid used in the treatment of Parkinson’s disease (Scheme 
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1).20-21 Asymmetric catalytic hydrogenation of acrylic acid 2, followed by deacetylation of the 

amide 3, yields L-DOPA exclusively. In addition to improved selectivity, this synthesis also 

demonstrates improved waste reduction due to the lesser number of steps required in the 

synthesis. This pioneering work was recognized by the Nobel Prize in chemistry that was 

awarded in part to Knowles in 2001.20 He shared this award with Ryoji Noyori for his work on 

catalytic asymmetric hydrogenations,22 and with Barry Sharpless for his work on catalytic 

asymmetric oxidations.23 

 

Scheme 1: Catalytic asymmetric synthesis of L-DOPA using Rh(DiPAMP). 

The use of catalysts also helps in promoting waste reduction. The amount of waste generated 

in a chemical process per kilogram of product produced can be measured by the environmental 

(E) factor introduced by Roger Sheldon.24 The E factor takes into account all the reagents as 

well as solvents that are used in the chemical process, and of which the atoms thereof are not 

incorporated into the final product. The more the number of steps in a chemical process, the 

more waste that is generated, and therefore, the higher will be the E Factor for that process. 

Ideally, a green reaction must have an E factor of zero.24-25  

As an example, the traditional synthesis of the drug ibuprofen required six stoichiometric 

steps, with the first step utilizing the environmentally undesirable AlCl3.
26 The amount of waste 

generated in this process was immense. An improvement in this synthesis was made by the 

Bausch Health Companies (BHC), in which liquid HF is used as both the catalyst as well as 

the solvent in the acetylation of 4, and is recovered and recycled with a 99% efficiency.27 

Ibuprofen 5 is formed in two steps thereafter, which comprise of a catalytic hydrogenation, 

followed by a catalytic carbonylation. As no other solvent is required in the process, and, the 

number of synthetic steps is reduced to three (Scheme 2), with an overall calculated atom 
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economy of 77%,19, 28 consequently the E factor is significantly less than that of the 

conventional process. 

 

Scheme 2: Synthesis of ibuprofen using HF as the catalyst.  

Additionally, catalysts often result in reduced energy consumption. An illustration of this 

would be in the synthesis of propylene glycol 6 from glycerol 7 (Scheme 3). The process 

mechanism involves the initial dehydration of glycerol 7, followed by the hydrogenation of the 

resulting intermediate acetol 7a. The conventional process involves hydrogen pressures of 10 

MPa and a reaction temperature of 350 °C for the hydrogenation step.15, 29 The use of a copper-

chromite catalyst, which is recyclable, however, allows the reaction to be carried out under a 

significantly reduced hydrogen pressure of 1.4 MPa and a lower reaction temperature of 200 

°C,15, 29 resulting in substantially less overall energy consumption. 

 

Scheme 3: Synthesis of propylene glycol from glycerol. 

As a result of the advantages gained when using catalysts, they have now become an integral 

part of several important organic reactions, such as C-C bond forming reactions. One such 

example is the olefin metathesis reaction for which Chauvin, Grubbs and Schrock received the 

Nobel prize in 2005. The catalytic olefin metathesis reaction was recognized by the Royal 

Swedish Academy of Sciences as contributing to “greener” chemistry.30 

1.2 General introduction to olefin metathesis 

Olefin metathesis consists of the mutual exchange of alkylidene groups that takes place 

between substituted alkenes, in the presence of catalytic amounts of metal alkylidene 
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catalyst.31-32 This reaction was initially discovered in 1964 by Natta et al.,33-35 and later 

developed into the synthetically versatile method of forming C-C bonds that it is today. 

Depending on the substrates used, and on the reaction conditions, different types of olefin 

metathesis can be affected, as showcased in Figure 2, leading to its astonishingly wide range 

of applications. Ring-opening metathesis polymerization (ROMP) and acyclic diene metathesis 

polymerization (ADMET) are mostly used in industry for the synthesis of polymers.36 Widely 

employed in organic synthesis, however, is the ring-closing metathesis (RCM), as well as cross 

metathesis (CM).37 

 

Figure 2: Types of metathesis reactions. RCM = Ring-closing metathesis, ROM = Ring-

opening metathesis, ROMP = Ring-opening metathesis polymerization, ADMET = Ayclic 

diene metathesis polymerization, CM = Cross metathesis. 

The success of olefin metathesis in industry and in organic synthesis is due partly to the 

availability of the highly active alkylidene catalyst systems. Initially, the first class of catalysts 

for metathesis, referred to as “Ziegler-Natta type” catalysts, included transition metal salts 

combined with main group organometallic compounds.31-32 Although generally very active, 

these catalysts displayed poor functional group tolerance, which limited their application in 

organic synthesis.31-32 Important advancements in catalyst development later led to the 

introduction of stable alkylidene-metal complexes as catalysts. Although quite a number of 

transition metal complexes have been investigated as potential catalysts for olefin metathesis,38 

the most popular of these include ruthenium-based Grubbs first and second generation 

catalysts, molybdenum-based Schrock catalyst, and the second generation Hoveyda-Grubbs 
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catalyst.39 Of importance was that these catalysts were soluble in organic solvents and hence 

were characterizable homogenous catalysts. In particular, the ruthenium-based catalysts have 

received much attention as a result of their wide tolerance for a variety of functional groups.38  

1.2.1 Mechanism of olefin metathesis 

It is now generally accepted that olefin metathesis follows the “Chauvin mechanism”, 32, 39 

which was first proposed by Chauvin and Herisson in 1970.40 The mechanism, which is shown 

in Figure 3, consists of a reversible formal [2+2] cycloaddition of an olefin, e.g. 8, with a metal 

carbene catalyst, resulting in the formation of a metallacyclobutane intermediate 8a. This is 

followed by a reversible formal [2+2] cycloreversion, generating the metal-alkylidene 8b. A 

second reversible formal [2+2] cycloaddition ensues, this time intramolecular, followed by a 

subsequent formal [2+2] cycloreversion to deliver a new olefin 9.  

 

 

Figure 3: Ring-closing olefin metathesis catalytic cycle. 

1.2.2 Ring-closing alkene metathesis 

Due to its versatility, alkene ring-closing metathesis has been used widely in the synthesis of a 

wide array of ring systems, including aromatic and heterocyclic rings, and therefore features in 
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several natural product syntheses.37, 39 As an example, de Koning and coworkers from our 

laboratories used a Grubbs-II catalyzed olefin ring-closing metathesis of 10 as the key step to 

form the central aromatic ring of the core 11a of the natural product rebeccamycin 11 (Scheme 

4).41 This was one of the first examples of the use of metathesis in the construction of a 

polyaromatic system.41 

 

Scheme 4: Synthesis of an aromatic ring using a ring-closing alkene metathesis. 

Olefin metathesis has therefore found great use in the formation of C-C bonds in the petroleum, 

pharmaceutical, agricultural, and materials industry.42 The related carbonyl-olefin metathesis 

reaction has been, however, considerably less developed, and hence not applied as widely in 

industry. It has nevertheless gained some interest towards its development in recent years due 

to its potentiality to have a similar impact on synthetic strategies as the olefin metathesis.43 

1.3 Carbonyl-olefin metathesis 

The exchange reaction between an alkene and a carbonyl compound, to yield a new olefin and 

a new carbonyl compound, is described as a carbonyl-olefin metathesis (Scheme 5).  

 

Scheme 5: General scheme for a carbonyl-olefin metathesis reaction. 
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The first example, albeit an accidental one, of carbonyl-olefin metathesis, was reported in 1963 

by Scharf and Korte.44 During their investigation of the photodimerization of norbornene 12, 

small amounts of benzophenone were introduced to function as photosensitizers (Scheme 6). 

This led instead to the photoinduced formation of oxetane 12a (a Paternò-Büchi reaction), the 

structure of which was confirmed by acid-induced cleavage, in the event generating the 

fragmented product 13. This is representative of a ring-opening carbonyl-olefin metathesis.45 

  

Scheme 6: Ring-opening carbonyl-olefin metathesis by Scharf and Korte.  

Following this, in 1973, Jones and his team investigated the formation of carbonyl-olefin 

metathesis products via the thermal cleavage of oxetane photoadducts.46 The oxetane 

intermediates were heated to temperatures of 280-300 °C (!), inducing pyrolysis and thus 

generating carbonyl-olefin metathesis products. In 1975, the same team employed the sequence 

of photolysis-pyrolysis for carbonyl-olefin metathesis in the synthesis of long chain enals.45, 47 

Over the years, a number of research groups have investigated and explored this methodology 

for carbonyl-olefin metathesis, however, its use in industry and organic synthesis has remained 

very limited.45 The lack of functional group tolerance as a result of the very high temperatures 

required for pyrolysis of the oxetane intermediates limited its practicality in synthesis.  

Subsequent developments led to the introduction of non-catalytic, metal-alkylidene-mediated 

carbonyl-olefin metathesis. This method consists of two different strategies (Scheme 7).45 

Strategy I involves the formal [2+2] cycloaddition between a metal alkylidene 14 and an olefin 

15 to generate the metallacyclobutane intermediate 14a. This then undergoes a formal [2+2] 

cycloreversion to generate the new metal alkylidene 14b, which takes part in a carbonyl 

olefination with carbonyl 16 to generate olefin 17, and metal-oxo byproduct 18 which prevents 

catalyst turnover. This strategy was utilized, for example, by Grubbs and Stille in the synthesis 

of the natural product (±)-Δ (9,12)-capnellane, using a titanium-based alkylidene reagent.48  
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Scheme 7: Strategy I and II for metal alkylidene mediated carbonyl-olefin metathesis. 

Strategy II, on the other hand, involves an initial carbonyl olefination between the metal 

alkylidene 14 and carbonyl 16 to generate metal-oxo byproduct 18 and alkene intermediate 19. 

This is then followed by an olefin metathesis between alkene 15 and alkene intermediate 19 to 

generate olefin 17. This strategy hence requires excess amounts of the metal alkylidene reagent, 

and was applied by Nicolaou et al. in the synthesis of cyclic enol ethers from olefins and 

esters.49  

Despite featuring in some natural product syntheses, the use of stoichiometric and, in the case 

of strategy II, super-stoichiometric amounts of metal alkylidene reagents renders this approach 

highly atom uneconomical. 

A significant breakthrough in the arena of carbonyl-olefin metathesis occurred in 2012 through 

the contributions made by Lambert and co-workers, in the form of a symmetric hydrazine 

organocatalyst.50 This was the first ever effective carbonyl-olefin metathesis catalyst to be 

developed. Their strategy centres on the use of a thermally allowed [3+2] cycloaddition, rather 

than the symmetry forbidden [2+2] cycloaddition employed in normal metathesis reactions. As 

for the reaction scope, the team reported the successful ring-opening carbonyl-olefin metathesis 

between various cyclopropene derivatives 20 bearing O-linkages as well as thioethers, and aryl 

aldehydes 21 bearing alkyl substituents as well as electron-withdrawing substituents, in the 

presence of hydrazine organocatalyst 22 in its bis-hydrochloride form.50 
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Scheme 8: Ring-opening carbonyl-olefin metathesis catalyzed by a hydrazine 

organocatalyst. 

The mechanistic rationale, which was supported by computational and mechanistic studies, 

involves an initial condensation of the hydrazine catalyst 22 with the aldehyde 21 to generate 

an azomethine imine salt 24 (Figure 4).50-51 A 1,3-dipolar cycloaddition of the azomethine 

imine derived from 24 with the alkene substrate 20 generates a pseudosymmetric pyrazolidine 

cycloadduct 25, which undergoes a ring strain relieving [3+2] cycloreversion to generate the 

new azomethine imine salt 26. Hydrolysis of 26 yields the aldehyde product 23 and regenerates 

the hydrazine catalyst 22.  

 

Figure 4: General catalytic cycle for an organocatalyzed carbonyl-olefin metathesis.50 
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However, the stability of the five membered cycloadduct 25 compared to the less stable, four 

membered ring intermediates 12a and 14a, renders this method applicable only for highly 

strained alkene substrates that can destabilize the cycloadduct intermediates.45 Nevertheless, 

ongoing research by the Lambert group is being focused on the development of a hydrazine 

organocatalyst that would allow for the use of less strained substrates.52 Lambert and co-

workers have also reported the successful formation of 2H-chromenes,53 and 1,2-

dihydroquinolines,54 through organocatalyzed ring-closing carbonyl-olefin metathesis. 

1.3.1 FeCl3-catalyzed carbonyl-olefin metathesis 

In their studies towards the synthesis of carotol sesquiterpenes in 1971, Demole et al. 

discovered the formation of an oxetane intermediate 27, mediated by the reaction of ketone 28 

with SnCl4 (20 mol%, Scheme 9i).55 A few years later, Snider and his team realized the 

potential of Lewis acids for mediating carbonyl-olefin metathesis, when they subjected the 

same ketone 28 to a stoichiometric mixture of MeAlCl2/Me2AlCl, and obtained the metathesis 

product 29, via oxetane intermediate 27 (Scheme 9ii).56 Although there have been several 

reports in this area since then, Lewis acid-catalyzed carbonyl olefin metathesis has only been 

actively pursued in recent years. 

 

Scheme 9: Earliest examples of Lewis acid-mediated carbonyl-olefin metathesis. 
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Building on the work done earlier by Bickelhaupt,57 Khripach,58 and Schmalz,59 Schindler and 

coworkers in 2016 described an FeCl3-catalyzed carbonyl-olefin ring-closing metathesis 

protocol.60 The use of iron, an environmentally benign and abundant metal, as a catalyst, 

represents a major advancement in carbonyl-olefin metathesis. This catalyzed reaction would 

prove to be more tolerant of a variety of functional groups, requires milder reaction conditions 

and is therefore operationally simple.45, 61  

The design principle for such a Lewis acid catalyzed system was based on the in situ formation 

of an oxetane intermediate (Scheme 10).60 This differs from the oxo-metallacyclobutane 

intermediate that is formed as part of the transition metal-mediated carbonyl-olefin metathesis, 

and which fragments to yield a very stable metal-oxo complex that prevents catalyst turnover. 

In contrast, the oxetane intermediate undergoes fragmentation directly to yield the new olefin 

and carbonyl compound, releasing the Lewis acid, thus allowing the reaction to proceed 

catalytically.  

 

Scheme 10: Formation of oxetane intermediate using a Lewis acid as a catalyst for 

carbonyl-olefin metathesis. 

This design principle requires a potent catalyst that would be able to promote both a formal 

[2+2] cycloaddition as well as a formal [2+2] cycloreversion, hence promoting both oxetane 

formation as well as fragmentation. It was hypothesized that metal-based Lewis acids could 

best achieve this essentially by activating the carbonyl component and yielding the desired 

oxetane intermediate.60 After the screening of a variety of potential Lewis acid catalysts, it was 

found that FeCl3 gave the desired metathesis products in excellent yield and with minimal side 

products.60 Although initially, this was attributed to the high Lewis acidity and oxophilicity of 

FeCl3, further investigations proved that there is something unique about the inherent reactivity 

of FeCl3 towards carbonyl-olefin metathesis rather than competing side reactions.62 

  



Chapter 1 – Green Chemistry, Catalysis, and Angucyclines 

 

14 
 

1.3.2 Mechanism of FeCl3-catalyzed carbonyl-olefin metathesis 

Based on computational, kinetic, and synthetic experiments, two possible mechanisms, 

concerted (Figure 5) or stepwise (Figure 6), have been proposed depending on the metathesis 

substrates.60-61, 63-64 Prenylated substrates undergo the concerted mechanism, which involves 

initial coordination of a carbonyl- and olefin- containing substrate 30 to iron(III) to form an 

activated Lewis acid complex 31. This complex undergoes a concerted asynchronous [2+2] 

cycloaddition to yield a reactive oxetane intermediate 32, which then undergoes a concerted 

asynchronous [2+2] cycloreversion leading to a new olefin 33 and carbonyl product 34, and 

ultimately regenerating the FeCl3 catalyst.60, 63  

 

Figure 5: Proposed concerted mechanism for iron(III)-catalyzed carbonyl-olefin 

metathesis.63 

The alternative, stepwise pathway, which is followed by styrenyl substrates, involves initial 

coordination of the substrate 35 to iron(III) to generate a Lewis acid adduct 36 (Figure 6). The 

olefin moiety of the substrate can then undergo an intramolecular nucleophilic attack on the 

activated carbonyl component on either face to generate cis 37a and trans 37b carbocycles.60, 

63 It is only the cis 37a carbocycle that can proceed further to undergo an intramolecular 
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trapping of the carbocation to generate the reactive oxetane intermediate 38.60, 63 The trans 37b  

carbocycle is non-reactive as intramolecular trapping of the carbocation would be 

geometrically improbable.61 The oxetane intermediate 38 undergoes an iron(III)-mediated ring-

opening to generate a carbocation intermediate 39 which, upon hydrolysis, yields the carbonyl-

olefin metathesis products 40 and 41.  

 

Figure 6: Proposed stepwise mechanism for iron(III)-catalyzed carbonyl-olefin 

metathesis.63 

1.3.3 Scope of the FeCl3-catalyzed carbonyl-olefin metathesis 

To establish the scope of the FeCl3-mediated metathesis, initial studies were conducted on β-

keto esters 42.60 Under optimal reaction conditions, these substrates resulted in the successful 
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formation of five- and six-membered rings 43 (Scheme 11). The iron(III)-catalyzed metathesis 

reaction demonstrated an excellent tolerance to a variety of arene functional groups bearing 

both electron-withdrawing as well as electron-donating substituents. A wide tolerance of 

various olefinic substituents was also observed; however yields generally decreased with 

styrenyl olefin substrates.  

 

Scheme 11: Formation of 5 and 6 membered rings via iron(III)-catalyzed carbonyl-olefin 

metathesis.60 

In 2016, Li and coworkers also reported the use of iron(III)-catalyzed carbonyl-olefin 

metathesis  for the formation of five- and six-membered rings.64 Five-membered rings were 

generally obtained in high yields of 71-84%. Six-membered rings however were formed with 

a lower efficiency compared to five-membered rings, with yields obtained averaging at about 

50%.  The construction of nitrogen-containing heterocycles was also investigated and it was 

found that 2,5-dihydropyrrole products 44a-d were synthesized generally in good yields from 

carbonyl- and olefin- containing precursors 45, provided that allyltrimethylsilane, the exact 

function of which was not clear, is used as an additive (Scheme 12).64  

 

 

Scheme 12: Formation of five-membered, nitrogen-containing heterocycles using 

iron(III)-catalyzed carbonyl-olefin metathesis.64 

In 2017, the formation of polycyclic aromatic compounds 46 (PACs) using iron(III)-catalyzed 

carbonyl-olefin metathesis was investigated by McAtee et al. (Scheme 13).65 Investigation of 
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the two reaction partners revealed that the olefin moiety of the substrate 47 readily reacts 

intramolecularly with a variety of substituted aryl-ketones, sterically and electronically 

differentiated, as well as aryl aldehydes to form the corresponding PACs in good yields.  

 

Scheme 13: Formation of PACs via FeCl3-catalyzed carbonyl-olefin metathesis.65 

In 2018, Schindler and coworkers demonstrated the successful formation of chiral 3-

pyrrolines,66 as well as tetrahydronaphthalenes,67 using FeCl3-catalyzed carbonyl-olefin 

metathesis. This catalyzed reaction has thus, in a short period of time, proved its versatility by 

being used in the synthesis of various scaffolds, some of them important structural motifs that 

are used in the synthesis of biologically active natural products.66-68  

Most importantly, this strategy has been used to replace the previously harsh conditions that 

have been used to synthesize these motifs, with the much milder reaction conditions that FeCl3-

catalyzed carbonyl-olefin metathesis employs. Furthermore, the use of iron, an earth abundant 

and benign metal, as a catalyst, is in definite conjunction with Green Chemistry principles. 

Iron(III)-catalyzed carbonyl-olefin metathesis reaction therefore displays promising utility 

particularly in the synthesis of complex biologically active molecules. For the purposes of this 

PhD thesis the well-known polyaromatic class of compounds that were targeted for synthesis 

using the iron(III)-catalyzed carbonyl-olefin metathesis reaction were the angucyclines. An 

introduction to this class of compounds is given below, followed by our strategy for the 

synthesis of the angucyclines utilizing the carbonyl-olefin metathesis reaction as a key step. 

1.4 Introduction to angucyclines 

In the year 1966, a new type of natural product bearing interesting biological properties derived 

from microorganisms of the genus Streptomyces was defined, and much later given the names 

‘angucycline’ and ‘angucyclinone’.69-70 The angucycline/angucyclinone class of natural 

products all share the common structural feature of an unsymmetrical tetracyclic 

benz[α]anthracene moiety 48 (Figure 7), which is derived biosynthetically from a decaketide 
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chain.69 The first of these natural products to be discovered was tetrangomycin 49 in 1965,71 

which was isolated from cultures of a variant strain of Streptomyces rimosus, and tetrangulol 

50, which is coproduced with tetrangomycin by the same organism, in 1966.72 Subsequently, 

the structure of ochromycinone 51 was published in 1967,73 followed by rabelomycin 52 in 

1970.74 These early published structures are all examples of ‘angucyclinones’ as they do not 

possess hydrolysable sugar moieties as part of their structure.  

 

Figure 7: Benz[α]anthracene backbone and the structures of tetrangomycin, tetrangulol, 

ochromycinone, and rabelomycin. 

Also in 1970 came the publication of the structure of aquayamycin 53 (Figure 8), the first 

angucyclinone containing a non-hydrolysable sugar moiety.75 Although an angucyclinone, 

aquayamycin serves as the parent compound for a large group of glycosidic angucyclines. 

Angucyclines, in contrast to angucyclinones, possess a hydrolysable sugar moiety. A well-

known set of examples being the landomycins, discovered in 1990, which comprise of 

compounds containing a hydrolysable saccharide component chemically attached to the 

benz[α]anthracene skeleton by means of a C-glycosidic linkage.76 The structure of landomycin 

A 54 is shown in Figure 8. 



Chapter 1 – Green Chemistry, Catalysis, and Angucyclines 

 

19 
 

 

Figure 8:  Chemical structures of aquayamycin and the carbohydrate rich landomycin A. 

 

1.4.1 Biological properties of angucyclines 

The large number of publications related to the synthesis and biological properties of 

angucyclines highlights the interest of biologists as well as synthetic chemists in this group of 

natural products. This is because angucyclines are rich in biological activities.69, 77 Not only 

have they been found to have antibacterial properties, some angucyclines also act as 

hydroxylase and mono oxygenase inhibitors, as well as inhibitors of platelet aggregation.69 In 

addition, angucyclines exhibit very interesting cytotoxic properties.77 The landomycins belong 

to the most active angucycline group of anti-cancer drugs.77 Landomycin A 54 promotes 

disruption of the cell cycle, and has shown promising activity against prostate cancer cell 

lines.78 Landomycin E exhibits potent anti-cancer properties against multiple drug resistant cell 

lines by acting as an inducer of apoptosis in these cells.77, 79 Jadomycins, a group of 

glycosylated, polyketide-derived angucyclines, are known to be involved in DNA cleavage of 

cancerous cells and have been found to be active against breast cancer cell lines.80-81 

Kinamycins, originally isolated from Streptomyces murayamaensis, are a unique group of 

angucycline antibiotics that are endowed with a diazo group, and a five-membered ring (ring 

B).77 The kinamycins have also received much attention as a result of their ability to disrupt 

the cell cycle and bring about anti-proliferation of affected, cancerous cells.82 
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1.4.2 Biosynthesis of the benz[α]anthracene framework 

Angucyclines are biosynthesized by means of the polyketide-derived biosynthetic pathway.77 

The enzyme Type II polyketide synthase (PKS) plays a major role in this pathway as it is 

responsible for the synthesis of a decaketide intermediate (Figure 9) from which the 

benz[α]anthracene framework is generated. PKS utilizes acetyl CoA as the starter unit and 9-

malonyl CoA as an extender unit to synthesize the decaketide backbone.77 Depending on the 

nature of the angucycline, there are two different routes leading to the formation of 

benz[α]anthracenes. The first, most common, route (Figure 9, route 1) proceeds via the 

decaketide intermediate 55 which folds in an angular fashion, bringing about ring-closing 

reactions that lead to a benz[α]anthracene moiety.83 The alternative route involves the 

formation of an anthracyclinone intermediate 56 from the decaketide backbone 57. The 

anthracyclinone then undergoes an oxidative disconnection at the bond between C10a and C11, 

possibly through a pathway specific Baeyer-Villiger oxygenase, and eventually a 

rearrangement and recyclization to generate the benz[α]anthracene moiety.84 

 

Figure 9: Benz[α]anthracene synthesis via route 1 or route 2 of the polyketide biosynthetic 

pathway.77 

 

1.4.3 Chemical synthesis of angucyclines  

The synthesis of tetrangulol 50, ten years after it was first discovered, marked the first total 

synthesis of the angucyclinone natural product.85 Since then, due to the wide range of biological 

activities exhibited by angucyclines, a lot of interest has been enthused in their total synthesis 
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by organic chemists. Numerous strategies have been developed for their synthesis, and these 

can be grouped into five categories as follows; i) Diels-Alder; ii) Nucleophilic addition; iii) 

Friedel-Crafts acylation; iv) Intramolecular cyclization; and v) Transition metal-catalyzed 

strategies. 

1.4.3.1 Diels-Alder strategy 

The Diels-Alder reaction, which was discovered in 1928 by Otto Diels and his then student 

Kurt Alder, has featured in many total syntheses of natural products.86 Following the pioneering 

work in 1987 by Guingant and Barreto in the synthesis of ochromycinone 51,87 several of the 

earlier syntheses of angucycline natural products employed the Diels-Alder reaction as the key 

step in the synthesis of the tetracyclic ring skeleton.  

As an example, Krohn et al. adopted the approach of Guingant and Barreto in the synthesis of 

6-deoxybrasiliquinone 58, the C-3 ethyl analogue of ochromycinone 51 (Scheme 14).88 The 

synthesis of the diene 59 was accomplished in three steps from 5-ethyl-1,3-cyclohexanedione 

60. This was followed by a boron triacetate-mediated Diels-Alder cyclization reaction between 

the chiral racemic diene 59 and juglone 61, to form the B ring of the tetracyclic framework 62 

in a 71% yield as a single diastereomer. This was then followed by an epoxidation using 

dimethyldioxirane to yield the cis epoxide 63 stereoselectively. Aromatization of this epoxide 

was achieved in a modest yield of 26% using boron triacetate, which also caused the acetylation 

of the free hydroxyl group, producing hydroxy-quinone 64. Subsequent hydrolysis, followed 

by photo-oxidation of the intermediate alcohol, generated the desired 6-deoxybrasiliquinone 

58. 
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Scheme 14: Synthesis of 6-deoxybrasiloquinone by Krohn et al.88  

More recently, as a second example, Kaliappan and Ravikumar used the Diels-Alder reaction 

as the key step to construct the B ring, in the synthesis of the angucycline natural product YM-

181741 65 (Scheme 15).89 Ene-yne-containing compound 66 was synthesized in four steps 

from hexenoic acid, and subjected to ene-yne metathesis reaction conditions to construct the 

key diene 67. Diene 67 was then exposed to bromojuglone acetate 68 in the presence of toluene 

at 80 °C to generate an intermediate cycloadduct, which upon treatment with K2CO3 in MeOH, 

underwent an aromatization, generating the angucyclinone skeleton 69.  Photo-oxidation to 

introduce the C-1 carbonyl group, followed by deprotection of the silyl group, yielded the 

desired natural product 65. 
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Scheme 15: Synthesis of YM-181741 by Kaliappan and Ravikumar using a Diels-Alder 

reaction as the key step.89  

Although the construction of the B ring of the tetracyclic framework utilizing the Diels-Alder 

reaction is the most commonly applied strategy, there exist in the literature some examples of 

different modes of disconnections that have been effected. As an example, Suzuki and 

coworkers achieved the total synthesis of tetrangulol 50 using a benzyne-furan cycloaddition 

as the key step to form the C ring of the tetracyclic framework (Scheme 16).90 This strategy 

makes use of benzyne 70 as the dienophile constituting the D ring, and siloxyfuran 71 as the 

diene constituting the AB rings of the tetracyclic framework. Beginning the synthetic sequence 

with tetralone 72, intermediate siloxyfuran 71, which was too moisture sensitive for isolation, 

was generated in five steps. Triflate 73 was added to the mixture containing intermediate 71, 

and after careful addition of n-BuLi, generated benzyne species 70, immediately underwent a 

Diels-Alder cycloaddition with siloxyfuran 71. This produced a mixture of the regioisomeric 

tetracyclic structures 74 and 75 which were too unstable to isolate and purify. Upon oxidation 

with CAN in MeCN and H2O, quinones 76 and 77 were produced in an overall yield of 76%, 

with quinone 76 being the major isomer. Quinone 76 was aromatized by refluxing in 1,4-

dioxane in the presence of DBU, followed by exposure to air. This compound was then 

deprotected by treatment with BBr3 to yield tetrangulol 50 in a moderate yield.90 
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Scheme 16: Synthesis of tetrangulol by Suzuki and coworkers.90  

Despite being widely employed in the synthesis of angucyclines, the Diels-Alder approach is 

not without its challenges. Foremost of these is the common issue of regioselectivity, as well 

as the need for an additional step to aromatize the B ring of the tetracyclic framework. 

Furthermore, often harsh reaction conditions are used in the synthesis of the diene and 

dienophile intermediates. 

1.4.3.2 Nucleophilic addition-type strategies 

Beginning with the first ever synthesis of tetrangulol by Brown and Thomson in 1976,85 inter- 

and intra-molecular nucleophilic addition-cyclization type strategies have since been used in 

the formation of the benz[α]anthracene core. The synthesis of 3-deoxyrabelomycin 78 was 

realized by Kraus and Wu,91 using an inter-molecular Michael addition reaction between 

acetylated naphthoquinone 79 and cyclohexanedione 80 (as the preferred enol tautomer) as the 

key step (Scheme 17). The addition reaction proceeded at room temperature, without a catalyst, 

most likely due to the superior Michael-acceptor properties of naphthoquinone 79. Subsequent 

methylation afforded adduct 81. This was then followed by an intra-molecular Michael addition 

and the subsequent elimination of methanol, in the presence of base and heat, resulting in the 
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formation of the B ring of tetracycle. Subsequent demethylation generated 3-

deoxyrabelomycin 78 in a very modest yield of 17%. 

 

Scheme 17: Synthesis of 3-deoxyrabelomycin by Kraus and Wu.91  

In recent years however, a specific type of Michael addition reaction, the Hauser-Kraus 

annulation, has gained a surge in its use for the formation of the tetracyclic framework of 

angucyclinones. Discovered in 1978,92 the Hauser annulation is generally defined as the 

annulation reaction between a C-3 nucleofugal phthalide (also termed the Hauser donor) and a 

corresponding polarized Michael acceptor, resulting in a naphthalene-1,4-diol, or a 1,4-

napthoquinone. Of the many Hauser donors that are available, the most commonly employed 

are the Hauser donors 82, the Kraus donors 83, and the Kraus-Mal donors 84 (Figure 10), 

although the Kraus donors have shown greater potential in their reactivity and applicability. In 

general, the reaction involves a Michael addition followed by a cyclization between a base 

generated stabilized anion, formed from the substituted phthalide, and the Michael acceptor.  

 

Figure 10: Hauser, Kraus and Mal donors. 

Mal for example, demonstrated the versatility of this method in the synthesis of several 

benz[α]anthraquinones.93 To effect the Hauser annulation, they utilized Hauser donors, and 
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naphthoquinone monoketals, furnishing benz[α]anthraquinones in good yields, demonstrating 

for the first time that phthalide annulation can effectively be used for the synthesis of 

benz[α]anthraquinones of angucyclinones.   

This strategy was again adopted in 2006, due to its regiochemical integrity and convergence, 

as the key step in the synthesis by Mal and Dey, of BE-23254 85, a chlorinated angucyclinone 

natural product possessing antibiotic properties (Scheme 18).94 The Kraus donor 86 was 

prepared in six steps from cyclohexenone 87. Quinone monoketal 88, the Michael acceptor, 

was prepared from 6-methoxytetralone in seven steps. The Hauser annulation between t-BuOLi 

generated stabilized phthalide anion and quinone monoketal 88 generated tetracyclic 

intermediate 89 in a moderate yield of 71%. This is an illustration of the formation of a C ring 

of the benz[α]anthracene framework from AB and D synthons. Aromatization of the A ring of 

tetracycle 89 was achieved using DDQ in refluxing benzene in a modest yield of 43%. 

Demethylation using AlCl3, followed by base catalyzed hydrolysis furnished BE-23254 85. 

 

Scheme 18: Synthesis of BE-23254 by Mal and Dey.94  

In addition to the Hauser annulation, other nucleophilic addition-type strategies have also been 

used in the formation of the benz[α]anthracene moiety. One such example is in the synthesis 

of landomycinone 90 by Roush and Neitz (Scheme 19).95 Their reaction strategy involved the 

use of NaOEt to mediate an intramolecular nucleophilic addition and cyclization reaction of 

substituted naphthoquinone 91, followed by oxidation in air of the resulting hydroquinone, to 

generate the tetracyclic quinone 92. Substituted naphthoquinone 91 was prepared from 

chromium carbene 93 and alkyne 94 using a Dötz benzannulation reaction. Chromium carbene 
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93 was synthesized from a MOM-protected hydroquinone in three steps, whereas alkyne 94 

was prepared from m-cresol in a thirteen-step reaction sequence. Deprotection of the MOM 

and TBS protecting groups of tetracycle 92 furnished landomycinone 90. 

 

 

Scheme 19: Synthesis of landomycinone by Roush and Neitz.95  

Despite the regiochemical integrity associated with the nucleophilic addition-type strategy, the 

key Michael acceptors, and donors, are often tedious to synthesize, often requiring long 

reaction times and sometimes harsh reaction conditions. 

1.4.3.3 Friedel-Crafts reaction strategy 

Although not as popular as the two methods already discussed, the use of the Friedel-Crafts 

reaction in the synthesis of angucyclinones has been demonstrated as early as 1985, for 

example in the synthesis of ochromycinone 51 by Katsuura and Snieckus (Scheme 20).96 Their 

synthesis started with dithiane 95, which in a total of eight steps, generated the substituted 

benzoic acid precursor 96. Exposure of 96 to TFAA in CH2Cl2 mediated an intramolecular 

Friedel-Crafts acylation, resulting in the formation of ring C. This was followed by base 

catalyzed aerial oxidation in methanol, to yield benz[α]anthraquinone 97 in a good yield. To 

introduce the carbonyl group at the C-1 position, selenohydroxylation of 97 yielded an 

intermediate hydroxyselenide which was thereafter oxidized with chromate, and deselenated 
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in the presence of AIBN and Ph3SnH to yield anthraquinone 98. Demethylation using AlCl3 

afforded ochromycinone 51. 

  

Scheme 20: Synthesis of ochromycinone by Katsuura and Snieckus.96  

More recently, Kimura et al. used a Friedel-Crafts acylation reaction in their synthesis of 

prekinamycin 99 to construct the tetracyclic ring system 100 (Scheme 21).97 Biaryl 

benzaldehyde 101 was synthesized using a Suzuki-Miyaura cross coupling reaction of the 

boronic acid 102 with bromo aldehyde 103. Biaryl benzaldehyde 101 was then oxidized to the 

acid 104 in the presence of hydrogen peroxide. An ensuing intramolecular Friedel-Crafts 

reaction in the presence of AlCl3 produced the tetracyclic skeleton 100. Subsequent 

demethylation, followed by hydrazone formation and oxidation yielded the corresponding 

prekinamycin 99 in moderate yields. 
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Scheme 21: Synthesis of prekinamycin by Kimura et al.97  

1.4.3.4 Intramolecular cyclization strategy 

Transition metals such as Co and Au have been used to effect intramolecular cycloaddition 

reactions in the formation of the tetracyclic framework of angucyclines and angucyclinones. 

An example is the synthesis of (-)-tetrangomycin 105 by Groth and coworkers (Scheme 22).98 

The primary step of their synthesis entailed an expedient intramolecular Co mediated [2+2+2] 

cycloaddition of a chiral triyne 106, forming rings A,B, and C of tetracycle 107 in one step. 

The synthesis of the chiral triyne 106 was achieved in a total of eighteen steps. Oxidation of 

tetracycle 107 using Ag(Py)2MnO4 and silica gel, and subsequent deprotection of the MOM 

group generated benz[α]anthraquinone 108. TBS deprotection, followed by a photooxidation 

to insert a C=O group at C-1 afforded (-)-tetrangomycin 105 regioselectively.  
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Scheme 22: Synthesis of (-)-tetrangomycin by Groth and coworkers.98  

Another example is the Sato et al. synthesis of (+)-ochromycinone 51 and (+)-rubiginone B2 

109 (Scheme 23).99 An AuCl3-mediated [4+2] intramolecular cycloaddition of alkynyl enynal 

110 was used as the crucial step, forming rings A and B of tetracycle 111 in one step. Alkynyl 

enynal 110 was prepared in a total of eleven steps with an overall yield of 88%. Tetracyclic 

benz[α]anthracene 111 was oxidized using CAN to yield (+)-rubiginone B2 109, which after 

deprotection with BCl3 furnished (+)-ochromycinone. 

 

Scheme 23: Synthesis of (+)-ochromycinone and (+)-rubiginone B2 by Sato et al.99  

Although intramolecular cyclization strategies establish an impressive ability to form more 

than one ring in one step, the synthesis of the key precursors can be challenging, often requiring 

many synthetic steps to synthesize. 
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1.4.3.5 Transition metal catalyzed cross-coupling strategies 

Of insurmountable significance, especially in the fields of organic synthesis, medicinal and 

process chemistry, as well as in chemical biology, are the transition metal-catalyzed coupling 

reactions that are used to forge new carbon-carbon bonds within and between functionalized 

substrates.100 Of these coupling reactions, the palladium-catalyzed coupling reactions, which 

include the Heck, Suzuki-Miyaura, Sonogashira, Stille, Tsuji-Trost, and the Negishi reactions, 

have been demonstrated particularly to play a significant role in total synthesis, forging bonds 

that lead to complex natural products.  

An example of the use of a palladium-catalyzed cross-coupling reaction as a key step in the 

formation of the tetracyclic framework of angucyclines is the synthesis of C-3’ desmethyl 

analogues 112 and 113 of marmycin A by Ding et al. (Scheme 24).101 Substituted bromo-

naphthoquinone 114 was prepared in an overall six steps reaction sequence. The primary step 

of the synthesis involved an intramolecular Heck coupling reaction of the key intermediate 

114, catalyzed by Pd(OAc)2 to effect the ring closure, forming ring B of tetracycle 115 as a 

single regioisomer. Quinone 115 was used in the following step without purification, where 

ring B was aromatized using DDQ in refluxing benzene generating benz[α]anthraquinone 116. 

Following a series of modifications, involving transamination, and simultaneous C- and N- 

glycosidations, 3-desmethylmarmycin A 112 and its diastereomer 113 were generated in decent 

yields.  

 

Scheme 24: Synthesis of C-3’ desmethyl analogues of Marmycin A by Ding et al.101  
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There is therefore no doubt that palladium-catalyzed cross-coupling reactions have 

considerably advanced the ability of synthetic organic chemists to synthesize complex 

molecular frameworks. Recognizing this potential, the organic research group in our laboratory 

have been especially interested in the use of these coupling reactions as key steps in the 

synthesis of angucycline frameworks. The palladium-catalyzed cross-coupling reaction of 

primary interest in our group is the Suzuki-Miyaura coupling reaction, a brief overview of 

which is given in the next section.  

1.5 Suzuki-Miyaura coupling reaction 

The Suzuki-Miyaura coupling reaction has been developed into a robust and efficient method 

for forming new carbon-carbon bonds.100, 102-103 It comprises of a reaction between organic 

electrophiles such as aryl or alkyl halides, triflates and other pseudohalides, with an 

organoboron compound, in the presence of a base, to yield stereospecific polyene compounds 

as well as biaryl systems.104-105 The first example of a Suzuki-Miyaura coupling reaction 

between alkenylboranes and alkenyl or alkynyl halides was demonstrated by the Suzuki group 

in 1979,104-105 and the first synthesis of unsymmetrical biaryls through the coupling of 

arylboronic acids with haloarenes was demonstrated in 1981.106 In 1992, Suzuki and co-

workers reported conditions for the Suzuki-Miyaura cross-coupling of sterically hindered 

substrates.107 Since then, several developments have been made in terms of improved reaction 

conditions, increasing the range of applicability of this reaction, and rendering it a ubiquitous 

occurrence in the synthesis of pharmaceuticals and natural products.  

The preference of this reaction over others is also as a result of the often mild conditions that 

are used, and the sole generation of non-toxic by-products. Furthermore, the organoboron 

compounds are relatively easy to prepare and handle, and are environmentally benign 

compared to other organometallic reagents.102  

1.5.1 Mechanism of Suzuki-Miyaura coupling reaction 

As with most other cross-coupling reactions, the catalytic cycle of the Suzuki-Miyaura 

coupling reaction is thought to follow the general sequence of oxidative addition, followed by 

a transmetallation, and ending with a reductive elimination (Figure 11). Oxidative addition of 

the aryl or alkenyl halide to the palladium(0) catalyst generates the palladium(II) complex R1-

Pd-X. This is then followed by a transmetallation with the organoborane to form the 

diarylpalladium intermediate R1-Pd-R2, which undergoes a reductive elimination generating a 

biaryl product and regenerating palladium(0) catalyst. Although the exact mechanism of the 
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transmetallation step is still unknown. It is however, generally accepted that to accelerate this 

step, a base is used, and this occurs by either of two pathways.108-109 The base can interact with 

organoborane species, quaternizing the boron atom, and thus making the organic group more 

nucleophilic to exchange with the R1-Pd-X complex, generating the diarylpalladium(II) 

complex R1-Pd-R2 (Path A).108-109 Alternatively, a base-halogen exchange between R1-Pd-X 

and the base takes place, forming an oxo-palladium(II) species which then facilitates an 

intramolecular transmetallation with the organoborane species, generating the 

diarylpalladium(II) complex R1-Pd-R2 (Path B).108-109  

 

Figure 11: Mechanism of the Suzuki-Miyaura cross-coupling reaction.109 

 

1.5.2 Use of the Suzuki-Miyaura coupling reaction in the synthesis of tetrangulol 

The work involving the use of Suzuki cross-coupling reaction in the synthesis of angucycline 

backbone 117 was pioneered in our labs by Myron Johnson, under the supervision of Prof. 

Charles de Koning. The cross-coupling reaction between bromonaphthalene 118 and boronic 

acid 119 was utilized as the most crucial step in order to form a biaryl axis, resulting in the 

formation of biaryl intermediate 120 (Scheme 25).110 The second key step of the synthesis 
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involved a Grubbs-II catalyzed olefin metathesis of intermediate 121 forming ring B of the 

tetracyclic framework 117. However, the drawback with this methodology is that a Wittig 

reaction (highly atom uneconomical!) was used in order to form the alkene precursor 122.   

 

Scheme 25: Synthesis of benz[α]anthracene backbone by Johnson et al.110  

This work was then continued by a former PhD student, Dr Kennedy Ngwira, and later 

developed into a methodology for the synthesis of the angucycline natural product tetrangulol 

50.111 Ngwira et al. used a Suzuki-Miyaura coupling reaction between boronic acid 123 and 

iodo-compound 124 as the key step in forming biaryl compound 125 (Scheme 26).111 Using 

Corey-Füchs methodology, 125 was converted to acetylene intermediate 126, the precursor to 

the second key step of this synthesis. A PtCl2- or a AuCl3-catalyzed cycloisomerization was 

subsequently used to construct the B ring of tetracyclic framework 127, the precursor to 

tetrangulol.  
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Scheme 26: Key steps in the synthesis of tetrangulol by Ngwira et al.111  

However, the cost of PtCl2 or AuCl3 renders this method highly inefficient, especially for large 

scale synthesis. This inefficiency is further elaborated by the lack of selectivity of the key 

cycloisomerization step, as can be seen from the side product 128 which formed in a 1:0.5 ratio 

of 127:128. An improved synthetic strategy was therefore necessitated. 

1.6 Aim and objectives 

Therefore the aim of the first part of this PhD was to attempt to improve the efficiency of the 

methodology developed in our laboratory (Scheme 26) to synthesize the angucycline 

tetrangulol, and apply principles of Green Chemistry in so doing, where possible. One crucial 

way that we anticipated to achieve this was to use the much milder, environmentally benign, 

FeCl3-catalyzed carbonyl olefin metathesis described in section 1.3 to construct the B ring of 

the tetracyclic framework of tetrangulol. We also envisaged using the palladium-catalyzed 

Suzuki-Miyaura coupling reaction as a key reaction in bringing together the A and CD rings of 

the benz[α]anthracene scaffold. This would essentially enable us to incorporate Green 

Chemistry principle 9 i.e. Catalysis into our synthetic strategy. Additionally, we expected to 

reduce the number of derivatives in terms of protecting groups by starting the synthesis with 

naphthoquinone rather than the more commonly used juglone, thus integrating principle 8. It 

was envisaged that the oxygen at C-8 would be introduced at a later stage by C-H 

functionalization, a rather risky move, but nonetheless one that would promote step-wise 
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economy. Principles 1 and 12, i.e. preventing waste in the first place which is better than 

cleaning up waste, and, the use of inherently safer chemicals for accident prevention were also 

aspects that were considered in our synthetic strategy. 
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CHAPTER 2 

 

2.1 Overview 

Our initial foray into the construction of the angucycline natural product tetrangulol began with 

a simple model study, the primary aim of which was to investigate the use of carbonyl-olefin 

metathesis to construct the tetracyclic framework of angucyclines. This will be discussed in the 

first part of this section. Thereafter, our attempts towards the formal synthesis of tetrangulol 

are described. 

2.2 Model study on the synthesis of a benz[α]anthracene skeleton  

Initially, we selected biaryl compound 129 as our target molecule to be subjected to carbonyl-

olefin metathesis conditions. In a forward sense, we anticipated that this would lead to the 

desired benz[α]anthracene skeleton 117b. Biaryl compound 129 could in turn be prepared by 

means of an olefin isomerization of intermediate 120b, which, adopting the same strategy as 

previously used in our laboratory, was to be furnished by means of a Suzuki-Miyaura coupling 

reaction between allyl-bromonaphthalene 118 and boronic acid 119b (Scheme 27).  

 

Scheme 27: Retrosynthetic strategy for the formation of a benz[α]anthracene skeleton 

2.2.1 Synthesis of allyl-bromo-dimethoxynaphthalene 118 

Our model study began with the synthesis of the ally-bromonaphthalene 118 (Scheme 28). 

This was initiated by the oxidative bromination of naphthol 130 to 2-bromo-1,4-
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naphthoquinone 131 in the presence of NBS and aqueous AcOH, following literature 

precedent.112 This reaction proceeded smoothly to yield the desired quinone 131 as a yellow 

solid in a good yield. Care was taken not to expose the crude product to silica gel for a 

prolonged period of time as this resulted in significant discoloration of the quinone. The 

characteristic quinone carbons were observed in the 13C NMR spectrum at δ 182.2 and 177.6 

ppm, confirming the oxidation of naphthol 130. The 1H NMR spectrum was identical to that 

described in the literature for quinone 131.113 

 

 

Scheme 28: Synthesis of allyl-bromonaphthalene intermediate 118 

The next step involved the Kochi-Anderson114 allylation of bromonaphthoquinone 131 

(Scheme 28). This reaction proceeds by way of a two-step mechanism involving, initially, a 

persulfate/silver(I)-mediated decarboxylation of 3-butenoic acid, in aqueous MeCN, to 

generate an intermediate ally radical. The radical then reacts with 2-bromonaphthoquinone 131, 

generating ally-naphthoquinone 132115 in a decent yield of 70%. 1H NMR spectral analysis 

established the presence of an allyl group by the appearance of four new 

signals. The two protons at H-1′ were observed at δ 3.61 ppm, split into 

a doublet of triplet, whereas proton H-2′ appeared further downfield at 

δ 5.85 ppm as a peak split into a doublet of doublet of triplets. The two 

olefinic protons at H-3′ were observed as separate signals at δ 5.26 and 

5.14 ppm. This was complemented by the 13C NMR spectrum which showed the appearance 

of two new peaks in the aromatic region, and a peak at δ 35.4 ppm representing C-1′. 
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With the synthesis of allyl-bromonaphthalene 118 in mind, naphthoquinone 132 had to be 

reduced to a 1,4-dihydroxynaphthalene intermediate, followed by protection as the di-O-

methyl ethers. This was accomplished using an aqueous solution of sodium dithionite to 

generate an unstable hydroxynaphthalene intermediate. The hydroquinone was immediately 

deprotonated with an aqueous solution of KOH, and then O-alkylated using Me2SO4. The 

reaction proceeded satisfactorily to furnish allylated-1,4-dimethoxynaphthalene 118116 in a 

good yield of 87%. In agreement with literature, the presence of methoxy groups was verified 

by 1H NMR spectral analysis that showed the appearance of two singlet peaks, each integrating 

for 3 protons at δ 4.02 and 3.96 ppm. The disappearance of the highly deshielded quinone 

carbon peaks from the 13C NMR spectrum, and the appearance, instead, of peaks at δ 150.9 and 

150.1 ppm representing ArC-OMe carbons, further established the successful reduction and 

protection of the quinone carbons. In addition, peaks at δ 62.5 and 61.1 ppm were observed 

which are representative of methoxy group carbons. 

 2.2.2 Synthesis of biaryl compound 129 

Having successfully synthesized intermediate 118, the stage was now set for the union of 

commercially-available formyl-boronic acid 119b and intermediate 118 to form biaryl 

naphthalene 120b (Scheme 29). A 2-formylphenyl-boronic acid was chosen, as it would 

provide the requisite aldehyde appendage to perform a carbonyl-olefin metathesis. The union 

of the two fragments was undertaken by means of the highly versatile Suzuki-Miyaura coupling 

reaction utilizing conditions that have previously been successful in our group.110 In the 

presence of Pd(PPh3)4 as a catalyst, and aqueous Na2CO3 as a base, the reaction was allowed 

to proceed. Purification by silica gel column chromatography generated biaryl compound 

120b110 in an acceptable yield of 60%. The presence of a deshielded signal, in the 1H NMR 

spectrum, at δ 9.58 ppm representing an aldehyde proton, as well as the appearance of three 

singlets at δ 3.89, 3.86, and 3.37 ppm representing the three methoxy group protons, proved 

the successful union of the two fragments. This was well corresponded to by the 13C NMR 

spectrum which showed the appearance of a carbonyl peak at δ 192.1 ppm, and three signals 

at δ 62.4, 61.1, and 55.5 ppm corresponding to the three methoxy group carbons.  
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Scheme 29: Synthesis of biaryl compound 120b via Suzuki-Miyaura coupling. 

We then anticipated that exposing biaryl compound 120b to KOtBu would isomerize the 

double bond in order to deliver the desired carbonyl-olefin containing compound 129, which 

would serve as the precursor to our key carbonyl-olefin metathesis. Our attempts at this 

reaction, however, were unsuccessful. Upon NMR spectral analysis of the sample obtained 

after the reaction, it was noted that the aldehyde peak was missing. We then concluded that the 

KOtBu was acting as a nucleophile, attacking the carbonyl group rather than mediating an 

isomerization. The identity of the compound generated, however, was not confirmed.  

2.2.3 An alternative approach 

Overcoming this obstacle would prove to be facile, as we then decided to initially isomerize 

the allylated naphthalene 118 (Scheme 30), before carrying out the Suzuki-Miyaura coupling 

operation.  

 

 
 

Scheme 30: Isomerization of allyl-bromo-naphthalene 118. 

Exposing allyl-bromonaphthalene 118 to a solution of KOtBu in dry THF, at room temperature, 

efficiently delivered the desired isomerized bromo-naphthalene 133 

upon chromatographic purification, in a good yield of 87%. 1H NMR 

spectral analysis proved without a doubt that the isomerization was 

successful. The appearance of a doublet signal integrating for 3 protons 

at δ 1.92 ppm established the presence of methyl protons H-3′. The 
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doublet at δ 6.50 ppm, with a J-coupling of 16.1 Hz pointing towards trans coupling, clearly 

indicated the presence of proton H-1′, whereas proton H-2′ was seen as a multiplet in the region 

of δ 6.44 – 6.30 ppm. A shift of the 13C NMR spectral signal peak in the alkyl region from δ 

34.3 to 19.5 ppm was observed which confirms the disappearance of methylene protons and 

the appearance of methyl protons as expected. It should be noted that trace amounts of the E 

isomer were observed in the 1H NMR spectrum, however no attempt was made to isolate it. 

At this point, the stage was set to construct the carbonyl-olefin precursor to our desired 

benz[α]anthracene skeleton, by means of the Suzuki-Miyaura coupling reaction. Due to the 

unavailability in our lab, at that time, of boronic acid 119b we decided to perform the coupling 

operation with commercially available boronic acid 119a instead, which bears the formyl group 

at the desired position (Scheme 31).  

 

Scheme 31: Synthesis of biaryl compound 134 via Suzuki-Miyaura coupling. 

The coupling was performed in the same manner as described for the synthesis of 120b. DME 

was used as the solvent and was de-oxygenated before being added to the reaction flask, by 

bubbling nitrogen gas through the solvent for a minimum of 10 minutes. Following the 

completion of the reaction, column chromatography was performed; resulting in the isolation 

of the desired tetra-substituted-naphthalene biaryl compound 134 as a yellow solid in a yield 

of 71%. The success of the reaction was pronounced by the distinct presence of the deshielded 

signal for an aldehyde proton at δ 9.80 ppm, the presence of which was also confirmed by the 

highly deshielded peak at δ 192.2 ppm in the 13C NMR spectrum. A total 

of eight aromatic protons were seen in the 1H NMR spectrum as expected. 

The presence of the vinyl substituent of the naphthalene fragment of the 

molecule was ascertained by the downfield doublet peak at δ 6.13 ppm 

indicating the presence of proton H-1″, and the doublet of quartet peak at 

δ 5.90 ppm, indicating the presence of proton H-2″. The methyl group 

protons H-3″ appeared upfield at δ 1.68 ppm as a doublet as expected. These results were also 
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complemented by the presence of methoxy group protons at δ 3.86 and 3.41 ppm, and methoxy 

carbons at δ 60.9 and 60.8 ppm. Trace amounts of the possible cis isomer were visible in the 

1H NMR spectrum of the isolated trans product; however, due to the extremely minute amounts 

present, we were unable to isolate it. The mass of the compound was determined using HRMS, 

and was found to be 333.1458 corresponding to [M + H]+, which correlates well with the 

calculated mass of 333.1491.  

Pleased that rings A, C, and D were now in place with the required aldehyde and alkene 

functional groups, we proceeded to the most crucial step of our model study, i.e., the 

construction of ring B of the benz[α]anthracene skeleton via carbonyl-olefin metathesis. This 

reaction would proceed by means of a formal [2+2] cycloaddition between the FeCl3-

coordinated aldehyde moiety, and the olefin moiety, followed by a formal cycloreversion of 

the resulting oxetane intermediate 134a, generating ring B of the tetracycle 135 (Scheme 32). 

 

Scheme 32: FeCl3-catalyzed carbonyl-olefin metathesis of biaryl compound 134. 

Initially, at the outset of our investigation, the metathesis was attempted using a catalyst loading 

of 10 mol% of FeCl3. Due to the highly hygroscopic nature of FeCl3, it was weighed directly 

into the round bottom flask and placed under an inert atmosphere. Anhydrous DCE was then 

added, and the resulting solution was stirred for 5 minutes before a separate solution of biaryl 

compound 134 in anhydrous DCE was added. Upon complete consumption of starting material, 

the solution was passed through a short silica plug, and then purified via silica gel column 

chromatography. To our delight, tetracycle 135 was furnished as a yellow solid, albeit in a poor 

yield of 24%. NMR spectral analysis proved that the tetracycle had indeed formed successfully, 
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especially by the disappearance of the aldehyde signal, as well as the disappearance of the 

vinylic and methyl protons. The two singlet peaks at δ 4.11 and 3.97 ppm indicated the presence 

of two methoxy groups as expected. This was accompanied by the expected number of ten 

aromatic protons. The 13C NMR spectrum also corresponded to this by the disappearance of 

the carbonyl peak, as well as the presence of eighteen aromatic carbon signals. The mass of the 

sample was confirmed by HRMS, and was found to be 289.1246 corresponding to [M + H]+, 

which is in good agreement with the calculated mass of 289.1229, further establishing the 

success of the reaction. 

Although pleased with the successful demonstration that a benz[α]anthracene skeleton can be 

formed using cheap, and environmentally abundant FeCl3 as opposed to using expensive 

catalysts, the yield was poor and needed to be optimized. We hoped to improve the yield by 

trying several different conditions as described below (Table 1).  

 

FeCl3 (mol%) Solvent Yield (%) 

10 DCE (anhydrous) 24 

20 DCE (anhydrous) 28 

20 Toluene 14 

50 DCE (anhydrous) 28 

100 DCE (anhydrous) 6 + 7% Quinone 136 

 

Table 1: Optimization of carbonyl olefin metathesis. 

As is clear to see from Table 1, optimization was performed with limited success. In all cases, 

only uncharacterizable material was isolated in addition to the desired product. The best, so to 

speak, optimized yield of 28% was obtained using a catalyst loading of 20 mol% of FeCl3 using 

anhydrous DCE as the solvent. Interestingly, when stoichiometric amounts of FeCl3 were used, 

only 6% of the benz[α]anthracene was generated, but this was accompanied by small amounts 

(7%) of the corresponding benz[α]anthraquinone 136. Although FeCl3 is 

a mild oxidizing agent and has been used in the oxidation of 

benzimidazoles to benzimidazolequinones,117-119 the use of FeCl3 in 

establishing a metathesis reaction followed by the concomitant oxidation 

of the resulting methoxy-containing benz[α]anthracene was an exciting 

result. The NMR spectra of compound 136 matched those found in literature.120 The diagnostic 

disappearance of methoxy protons in the 1H NMR spectrum, as well as the distinct appearance 
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of deshielded quinone carbon peaks at δ 185.9 and 183.7 ppm in the 13C NMR spectrum, 

conclusively proved that oxidation of the methoxy groups to a quinone had taken place. The 

observance of ten aromatic protons, as expected, further confirmed this result.  

Inevitably, attempts were made to optimize the reaction further to see if we could improve the 

yield of the quinone 136. This endeavor, unfortunately, was not met with success.  

The poor yield obtained for the formation of tetracycle 135 however, is not surprising. 

Schindler and coworkers have reported the possibility of competing side reactions such as the 

Prins reaction and carbonyl-ene reactions when using olefin substrates with a crotyl moiety, as 

was the case with our substrate.60, 65 Although the side products that we obtained were 

undiscernible, we eventually realized that the only possible way to optimize the yield was by 

attempting the reaction using a substrate bearing a tri-substituted alkene fragment. Even though 

Schindler and coworkers65 report the best yields with styrenyl substrates, we chose rather to 

replace the 1-propenyl moiety of biaryl compound 134 with a 1-isobutenyl l moiety, as this 

would result in less waste after the ene-carbonyl metathesis reaction, in 

terms of atom economy as compared to using a styrenyl containing 

substrate. We therefore then focused our efforts towards the synthesis of 

biaryl compound 137, as we envisioned that using this substrate would 

result in improved carbonyl-olefin metathesis yields, and therefore 

justifying its application in the formal synthesis of tetrangulol. 

2.2.4 Towards improving carbonyl-olefin metathesis yields 

In our initial foray into the construction of biaryl compound 137, the Suzuki-Miyaura coupling 

reaction was to be used as the key step in forging the desired biaryl axis between 1-isobutenyl-

substituted naphthalene 138 and boronic acid 119a (Scheme 33). For the formation of 1-

isobutenyl-substituted naphthalene 138, we reasoned that because this was just a model study, 

the use of a Wittig reaction between aldehyde 139 and phosphonium salt 140, could be 

permitted. We anticipated forming aldehyde 139 via ozonolysis of bromo-naphthalene 133.  
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Scheme 33: Retrosynthetic strategy for the formation of carbonyl-olefin-bearing biaryl 

compound 137. 

As an initial step in the synthesis of 137, naphthalene 133 was subjected to ozonolysis 

conditions (Scheme 34). Ozone, from an ozone generator, was bubbled through a solution of 

naphthalene 133 in dichloromethane at –78 °C. Immediately after, the solution was purged with 

nitrogen gas to eliminate any residual ozone, and thereafter quenched with Me2S to reduce the 

trioxolane intermediate formed through ozonolysis.  

 

Scheme 34: Formation of aldehyde 139 via ozonolysis. 

Purification using silica gel column chromatography afforded aldehyde 139 as a pale yellow 

solid in a decent yield of 65%. From NMR spectral analysis, it was plain to see that the desired 

aldehyde 139 was present. The distinct singlet at δ 10.52 ppm in the 1H NMR spectrum clearly 

marked the presence of an aldehyde proton, which was additionally confirmed by the presence 

of a signal at δ 190.5 ppm in the 13C NMR spectrum. In addition, the disappearance of methyl 

group protons and alkene protons further concluded that the ozonolysis was a success. The 

presence of methoxy group protons was confirmed by the two singlet peaks at δ 4.05 and 3.98 

ppm, and this was accompanied by the expected number of four aromatic protons. 
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With naphthaldehyde 139 in hand, we next set out to perform the Wittig reaction in order to 

generate naphthalene 138 (Scheme 35), all the while being acutely conscious of the extremely 

low atom economy of this reaction.  

 

 

Scheme 35: Synthesis of naphthalene 138 via Wittig reaction. 

The first step was to synthesize the phosphonium bromide salt 140. Following literature 

precedent,121 triphenylphosphine and 2-bromopropane were added to a sealed autoclave glass 

tube and placed in an autoclave high pressure reactor at 150 °C for 48 hours. After 

recrystallizing the residue from ethanol, the phosphonium salt was used in the next step without 

characterization.  

 To form the ylide, a solution of n-BuLi was added dropwise via syringe to a suspension of 

phosphonium salt 140 in dry THF at room temperature. The suspension rapidly turned orange 

and was allowed to stir for 30 minutes before being cooled to 0 °C. Thereafter, a solution of 

naphthaldehyde 139 in dry THF was added dropwise via syringe to the resulting ylide, and the 

reaction was allowed to warm to room temperature and stirred. Following purification by 

column chromatography, isobutenyl-substituted naphthalene 138 was isolated as a yellow oil 

in 60% yield. The disappearance of the aldehyde signal in the 1H NMR 

spectrum confirmed nucleophilic attack of the ylide on the carbonyl 

carbon. The appearance of two doublet peaks in the alkyl region at δ 2.01 

and 1.59 ppm, confirmed the presence of two methyl groups. An apparent 

septet peak at δ 6.18 ppm was also observed, which established the 

presence of vinylic proton H-1′. Analysis of the 13C NMR spectrum 

showed, in addition to the disappearance of the carbonyl carbon, two signals in the alkyl region, 

at δ 25.4 and 20.1 ppm which were consistent with methyl group carbons. Based on 2D NMR 

analysis, the signal at δ 138.5 ppm was in accord with the vinylic carbon at C-2′, and the peak 

at δ 120.15 ppm was consistent with the vinylic carbon at C-1′. The mass of the compound was 

confirmed by HRMS, and was found to be 321.0465 which corresponds to [M + H]+, and this 

is in good agreement with the expected mass of 321.0490. 
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Pleased with the successful synthesis of naphthalene 138, the subsequent step was to couple it 

with the commercially available boronic acid 119a. Consequently, the stitching of the two 

fragments was performed via the amenable Suzuki-Miyaura coupling reaction. The same 

procedure was followed as described for the synthesis of biaryl compound 134, and after 

purification by column chromatography, biaryl compound 137 was afforded in a yield of 47% 

as a yellow solid (Scheme 36). Presumably due to the increased steric bulk of substituted 

naphthalene 138, the yield for this coupling is much lower than that attained for the synthesis 

of biaryl compound 134. 

 

Scheme 36: Suzuki-Miyaura coupling to form biaryl compound 137. 

 

Analysis of the 1H NMR spectrum evidently showed the presence of an aldehydic proton by 

the distinct signal at δ 9.70 ppm. This was accompanied by an apparent septet peak at δ 5.75 

ppm corresponding to vinylic proton H-1″, and two doublet peaks at δ 1.67 and 1.46 ppm 

corresponding to the methyl group protons. The methoxy group protons were seen at δ 3.79 

and 3.43 ppm, as expected, confirming the successful coupling of the two fragments. This 

conclusion was further ascertained by analysis of the 13C NMR spectrum which displayed the 

carbonyl peak at δ 192.1 ppm, as well as eighteen aromatic carbons as expected. 

Bearing in mind that the objective of this endeavor was to investigate if the yield for the 

formation of tetracycle 135 could be improved using a tri-substituted olefin and carbonyl 

containing compound, the final step of our model study was ready to be executed (Scheme 37).  

 

 

Scheme 37: FeCl3-catalyzed carbonyl-olefin metathesis of biaryl compound 137. 
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A solution of biaryl compound 137 in anhydrous DCE was treated with FeCl3 (20 mol%), 

following the same procedure as before. After complete consumption of starting material, and 

purification via silica gel column chromatography, tetracycle 135 was generated in a 

significantly improved yield of 60%! Corresponding with Schindler and coworkers’ results,65 

it is evident that blocking the terminal alkene proton with a substituent consequently results in 

the elimination of competing side reactions, thus resulting in much improved yields.  

Extremely pleased with this result, and based on the model study, we could safely come to the 

conclusion that FeCl3-catalyzed carbonyl-olefin metathesis can successfully be applied in the 

formation of a benz[α]anthracene framework.  

The stage was now set to begin the formal synthesis of the target natural product, tetrangulol 

50. 

2.3 Formal synthesis of tetrangulol  

We planned to commence our formal synthesis of tetrangulol 50 with naphthalene 138, which 

would provide the C and D rings of the benz[α]anthracene, with the requisite 1-isobutenyl 

group in place (Scheme 38). This, rather than starting the synthesis with juglone, as has 

previously been done, would result in the use of fewer derivatives in terms of protecting groups. 

We anticipated that methoxy-protected tetrangulol 50a could be formed via a late-stage, 

carbonyl-directed, oxidation of benz[α]anthraquinone 141. We envisioned that the hydroxy 

group would append to the desired position for steric reasons.  
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Scheme 38: Retrosynthetic plan for tetrangulol. 

Benz[α]anthraquinone 141 was to be synthesized by means of a CAN-mediated oxidation of 

benz[α]anthracene 142. The B ring of 142 could be constructed by FeCl3-catalyzed carbonyl-

olefin metathesis of carbonyl- and olefin-containing compound 143. The classical Suzuki-

Miyaura coupling between boronic acid 144, which was to be synthesized via borylation of 

naphthalene 138, and iodo-benzaldehyde 145 was anticipated to generate the desired biaryl 

compound 143, the precursor to the key metathesis reaction.  

Upon embarking on this formal synthesis, the first step was to improve the synthesis of 

naphthalene 138 in terms of atom economy. We had employed the Wittig reaction in our model 

study to synthesize naphthalene 138; however, as mentioned earlier, this reaction is notoriously 

well-known for its poor atom economy.17 An entirety of three aromatic rings and a phosphorous 

atom, not to mention a bromine atom, totaling a mass of 342 amu, are released as waste 

products. The requirement to synthesize naphthalene 138 in a more atom economical manner 

was therefore primary. 
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2.3.1 Attempts at improving the synthesis of naphthalene 138 in terms of atom economy 

2.3.1.1 Use of the McMurry coupling 

Initially, we planned to use the McMurry coupling reaction to couple naphthaldehyde 139 with 

acetone in order to generate naphthalene 138 (Scheme 39). The McMurry coupling reaction 

was reported simultaneously, and independently, by the groups of McMurry,122 Mukaiyama,123 

and Tyrlik124 in 1973. This coupling reaction has been used widely in the synthesis of highly 

strained olefins.125 It involves the use of low-valent titanium reagents to mediate the reductive 

dimerization, or the cross coupling, of ketones and aldehydes. The systems used to generate 

the low-valent titanium species vary with the three different research groups. The Mukaiyama 

group utilized a TiCl4/Zn system, and this is the system that we adopted for our synthesis due 

to easy availability of the reagents.  

 

Scheme 39: McMurry coupling between naphthaldehyde 139 and acetone.  

To perform the coupling, we first suspended zinc powder in dry THF under an inert atmosphere 

at 0 °C, and then TiCl4 was carefully added dropwise via syringe. After complete addition, the 

solution was refluxed for 1.5 hours before a solution of naphthaldehyde 139 and acetone in dry 

THF was added dropwise (Scheme 39). The solution was then allowed to reflux for 12 hours. 

Disappointingly however, the reaction did not yield the desired product, even after several 

repeated attempts. From NMR spectral analysis, it seemed that the starting material was 

decomposing under the various conditions employed.  

2.3.1.2 Use of Friedel-Crafts acylation: Route 1  

Having frustratingly failed at the McMurry coupling of the two carbonyl moieties, we then set 

out to search for an alternative route, eventually calling upon the venerable Friedel-Crafts 

acylation. A direct acylation of 1,4-dimethoxynaphthalene would lead to an acylated 

naphthalene which could later be brominated, reduced and dehydrated to deliver the desired 

naphthalene 138. We were however concerned that using the commonly employed, strong 

Lewis acids would easily allow for O-demethylation. Sure enough, using AlCl3, SnCl4 or TiCl4 
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resulted in either demethylation, or decomposition, depending on the conditions used. It was 

then that our attention was drawn to a paper by Bensari and Zaveri,126 describing a procedure 

for the ortho-acylation of phenols and naphthols, mediated by TiCl4. We envisaged that, using 

this procedure, we could attempt to acylate 4-methoxynaphthalene-1-ol 146, and the resulting 

compound could then be O-alkylated and, thereafter, brominated. 

The first step was to synthesize 4-methoxynaphthalene-1-ol 146, which we anticipated to 

achieve via a reduction of commercially available naphthoquinone 147 followed by mono-

alkylation of the resulting hydroxynaphthalene intermediate (Scheme 40).  

 

 

Scheme 40: Synthesis of naphthol 146 

Sodium dithionite was used as the reducing agent, which was added to a deoxygenated solution 

of naphthoquinone 147 in Et2O and water. The reaction was stirred under an inert atmosphere 

for an hour. The solution was then transferred to a separating funnel to run off the aqueous 

layer, as we found that adding the base KOH to the aqueous solution of the intermediate 

hydroxynaphthalene disappointingly resulted in the formation of significant amounts of the di-

methoxylated naphthalene, in addition to mono-methoxylated naphthol 146. The organic layer 

was then immediately transferred into the reaction flask, minimizing exposure to air, and only 

then, under an inert atmosphere, were KOH pellets added. The solution was stirred for 30 

minutes, before the dropwise addition of dimethyl sulfate. It was also observed that using dilute 

conditions for this reaction eliminated the formation of di-methoxylated naphthalene. 

Purification via silica gel column chromatography yielded hydroxynaphthalene 

146 as a white solid with a slight purple tinge in 76% yield. 1H NMR spectral 

analysis proved unequivocally that the mono-methoxylated compound had been 

formed, especially by the presence of only one singlet peak at δ 4.00 ppm 

integrating for 3 protons, corresponding to the methoxy group protons. In 

addition, the presence of a broad singlet peak at δ 5.01 ppm integrating for 1 proton 

corresponded to the OH proton. Protons H-2 and H-3 were observed at δ 6.68 and 6.77 ppm 

respectively. This was complemented by the 13C NMR spectrum which showed the appearance 
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of one methoxy carbon at δ 56.1 ppm and the corresponding aromatic carbon at δ 150.2 ppm. 

The peak at δ 145.4 ppm corresponded to the ArC-OH carbon, as expected. Both the 1H NMR 

spectrum and the 13C NMR spectrum compared well to that found in literature for compound 

146.127 

With the naphthol precursor in hand, we were ready to explore the ortho-directed Friedel-Crafts 

acylation (Scheme 41). The acylation uses solvent free conditions, and TiCl4 as a Lewis acid 

which simultaneously co-ordinates to the hydroxyl group and the carbonyl group of the acid 

chloride 148, and this directs acylation ortho to the hydroxyl group.  

 

 

Scheme 41: Friedel-Crafts acylation of mono-hydroxylated naphthalene 146 

The acid chloride 148 was synthesized from isobutyric acid and thionyl chloride, and was used 

immediately without purification. To carry out the acylation, naphthol 146 was added to a 

round bottom flask under inert gas. TiCl4 was then carefully added dropwise. Once all the 

ensuing gas evolution had ceased, the acid chloride was injected into the flask at room 

temperature, and the resulting paste was left at 120 °C for 8 hours. Purification by silica gel 

column chromatography furnished acylated hydrogen-bonded naphthalene 149 as a yellow 

solid in an average yield of 52%. The presence of a hydrogen-bonded phenol group was 

established by 1H NMR spectral analysis of the product which showed the presence of the 

deshielded signal at δ 14.09 ppm, confirming ortho-acylation to the phenol moiety. This was 

accompanied by the disappearance of an aromatic proton, and the 

presence of a singlet signal at δ 6.95 ppm representing proton H-3′, and 

proving unambiguously that mono substitution had taken place. The 

appearance of a septet peak at δ 3.65 ppm for proton H-2, coupling with 

the two methyl group protons which appear as a doublet peak at δ 1.35 

ppm, ascertained the presence of the acyl group. In support of this, the 13C NMR spectrum 

showed the appearance of a carbonyl peak at δ 210.2 ppm, as well as the occurrence of a peak 

at δ 35.6 ppm representing C-2, and δ 19.5 ppm representing the methyl carbons. The mass of 
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the compound was confirmed by HRMS, and was found to be 245.1171 corresponding to [M 

+ H]+, which agrees very well with the calculated mass of 245.1178. 

Delighted that the acylation worked, and that no sign of demethylation had taken place, we 

then moved on to methylate the free naphthol group. This was achieved using KOH as the base 

and dimethyl sulfate as the alkylating agent (Scheme 42).  

 

 

Scheme 42: O-alkylation of naphthol 149. 

Purification via silica gel column chromatography generated 150 as a yellow oil in 83% yield. 

The identity of the product was clear to see from the 1H NMR spectrum which now displayed 

two peaks at δ 3.99 and 3.90 ppm, corresponding to two methoxy group protons. This was also 

accompanied by the disappearance of the deshielded peak at δ 14.09 ppm as expected. This 

was complemented by the 13C NMR spectrum which showed the appearance of two peaks in 

the alkoxy region at δ 64.1 and 55.7 ppm representing the two methoxy group carbons. 

In the meantime, and alongside this synthesis, we were also investigating direct acylation. 

Intuitively, we felt that the direct Friedel-Crafts acylation of 1,4-dimethoxynaphthalene 

deserved a second chance. This seemingly easy task, however, proved not to be so trivial. 

2.3.1.3 Friedel-Crafts acylation: Route 2 

Initially, before attempting the Friedel-Crafts acylation of 1,4-dimethoxynaphthalene, we 

endeavored to perform the acylation of bromo-naphthalene 151, as we anticipated that this 

would be much easier than having to brominate the acylated compound. To this end, bromo-

naphthalene 151 was synthesized from 2-bromo-1,4-naphthoquinone 131 using sodium 

dithionite as reductant, KOH as the base, and dimethyl sulfate as the alkylating agent (Scheme 

43).  
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Scheme 43: Synthesis of 2-bromo-1,4-dimethoxynaphthalene 145 

The characteristic methoxy group protons were easily observed in the 1H NMR spectrum at δ 

3.97 and 3.95 ppm. This also corresponded to the appearance of two peaks in the alkoxy region 

of the 13C NMR spectrum at δ 61.4 and 55.9 ppm, which was accompanied by the 

disappearance of the quinone carbon peaks.  

Unfortunately, however, we were unable to acylate bromo-naphthalene 151, even after several 

attempts. Using conventional Lewis acids (AlCl3, TiCl4, SnCl4) resulted in either 

decomposition or demethylation, whereas using milder conditions with trifluoroacetic 

anhydride led to the recovery of starting material. 

In the meantime, a second foray into the direct acylation of 1,4-dimethoxynaphthalene 152 was 

being explored. 1,4-dimethoxynaphthalene 152 was synthesized from naphthoquinone 147 in 

quantitative yields following the same reduction and alkylation procedure as described for 

naphthoquinone 131 (Scheme 44). The presence of a singlet peak integrating for 6 protons at 

δ 3.90 ppm, as well as the appearance of a peak at δ 55.7 ppm established unequivocally that 

the formation of 1,4-dimethoxynaphthalene 152 was a success. Thereafter, using the milder 

reaction conditions described by de Koning,128 commercially available acid 153 was treated 

with TFAA to form an anhydride which we envisioned would react with naphthalene 152 

dissolved in CH2Cl2. This, unfortunately, only led to recovered starting material, even after 

leaving the reaction to stir for 5 days. Heating the reaction gave the same result. 

 

 

Scheme 44: Friedel-Crafts acylation of 1,4-dimethoxynaphthalene 152. 
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Disappointed, yet not willing to give up, we decided to soldier on, eventually coming across a 

recently published paper by Liu and Xu129 describing the use of TFAA and hydrogen-bonding 

TFA in the metal and halogen-free Friedel-Crafts acylation of aromatic compounds. 

Following their procedure, isobutyric acid 153 was dissolved in TFAA to form the 

corresponding anhydride at room temperature for 15 minutes. Thereafter 1,4-

dimethoxynaphthalene 152 was added, followed by TFA and the reaction was stirred at 70 °C 

for 24 hours (Scheme 45). To our delight the reaction resulted in the formation of acylated 

naphthalene 150, albeit in a poor yield of 23% yield. Despite this being a very low yield, we 

were nevertheless excited. Analysis of the 1H NMR spectrum proved undoubtedly that 

acylation had taken place by the presence of the septet peak at δ 3.71 ppm representing the α-

proton H-2, as well as the doublet at δ 1.22 ppm integrating for 6 protons, corresponding to the 

two methyl group protons. Furthermore, the aromatic singlet peak at δ 6.85 ppm representing 

the aromatic proton H-3′ was indicative of mono-acylation. Complementing this, the presence 

of a carbonyl peak at δ 208.6 ppm was observed in the 13C NMR spectrum. Also present were 

peaks at δ 39.9 and 18.8 ppm corresponding to the C-2 carbon and methyl group carbons 

respectively. 

 

Scheme 45: Friedel-Crafts acylation using TFAA and TFA. 

In an attempt to improve the yield, the decision was taken to carry out the reaction in a sealed 

pressure tube. The same procedure was followed as before, and the sealed tube was sealed with 

a Teflon lined cap and stirred at 80 °C for 18 hours. Purification by column chromatography 

furnished acylated naphthalene 150 in a slightly improved yield of 37% (Scheme 45).  

Armed with a renewed enthusiasm, we reasoned that since the stronger Lewis acid, triflic acid 

is also a strong hydrogen-bond donor, replacing TFA with triflic acid might improve the 

acylation yields. Following the same procedure but replacing TFA with triflic acid, the reaction 

was stirred in a round bottom flask at room temperature until all starting material had been 

consumed (Scheme 46). Purification led to the isolation of acylated naphthalene 150 in a 

significantly improved yield of 66%.  
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Scheme 46: Friedel-Crafts acylation using TFAA and Triflic acid. 

Whilst very pleased with this result, we were not fully satisfied due to the high cost of triflic 

acid, as well as its highly fuming nature which makes it an unpleasant acid to work with. We 

therefore chose to see how the reaction would proceed if we replaced triflic acid with the much 

milder, cheaper, and environmentally friendly, methanesulfonic acid. Gratifyingly, purification 

of the reaction mixture led to the isolation of acylated naphthalene 150 in an even better yield 

of 84% (Scheme 47). 

This Friedel-Crafts acylation condition can be termed ‘green’ as it is completely halogen and 

metal free, and uses the environmentally-acceptable methanesulfonic acid as solvent. It will of 

course be interesting, in the future, to investigate these reaction conditions on other aromatic 

scaffolds. 

 

Scheme 47: Friedel-Crafts acylation using TFAA and methanesulfonic acid. 

Route 2 therefore results in the formation of acylated compound 150 in 2 steps starting from 

naphthoquinone 147, whereas Route 1 requires three steps with a lower overall yield. 

Accordingly, we opted to use the sequence in Route 2 for our formal synthesis. 

2.3.1.4 Bromination 

Having secured the acylated intermediate 150, the subsequent step was to perform a nuclear 

bromination. For this we initially used NBS as the brominating agent in CH2Cl2. After heating 

at reflux for 2 hours, the reaction was pronounced complete (from TLC analysis), and 

purification by chromatography showed that instead of nuclear bromine insertion, bromination 
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had taken place at the α-position of the carbonyl group, forming brominated compound 154 in 

a yield of 79%. This was clearly seen in the 1H NMR spectrum by the 

disappearance of the septet peak at δ 3.65 ppm, whereas the aromatic 

singlet peak at δ 6.96 ppm was still present. This was also complemented 

by the shift of the α-carbon from δ 39.9 to 55.8 ppm in the 13C NMR 

spectrum. To further confirm that the bromine atom was present, the 

mass of the compound was determined by HRMS, and was found to be 337.0402 corresponding 

to [M + H]+, which is in reasonable agreement with the expected mass of 337.0439. Looking 

back at this, it made sense that bromination was taking place at the α-carbon as the α-proton is 

acidic and therefore easily attacked by the bromine radical from NBS. 

Deciding then to use molecular bromine instead of NBS, a solution of molecular bromine in 

CH2Cl2 was added dropwise to a solution of acylated naphthalene 150 in CH2Cl2 at room 

temperature, and then heated at reflux for 2 hours, after which another equivalent of bromine 

in acetic acid was added and further refluxed for 3 hours. Upon completion, the reaction was 

quenched and purified using silica gel column chromatography, this time yielding brominated 

compound 155 as a yellow solid in 70% yield (Scheme 48). It was observed that performing 

the reaction in the absence of acetic acid gave 154 as the major product, accompanied by small 

amounts of dibromonaphthalene 155. It is therefore possible that the substrate is prone to 

enolization, especially under acidic conditions. Thus, in the presence of AcOH, α-bromination 

proceeds quicker, and thereafter the desired nuclear bromination takes place. In the absence of 

AcOH, α-bromination proceeds much slower, hindering nuclear bromination. NMR spectral 

analysis of the product confirmed that dibromination had taken place, by the disappearance of 

the septet peak at δ 3.65 ppm, as well as the absence of the aromatic singlet peak at δ 6.99 ppm. 

This was also corresponded to by the shift in the peak at δ 102.2 to 107.7 ppm representing the 

ArC-Br carbon, and the shift of the α-carbon peak from δ 39.9 to 63.6 ppm. To further confirm 

that dibromination had indeed taken place, an HRMS was run on the sample 155, and a mass 

of 414.9514 was found corresponding to [M + H]+ of the compound containing the 79Br isotope, 

which agrees reasonably well with the calculated mass of 414.9544. 
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Scheme 48: Bromination reactions of naphthalene 150. 

Eventually coming to the unfortunate realization that it would not be possible to brominate the 

nuclear position without first brominating the α-carbon, it was inevitable that we would have 

to think of an alternative plan. Nevertheless, we did initially attempt to utilize 2 equivalents of 

LiAlH4 to reduce the carbonyl group to an alcohol as well as lithiate the α-bromine, thus 

eliminating it. However, this resulted in a very messy reaction, with selectivity, in terms of 

lithiating the α-bromine vs nuclear bromine, being a major problem. 

Alas, getting back to the drawing board, we revisited our retrosynthetic plan. To circumvent 

the inevitable α-bromination, it was decided to reduce the carbonyl group on 150. This would 

lead to an alcohol, thus providing an opportunity to perform ortho directed lithium halogen 

exchange, ensuring nuclear halogenation at the desired position. The refined plan is detailed in 

Scheme 49. Thus we envisioned generating an iodinated-isobutenyl-substituted naphthalene 

156 and this would serve instead as the perfect precursor to our desired boronic acid 144. 

Naphthalene 156 could be formed via dehydration of iodo-alcohol 157. It was anticipated that 

a simple reduction of the acylated compound 150 would generate alcohol 158, which could be 

subjected to directed ortho-metalation conditions leading to iodo-alcohol 157. 

 

Scheme 49: An alternative retrosynthetic plan for the synthesis of boronic acid 144. 
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2.3.2 Synthesis of iodinated-isobutenyl-substituted naphthalene 156 

The reduction of acylated naphthalene 150 proceeded smoothly in the presence of NaBH4 at 0 

°C using a solvent system of THF and MeOH (Scheme 50). Purification by column 

chromatography furnished alcohol 158 in quantitative yields as a yellow low melting solid. 

NMR spectral analysis proved unequivocally that the reduction was successful by the presence, 

in the 1H NMR spectrum, of a doublet peak at δ 4.83 ppm which integrated for one proton, 

corresponding to H-1 which couples to proton H-2. The OH signal appears 

as a broad singlet at δ 2.71 ppm, whereas proton H-2 appears as a multiplet 

in the region of δ 2.12 – 1.98 ppm. This was accompanied by the 

disappearance of the carbonyl peak at δ 208.6 ppm in the 13C NMR 

spectrum as well as by the appearance of a peak at δ 74.1 ppm which 

corresponds to slightly deshielded carbon C-1.  

Thereafter, alcohol 158 was iodinated under directed ortho-metalation conditions (Scheme 50). 

This was achieved using n-BuLi, with the hydroxyl and methoxy functionalities as directing 

groups. Alcohol 158 was dissolved in dry Et2O and at –78 °C n-BuLi was added to the solution 

via syringe. The reaction was allowed to warm to room temperature and stirred for four hours 

before being cooled to 0 °C and stirred further for an hour. Thereafter a solution of iodine in 

dry THF was added dropwise via dropping funnel at 0 °C. After complete addition, the solution 

was allowed to warm to room temperature, and stirred for 18 hours. Purification via silica gel 

column chromatography led to the isolation of iodinated alcohol 157 in a yield of 45%, and a 

calculated yield of 77% based on recovered starting material. The disappearance of the singlet 

peak at δ 6.85 ppm in the 1H NMR spectrum indicated that iodination had taken place at the 

desired position. In support of this, the shift of a peak, in the 13C NMR spectrum, to δ 93.7 ppm 

clearly indicated the presence of a C-I bond. Additionally, the peaks at δ 4.96 and 2.40 ppm 

confirmed that protons H-1 and H-2 (refer to 158), respectively, were still intact, as was the 

OH signal at δ 3.49 ppm. An HRMS of the compound was run to confirm the mass, and a mass 

of 369.0330 was found corresponding to [M - H2O + H]+, being in accord with the expected 

mass of 369.0352 of the iodinated compound. 
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Scheme 50: Synthesis of iodinated-alcohol 157. 

Even though the reaction was clean, producing only iodinated-alcohol 157, significant amounts 

of starting material were recovered. All our attempts at achieving complete conversion, 

however, were unsuccessful. Performing the reaction using only THF as the solvent led to the 

complete isolation of starting material, whereas using only Et2O as the solvent gave the same 

yields as when using a mixture of Et2O and THF. Since Et2O is considered a highly hazardous 

solvent,130-131 it was more practical to rather use a mixture of Et2O and THF.  

Furthermore, it was observed during one of our many efforts at attaining complete conversion, 

that adding TMEDA as an additive to the reaction led to the formation of an unknown side 

product that was formed in 36% yield, whereas iodinated-alcohol 157 was isolated in a yield 

of only 10%. 1H NMR spectral analysis of the side-product showed the presence of two 

methoxy group protons at δ 3.91 and 3.78 ppm, as well as two methyl group protons at δ 1.23 

and 0.83 ppm. Also present were the OH peak at δ 3.41 ppm, and the methine protons at δ 4.98 

and 2.49-2.42 ppm, indicating that the alcohol substituent of the naphthalene was still intact. 

Upon examination of the aromatic region, it was observed that only three aromatic protons 

were present, which pointed towards a di-iodo-substituted compound 159. It seemed that one 

iodine had substituted in the same position as with compound 157 whereas the position of the 

second iodine was confirmed by 2D NMR spectral analysis. The methoxy 

ArC-OMe carbon C-1′ was identified based on its correlation with 

methine proton at δ 4.98 ppm. Based on the HMBC, only one aromatic 

proton at δ 8.11 ppm was interacting with the second ArC-OMe carbon 

C-4′ at δ 152.9 ppm, whereas no aromatic proton was interacting with 

carbon C-1′, thus confirming that substitution had taken place at carbon C-8′. To ensure that 

di-iodination had indeed taken place, an HRMS of the sample was run, and a mass of 494.9390 

was found, corresponding to [M – H2O +H]+, which was in concurrence with the calculated 

mass of 494.9318.   



Chapter 2 – Angucyclines results and discussion 

 

61 
 

At this point, it had dawned on us that we would not be able to achieve complete conversion. 

One positive aspect, however, was the starting material that was recovered could be recycled, 

and in essence no starting material was wasted. The decision was undertaken, therefore, to 

continue with the synthesis. Consequently, a solution of iodinated-alcohol 157 in toluene was 

dehydrated in the presence of catalytic amounts of p-toluenesulfonic acid, under reflux using a 

Dean-Stark apparatus (Scheme 51).  

 

 

Scheme 51: Dehydration of iodinated-alcohol 157. 

Purification by column chromatography led to the isolation of 1-isobutenyl-substituted 

naphthalene 156 as a yellow oil, in a decent yield of 78%. Analysis of the 1H NMR spectrum 

proved undoubtedly that dehydration had taken place by the noticeable disappearance of the 

peaks for protons H-1 and H-2 (refer to 158) at δ 4.96 ppm and δ 2.40 ppm. The signal for the 

OH proton had also disappeared, with the only peaks present in the alkyl region being for the 

two methyl group protons at δ 1.89 and 1.44 ppm, and the two peaks in the alkoxy region at δ 

3.82 and 3.63 ppm being for the two methoxy protons. The appearance of a singlet peak at δ 

6.03 ppm clearly represents the alkene proton, and this was accompanied by the expected 

number of four aromatic protons. Complementing this was the disappearance of the peaks at δ 

83.3 and 34.9 ppm representing C-OH and C-2 (refer to 158), as well as the appearance of two 

extra peaks in the aromatic region representing the alkene carbons.  

2.3.3 Synthesis of iodo-benzaldehyde 145 

In the meantime, iodo-benzaldehyde 145, the requisite building block for biaryl intermediate 

143, had also to be constructed. Initially, to do this, we adopted the same strategy that Ngwira 

et al. implemented.111 The synthesis began with 3,5-dimethylanisole 160 (Scheme 52) which 

was expediently converted into a dibrominated intermediate, in the presence of  toxic CCl4, 

with NBS as the brominating agent, and BPO as the radical initiator.  

 



Chapter 2 – Angucyclines results and discussion 

 

62 
 

 

Scheme 52: Synthesis of iodo-benzaldehyde 145. 

As was reported by Ngwira et al. exclusive benzylic bromination of 3,5-dimethylanisole was 

not possible without first brominating the nuclear position.  

The crude product was used in the next step without further purification, and was treated with 

CaCO3 in aqueous 1,4-dioxane to generate alcohol 161 in an overall yield of 37% over two 

steps. 1H NMR spectral analysis was used to confirm the structure of alcohol 161, and 

particularly distinct was the peak at δ 4.71 ppm which was representative of benzylic proton 

H-1. The signal for methoxy protons appeared at δ 3.79 ppm, whereas the methyl protons 

appeared at δ 2.39 ppm. The presence of two aromatic protons at δ 6.90 and 

6.74 ppm were observed, representing protons H-6′ and H-4′ respectively. 

The assignment of these protons were based on the HMBC correlation of C-

4′ at δ 139.3 ppm with methyl protons and C-6′ at δ 140.9 ppm with benzylic 

proton H-1. The presence of the benzylic carbon C-1 was also established by 

the 13C NMR spectrum which showed the appearance of a signal in the slightly deshielded 

region of δ 65.6 ppm. 

Having synthesized the alcohol, which would later be oxidized to an aldehyde, the subsequent 

step involved the elimination of bromine. To achieve this, brominated-alcohol 161 was treated 

with n-BuLi in dry THF. Purification led to the isolation of alcohol 162 in 

97% yield. Thereafter, using the methoxy and alcohol functionalities as ortho 

directing groups, a solution of alcohol 162 in Et2O was treated with n-BuLi, 

followed by a solution of iodine in THF. Purification by column 

chromatography led to the isolation of iodinated alcohol 163 in an average 
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yield of 51%. The presence of iodine was confirmed by the appearance of a C-I peak in the 13C 

NMR spectrum at δ 85.4 ppm. As expected, signals for two aromatic protons were observed at 

δ 6.92 and 6.59 ppm. Ensuring that the iodine had indeed gone ortho to the methoxy and alcohol 

groups, an analysis of the HMBC showed a correlation of the carbon at δ 121.9 ppm 

representing C-6′ with benzylic proton H-1 at δ 4.67 ppm as well as the methyl protons at δ 

2.35 ppm; whereas the carbon at δ 111.2 ppm representing C-4′ only showed a correlation with 

methyl protons.  

To access the desired benzaldehyde intermediate 145, iodinated alcohol 163 was subjected to 

oxidizing conditions. We were able to improve on the previous oxidation of this molecule by 

making use of a solvent free method that uses KMnO4 and CuSO4⸱5H2O as oxidants. The 

oxidants and alcohol 163 were ground together to a fine powder. The entire homogenous 

mixture was then heated to 120 °C for 3 hours, after which purification eventually led to the 

isolation of iodo-benzaldehyde 145 in an average yield of 54%. The 

diagnostic aldehyde peak at δ 10.14 ppm in the 1H NMR spectrum confirmed 

that oxidation had taken place. This of course correlated well with the 

carbonyl peak at δ 196.4 ppm that was observed in the 13C NMR spectrum. 

Both 1H and 13C NMR spectra compared well with that found in literature for compound 145.111  

Although pleased with this slight improvement in the previous synthesis, the use of CCl4 was 

still problematic. Furthermore, the formation a di-brominated compound was highly atom 

uneconomical, and that had to be remedied. To circumvent these problems, we rationalized that 

an alternative approach would be to selectively oxidize one of the methyl groups of 3,5-

dimethylanisole 160 to an aldehyde, and thereafter attempt a direct iodination. The oxidation, 

however, occupied us for several months, as various conditions were tried (Scheme 53), each 

being met with failure, despite literature reports of success on simpler model systems.132-135  
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Scheme 53: Unsuccessful attempts at oxidizing 3,5-dimethylanisole.  

It was only later during the year, that we were alerted to a paper by Ishii et al. reporting the use 

of NHPI (N-hydroxyphthalimide) and Co(II) catalysts in the radical-induced oxidation of 

benzylic side chains.136-137 They reported the successful conversion of terminal methyl groups 

to carboxylic acids under ambient conditions, in the presence of dioxygen (air). The reaction 

proceeds principally by means of a PINO (phthalimide-N-oxyl) radical induced abstraction of 

a proton from the terminal side chain carbon to form a radical that is then trapped by dioxygen, 

eventually forming a carboxylic acid/ ketone or alcohol. The key PINO radical is generated 

from a Co(III)-oxygen complex under ambient conditions.136-137 Excited about this, we 

anticipated that if we managed to oxidize the methyl group to a carboxylic acid, it could 

thereafter be reduced to an aldehyde. Following their reaction protocol however, led 

disappointingly only to recovery of starting material. Determined not to give up yet, the 

conditions were experimented with, until we were eventually successful. 3,5-Dimethylanisole 

160, NHPI, Co(OAc)2·4H2O, K2S2O8, and acetic acid were placed in a sealed pressure tube 

and the solution was bubbled with oxygen gas for 15 minutes before being sealed and heated 

to 105 °C. The reaction was left to stir for 3 days, and oxygen was bubbled through every 10 

hours. Much to our delight, purification via column chromatography resulted in the isolation 

of aldehyde 164. This came as a rather pleasant surprise, as we were expecting to isolate the 

corresponding carboxylic acid. Although the yield was poor (20%), a significant amount of 

starting material was recovered, which could then be recycled, rendering the overall yield 56% 

based on recovered starting material. The distinct aldehyde signal at δ 9.93 ppm in the 1H NMR 

spectrum was clearly observed, that also corresponded to the carbonyl peak at δ 192.3 ppm in 



Chapter 2 – Angucyclines results and discussion 

 

65 
 

the 13C NMR spectrum. Signals for three aromatic protons were observed as expected, and 

these were accompanied by the peak at δ 3.85 ppm representing the methoxy protons, and a 

signal for one set of methyl protons at δ 2.40 ppm.  

Although we were unsuccessful in our attempts at iodinating aldehyde 164, the reduction of 

164 to alcohol 162 proceeded smoothly in the presence of NaBH4 using a solvent system of 

THF / MeOH (Scheme 54). Alcohol 162 was then iodinated to 163, followed by oxidation to 

145 using the same procedures as described before.  

 

 

Scheme 54: Second approach to synthesis of benzaldehyde 145 

2.3.4 Borylation 

With the requisite iodinated building block in hand, we were now ready to construct the boronic 

acid 144 which would serve as the organoborane for the subsequent Suzuki-Miyaura coupling 

reaction. We rationalized choosing to convert iodinated naphthalene 156, rather than iodinated 

benzaldehyde 145, to the organoborane coupling partner, since the overall yield of 156 is much 

higher than the overall yield of 145. 

To perform the operation, naphthalene 156 was dissolved in dry THF. This was cooled to –78 

°C, after which a solution of n-BuLi was added dropwise via syringe. The 

solution was maintained at –78 °C for 30 minutes before freshly distilled 

tri-isopropyl borate was added, maintaining an inert atmosphere. The 

solution was stirred for a further 30 minutes, at –78 °C, before being 

allowed to warm to room temperature. The reaction was thereafter 
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subjected to an acidic work-up. To our dismay, the reaction was unsuccessful, even after 

several attempts, and would lead instead to the sole formation of de-iodinated compound 165. 

The same result was observed, even after employing freshly distilled tri-methyl borate as the 

borylating agent. It seemed from this result that lithiation by n-BuLi was taking place; however, 

borylation was failing to occur, conceivably due to steric hindrance. 

Another approach to the organoborane-coupling partner was to synthesize a boronic ester 

instead of a boronic acid. Boronic esters are generally more stable than their boronic acid 

counterparts, and are therefore much easier to purify and characterize. We also came to the 

realization that we would have greater flexibility in terms of changing conditions (catalyst, 

temperature, solvent) to allow the formation of boronic ester to proceed with success, compared 

to the formation of a boronic acid. Eager to try the reaction, we initially resolved to follow the 

traditional Miyaura borylation conditions developed by Miyaura and co-workers in 1995,138 to 

construct a pinacol boronic ester from substituted naphthalene 156. Naphthalene 156 was added 

to a three-necked round bottom flask flushed with inert gas. To this 

flask was also added bis(pinacolato)diboron as the borylating agent, 

KOAc that was oven dried for 24 hours, and PdCl2(dppf) as the 

catalyst. DMSO that was de-oxygenated by bubbling through with 

nitrogen gas, was then added to the flask and the reaction was stirred 

at 80 °C for 18 hours. Much to our pleasure, purification furnished 

boronic ester 166 as a yellow oil in an average yield of 50%. De-iodinated naphthalene 165 

was also formed as a side product in 30% yield. 

1H NMR spectral analysis clearly established the presence of a pinacol ester by the presence of 

a singlet peak integrating for 12 protons at δ 1.38 ppm. A total of four aromatic protons were 

observed as expected, and the singlet peak at δ 6.39 ppm confirmed that the alkene moiety was 

still intact. The 13C NMR spectrum also corresponded to this by the appearance of a signal at δ 

20.0 ppm corresponding to the pinacol methyl group carbons, in addition to the two peaks at δ 

25.5 and 24.8 ppm corresponding to the methyl carbons of the isoprenyl substituent. The mass 

of the compound was confirmed using HRMS. A mass of 369.2241 was observed 

corresponding to [M + H]+, comparing agreeably to the expected mass of 369.2237. 

We next set about trying to optimize the conditions to see if the yield of the pinacol ester could 

be improved. Some of the most notable of these conditions are tabulated below (Table 2).  
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Entry 

number 

Borylating 

agent 

Catalyst 

(mol%) 

Base Solvent Temperature 

(° C) 

Yield 

166 

Yield 

165 

1 B2Pin2 PdCl2(dppf) 

(3.0) 

KOAc DMSO 80 50 30 

2 B2Pin2 PdCl2(dppf) 

(10.0) 

KOAc DMSO 80 41 45 

3 B2Pin2 PdCl2(dppf) 

(5.0) 

KOAc DMSO 80 50 25 

4 B2Pin2 Pd(PPh3)4 

(10.0) 

KOAc DMF 80 30 _ 

5 B2Pin2 Pd(PPh3)4 

(10.0) 

KOAc DMSO 90 65 22 

6 HBPin PdCl2(dppf) 

(3.0) 

Et3N Dioxane 80 n.r n.r 

7 HBPin PdCl2(dppf) 

(3.0) 

Et3N Toluene 80 45 43 

 

Table 2: Optimization of Miyaura borylation; n.r = no reaction, Yield 166 = isolated yield 

of desired boronic ester; Yield 165 = isolated yield of de-iodinated naphthalene; B2Pin2 = 

Bis(pinacolato)diboron; HBPin = pinacolborane. 

 

The best yield of 65% was attained when Pd(PPh3)4 was used as the catalyst, and DMSO as the 

solvent (Table 2, entry 5). These are the conditions that were employed henceforth for the 

synthesis of boronic ester 166 (Scheme 55). 

 

 

 Scheme 55: Optimized conditions for the Miyaura borylation of naphthalene 156. 
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As can be noted from the last two entries in the table, our attempts at using HBPin as a more 

atom economical alternative borylating agent to B2Pin2, were not as fruitful as hoped. 

Nevertheless, pleased with our results so far, we moved on to the subsequent and perhaps most 

important step. 

2.3.5 Suzuki-Miyaura coupling 

With the two fragments of the molecule in place, it was now time to elaborate the boronic ester 

166 into the complex biaryl-compound 143, by means of a Suzuki-Miyaura coupling reaction 

with iodo-benzaldehyde 145. Noting the extremely sterically hindered nature of the biaryl-

compound, we knew from the onset that this would not be a trivial task to accomplish.. 

This phase of our formal synthesis could be considered one of the most crucial, as failure to 

couple the two fragments 166 and 145 was to result in an obstacle that would not be easily 

circumvented. We were certain that using the conventional Suzuki-Miyaura procedure 

normally followed in our laboratory (refer to Scheme 36), would result in very low yields, if 

at all, of biaryl-compound 143 due to competitive deboronation, as reported by Suzuki and 

coworkers for sterically hindered substrates.107 Rather, we chose to follow Suzuki’s protocol 

for sterically hindered, functionalized biaryl compounds.107 Benzaldehyde 145 was added to a 

three necked round bottom flask flushed with inert gas. To this flask was also added K3PO4 as 

the base and Pd(PPh3)4 as the catalyst. Boronic ester 166 was dissolved in DMF and de-

oxygenated using nitrogen gas for 10 minutes before being added to the flask. The reaction was 

heated to 100 °C and stirred for 18 hours. To our delight, purification via silica gel column 

chromatography delivered the desired biaryl compound 143 as a yellow, very sticky oil, in a 

yield of 32%. Although the yield was poor, we were relieved that some coupling had taken 

place. 

Unfortunately, this feeling of relief was short-lived, as we were later unable to reproduce the 

reaction, even after several attempts. The only difference in the conditions between the first 

attempt and the following trials, was the batch of the catalyst, Pd(PPh3)4 that was being 

employed. A new, fresh batch was made after the first trial, and this is what was used for 

subsequent trials. It is therefore conceivable that an impurity in the old batch is what promoted 

the reaction to occur. After having failed at all subsequent attempts, we resolved to change the 

conditions. Experimenting with a number of catalysts, changing the solvents and bases, were 

all met with frustrating failure, until, eventually we resorted to using Pd2(dba)3 as catalyst in 

combination with tri-o-tolyl phosphine as ligand. Deciding to keep K3PO4 as the base and DMF 
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as the solvent, the reaction was performed in the same manner as before, at 100 °C for 18 hours. 

Gratifyingly, biaryl-compound 143 was isolated in a significantly improved, reproducible yield 

of between 61 and 64% (Scheme 56). The only downside of this reaction was the long and 

arduous purification required to separate dibenzylideneacetone which was released as a side 

product that eluted together with the desired product. 

  

Scheme 56: Suzuki-Miyaura coupling of boronic ester 166 with iodo-anisole 145. 

Confirmation of the successful union of the two fragments was provided by analysis of the 

NMR spectra. The diagnostic aldehyde signal in the 1H NMR spectrum was observed at δ 9.64 

ppm. Protons H-6 and H-4 were represented by the singlet peaks at δ 

7.47 and 7.01 ppm respectively, based on 2D NMR analysis. They 

were accompanied by signals between δ 8.24 and 7.49 ppm integrating 

for four protons, representing the naphthalene aromatic protons, 

whereas proton H-1″ appeared at δ 5.74 ppm as a singlet peak. Also 

present were the signals for three methoxy group protons at δ 3.79, 

3.73, and 3.47 ppm as expected, and methyl group protons at δ 2.48, 1.66, and 1.44 ppm. 

Complementing this was the 13C NMR spectrum from which was observed a carbonyl peak at 

δ 192.8 ppm establishing the presence of the aldehyde, as well as three ArC-OMe peaks at δ 

157.1, 149.9, 149.6 ppm, as expected. In support of this was the presence of the characteristic 

methoxy carbon peaks at δ 60.9, 60.8, and 55.7 ppm. Methyl carbons were observed at δ 25.3, 

21.7, 19.9 ppm. Furthermore, the mass of the compound was established by HRMS, and a mass 

of 391.1914 was found, corresponding to [M + H]+, concurring well with the calculated mass 

of 391.1909. 

2.3.6 Carbonyl-olefin metathesis 

With rings A, C, and D in place with the requisite carbonyl and alkene moieties, the stage was 

now set for the formation of ring B to construct tetracycle 142. This was to be the next most 
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crucial step of our formal synthesis. Based on our findings from the model study, we were 

hopeful that the FeCl3-catalyzed carbonyl-olefin metathesis of biaryl compound 143 would 

proceed smoothly.  

To perform this key operation, into a round bottom flask, FeCl3 was weighed out directly, 

minimizing exposure to air due to its highly hygroscopic nature. To this, under an inert 

atmosphere, was added anhydrous DCE and the solution stirred for 5 minutes. A solution of 

biaryl compound 143 in anhydrous DCE was then added dropwise via syringe to the FeCl3 

solution and the reaction was stirred at room temperature for 4.5 hours. After running the 

solution through a short silica plug, the crude product was purified using silica gel column 

chromatography to furnish, much to our delight, tetracycle 142 as a yellow solid in 67% yield 

(Scheme 57). We observed that using solution concentrations of higher than 0.01 M gave 

significantly lower yields, thus, it was essential to use dilute conditions. It was also observed 

during optimization that using a catalyst loading of 27 mol% gave the best results. 

 

 

Scheme 57: Carbonyl-olefin metathesis of biaryl compound 143 

The disappearance of the aldehyde signal at δ 9.64 ppm in the 1H NMR spectrum, which was 

also complemented by the disappearance of the carbonyl peak at δ 192.8 ppm in the 13C NMR 

spectrum, were key in establishing the success of the metathesis reaction. The absence of two 

methyl group protons in the 1H NMR spectrum, as well as the lack of the singlet peak at δ 5.74 

ppm representing proton H-1″ of biaryl compound 143 (refer to Section 2.3.5) provided further 

confirmation that the metathesis had taken place. Accompanying this were the two doublet 

peaks at δ 7.99 and 7.41 ppm representing the two aromatic protons of the newly formed ring 

B. We were also successful in obtaining suitable crystals of 142 for single-crystal X-ray 

crystallography, which further verified the structure of tetracycle 142 (Figure 12). 
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Figure 12: X-ray crystal structure of tetracycle 142; orthorhombic, space group Pccn (no. 

56), a = 11.4925(6) Å, b = 36.9186(17) Å, c = 8.6409(4) Å. 

Just as was observed with the model study, we suspected that the identity of the side product 

that was formed in a yield of 17% pointed towards quinone 141. This was verified by the 1H 

NMR spectrum, from which was noted that only one methoxy group 

protons signal was present at δ 3.99 ppm, confirming our suspicion that 

it had been oxidized to a quinone. Complimenting this was the 13C 

NMR spectrum which showed the appearance of quinone carbons at δ 

186.1 and 183.1 ppm. The 1H NMR spectrum displayed peaks 

integrating for eight aromatic protons as expected, with two doublets at 

δ 8.23 and 7.94 ppm representing protons H-6 and H-5 respectively. 

These two doublets appear more deshielded than those for tetracycle 142 and this can be 

rationalized by the presence of quinone carbonyl groups. Two singlets at δ 7.28 and 6.91 ppm 

were also present, signifying protons H-4 and H-2 respectively. This conclusion was further 

ascertained by running an HRMS of the sample, which gave a mass of 303.1017 corresponding 

to [M + H]+, and this agrees very well with the calculated mass of the quinone of 303.1021.  

This is of course, an interesting result, and can possibly be further investigated and exploited 

to achieve the one step formation of a benz[α]anthraquinone from a carbonyl- and olefin-

containing precursor.  
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As for the possible mechanistic pathway, it is likely that it proceeds in a similar way to the 

CAN-mediated oxidation of alkoxyarenes to quinones (Scheme 58).139 An initial co-ordination 

of Fe(III) to one of the methoxy groups of tetracycle 142 is followed by a one-electron 

reduction generating intermediate 167. Electron transfer, followed by attack of water and 

proton transfer eventually leads to the formation of mono-quinone 168. The same process is 

repeated with the second methoxy group, leading to the formation of quinone 141. Although 

great care was taken to perform the metathesis under anhydrous conditions, it is possible that 

traces of water were still present in the system due to the highly hygroscopic nature of FeCl3.  

 

 

Scheme 58: Possible mechanism for the formation of quinone in the presence of FeCl3. 

2.3.7 Late-stage oxidation 

Almost at the end of our journey, with the benz[α]anthracene scaffold in hand, and all requisite 

functional groups for tetrangulol present, the final step was to introduce a hydroxyl group at 

the C-8 position (Scheme 59). We envisaged to do this by exploiting the recently developed 

transition metal-catalyzed late-stage oxidation.140-142 The last decade has witnessed a growing 

interest in the development of, and the use of, C-H activation, as a result of the increased 

stepwise economy and atom economy associated with this strategy.140, 143 Although several 

protocols for C-H activation have been reported in literature, we anticipated to apply the OH- 

functionalization protocol by Ackermann and coworkers,142 that makes use of inexpensive 
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ruthenium catalysts. The reaction proceeds by way of a carbonyl-directed C-H ruthenation, 

which activates the proton ortho to the carbonyl group. This is followed by an oxidation of the 

ruthenium(II) complex to a ruthenium(IV) complex, which thereafter undergoes a carbon-

oxygen bond forming reductive elimination.140, 142 Acidic aqueous work up then results in the 

formation of the hydroxylated carbonyl-containing product. We envisioned, perhaps naively, 

that the hydroxyl group would be directed to the desired C-8 position of the 

benz[α]anthraquinone scaffold 141 as that position is the least sterically encumbered. 

 

 

Scheme 59: Proposed synthesis of methoxy-protected tetrangulol. 

Inevitably, we first had to convert tetracycle 142 into quinone 141. This was achieved 

following the standard oxidation procedure using CAN in aqueous MeCN (Scheme 59). The 

reaction proceeded uneventfully, generating quinone 141 in a decent yield of 89% as a bright 

orange solid. The NMR spectra of this compound matched the one obtained for the metathesis 

side product, with the diagnostic quinone carbonyl signals clearly observed in the 13C NMR 

spectrum at δ 186.1 and 183.1 ppm. 

We were now set to perform the final key step of our formal synthesis of tetrangulol. Following 

literature precedent,142 quinone 141 was added to a sealed tube. To the same tube were added 

Ru[(p-cymene)Cl2]2 catalyst, PIFA as the oxidant, TFA and TFAA in a ratio of 0.02: 1, and 

CH2Cl2. The tube was sealed and stirred at 100 °C for 18 hours. Following purification by silica 

gel chromatography, to our fascination two unknown compounds 169 and 170 were isolated, 

albeit in 9% and 20% yields respectively, with similar NMR spectra except for the splitting 

patterns of the aromatic protons (Figure 13 and Figure 15).  

2.3.7.1 Compound 169  

Analyzing the spectra of compound 169, we were immediately pleased to observe, in the 1H 

NMR spectrum, the presence of a hydroxyl proton that is ortho to a carbonyl group by a 

deshielded peak at δ 11.51 ppm signifying a hydrogen bonded hydroxyl proton. This was 
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indicative of a successful late-stage oxidation. The signal for methoxy group protons was 

clearly visible at δ 3.75 ppm, and so was that for the methyl protons at δ 2.76 ppm, establishing 

that these functional groups were still present. Since very small amounts of compounds were 

isolated, the NMR spectra are not the cleanest, with grease peaks from our hexane dominating. 

Looking at the aromatic protons, it was immediately obvious that the two singlet protons 

representing H-2 and H-4 (refer to quinone 141, Scheme 59) were missing. 

 

 

Figure 13: Aromatic region of the 1H NMR spectrum of unknown compound 169 

Signals for only five aromatic protons were present, whereas seven aromatic protons for the 

hydroxylated compound were expected. It was clear that substituents that were made up of 

neither protons nor carbons were attached to the H-2 and H-4 positions. The 13C NMR spectrum 

showed 18 aromatic carbons as expected, with the quinone carbon peaks appearing at δ 187.4 

and 182.3 ppm. The signals at δ 160.3 and 152.9 ppm were in concurrence with the expected 

shifts for ArC-OMe and ArC-OH carbons. In this case, NMR spectral analysis was not going 

to hint at the possible identity of the substituent/s. Notwithstanding this, we also had to 

determine if the hydroxyl group had been directed to the desired C-8 position of the three 

possible positions that it could have been directed to (C-6, 8 or 11). From the COSY spectrum 

(Figure 14), it was clear that protons H-5 and H-6 were still present, being the only two protons 

that couple with each other only, with a coupling constant of 8.8 Hz, and represented by the 
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doublet peaks at δ 8.65 and 8.35 ppm. This meant that the OH had gone to either C-8 or C-11, 

and we were unable to determine which of these positions, despite 2D NMR analysis.  

 

Figure 14: COSY spectrum in the aromatic region of unknown compound 169 

2.3.7.2 Compound 170 

Analyzing the 1H NMR spectrum for compound 170, similarly to compound 169, a hydrogen 

bonded hydroxyl proton was present, represented by the peak at δ 12.07 ppm. This was 

accompanied by the signal for methoxy group protons at δ 3.81 ppm and methyl protons at δ 

2.70 ppm. Just as with compound 169, only five aromatic protons were observed, with the two 

singlet peaks representing protons H-2 and H-4 missing.  
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Figure 15: Aromatic region of the 1H NMR spectrum of unknown compound 170 

To establish the position of the OH group, it was clear from the COSY spectrum (Figure 16) 

that the naphthalene protons were all present based on their interactions with each other. A 

deshielded singlet peak at δ 8.02 ppm indicated to the OH position being directed to the C-6 

position, with the singlet peak representing proton H-5. 

 

 

Figure 16: COSY spectrum in the aromatic region for unknown compound 170 
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Based on NMR spectroscopic analysis, the structures of compounds 169 and 170 that we had 

deduced so far are shown in Figure 17.  

 

 
 

Figure 17: Possible structures of unknown compounds 169 and 170.  

                   X and Y = unknown substituents 

2.3.7.3 Elucidation of the structures of compounds 169 and 170 

We were eventually able to grow suitable single crystals of the two compounds, despite having 

minute quantities of each. The crystals were grown from solvent mixtures of EtOAc and CHCl3 

and were used in single crystal X-ray structure elucidation experiments. 

 

Figure 18: Crystal structure of compound 169; monoclinic, space group P21/c (no. 14), 

a = 16.284(3) Å, b = 3.8310(7) Å, c = 26.131(4) Å. 

 

X-ray crystallographic analysis beautifully revealed the structures of compounds 169 and 170 

(Figures 18 and 19). We were astonished to find that the unknown substituents were actually 

chlorine! Although the yields were poor, we had successfully managed to add not only a 
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hydroxyl group, but also and unexpectedly two chlorine atoms, on our benz[α]anthracene 

scaffold, and this was an interesting result. 

 

  

Figure 19: Crystal structure for compound 170; monoclinic, space group P21/c (no. 14), 

a = 3.8487(2) Å, b = 25.7577(15) Å, c = 15.8388(10) Å. 

The crystal structure for compound 169 revealed that the hydroxyl group was indeed directed 

to the naphthalene ring as we predicted, but to position C-11 instead of C-8 as we had hoped. 

Of course, it is possible that the methoxy group had some influence in directing the ruthenium 

catalyst to coordinate to the oxygen at C-12 (refer to quinone 141, Scheme 59). The crystal 

structure for compound 170 confirmed our prediction that the hydroxyl functionality had been 

directed to C-6. From our results, it seems that, contrary to the report by Ackermann and 

coworkers,144 electronic effects far outweighed steric effects. As position C-6 is more electron-

rich than positions C-8 and C-11, it made sense that compound 170 was formed in a higher 

yield compared to 169. 

Although a detailed mechanistic study is not the scope of the present work, one possible 

mechanistic pathway to explain the substitution of chlorines could involve an initial ruthenium 

insertion of the catalyst into the C-H bond to form an intermediate A (Scheme 60). This most 

likely happens due to that position being the most electron-rich. This could then be followed 

by a reductive elimination, resulting in an Ar-Cl bond, forming intermediate B. This is then 

repeated for the second C-H bond by the second ruthenium component of the dimer, ultimately 
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resulting in the formation of a di-chloro substituted compound (C       D). The utilization of the 

catalyst in this way could also explain the very low yields obtained. However, it is also possible 

that the reaction proceeds via a different mechanism whereby the chlorine atoms are sourced 

from CH2Cl2 by a radical induced pathway. The dichloro-compound then undergoes a carbonyl 

directed C-H functionalization to introduce the hydroxyl group.  

 

Scheme 60: Possible mechanistic pathway for the insertion of chlorine atoms by Ru[(p-

cymene)Cl2]2 

2.4 Conclusion and future work 

We began this program with the aim of improving the synthesis of tetrangulol by the 

implementation of certain Green Chemistry principles in our design strategy. Although we 

were unsuccessful in the formation of tetrangulol, several interesting results and discoveries 

were made along the way. Among the most prominent of these was the development and use 

of a ‘green’ Friedel-Crafts acylation methodology that makes use of the environmentally 

acceptable methanesulfonic acid. We were also successful in developing a synthesis for iodo-

benzaldehyde 145 that is more elegant than the previously employed synthetic strategy, as we 

were able to eliminate the use of toxic CCl4, and avoid waste in terms of atom economy.  

Particularly key to this project, was to demonstrate if an FeCl3-catalyzed carbonyl-olefin 

metathesis could be used in the formation of a benz[α]anthracene scaffold. We were able to 

establish that this reaction can indeed be used, with ease, to construct the tetracyclic core of 

angucyclines, from carbonyl and olefin containing precursors. Moreover, it was found that, 

under the conditions used, the formation of a quinone was promoted, albeit in poor yield. This 
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could therefore be investigated as part of future work, to enable the one-step synthesis of a 

benz[α]anthraquinone from a biaryl carbonyl-olefin containing precursor. Also of significance 

to our synthesis was the use of a palladium-catalyzed Suzuki-Miyaura coupling reaction, which 

we were successful in utilizing to construct a sterically congested biaryl intermediate. 

This work also revealed that a late-stage oxidation can be used to introduce a hydroxyl group 

on a benz[α]anthraquinone; however, regioselectivity proved to be problematic. Furthermore, 

rather than a single hydroxylated compound, we observed the formation of two unexpected 

isomeric hydroxy-dichloro-benzoquinones as our final products in 0.6% and 1.3% overall 

yields starting from 1,4-dimethoxynaphthalene, not taking into account recycled starting 

material.  

Seeing that a group of chlorine-containing angucyclines have recently been isolated from the 

mycelium of streptomyces sp., and have been found to display interesting biological 

properties,145 this synthetic strategy, and in particular the late-stage oxidation could therefore 

be useful in the formation of chlorocyclinones, as part of future work, that may possess 

attractive biological profiles.  As a starting point, the novel chlorocyclinones 169 and 170 must 

be tested for their potential antimicrobial as well as potential anticancer properties. Thereafter, 

the late-stage oxidation procedure must be optimized, through the use of alternative ruthenium-

based catalysts targeted specifically for CH activation reactions. This will allow for an efficient 

one-step addition of hydroxyl- and chloro-functionalities on quinone containing scaffolds.
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CHAPTER 3 

 

 

3.1 Bio-renewable feedstock 

3.1.1 An introduction 

Organic synthesis, which involves the construction of target molecules comprising of carbon 

and hydrogen atoms often in combination with other atoms, has revolutionized the world, as 

we know it. Only until recently, however, has the sustainability of the final product been a 

major concern. Amongst other factors, where the carbon atoms of the target molecule come 

from is an important aspect of the sustainability of the final product. Presently, chemical 

industries worldwide are largely dependent on petroleum based starting materials for chemical 

synthesis. It is said that, in estimate, more than 98% of all organic chemicals are derived from 

petroleum.146 Being a fossil fuel, this resource is classified as being non-renewable, and its 

significant extent of use in the chemical industry is not only rendering it in danger of depletion 

but is also causing a carbon imbalance in our ecosystem.147-149 In order to address these issues, 

a major goal of green chemistry is to make the switch from petroleum based resources to bio-

renewable feedstock for chemical synthesis, and this constitutes one of the major design 

principles of Green Chemistry as defined by Anastas and Warner (refer to Figure 1, Chapter 

1).15-17, 146, 150 Bio-renewable feedstock comprises primarily of biomass, which can easily be 

replenished by Nature.147 Biomass is the term that is used to describe all material that is derived 

from wood and plant based sources, that are in possession of stored energy from the sun through 

photosynthesis.147 

The use of biomass as an alternative feedstock for chemicals affords several advantages over 

those derived from petroleum-based feedstock. Principally, starting material derived from 

biomass-based resources are most often endowed with a high degree of functionalization, for 

example in the form of possession of heteroatoms or stereogenic centers.148, 151 This in turn has 

the potential to cut down the number of steps it takes to get to the final product as compared to 

using hydrocarbons derived from fossil fuels, which typically have no organic functional 

groups.148, 151 Step-economy in synthesis is favored as the consequence is most often a 

reduction of overall waste generated, which is in accordance with the principles of Green 

Chemistry.  
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Additionally, it may be possible that bio-based products may have unique properties compared 

to products derived from non-renewable, petroleum-based hydrocarbons in that they may 

possess useful qualities such as biodegradability.151 This would allow chemical products, at the 

end of their life cycle, to degrade into innocuous by-products rather than remaining in their 

original form in the environment.  

Despite the recent emerging interest in the use of bio-renewable feedstock, chemical synthesis 

from biomass-derived starting materials is essentially not a recent development. In point of 

fact, before petrochemical sources were discovered as a more economical alternative, organic 

molecules such as methanol, ethanol, benzaldehyde, and benzoic acid were all biomass-

derived.148 This being the case, one remarkable example of a natural product synthesis in the 

1800s was by Adolf von Baeyer in his second synthesis of indigo 171, using cinnamic acid 

172, which was made from benzaldehyde 173 derived from bitter almond oil (Scheme 61).148, 

152-153  

 

Scheme 61: Synthesis of Indigo by Adolf von Baeyer from benzaldehyde.148, 152 

Baeyer was later awarded the Nobel prize in chemistry in 1905 for ‘his services in the 

advancement of organic chemistry and the chemical industry, through his work on organic dyes 

and hydroaromatic compounds’.154  

3.1.2 Types of bio-renewable feedstock 

Indeed Nature provides us with an armory of abundant biorenewable resources in the form of 

biomass that could potentially be used in the future to replace the petrochemical industry. 

Various classes of these naturally-occurring resources abound, which can then be converted 

into platform molecules, each possessing its own level and degree of functionalization that 

could contribute to a specific natural product synthesis. Fats and oils that are derived from 

either plant or animal sources for example, are principally used in the production of bio-

fuels.148, 155-156 However, they can also be used in natural product synthesis particularly to 

introduce alkyl chains, after the valorization of the free fatty acids and glycerol of which they 

are a source.148, 155-156 An amenable example would be the synthesis of the alkaloid (+)-azimic 
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acid, by Naito and coworkers,157 from 175 which is derived from eicos-5-enoic acid 176, a 

constituent of meadowfoam seed oil (Scheme 62).155  

 

Scheme 62: Synthesis of (+)-azimic acid using a fatty acid as a biorenewable starting 

material.148, 157 

The use of fats and oils in the chemical industry, however, is a debatable issue as it can bring 

about competition with the global population for food, which altogether leads to concern of 

increased food prices universally.158  

A much nobler alternative would be to use inedible bio-renewable sources, which eliminates 

competition of these resources with food consumption. A plethora of examples exist, such as 

cellulose, chitin, and lignin. Lignin is a major waste product of the paper and pulp industry and 

hence comprises of a large portion of biomass not utilized by humans.159 It is a biopolymer, 

which in addition to other functions, confers mechanical strength to plants, and is one of the 

largest sources of carbon on earth.15 Through various valorization approaches, lignin can be 

used to deliver a plethora of platform molecules such as vanillin, resorcinol, syringaldehyde, 

veratrole and piperonal which can then be used as starting materials for natural product 

synthesis.148, 160-161 The total synthesis of organic compounds, where all starting materials are 

wood-derived, is referred to as ‘xylochemistry’; work that was pioneered by Arduengo and 

Opatz.149 Although the valorization and transformation of wood into platform molecules still 

needs to be optimized, the xylochemical approach is a sizeable step forward in the synthesis of 

sustainable natural products. 

To this end, another bio-renewable starting material that has gained prominence for synthesis 

in recent times is cashew nut shell liquid (CNSL), which is a major waste product of the cashew 

nut industry. 

3.2 Cashew nut shell liquid  

The cashew tree (Anacardium occidentale L), which is native to South America, was first 

introduced, early in the 1500s, to India, before spreading to other parts of the world.162 It is 
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now a significant cash crop in several countries such as Vietnam, Tanzania, Mozambique, 

Brazil, and India.163 From the cashew plant stems the comestible cashew apple, at the base of 

which grows the cashew nut, often eaten as a snack. The cashew nut is encompassed within a 

shell that comprises of an inner and an outer layer, in between which lies a honeycomb-like 

structure. 

The global production of cashew nuts is estimated to be around 2.1 million tons annually.164 

Traditionally, the shells of these cashew nuts would be discarded as waste; however in recent 

times, these shells have proved to be immensely valuable due to the isolation of a red-brown 

oil acknowledged as the cashew nut shell liquid (CNSL), derived from the honeycomb-like 

structure. CNSL, in addition to its ubiquitous occurrence in Nature and inexpensiveness, further 

demonstrates an admirable potential as a bio-renewable feedstock for the synthesis of several 

value-added products, making this a classic example of a ‘cradle-to-gate’ approach for 

agricultural waste.162, 164-167  

Remarkably, the chemical composition of CNSL was investigated as early as 1847 by 

Stadeler,168 and thereafter in 1887 by Ruhemann and Skinner.169 Several publications have 

followed since then,170-172 and it is now widely accepted that CNSL comprises chiefly of a 

mixture of four phenolic compound scaffolds, namely anacardic acids 177a-d, cardanols 178a-

d, cardols 179a-d, and 2-methylcardols 180a-d (Figure 20). Each of these sets of compounds 

possess a long hydrocarbon side chain with varying degrees of unsaturation a-d in the meta 

position to the phenol group, and this, in addition to the phenol functionality, render CNSL a 

valued resource for the synthesis of chemicals.164 The percentages of the anacardic acids and 

cardanols differ depending on the extraction method used, where solvent extraction or cold-

press methods result in 60-65% anacardic acids. The more commonly applied technical 

extraction methods involving heating result in a higher percentage of the cardanols (65%) due 

to the ensuing decarboxylation of the anacardic acids, making the cardanols the most widely 

employed constituent of CNSL, 162-164 hence our focus will be centered primarily on this 

versatile constituent. 
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Figure 20: Chemical composition of CNSL. 

3.2.1 Cardanols as bio-renewable starting materials for synthesis 

Owing to their inherent functionality, the cardanols 178a-d boast a myriad of versatile 

applications such as in the synthesis of polymers,163 phenolic resins,164 nanomaterials,173-174 

stabilizers,175 as well as a bio-renewable source of energy in the form of a biofuel.176 Although 

the cardanols have been used for such applications as these since the early 1900s,170 their 

conversion into value-added chemical products has only recently been described, and as such 

few examples have been reported in literature. A prominent case, seemingly simple yet 

representing a step forward in the replacement of petrochemically-derived resources with 

biochemically-derived sources, was the hydrogenation of the cardanols 178a-d into 3-

pentadecylcyclohexanone 181, with the concomitant formation of small amounts of the 

hydrogenated phenol 182 (Scheme 63).165 Albeit for the long chain, 181 resembles 

petrochemically derived cyclohexanone very closely. Since cyclohexanone is an important 

building block in the synthesis of several petrochemically derived compounds,177 it may not be 

impossible that cardanol-derived 181 could similarly be used in synthesis. 

 

Scheme 63: Direct hydrogenation of the cardanols into 3-pentadecylcyclohexanone. 
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Another particularly pertinent contribution was made by the group of Cole-Hamilton in their 

recently described synthesis of pharmaceutical drugs using the cardanols 178a-d as the starting 

material (Scheme 64).178 Cardanols 178a-d were first transformed by means of an ethenolysis 

in the presence of catalytic amounts of the Hoveyda-Grubbs first generation catalyst 183 

(HG1), generating 3-non-8-enylphenol 184 in a 96% yield. This was subsequently converted 

into the key intermediate 3-vinylphenol 185 in a two-step process involving, initially, a 

palladium-mediated isomerization of 3-non-8-enylphenol 184, followed by a metathesis of 

crude 186 in the presence of a M1 catalyst 187 (see bottom of Scheme 64) furnishing 3-

vinylphenol 185 in an overall yield of 65%. Phenol 185 thereafter served as the key precursor 

to two pharmaceutical drugs. A hydroxyamination on the double bond of 185 delivered the 

sympathomimetic drug norfenefrine 188 in a 71% yield. The antihypotensive drug etilefrine 

189, which has a similar structure to norfenefrine 188, was formed in a single step from 188 

by a selective N-ethylation using ethyl triflate in HFIP. The di-N-ethylated compound 190 was 

also formed as a side product in 17% yield. In addition, the Cole-Hamilton group also 

demonstrated the synthesis of the nonsteroidal anti-inflammatory drug fenoprofen 191 in four 

steps from phenyl-protected cardanol 192, in an impressive overall yield of 48% from the 

cardanols 178a-d. This use of an inedible waste bio-renewable resource to synthesize 

pharmaceutical drugs is an immense step forward in the replacement of the fast-depleting 

petrochemical industry with bio-renewable resources. 
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Scheme 64: Synthesis of norfenefrine, etilefrine, and fenoprofen from cardanol. * 

DTBPMB = 1,2-Bis(di-tert-butylphosphinomethyl)benzene, FeiPiv = Iron(II) phthalocyanine 

+ O-pivaloylhydroxylammonium triflate, MSA = Methanesulfonic acid, HFIP = 

Hexafluoroisopropanol. 

In 2019 in our laboratory, the de Koning group in collaboration with the Opatz group, 

demonstrated the xylochemical construction of several classes of compounds from cardanol 

178a and anacardic acid 177a that were found to display interest UV absorption profiles.179 

Hydroxybenzophenone 193, hydroxyflavone 194, dihydroxyxanthone 195, triazines 196 and 



Chapter 3 – Bio-renewable feedstock and Xanthones 

 

88 
 

197, and oxadiazole 198 were all expediently fashioned from CNSL-derived cardanol 178a 

(Scheme 65).179  

 

Scheme 65: Synthesis by de Koning and coworkers of several classes of heterocycles using 

cardanol 178a as the starting material.  

These syntheses establish that biodegradable, renewable resources like cardanols 178a-d can 

successfully be used to synthesize higher value added compounds that have previously only 

been made from petrochemically-derived starting materials. In addition, the compounds have 

the potential to display interesting physical as well as biological properties. Thus, eventually 

rendering the cardanols 178a-d a valuable starting material in the synthesis of various 

structurally rich classes of compounds. One particular group of compounds that our group has 

been interested in are the xanthones, which shall be the focus of the next section of this chapter. 

3.3 Xanthones 

The term ‘xanthone’ derives from the Greek word ‘xanthos’ or rather more accurately ‘ξανθός’ 

meaning yellow or blond.180 Xanthones are a group of naturally-occurring, as well as synthetic, 

oxygen-containing, symmetrical heterocycles that bear the framework of a 9H-xanthene-9-one 
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199 (Figure 21).180-183 In Nature, xanthones occur as secondary metabolites that are found in 

various species of both terrestrial as well as marine plants, fungi, and lichen.184 Naturally-

occurring xanthones have been isolated from plants as early as in the 1800s, as exemplified by 

Claude Leconte’s isolation, in 1838, of a certain yellow crystalline compound which he coined 

‘gentisin’ 200, a xanthone from the plant family of Gentianaceae.185 Other plant families that 

xanthones have since been isolated from include Guttiferae, Polygalaceae, Leguminosae, 

Lythraceae, Moraceae, Loganiaceae and Rhamnaceae.186  

 

Figure 21: Structures of xanthone core and xanthone gentisin. 

As far as it is known, the xanthone core itself is not found in Nature, but was first obtained 

through synthesis by Kolbe and Lautermann in 1860.181 The planar, rigid core however, is 

found in Nature substituted in various positions of the skeleton by a diverse array of 

substituents, giving rise to the various groups or classes of xanthones. Of these, there are six 

categories or classes, namely; simple xanthones, prenylated xanthones, xanthone glycosides, 

xanthonolignoids, bisxanthones and miscellaneous xanthones.181-183  

The simple xanthones, which are found abundantly in natural products, include all those that 

bear simple substituents such as hydroxyl, methoxy, or methyl groups.181, 183 Gentisin 200 

(Figure 21), for example, belongs to this class of xanthones. The prenylated xanthones 

constitute the majority of naturally-occurring xanthones, and are substituted with the 

commonly found isoprenyl group, or the less frequent 3-hydroxy-3-methylbutyl and 1,1-

dimethyl-prop-2-enyl substituents. Various modifications of these side chains, including 

cyclization, epoxidation, hydrogenation, among several others, have also been observed.183 

Isoemericellin 201 (Figure 22), as an example, is a prenylated xanthone isolated from the 

Emericella variecolor strain of fungi derived from the marine sponge Haliclona valliculata.187  

Mangiferin 202 is a classical specimen of a glycosylated xanthone, isolated from the leaves 

and bark of Mangifera indica.186 It is most likely a metabolic precursor to the pigment 

euxanthoic acid, also known as Indian yellow, which was originally extracted from the urine 
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of animals fed with mango leaves.186 The third category of xanthones, i.e. the xanthonolignoids 

comprise of a phenylpropyl group that is connected to a dihydroxyxanthone core by a dioxane 

ring, and has only recently been identified as a separate group.188 The first xanthonolignoid to 

be isolated was kielcorin 203 in 1969 from the Kielmeyera species (Guttiferae).189 

Bisxanthones, on the other hand, have been investigated to a lesser extent than monomeric 

xanthones. One such example is swertiabisxanthone-I 204 isolated from the fungi Swertia 

macrosperma.190  

All other xanthones that do not fit these categories are classified as miscellaneous xanthones, 

an example being xanthofulvin 205 isolated from penicillium sp.183  

 

Figure 22: Examples of xanthones in different classes. 
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3.3.1 Biological properties of the xanthones 

The xanthone framework is often referred to as a ‘privileged structure’ owing to the diverse 

array of substituents which elicit a variety of biological responses due to their ability to interact 

with different drug targets.181-182 In fact, the recognition of the biological significance of 

xanthones is not a recent development, and has been investigated since the late 1900s.186, 191 So 

far, xanthones have been found to demonstrate antimicrobial,192 anti-inflammatory,193 

antitumor,194 and antioxidant properties.195 The antitumor and anticancer properties of 

xanthones, in particular, have been critically investigated due to their ability to inhibit several 

stages of the carcinogenesis process.196-197 Xanthones have been known to inhibit several 

molecular targets in the tumor cells, such as kinases and DNA polymerases.196 Accordingly, 

the anti-tumor properties of xanthones include amongst many others, cell cycle arrest and 

inhibition of metastasis, induction of apoptosis, and reduction of inflammation.196 It is 

intriguing to note that xanthones have also been found to exhibit anti-obesity properties, as 

demonstrated by mangiferin 202.198 Mangiferin 202 was reported to reduce free fatty acids and 

triglycerides in the plasma of hyperlipidaemic rats and was found to inhibit differentiation of 

preadipocytes, and suppressed lipid accumulation, and has been used as a supplementary food 

in Japan to prevent obesity and diabetes.198  

So it is that the interest in xanthones arises primarily due to the pharmacological properties of 

these compounds, which in turn is brought about principally due to their structural diversity. 

This has, as a result, brought about an interest by organic chemists in the total synthesis of 

xanthones, both natural and synthetic. It is just as important to synthesize new non-natural 

xanthones as it is to synthesize naturally-occurring xanthones, as this can lead to the 

development of novel structures that could potentially serve as clinically useful drugs.   

3.3.2 Chemical synthesis of xanthones 

3.3.2.1 The Grover, Shah and Shah method 

The first known method to synthesize hydroxyxanthones involved distilling a mixture of 

phenol and phenolic acid in the presence of acetic anhydride.199-200 Even though the desired 

xanthones were delivered successfully, the reaction conditions were often drastic, and side 

reactions were eminent.201 To overcome these limitations, a modification of this method was 

then developed in 1955 by Grover et al. which involved condensation under mild conditions 

of a salicylic acid derivative with a reactive phenol in the presence of phosphorus oxychloride 

and zinc chloride, to form a hydroxyxanthone.201 This convenient method, which is still being 
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used in the synthesis of hydroxyxanthones, is commonly referred to as the Grover, Shah and 

Shah (GSS) method.202 Grover et al. reported the use of this method to synthesize a number of 

hydroxyxanthones. For example, 1,3,6-trihydroxyxanthone 206 was synthesized, albeit in a 

poor yield of 30%, from 2,4-dihydroybenzoic acid 207 and phloroglucinol 208 using mild 

reaction conditions (Scheme 66).201 

 

Scheme 66: GSS method for the synthesis of hydroxyxanthones.201 

Modifications of this original method have been employed since for the construction of 

hydroxyxanthones;203 however, the reaction only works if the intermediate benzophenone 

possesses a hydroxy group in the 6 and 2’ position, or in the 2 and 6’ position (refer to 209, 

Scheme 66).202, 204 Without such a benzophenone intermediate, an additional cyclization step 

would be necessary to form the xanthone. For this reason, other methodologies for the synthesis 

of xanthones have been developed. Two different classical and well-known synthetic routes 

proceed either by the initial formation of a diaryl ether 210, or a benzophenone 211 as key 

intermediates, followed by the cyclization of the respective intermediate leading to the desired 

xanthone 212 (Scheme 67).203 

 

 

Scheme 67: Two classical synthetic routes leading to xanthones.  
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3.3.2.2 Synthesis of xanthones via a diaryl ether intermediate 

Although several methods exist for the formation of an ether linkage between aromatic rings 

to form diaryl ethers, the most commonly applied strategy in the synthesis of xanthones 

involves the Ullmann coupling between a phenol and aryl halide, as the reaction is regiospecific 

and only one product is formed.202-203 Other strategies that have been used for the formation of 

a diaryl ether intermediate include the [3+3] cyclocondensations between two arene moieties, 

which is useful for the synthesis of highly hindered xanthones,205 as well as the intermolecular 

conjugate substitution of salicylate derivatives with 1,4-halobenzoquinone, which is useful for 

the synthesis of xanthones bearing a hydroquinone moiety.206 

Following the construction of the diaryl ether intermediate, a cyclization must be performed to 

yield the desired xanthone. Depending on the nature of the substituents present on the diaryl 

ether intermediate, different approaches can be used, the most widely employed of which 

involves an acid catalyzed intramolecular electrophilic cycloaddition.203 Goodell et al.207 used 

this approach in the synthesis of several 3-carboxamidexanthone derivatives as part of their 

investigative studies into the mechanism of action of anti-herpes agents that can inhibit 

topoisomerase activity. The synthesis began with a modified Ullmann-Goldberg coupling 

reaction between phenol 213 and bromoterephthalic acid 214 in the presence of the non-

nucleophilic base 1,8-diazabycyclo[5.4.0]undec-7-ene (DBU), to yield the diaryl ether 

intermediate 215 (Scheme 68). Intermediate 215 was then cyclized with concentrated sulfuric 

acid at 100 °C, an acid-catalyzed intramolecular electrophilic cycloaddition, to yield 3-

carboxyxanthone 216 in an average yield of 55%. To form carboxamidexanthone 217, an acid 

chloride intermediate of 216 was initially formed by refluxing in thionyl chloride, which was 

thereafter reacted with the requisite amine in CH2Cl2.  
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Scheme 68: Synthesis of carboxamidexanthone 217 using Ullmann coupling and 

intramolecular SNAr as key steps.207 

However, the reactions used for this type of route are generally harsh due to the high 

temperatures needed, in addition to the often super-stoichiometric amounts of copper catalyst 

that are required. 

In the case where the diaryl ether intermediate does not possess a carboxylic acid-derived 

substituent ortho to the ether linkage, an electrophilic aromatic substitution can be used to 

selectively introduce the carbonyl moiety. Granoth et al.208 were the first to demonstrate this 

methodology, when either ether 218a or b was treated with oxalyl chloride in the presence of 

aluminium chloride and carbon disulfide to yield either xanthone 219a or b respectively in one 

step (Scheme 69). 

 

Scheme 69: Synthesis of xanthone from diaryl ether intermediate lacking a carbonyl 

group. 

However, with this methodology, it is important that the position para to the ether linkage of 

the most nucleophilic aryl ring of the diaryl ether is substituted to avoid para-acylation or an 

electrophilic attack on a less hindered position.203   
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Methods also do exist that involve the cyclization of diaryl ethers that possess formyl groups 

instead of carboxylic acid derivatives. These methods for example involve an oxidative double 

C-H functionalization/carbonylation catalyzed by palladium,209-210 or a rhodium-catalyzed 

cross-dehydrogenative coupling.211 On the downside, however, the catalysts or ligands used 

are often expensive which can prove to be a hindrance. 

3.3.2.3 Synthesis of xanthones via benzophenone intermediate 

The synthetic approach involving benzophenones as the key intermediate to the synthesis of 

xanthones is often used to overcome the limitations of the previously mentioned strategies, and 

is most preferred due to the often high yields obtained.202-203 This route, just as with the diaryl 

ether route, involves the initial synthesis of the benzophenone key intermediate, followed by a 

subsequent cyclization to yield the desired xanthone.  

The preferred methodology for the synthesis of benzophenone intermediates, due to the high 

yields obtained, involves a Friedel-Crafts acylation between a phenol derivative and an acyl 

chloride, despite the certain limitations of this method, such as the lack of regioselectivity in 

terms of either ortho or para positions being acylated, in addition to the often strongly acidic 

conditions that are required.184, 202-203 Another methodology that is commonly used, especially 

for the synthesis of highly-substituted benzophenones, is the 1,2-nucleophilic addition of an 

aryllithium to a carbonyl group. Where the substrate bears an ester or acyl chloride moiety, the 

benzophenone would be obtained in one step,212-213 but in the case of an aldehyde-bearing 

substrate, the benzophenone is obtained in two steps following an oxidation of the secondary 

alcohol that is formed (refer to Scheme 71).214 Besides these general methodologies, other less 

frequently used procedures do exist such as the palladium-catalyzed C-H addition of an arene 

to a nitrile to form a ketimine which upon hydrolysis leads to a benzophenone.215 

Upon construction of the benzophenone intermediate, an ensuing cyclization will then lead to 

the formation of the xanthone core. If a hydroxyl group is substituted either on position 2 or 6 

and a leaving group on position 6’ of the benzophenone intermediate (211, Scheme 67), a base-

catalyzed intramolecular aromatic substitution can take place to form the ether bridge linking 

the two aryl moieties.  

Dai et al. applied this strategy to synthesize a number of tetraoxygenated xanthone derivatives 

whose cytotoxic activity against human hepatocellular carcinoma (HCC) cells was 

investigated.216 Xanthone 220 was found to show the most promising result as a potential 

chemotherapeutic agent for the treatment of human HCC.216 The synthesis began with 2,3,4-
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trimethoxybenzoic acid 221, which was subsequently converted into the intermediate acid 

chloride 222 by reaction with thionyl chloride (Scheme 70). This was then treated with 1,3,5-

trimethoxybenzene 223 in ether in the presence of AlCl3 to mediate a Friedel-Crafts acylation, 

which was accompanied by a selective demethylation of the methoxy group ortho to the 

carbonyl group, resulting in the benzophenone intermediate 224 in a 65% yield. The xanthone 

core 225 was then expediently constructed through a base-catalyzed cyclisation of 224 in an 

83% yield. To furnish the desired xanthone 220, compound 225 was initially iodinated using 

NIS to deliver iodo-xanthone 226, which was thereafter subjected to a Suzuki-Miyaura 

coupling reaction catalyzed by tetrakis(triphenylphosphine)palladium(0).  

 

Scheme 70: Use of a Friedel-Crafts acylation and base-catalyzed intramolecular 

substitution as key steps for the synthesis of a xanthone.216 

This relatively simple cyclization strategy was also showcased in the Hintermann et al. 

synthesis of the xanthone core 227 of the highly oxygenated antibiotic FD-594 (Scheme 71).217 

Terephthalate 228 was transformed into aldehyde 229 in a five-step process involving the initial 

protection of the free hydroxyl groups, followed by a semi-saponification and eventual 

reduction of one of the ester groups, and finally an oxidation of the resulting primary alcohol. 

Intermediate aryllithium 230, which was furnished upon subjection of 231 to a solution of n-

BuLi, then underwent a nucleophilic aromatic addition to aldehyde 229, delivering the 
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secondary alcohol 232 in a good yield of 79%. Oxidation of the secondary alcohol, followed 

by a deprotection of the MOM group, led to the formation of key intermediate benzophenone 

233. Subsequently, a base-catalyzed nucleophilic aromatic substitution furnished the desired 

xanthone 227 in a yield of 83%. Due to the potential leaving group ability of the OiPr group, 

xanthone 234 was also formed as a side product, albeit in very low yields when DMPU was 

used as the solvent. When TFA, MeOH, EtOH, or formamide were used as solvent, xanthone 

234 was found to be the major product, concluding from their study that the selectivity of 

leaving group can be controlled by solvent polarity.217 

 

Scheme 71: Synthesis of the xanthone core of the antibiotic FD-594.217 

Alternatively, the cyclization of benzophenone intermediates can take place via oxidative 

coupling.203 In 2010, our research group reported on a novel cerium ammonium sulfate (CAS)-

mediated oxidative coupling methodology for the synthesis of xanthones from methoxy-

substituted benzophenones.212, 218 This method allowed for the relatively facile oxidation of 

benzophenones possessing at least two methoxy groups, one that is ortho to the carbonyl bridge 
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of the benzophenone, and the second that is either ortho or para to the first methoxy group. A 

possible reaction mechanism that was proposed is shown in Scheme 72.218 An initial single 

electron transfer of the electron-rich aromatic ring of benzophenone 235 possessing the 

methoxy groups could possibly lead to the radical cation 236, which upon subsequent 

cyclization would result in the resonance-stabilized radical intermediate 237. A one electron 

reduction of this intermediate in the presence of a proton leads to the formation of enol 238, 

elimination of methanol from which subsequently results in the desired xanthone product 239. 

 

Scheme 72: A proposed reaction mechanism for the synthesis of xanthone using a CAS 

mediated oxidative coupling.218 

Although the scope of this methodology in terms of methoxy groups has already been 

established, the scope in terms of the nature of the substrate (possession of various other 

functional groups) has not yet been fully recognized.  

3.4 Ultraviolet radiation and absorption 

The sun is often referred to as the source of life for all living organisms on the planet. Of the 

radiation emitted by the sun, known as solar radiation, around 92% is made up of visible light 

and infrared radiation.219 The remaining 8% consists of ultraviolet (UV) radiation that is 

divided into three bands depending on the wavelength of radiation. UVC (200 – 290 nm) is 

almost completely filtered off by the ozone layer and is therefore of less biological significance 

than the other two types of UV radiation.220 UVB (280 – 320 nm), which does reach the earth’s 

surface, is primarily responsible for causing sun burns and erythema.221 UVA (320 – 400 nm), 

which reaches the earth’s surface in excess of UVB, is known to be largely responsible for 

causing photo-ageing, and, in conjunction with UVB, cause skin cancer, as well as 
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immunosuppression.221-222 This indicates the pressing need for UV protectants or UV filters 

globally.  

There exist two categories of UV filters: inorganic particulates and organic UV absorbers. 

Inorganic particulates absorb, scatter and reflect UVA and UVB rays, whereas organic UV 

absorbers filter UV rays purely by absorption of either UVA or UVB radiation, or both. Organic 

UV absorbers primarily comprise of at least one electron-donating group, and one electron-

accepting group in either the ortho or para positions, which allow for the efficient 

delocalization of electrons. In addition, the presence of internal hydrogen bonding within the 

molecule, made possible in an ortho-disubstituted molecule, for example a benzophenone (see 

Figure 23), lowers the energy requirements for absorption, hence resulting in an increase in 

the absorption maxima wavelengths.223  

 

Figure 23: Electron delocalisation and hydrogen-bonding of a benzophenone.  

3.5 Aim and objectives 

The purpose of the second component of this PhD thesis is to use the CAS-mediated oxidative 

coupling methodology to synthesize a library of C15 side chain-substituted xanthones 240a-c. 

Particular emphasis is placed on using bio-renewable cardanol 178a as a starting material, to 

synthesize intermediate benzophenones 241 possessing either two or three methoxy groups in 

the requisite ortho and para positions (Scheme 73). The purpose of this is two-fold, firstly to 

establish the scope of the CAS methodology in terms of the nature of the substrate, and 

secondly to synthesize potential UV absorbers that could be used as sun protectants. This was 

encouraged by the promising UV absorption profiles of the compounds synthesized in our 

laboratory (refer to Scheme 65).179  In order to accomplish the second feat, the synthesized 

xanthones will be subjected to late-stage oxidation protocols in order to introduce hydroxyl 

groups ortho to the carbonyl moiety, to furnish hydroxy-xanthones 242. The ensuing internal 

hydrogen bonding effect is an important feature in rendering the molecule UV active. 

The results of this endeavor are described in the following chapter. 
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Scheme 73: Retrosynthetic scheme for the synthesis of xanthones. 
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CHAPTER 4 

 

4.1 Synthesis plan 

As was highlighted in Chapter 3, it was our primary aim to synthesize a library of UV absorbing 

compounds, specifically benzophenones and hydroxy-xanthones, using bio-renewable 

cardanol 178a as a starting material. Our retrosynthetic plan entailed the use of the carbonyl-

directed late-stage oxidation protocol described in Chapter 2 to assemble, for example, 

hydroxy-xanthone 242a from xanthone 240a (Scheme 74). We envisaged that the construction 

of xanthone 240a could in turn be accomplished from benzophenone 241a by exploiting the 

CAS oxidation procedure developed in our laboratory,218 and this would also serve the purpose 

of enabling us to further ascertain the reproducibility and generality of this reaction. In our 

initial undertaking of the assembly of benzophenone 241a, we envisioned using the Grignard 

reaction to couple formylated cardanol 243 with methoxy-substituted bromobenzene 244a. The 

resulting secondary alcohol 245a would be subjected to oxidation conditions to eventually lead 

to the desired benzophenone 241a. The same retrosynthetic scheme applies for hydroxy-

xanthones 242b and 242c, which we proposed to synthesize using bromobenzene 244b and 

244c respectively. These specific bromobenzenes 244a-c were chosen due to their methoxy-

substitution patterns; i.e. two or more methoxy groups are present which are either ortho or 

para to each other, as this is a pre-requisite for the CAS oxidation reaction.218 
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Scheme 74: Initial retrosynthetic plan for the synthesis of hydroxy-xanthones 242a-c. 

Discussed in this chapter is our journey towards the synthesis of hydroxy-xanthones 242a-c. 

Also presented are the results of the UV-absorbing properties of the synthesized 

benzophenones and hydroxy-xanthones.  

4.2 Formylation of cardanol 

The synthesis began with the formylation of cardanol 178a to introduce an aldehyde moiety in 

the least sterically hindered position ortho to the phenol substituent (Scheme 75). This was 

achieved using the protocol developed by Casiraghi et al.224 using para-formaldehyde as the 

formylating agent, triethylamine as the base, and tin(IV) chloride as the Lewis acid. The 

reaction mixture was then heated to 100 °C and stirred for 8 hours. Purification by column 



Chapter 4 – Xanthones results and discussion 

 

103 
 

chromatography furnished formylated cardanol 243, the identity of which was confirmed by 

NMR spectral analysis, as a white solid in a decent yield of 67%. The presence of the aldehyde 

moiety was established in the 1H NMR spectrum by the diagnostic peak at δ 9.84 ppm. This 

was further confirmed by the 13C NMR spectrum which showed the appearance of a carbonyl 

peak at δ 195.7 ppm. The fact that the aldehyde moiety was ortho to the phenol group was 

verified by the strongly deshielded peak at δ 11.04 ppm, representing a hydrogen bonded 

phenol proton. The presence of a doublet signal at 7.41 ppm was representative of H-6 which 

couples only with H-5 (J = 7.8 Hz), confirming the identity of the desired formylated compound 

as opposed to the other ortho-regioisomer. 

 

Scheme 75: Formylation of cardanol. 

Although this reaction proceeded smoothly, the use of SnCl4 is problematic as it is not the most 

pleasant Lewis acid to work with, especially on a large scale. We then decided to attempt the 

reaction using anhydrous MgCl2 as the Lewis acid instead, and THF as the solvent. The reaction 

mixture was heated at 75 °C for 2.5 hours, after which, following an acidic work up, formylated 

cardanol 243 was readily isolated by recrystallization from methanol in a better yield of 72%. 

4.3 Synthesis of benzophenone via Grignard and oxidation reactions 

4.3.1 Grignard reaction 

With the requisite aldehyde functionality in place, the next step was to bring about the union 

of 243 with methoxy-substituted bromobenzenes 244a-c via the renowned Grignard reaction. 

We selected 2-bromo-1,4-dimethoxybenzene 244a as our initial coupling partner, which was 

synthesized following literature precedent.212 To form the Grignard reagent, bromobenzene 

244a in dry diethyl ether was treated with magnesium turnings. A granule of iodine was also 

added to activate the surface of magnesium. We observed that the mixture had to be gently 

heated to reflux for 4 hours, with repeated scratching of the surfaces of magnesium turnings, 

before the solution eventually turned white and cloudy, indicating the formation of the 

Grignard reagent. Thereafter, formylated cardanol 243 in dry THF was added via syringe and 
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then stirred for 18 hours at room temperature. The decision not to protect the phenol group of 

formylated cardanol 243 was undertaken primarily to maintain atom economy, as well as step-

wise economy, as the use of protecting agents is certainly not in line with Green Chemistry 

principles.17, 150 It should be noted however, that four equivalents of Grignard reagent had to 

be used to account for the free hydroxyl group. Although this contradicts with the Green 

Chemistry theme, 1,4-dimethoxybenzene was recovered to account for the wastage. 

 Much to our delight, the reaction was successful and purification by column chromatography 

led to the isolation of secondary alcohol 245a as a cream-colored solid in a good yield of 78% 

(Scheme 76). This was ascertained by 1H NMR spectral analysis by the presence of a doublet 

signal at δ 4.14 ppm representing methine H-1″, which couples (J = 4.5 Hz) with the secondary 

OH proton at δ 6.12 ppm, as anticipated. The aromatic phenol proton no longer appears in the 

strongly deshielded region, which is to be expected due to the absence of the aldehyde group 

and therefore the lack of a strong hydrogen bonding effect. This was further established by the 

13C NMR spectrum which lacks a carbonyl signal, and shows the appearance of a peak at δ 

72.8 ppm representing C-1″.  

 

Scheme 76: Synthesis of benzophenone 241a. 

4.3.2 Oxidation 

To access the benzophenone intermediate 241a, secondary alcohol 245a was subjected to 

oxidizing conditions. This was initially achieved using the oxidant MnO2 delivering 

benzophenone 241a in a decent yield of 72%; however, the reaction took long periods to go to 

completion (Scheme 76). In an attempt to improve the conditions, the oxidation was repeated 



Chapter 4 – Xanthones results and discussion 

 

105 
 

using the KMnO4 and CuSO4·5H2O solvent-free protocol as described in Chapter 2, heating 

the mixture at 135 °C. The reaction, which took only 2 hours to go to completion, was a success, 

albeit furnishing benzophenone 241a in a lower yield of 53% following column 

chromatographic purification. 1H NMR spectral analysis was used to verify the identity of the 

product. The appearance of a signal at δ 12.16 ppm was indicative of a strongly hydrogen 

bonded phenol proton. In addition, the disappearance of the peak at δ 4.14 ppm pointed towards 

the successful oxidation of the secondary alcohol. The signal at δ 200.9 ppm in the 13C NMR 

spectrum confirmed the presence of a carbonyl functionality.  

It was then that we inopportunely were met with a stumbling block, as reproducing the 

Grignard reaction proved to be problematic, even when attempted on the same scale as 

previously. All our attempts resulted only in the isolation of formylated cardanol 243, despite 

the successful formation of Grignard reagent. It is quite possible that the free hydroxyl group 

of 243 was the reason behind the irreproducibility of the Grignard reaction. The decision to 

abandon this reaction was further strengthened when the same result was attained even with 

bromobenzenes 244b and 244c as substrates.  

The time had inevitably come to get back to the drawing board. 

4.4 An alternative route 

4.4.1 Metal-mediated coupling and Friedel-Crafts acylation 

Rather than undertaking the Grignard reaction on protected formylated cardanol, we chose to 

search for a more atom economical route. Naturally, the first to come to mind was C-H bond 

activation, in the anticipation of synthesizing the desired hydroxy-benzophenones in one step 

from formylated cardanol 243 (Scheme 77). Following literature precedent,225-226 the 

palladium-mediated direct coupling of 243 with dimethoxybenzene 244a was attempted.  All 

our efforts at this rather ambitious endeavor, however, were met with failure, recovering only 

starting material in all cases.  
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Scheme 77: Direct coupling of formylated cardanol 243 with bromobenzene 244a. 

Condition i: N-cyclohexylpicolinamide, Pd(OAc)2, KHCO3, Tert-Amyl alcohol, sealed tube, 

150 °C, 24 h. ii: N-cyclopentylpicolinamide, Pd(OAc)2, KHCO3, Tert-Amyl alcohol, sealed 

tube, 150 °C, 24 h. iii: TBABr, PdCl2, NaOH (aq), 100 °C. 

Consequently, we turned our attention to attempting Friedel-Crafts acylation instead, and 

various conditions were used to facilitate the acylation of cardanol 178a with the acid chloride 

246, with the hope of achieving a one-step formation of benzophenone. This was sadly also 

met with failure. The only reaction condition that resulted in some acylation was the solvent-

free, TiCl4 mediated ortho-acylation protocol126 (Scheme 78). This resulted in negligible 

amounts of crude 247 which was identified by the presence of two strongly hydrogen bonded 

phenol protons, and the absence of methoxy groups. Since very small amounts were formed, 

no effort was made to isolate the compound from the crude mixture.  

 

Scheme 78: Attempted Friedel-Crafts acylation of cardanol. 

Not yet willing to give up, we then resolved to try treating the commercially available acid 

248a with TFAA to form the respective anhydride, which we anticipated, would serve as a 

good acylating agent. Due to the free hydroxy group, we reasoned that it was also possible that 

the reaction would result in the formation of an ester. Acid 248a was stirred with TFAA for 10 

minutes and thereafter, cardanol 178a dissolved in CH2Cl2 was added and the mixture stirred 
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at room temperature for 8 hours. TLC analysis showed the complete consumption of starting 

material, and only one spot was observed on the TLC; normally a good sign. 

Purification by column chromatography led not to the isolation of the desired benzophenone 

241a, but rather, and not unexpectedly, to the isolation of ester 249a in near quantitative yields 

(Scheme 79) as a pale yellow low melting solid, whose identity was elucidated by NMR 

spectral analysis. It was immediately clear that a Friedel-Crafts acylation had not taken place, 

due to the absence of any strongly deshielded signals representing a hydrogen-bonded phenol 

proton. A total number of seven aromatic protons were observed, pointing towards an ester. 

This was verified by the 13C NMR spectrum which showed the presence of an ester carbonyl 

peak at δ 164.3 ppm. To further establish that an ester had indeed formed, an HRMS of the 

sample was run, which gave a mass of 469.3299, agreeing well with the calculated mass [M + 

H]+ of 469.3318. 

 

Scheme 79: Synthesis of ester 249a from cardanol. 

4.4.2 Esterification and Fries rearrangement 

Excited about the ease with which the ester formed, and not to mention the excellent yields, we 

chose to try these reaction conditions to form esters 249b and 249c from the commercially 

available acids 248b and 248c respectively with cardanol 178a (Scheme 80). We envisioned 

that the desired hydroxy-benzophenones 241a-c could then be formed via Fries rearrangement 

of the corresponding esters 249a-c. This rather more elegant sequence would not only be more 

atom economical than performing a Grignard reaction, but would also result in a more step-

wise economical synthesis. 
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Scheme 80: Alternative retrosynthetic plan towards the synthesis of benzophenones 241a-

c. 

4.4.2.1 Esterification 

Esters 249b and 249c were readily synthesized from acids 248b and 248c respectively, using 

the same procedure as described for the formation of ester 249a. The reaction worked very well 

for both substrates, furnishing ester 249b as a white solid in 94% yield, and ester 249c as a 

white solid in 96% yield (Scheme 81). Similar NMR spectra were obtained for both esters as 

that for ester 249a, with the requisite number of six and seven aromatic protons being observed 

for 249b and 249c respectively. Three sets of methoxy group protons at δ 3.97, 3.93, and 3.90 

ppm were observed for ester 249b, and two sets for ester 249c at δ 3.96, and 3.92 ppm as 

expected. Furthermore, a signal representing the ester carbonyl functionality was observed for 

both esters in the region δ 165 – 163 ppm of the 13C NMR spectra.  
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Substrate Product Yield (%) 

 
 

 

94 

 

 

 

96 

Scheme 81: Formation of esters 249b-c. 

It was clear that the reaction conditions resulted in excellent yields of esters; however, in trying 

to keep in line with the Green Chemistry theme as much as possible, it was unavoidable that 

we investigate if this reaction could proceed in a non-chlorinated solvent. Initially, we chose 

to screen the polar solvents acetonitrile and 2-methyltetrahydrofuran. Using acetonitrile 

resulted solely in the recovery of cardanol 178a for esters 249a and 249c, whereas ester 249b 

was formed in a poor yield of 40%. Replacing CH2Cl2 with 2-methyltetrahydrofuran led to the 

formation of ester 249a in a poor yield of 38% upon refluxing, and only cardanol 178a was 

recovered for esters 249b-c.  

Interestingly, when the non-polar solvent toluene was used instead, the esterification proceeded 

smoothly for all three substrates (Scheme 82). It is possible that this is as a result of the better 

solubility of cardanol-based substrates in toluene, owing to the long hydrocarbon chain. 

Nevertheless, with toluene being a bio-renewable solvent,227 this was indeed an exciting result. 
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Substrate Time (h) Product Yield (%) 

248a 3 249a 95 

248b 18 249b 78 

248c 18 249c 83 

Scheme 82: Synthesis of esters 249a-c using toluene as solvent.  

4.4.2.2 Fries rearrangement 

This early success was morale boosting, and, armed with the requisite esters, we proceeded to 

attempt the ortho-Fries rearrangement as planned, to deliver the desired hydroxy-

benzophenones 241a-c. It was, however, not long before we realized that this seemingly easy 

task would prove to be more difficult than first presumed. Various conditions were tried with 

either no success or with very little success. Beginning with ester 249a, traditional methods 

involving heating with Lewis acids such as AlCl3 only led to decomposition, whereas 

photochemical conditions disappointingly resulted in mixtures of the ortho and para 

regioisomers in very low yields. Anionic Fries rearrangement conditions were also attempted, 

albeit with no success. Eventually electing to use Eaton’s reagent,228 that has often been met 

with success in mediating Fries rearrangements, the reaction mixture was heated in an oil bath 

to 100 °C. This led to the isolation of cardanol 178a, indicating that dissociation of the ester-

acid complex did take place; however nucleophilic attack of the aromatic ring with the acylium 

ion failed to occur. Not discouraged, the reaction was attempted again, this time in the 

microwave. Phosphorous pentoxide (7.7% of the weight of methanesulfonic acid) was carefully 

added to a microwave tube, although care had to be taken to minimize exposure to air. 

Thereafter, methanesulfonic acid and ester 249a were added, and the mixture was heated under 

microwave irradation at 80 W for 30 minutes at 100 °C. To our satisfaction, it was observed, 

following purification by column chromatography, that small amounts of the ortho hydroxy-

benzophenone 241a were generated. A series of optimization studies ensued immediately after, 

with the best yield of 50% being obtained when nine equivalents of methanesulfonic acid were 

used, 7.7% of phosphorous pentoxide, at 50 W, and a temperature of 80 °C for 15 minutes 

(Scheme 83). Some starting material was recovered (20%), which could be recycled.  
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Scheme 83: Fries rearrangement of ester 249a. 

The identity of the product was established by NMR spectral analysis. The characteristic 

hydrogen-bonded phenol proton was represented in the 1H NMR spectrum by the signal at δ 

12.16 ppm, confirming that an ortho-Fries rearrangement had taken place. The two methoxy 

group protons at δ 3.77 and 3.72 ppm were also present, as were six aromatic protons. The 

success of the reaction was further pronounced by the 13C NMR spectrum by the shift in the 

carbonyl peak from δ 164.3 ppm to δ 200.9 ppm, confirming the presence of a ketone. In 

addition, the signal at δ 163.1 ppm was representative of the aromatic carbon bearing the 

hydroxyl substituent.  

When these conditions were tried on esters 249b-c, rearrangement disappointingly failed to 

occur. It seemed like it was back to square one, having to try various conditions to get the 

rearrangement to occur. The only Lewis acid that seemed to show promising results for both 

esters 249b-c was trifluoromethanesulfonic acid (CF3SO3H). After the screening of various 

solvents, it was observed that the Fries rearrangement of ester 249b would only proceed by 

heating in acetonitrile, albeit forming benzophenone 241b as a white solid in a low yield of 

20% (Scheme 84). All attempts at improving this yield failed.  

 

Scheme 84: Fries rearrangement-mediated synthesis of benzophenone 241b. 

Analysis of the 1H NMR spectrum of compound 241b confirmed the presence of the hydrogen-

bonded phenol proton by the strongly deshielded signal at δ 12.25 ppm. This was accompanied 

by three singlets representing the methoxy group protons at δ 3.97, 3.84 and 3.76 ppm, as well 
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as five aromatic protons. A ketone carbonyl signal was observed at δ 200.4 ppm in the 13C 

NMR spectrum, and the aromatic carbon bearing the hydroxyl substituent at δ 163.0 ppm. 

Whereas the Fries rearrangement of ester 249c proceeded to give a good yield (63%) of 

benzophenone 241c, as a clear, low melting solid, with CF3SO3H in toluene (Scheme 85). 

Similar to the NMR spectra of benzophenones 241a and 241b, the OH proton was observed at 

δ 12.20 ppm, two methoxy group protons were observed at δ 3.91 and 3.79 ppm, and six 

aromatic protons were observed. The 13C NMR spectrum displayed a ketone carbonyl peak at 

δ 201.0 ppm, and the carbon bearing the hydroxyl substituent at δ 163.1 ppm. 

 

Scheme 85: Fries rearrangement-mediated synthesis of benzophenone 241c. 

4.5 Synthesis of xanthones 

Having secured the hydroxy-benzophenone moieties 241a-c, the subsequent step involved 

generating the corresponding methoxy-substituted xanthones. We anticipated achieving this 

using CAS-mediated oxidation reaction conditions.218 To this end, the benzophenone substrate 

was dissolved in a mixture of acetonitrile and a small amount of CHCl3 in a ratio of 1:0.25. 

Water was then added to form a suspension, to which CAS was added. For all three substrates 

241a-c, the reaction mixture had to be heated to 70 °C, in contrast to the original procedure 

done at room temperature, to attain complete consumption of starting material. Much to our 

delight, the reactions proceeded smoothly and efficiently, and following purification by column 

chromatography, the resulting xanthones were isolated with generally good yields as white 

solids (Scheme 86).  
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Substrate Product Yield (%) 

  

 

70 

  

 

74 

  

 

57 

Scheme 86: Synthesis of xanthones 240a-c via CAS oxidation. 

The identity of xanthone 240a, which was furnished with a yield of 70%, was ascertained by 

NMR spectral analysis. It was evident from the 1H NMR spectrum that the hydrogen bonded 

OH proton was absent. In addition, only one set of methoxy group protons were present, 

represented by the signal at δ 3.92 ppm. H-8 and H-7 appeared at δ 8.24 and 7.20 ppm 

respectively, coupling with each other (J = 8.2 Hz). H-1 appeared as a singlet at δ 7.71 ppm. 

The 13C NMR spectrum showed the presence of a carbonyl group at δ 177.9 ppm, and a 

methoxy carbon at δ 55.9 ppm. To further establish that the xanthone had indeed formed, an 

HRMS of the sample was obtained, and a mass of 437.3024 was found which agrees well with 

the calculated mass of [M + H]+ of 437.3056.  

Similarly, the identities of xanthones 240b and 240c were established by NMR spectral 

analysis. For xanthone 240b, two methoxy groups were present as expected at δ 4.02 and 4.00 

ppm. H-1 and H-4 appeared as singlets, as was anticipated, at δ 7.67 and 6.90 ppm, and H-8 

appeared as a doublet at δ 8.24 ppm, coupling with H-7 at δ 7.20 ppm (J = 8.2 Hz). The 1H 

NMR spectrum of xanthone 240c displayed a signal for one set of methoxy group protons at δ 

4.05 ppm. For both xanthones 240b and 240c, the carbonyl signal appeared in the 13C NMR 
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spectrum in the range of δ 176 – 177 ppm. The HRMS mass found for xanthone 240b was 

467.3145 which is in concurrence with the calculated mass [M + H]+ of 467.3161, and the mass 

found for xanthone 240c was 437.3050 which is in excellent agreement with the calculated 

mass [M + H]+ of 437.3056. 

Satisfied that the modified CAS oxidation protocol for the synthesis of xanthones works even 

for compounds possessing long chains, i.e. derived from CNSL, we could happily move on to 

the consequent and final step of our synthesis. 

4.6 Synthesis of hydrogen-bonded xanthones 

As the aim was to synthesize UV absorbers, a hydroxyl functionality was to be appended onto 

the xanthone moiety, which we anticipated would serve the purpose of rendering aromatic 

compounds with good UV-absorbing properties. We envisaged achieving this in an atom 

economical way by means of the carbonyl-directed late-stage OH functionalization reaction.141-

142, 144 Since our requirement was only for a hydrogen-bonded hydroxyl group, whether the 

hydroxyl group was directed to the cardanol half of the xanthone, or the aromatic methoxy-

substituted half of the xanthone was of irrelevance for our purposes. However, based on 

literature, the carbonyl-directed hydroxyl functionalization is influenced primarily by 

electronic and steric effects.144 

The reaction was set up in a similar manner as was described in chapter 2. Xanthone 240a was 

placed in a 2.5 ml sealed tube, to which was added PIFA, Ru[(p-cymene)Cl2]2, and TFAA and 

TFA in a ratio of 1:0.02 ml. The tube was sealed and placed in an oil bath heated to 80 °C for 

18 hours. Following an acidic work up, purification by column chromatography led, much to 

our delight, to the isolation of hydroxy-xanthone 242a as a pale-yellow solid, albeit in a poor 

yield of 38% (Scheme 87). It should be noted that, in an attempt at improving the yield, the 

reaction was repeated again using PIDA as the oxidant; however, this disappointingly led to a 

decreased yield of 10%. When K2S2O8 was used as the oxidant, a yield of 20% was obtained. 

 

Scheme 87: Hydroxy functionalization of xanthone 240a 
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The hydrogen-bonded hydroxyl group was clearly visible in the 1H NMR spectrum at δ 12.57 

ppm. H-2 and H-4 appeared as singlets at δ 6.64 and 6.76 ppm respectively. H-8 appeared as a 

doublet at δ 7.62 ppm, coupling with H-6 at δ 7.33 ppm (J = 2.9 Hz), confirming that the 

hydroxyl group had appended to the cardanol half of the molecule, ortho to the carbonyl group. 

This was also established using the COSY spectrum, which showed a positive correlation 

between the hydroxyl group proton and H-1′ of the chain. H-5 was observed at δ 7.40 ppm as 

a doublet, also coupling with H-6 (J = 9.1 Hz). The carbonyl peak was observed at δ 181.6 

ppm, and the carbon bearing the hydroxyl group at δ 161.5 ppm. Furthermore, an HRMS of 

the sample was obtained, and a mass of 453.2978 was found, which corresponds to the 

calculated mass [M + H]+ of 453.3005.   

The execution of the reactions for the synthesis of hydroxy-xanthones 242b and 242c was done 

in a similar manner to that for the synthesis of hydroxy-xanthone 242a. An optimized yield of 

43% for the synthesis of hydroxy-xanthone 242b was obtained when K2S2O8 was used as the 

oxidant, in conjunction with an optimized ratio of TFA:TFAA of 1:0.05 ml (Scheme 88). The 

hydroxyl group was observed at δ 12.72 ppm as a singlet signal. Just as was anticipated, H-8 

and H-5 appeared as singlet signals at δ 7.57 and 6.88 ppm respectively. H-4 and H-2 also 

appeared as singlet signals at δ 6.73 and 6.63 ppm respectively. The carbonyl peak was 

observed at δ 180.6 ppm and the hydroxyl carbon at δ 161.3 ppm.  

 

Scheme 88: Hydroxy functionalization of xanthone 240b. 

Hydroxy-xanthone 242c was prepared using PIFA as the oxidant, and a TFAA:TFA ratio of 1: 

0.02 ml, albeit isolated in a poor yield of 26%, as a yellow solid (Scheme 89). It was clear, 

from NMR spectral analysis, that the hydroxyl group had been directed to the aromatic 

methoxy-substituted half of the xanthone, in contrast to xanthones 242a-b. The hydroxyl group 

was certainly ortho to the carbonyl group, as was evidenced by the deshielded signal at δ 12.09 

ppm due to hydrogen-bonding. However, a doublet signal was seen at δ 8.11 ppm representing 

H-8, coupling with H-7 at δ 7.21–7.14 ppm (J = 8.1 Hz). H-5 was seen at δ 7.34 ppm as a 

singlet, and H-3 as a doublet at δ 6.66 coupling with H-2 at δ 7.21–7.14 ppm (J = 8.7 Hz). 

Furthermore, an analysis of the COSY spectrum showed a lack of correlation of the hydroxyl 
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group with the chain, unlike that which was observed with xanthones 242a and 242b. HRMS 

data of hydroxy-xanthones 242b and 242c displayed signals at 483.3098 and 453.2995 

respectively, concurring well with the calculated masses [M + H]+ of 483.3110 and 453.3005 

respectively. 

 

Scheme 89: Hydroxy functionalization of xanthone 240c. 

With the desired hydrogen-bonded xanthones thus prepared successfully, what remained now 

was to analyze the compounds for their UV absorbing capabilities. 

4.7 UV absorption analysis 

Consequently, the UV spectral behaviour of the benzophenones 241a-c and hydroxy-xanthones 

242a-c in relation to their UV absorption maxima in the range of 250 – 400 nm were analyzed, 

and the corresponding molar absorption coefficients (ε) were determined.  

All three benzophenones were found to absorb in the UVA region of the UV spectrum, and a 

comparison of the molar absorption coefficients of benzophenones 241a-c is shown in Figure 

23. Benzophenone 241a was found to show a good UV absorption profile in the UVA region 

at 338 nm (ε = 9045 L mol-1 cm-1), whereas benzophenone 241b showed excellent UV 

absorbance, also in the UVA region at 345 nm (ε = 13016 L mol-1 cm-1). This value compares 

agreeably to that of the previously synthesized benzophenone derived from cardanol.179 

Benzophenone 241c showed equally good UV absorption properties in a similar region of the 

UV spectrum, with a molar absorption coefficient of 10311 L mol-1 cm-1 at 334 nm. It was also 

observed that all three benzophenones displayed excellent UV absorption towards the end of 

the UVC region (Figure 23), however this is of less relevance to their potential use in 

sunscreens, or for the protection of materials on exposure to the sun.  
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Figure 24: Molar absorption coefficients of the benzophenones 241a-c 

While the hydroxy-xanthones 242a-c generally were found to absorb in both the UVA and 

UVB regions. The comparison of their molar absorption coefficients is displayed in Figure 24. 

Hydroxy-xanthone 242a displayed excellent UVB absorption properties, with a maximum 

absorption at 290 nm (ε = 12628 L mol-1 cm-1). An absorbance was also observed in the UVA 

region, with a maximum absorption at 384 nm and a molar absorption coefficient of 6654 L 

mol-1 cm-1, qualifying it as broad-spectrum UV absorbing agent. In contrast, hydroxy-xanthone 

242c was found to absorb in the UVA region only, albeit with lower molar absorption 

coefficients, with absorption maxima at 348 nm (ε = 2897 L mol-1 cm-1), and at 384 nm (ε = 

4119 L mol-1 cm-1) being observed. Hydroxy-xanthone 242b, much to our delight, was found 

to show the best UV absorption profile in the UVB region, with a molar absorption coefficient 

of 20320 L mol-1 cm-1 at 290 nm, as well as in the UVA region with a molar absorption 

coefficient of 13949 L mol-1 cm-1 at 368 nm. The hydroxy-xanthones, similarly to the 

benzophenones, all display excellent UV absorption in the UVC region (Figure 24).  
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Figure 25: Molar absorption coefficients for hydroxy-xanthones 242a-c. 

In comparison, the commercially available UV absorbing agent oxybenzone (OB, now banned 

in some areas of the world as a sunscreen)229 has a molar absorptivity coefficient of 15150 L 

mol-1 cm-1 at 287 nm, in the UVB region. Hydroxy-xanthone 242a compares agreeably with 

this, while hydroxy-xanthone 242b far surpasses this absorption in the UVB region. The sun 

protectants 2-ethyl hexyl 4-methoxycinnamate (OMC), and avobenzone on the other hand have 

large molar absorption coefficients in the UVA region of 39470 L mol-1 cm-1 at 356 nm, and 

31670 L mol-1 cm-1 at 310 nm respectively.230 Although our synthesized benzophenones and 

hydroxy-xanthones do not compare to these values, they have the advantage of being derived, 

at least partially, from a bio-renewable source. Furthermore, since hydroxy-xanthones 242a 

and 242b were found to absorb in both the UVA and UVB regions, they can be classified as 

broad-spectrum UV protectants.  

4.8 Conclusion  

The use of bio-renewable feedstock in the form of cardanol 178a derived from CNSL has been 

successfully demonstrated in the four-step synthesis of hydroxy-xanthones. Fries 

rearrangement-mediated benzophenone intermediates possessing two or more methoxy groups 

either ortho or para to each other were synthesized, and served as precursors to the key CAS-

mediated oxidation protocol for the synthesis of xanthones. The reaction proceeded to smoothly 
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and efficiently deliver the desired xanthones in good yields, under optimized conditions. 

Finally, in order to introduce a hydroxyl group ortho to the carbonyl functionality of the 

xanthones, ruthenium-catalyzed late-stage oxidation conditions were implemented. Hydroxy-

xanthone 242a was formed in an overall yield of 13%, hydroxy-xanthone 242b in an overall 

yield of 5%, and hydroxy-xanthone 242c in an overall yield of 8% based on cardanol as the 

starting material. The benzophenones and hydroxy-xanthones were thereafter analyzed for 

their UV absorption properties.  Benzophenone 241b displayed excellent UV absorption in the 

UVA region with a molar absorption coefficient of 13016 L mol-1 cm-1 at 345 nm, and hydroxy-

xanthone 242b was found to absorb brilliantly in both the UVA and UVB regions with molar 

absorption coefficients of 20320 L mol-1 cm-1 at 290 nm, and 13949 L mol-1 cm-1 at 368 nm, 

qualifying it for a broad-spectrum UV protectant. 

This work was peer-reviewed and has been accepted for publication.231 

4.9 Future work 

In keeping in line with the Green Chemistry theme, the synthesis of the hydroxy-xanthones 

should be attempted again so that all atoms of the final products are derived from a bio-

renewable source. Asaronic acid from asarone, as well as catechol and hydroquinone are 

potential examples of bio-renewable starting materials that could be used for the syntheses of 

acids 248a-c. Furthermore, with the CAS oxidation being the only step in the synthesis that 

makes use of a chlorinated solvent, the conditions must be revisited so as to replace the 

chloroform with an alternative solvent. 2-Methyltetrahydrofuran is a green solvent alternative 

that will be considered. This will allow for a completely sustainable synthesis of these UV-

absorbing compounds.   

Since hydroxy-xanthone 242b displays the most promising properties in terms of UV-

absorption due to an excellent broad-spectral absorption profile, it could serve as the main UV-

absorbing active ingredient for sunscreens, or for protecting materials against the damaging 

effects of UV radiation. In addition, the lipophilic nature of 242b will make it easily spreadable 

on skin when used in sunscreen formulations, and, as a result of its high molecular weight, 

penetration through the dermis should be minimal. Photostability studies, however, must first 

be conducted to ensure that the compound does not degrade upon exposure to UVB and UVA 

light. Additionally, cytotoxicity studies have to be thoroughly conducted before any 

conclusions regarding the application of the hydroxy-xanthone 242b in sunscreen formulations 

can be made.  
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CHAPTER 5 

 

5.1 General experimental procedures 

5.1.1 Laboratory solvents and reagents 

All reagents used during the course of this project were purchased from ACE Chemicals or 

Sigma-Aldrich, and were used without purification unless otherwise stated. All solvents 

(except 1,2-dimethoxyethane, and 1,2-dichloroethane) used were distilled under a nitrogen 

atmosphere prior to use. Dichloromethane (CH2Cl2) and acetonitrile (MeCN) were distilled 

over calcium hydride. Tetrahydrofuran (THF) and diethyl ether (Et2O) were distilled over 

sodium wire in the presence of benzophenone as indicator. Toluene was distilled over sodium 

metal. 

All reactions were performed under nitrogen gas, unless otherwise stated.  

5.1.2 Chromatographic separation 

Reactions were monitored using thin layer chromatography (TLC) which was performed on 

Macherey-Nagel Alugram Sil G/UV254 plates pre-coated with 0.25 mm silica gel 60. The TLC 

plates were viewed under UV light (254 nm and 366 nm).  Purification of products from 

reactions was achieved using either normal column chromatography on silica gel 60 (70 – 230 

mesh) or flash column chromatography on silica gel 60 (230 – 400 mesh).  

5.1.3 Spectroscopic analysis and physical data 

1H and 13C NMR spectra were recorded on Bruker Advance-300, Bruker Advance-400, and 

Bruker Advance-500 instruments operating at 300, 400 or 500 MHz respectively for 1H NMR, 

and 75.47, 101 and 125 MHz respectively for 13C NMR. All spectra were recorded using 

deuterated chloroform (CDCl3) as solvent, and all chemical shift values are reported in parts 

per million (ppm), referenced against tetramethylsilane (TMS) as an internal standard (0.00 

ppm). All coupling constants (J) are reported in Hertz (Hz). Commonly used abbreviations in 

assignments include s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, h = heptet, m = 

multiplet, and app. = apparent. Infrared spectra were recorded on a Bruker Tensor 27 

spectrophotometer, and all samples were loaded directly onto a diamond cell. All 

measurements are reported on the wavenumber scale (/cm-1). High resolution mass spectra 
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(HRMS) were recorded on a Bruker Compact Q-TOF High Resolution Mass Spectrometer. 

The ionization mode used was electrospray positive (ESI+). All melting points were obtained 

using a Stuart SMP10 melting point apparatus. UV absorption analysis: to prepare the 

benzophenones and hydroxy-xanthones for UV absorption analysis, each compound was dissolved 

in 1 ml of chloroform to obtain a stock solution of 1 mg ml-1. The stock solution was then 

appropriately diluted down to obtain a concentration of 10 ppm. All samples were thus analyzed 

for their UV absorption properties at a concentration of 10 ppm. UV spectra were recorded using 

an Agilent Cary 100 UV-vis spectrophotometer, using quartz cuvettes of 1 cm path length (l). The 

data was collected over the wavelength (λ) range of 200 – 800 nm at a scan rate of 600 nm min-1, 

and at data intervals of 1.0 nm. The data was processed using Agilent Cary WinUV software 

version 12.00, and a plot of Absorption (A) versus λ was obtained. The molar absorption coefficient 

(ε) at each λmax was determined using the formula A = ε*l*M where M = Molarity. 

5.2 Experimental procedures for Chapter 2 

5.2.1 Preparation of 2-bromo-1,4-naphthoquinone 131113 

To a solution of N-bromosuccinimide (14.95 g, 84.00 mmol, 4.0 eq) in AcOH (200 ml) and 

water (400 ml) at 45 - 55 °C, was added, dropwise, a solution of 1-naphthol (3.03 g, 21.0 mmol, 

1.0 eq) in warm AcOH (150 ml) using a dropping funnel. The mixture was stirred at this 

temperature for 1 h. After cooling to room temperature, the reaction was quenched with water 

(100 ml) and extracted into CH2Cl2 (3 × 100 ml). The combined organic layers were washed 

sequentially with an aqueous solution of saturated NaHCO3 (100 ml), water (100 ml), and brine 

(100 ml). The organic extract was dried over MgSO4, filtered and concentrated in vacuo. The 

crude product was purified by silica gel column chromatography (5% EtOAc/ Hexane) to yield 

2-bromo-1,4-naphthoquinone 131 as a bright yellow solid (4.28 g, 86%), the spectra of which 

compared well to that found in literature.113  

1H NMR (300 MHz, CDCl3) δ 8.15 – 8.10 (m, 1H, ArH-5 or ArH-8), 8.07 

– 8.02 (m, 1H, ArH-5 or ArH-8), 7.82 – 7.74 (m, 2H, ArH-6, 7), 7.49 (s, 

1H, ArH-3); 13C NMR (75 MHz, CDCl3) δ 182.2 (ArC=O), 177.6 

(ArC=O), 140.2, 140.0, 134.3, 134.0, 131.5, 130.7, 127.6, 126.7. 

5.2.2 Preparation of 3-allyl-2-bromo-1,4-naphthoquinone 132110 

In a round bottom flask containing 2-bromo-1,4-naphthoquinone 131 (3.04 g, 12.8 mmol, 1.0 

eq) in MeCN (200 ml), AgNO3 (1.09 g, 6.40 mmol, 0.5 eq) and 3-butenoic acid (1.76 g, 20.5 

mmol, 1.6 eq) were added. The reaction mixture was heated to 65 °C. Ammonium persulphate 
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(5.84 g, 25.6 mmol, 2.0 eq) dissolved in water (100 ml) was then added dropwise. The reaction 

was maintained at 65 °C and stirred until all starting material was consumed (3 h). The reaction 

was allowed to cool to room temperature and thereafter quenched with water (100 ml), and 

extracted into EtOAc (3 × 100 ml). The combined organic layers were washed sequentially 

with an aqueous solution of saturated NaHCO3 (100 ml), water (100 ml), and brine (100 ml). 

The organic extract was dried over MgSO4, filtered and concentrated in vacuo. The crude 

product was purified using silica gel column chromatography (5% EtOAc/ Hexane) to yield 3-

allyl-2-bromo-1,4-naphthoquinone 132 as a fluffy yellow solid (2.48 g, 70%), the spectra of 

which compared well with that found in literature.110  

1H NMR (300 MHz, CDCl3) δ 8.15 – 8.09 (m, 2H, ArH-5, 8), 7.78 – 

7.71 (m, 2H, ArH-6, 7), 5.85 (ddt, J = 16.6, 10.0, 6.6, 1H, H-2′), 5.29 

– 5.22 (m, 1H, H-3′), 5.17 – 5.12 (m,1H, H-3′), 3.61 (dt, J = 6.6, 1.4, 

2H, H-1′); 13C NMR (75 MHz, CDCl3) δ 181.3 (ArC=O), 177.6 

(ArC=O), 148.9, 139.3, 134.1, 133.9, 131.4, 131.3, 131.0, 127.4, 127.1, 118.2, 35.4 (C-1′). 

5.2.3 Preparation of 3-allyl-2-bromo-1,4-dimethoxynaphthalene 118110 

In a 500 ml round bottom flask, 3-allyl-2-bromo-1,4-naphthoquinone 132 (2.30 g, 8.30 mmol, 

1.0 eq) was dissolved in THF (130 ml). A solution of Na2S2O4 (7.23 g, 41.5 mmol, 5.0 eq) in 

water (45 ml) was then added, followed by TBAI (0.31 g, 0.83 mmol, 10 mol%). The mixture 

was stirred for 30 mins at room temperature under an inert atmosphere. A solution of KOH 

(4.66 g, 83.0 mmol, 10.0 eq) in water (180 ml) was then added and stirred for a further 1 h 

before adding Me2SO4 (10.47 g, 83.00 mmol, 10.0 eq). The reaction mixture was stirred for 18 

h and then quenched with an aqueous solution of NH4OH (25%, 100 ml). The organic phase 

was extracted into EtOAc (3 × 100 ml), and sequentially washed with HCl solution (10%, 100 

ml), water (100 ml), and brine (100 ml). This was then dried over MgSO4, filtered, and 

concentrated in vacuo. The crude product was purified using silica gel column chromatography 

(20% EtOAc/Hexane) to yield 3-allyl-2-bromo-1,4-dimethoxynaphthalene 118 as a white low 

melting solid (2.22 g, 87%), the spectra of which compared well with that found in literature.110 

1H NMR (300 MHz, CDCl3) δ 8.18 – 8.10 (m, 2H, ArH-5, 8), 7.60 

– 7.51 (m, 2H, ArH-6, 7), 6.15 (ddt, J = 17.1, 10.2, 5.8, 1H, H-2′), 

5.19 – 5.09 (m, 2H, H-3′), 4.02 (s, 3H, OMe), 3.96 (s, 3H, OMe), 3.86 

(dt, J = 5.8, 1.8, 2H, H-1′); 13C NMR (75 MHz, CDCl3) δ 150.9 
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(ArC-OMe), 150.1 (ArC-OMe), 135.7, 128.7, 128.0, 127.8, 126.5, 126.4, 122.5, 122.4, 116.6, 

115.8, 62.5 (OMe), 61.1 (OMe), 34.3 (C-1′). 

5.2.4 Preparation of 2-(3-allyl-1,4-dimethoxynaphthalen-2-yl)-5-methoxybenzaldehyde 

120b110 

To a three-necked round bottom flask purged with nitrogen gas was added 

dimethoxynaphthalene 118 (1.19 g, 3.89 mmol, 1.0 eq), 2-formyl-4-methoxyphenyl boronic 

acid 119b (1.05 g, 5.83 mmol, 1.5 eq), and catalytic Pd(PPh3)4 (0.45 g, 0.39 mmol, 10 mol%). 

Deoxygenated solutions of DME (47 ml) and aqueous Na2CO3 (2M, 8 ml, 4.0 eq) were then 

added in succession and the mixture was stirred under reflux, under inert gas, for 18 h. After 

cooling the reaction mixture, water (40 ml) was added to quench the reaction and EtOAc (3 × 

50 ml) was used for extraction. The combined organic layers were washed with water (50 ml) 

and brine (50 ml), then dried over MgSO4, filtered, and concentrated in vacuo. The crude 

product was purified using silica gel column chromatography (5% EtOAc/Hexane) to yield 

biaryl compound 120b as a cream solid (1.40 g, 60%), the spectra of which compared well with 

that found in literature.110  

Rf (20% EtOAc/ Hexane): 0.59. 1H NMR (400 MHz, CDCl3) δ 

9.58 (s, 1H, CHO), 8.07 – 8.02 (m, 2H, ArH), 7.53 – 7.42 (m, 3H, 

ArH), 7.22 – 7.14 (m, 2H, ArH), 5.67 – 5.55 (m, 1H, H-2″), 4.76 – 

4.74 (m, 1H, H-3″), 4.51 (dd, J = 17.1, 1.6, 1H, H-3″), 3.89 (s, 3H, 

OMe), 3.86 (s, 3H, OMe), 3.37 (s, 3H, OMe), 3.32 (d, J = 5.8, 2H, 

H-1″). 13C NMR (101 MHz, CDCl3) δ 192.1 (C=O), 159.3 (ArC-OMe), 150.7 (ArC-OMe), 

150.4 (ArC-OMe), 136.1, 135.2, 132.8, 132.8, 128.8, 127.9, 127.8, 127.5, 126.7, 126.2, 122.8, 

122.5, 121.0, 115.7, 109.5, 62.4 (OMe), 61.1 (OMe), 55.5 (OMe), 31.8 (C-1″).  

5.2.5 Preparation of 2-bromo-1,4-dimethoxy-3-((E)-prop-1-en-1-yl) naphthalene 133 

To a round bottom flask was added 3-allyl-2-bromo-1,4-dimethoxynaphthalene 118 (3.32 g, 

10.8 mmol, 1.0 eq), and this was dissolved in dry THF (100 ml) under inert gas. In a separate 

round bottom flask, KOtBu (4.85 g, 43.2 mmol, 4.0 eq) was dissolved in dry THF (100 ml) and 

thereafter delivered portionwise to the solution of dimethoxynaphthalene 118 in THF. The 

reaction mixture was stirred for 4 h at room temperature, then quenched with an aqueous 

solution of saturated NH4Cl (100 ml), and extracted into EtOAc (3 × 100 ml). The combined 

organic layers were washed sequentially with water (100 ml), followed by brine (100 ml), then 

dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified using 
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silica gel column chromatography (15% EtOAc/Hexane) to yield the isomerized 

dimethoxynaphthalene 133 as a cream solid (2.90 g, 87%).  

Rf (20% EtOAc/ Hexane): 0.82. 1H NMR (400 MHz, CDCl3) δ 8.02 

– 7.96 (m, 2H, ArH-5, 8), 7.45 – 7.38 (m, 2H, ArH-6, 7), 6.50 (d, J = 

16.1, 1H, H-1′), 6.44 – 6.33 (m, 1H, H-2′), 3.87 (s, 3H, OMe), 3.70 (s, 

3H, OMe), 1.92 (d, J = 6.4, 3H, H-3′). 13C NMR (101 MHz, CDCl3) 

δ 150.6 (ArC-OMe), 149.7 (ArC-OMe), 133.3 (C-2′), 128.3, 127.6, 127.3, 126.6, 126.6, 125.7 

(C-1′), 122.8, 122.3, 115.7, 61.2 (OMe), 60.5 (OMe), 19.5 (C-3′). M.p. 76 – 79 °C. FTIR: ṽ = 

2959 (C-H), 2851 (C-H), 1638 (C=C), 1348 (C-O) cm-1. HRMS (ESI⁺): calcd for C15H16
79BrO2 

[M + H]+ 307.0334; found [M + H]+ 307.0291; m/z (%) = 307.0291 (100) [M + H]+, 308.0317 

(12), 309.0271 (97), 310.0302 (10). 

5.2.6 Preparation of (E)-2-[1,4-dimethoxy-3-(prop-1-en-1-yl)naphthalen-2-

yl]benzaldehyde 134 

To a three-necked round bottom flask purged with nitrogen gas was added 

dimethoxynaphthalene 133 (1.91 g, 6.22 mmol, 1.0 eq), 2-formyl phenyl boronic acid 119a 

(1.40 g, 9.33 mmol, 1.5 eq), and catalytic Pd(PPh3)4 (0.72 g, 0.62 mmol, 10 mol%). 

Deoxygenated solutions of DME (75 ml) and aqueous Na2CO3 (2M, 12 ml, 4.0 eq) were then 

added in succession and the mixture was stirred under reflux, under nitrogen, for 18 h. After 

cooling the reaction mixture, water (40 ml) was added to quench the reaction and EtOAc (3 × 

50 ml) was used for extraction. The combined organic layers were washed with water (50 ml) 

and brine (50 ml), then dried over MgSO4, filtered, and concentrated in vacuo. The crude 

product was purified using silica gel column chromatography (5% EtOAc/Hexane) to yield 

biaryl compound 134 as a pale yellow solid (1.46 g, 71%). 

 Rf (20% EtOAc/ Hexane): 0.67. 1H NMR (300 MHz, CDCl3) δ 9.80 

(s, 1H, CHO), 8.19 (d, J = 8.5, 1H, ArH-5′ or 8′), 8.13 – 8.05 (m, 2H, 

ArH-5′ or 8′ and ArH-6), 7.71 – 7.49 (m, 4H, ArH), 7.37 (d, J = 7.6, 

1H, ArH), 6.13 (d, J = 15.9, 1H, H-1″), 5.90 (dq, J = 15.9, 6.5, 1H, H-

2″), 3.86 (s, 3H, OMe), 3.41 (s, 3H, OMe), 1.68 (d, J = 6.5, 3H, H-3″); 

13C NMR (75 MHz, CDCl3) δ 192.2 (C=O), 150.2 (ArC-OMe), 149.8 (ArC-OMe), 140.8, 

134.3, 133.2 (C-2″), 132.4, 129.3, 127.9, 127.5, 126.9, 126.8, 126.7, 126.4, 124.6 (C-1″), 122.7, 

122.7, 60.9 (OMe), 60.8 (OMe), 19.5 (C-3″). M.p. 94 – 95 °C. FTIR: ṽ = 3006 (C-H), 2930 

(C-H), 1688 (C=O), 1596 (C=C), 1275 (C-O) cm-1. HRMS (ESI⁺): calcd for C22H21O3 [M + 
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H]+ 333.1491; found [M + H]+ 333.1458; m/z (%) = 333.1458 (100) [M + H]+, 334.1573 (97), 

335.1400 (60). 

5.2.7 Preparation of 3-bromo-1,4-dimethoxy-2-naphthaldehyde 139 

In a round bottom flask, dimethoxynaphthalene 133 (1.89 g, 6.15 mmol, 1.0 eq) was dissolved 

in CH2Cl2 (47 ml). Ozone was bubbled through the solution, with stirring, for 7 mins at –78 

°C. The solution was then immediately purged with nitrogen gas for 5 mins, after which Me2S 

(1.15 g, 18.5 mmol, 1.40 ml, 3.0 eq) was added to the reaction, and left to warm to room 

temperature with stirring for 18 h. CH2Cl2 and excess Me2S were removed in vacuo. The crude 

product was purified by silica gel column chromatography (10% EtOAc/Hexane) to yield 3-

bromo-1,4-dimethoxy-2-naphthaldehyde 139 as a pale yellow solid (1.25 g, 65%). 

 Rf (20% EtOAc/ Hexane): 0.56. 1H NMR (300 MHz, CDCl3) δ 10.52 (s, 

1H, CHO), 8.22 (d, J = 8.2, 1H, ArH-5 or 8), 8.10 (d, J = 8.2, 1H, ArH-5 

or 8), 7.70 – 7.57 (m, 2H, ArH-6, 7), 4.05 (s, 3H, OMe), 3.98 (s, 3H, OMe); 

13C NMR (75 MHz, CDCl3) δ 190.5 (C=O), 157.1 (ArC-OMe), 150.4 

(ArC-OMe), 131.4, 129.9, 128.2, 127.4, 124.1, 123.3, 122.6, 111.6, 65.0 (OMe), 61.4 (OMe). 

M.p. 96 – 98 °C. FTIR: ṽ = 2937 (C-H), 2848 (C-H), 1639 (C=O), 1551 (C=C), 1350 (C-O), 

718 (C-Br) cm-1. HRMS (ESI⁺): calcd for C13H12O3
79Br [M + H]+ 294.9970; found [M + H]+ 

294.9977; m/z (%) = 294.9977 (100) [M + H]+, 296.9960 (97), 296.0010 (13). 

5.2.8 Preparation of isopropyl triphenylphosphonium bromide 140121 

Triphenylphosphine (10.6 g, 40.6 mmol, 1.0 eq) and 2-bromopropane (5.00 g, 40.6 mmol, 3.80 

ml, 1.0 eq) were added to an autoclave glass sealed tube and heated in the autoclave at 150 °C 

for 48 h under pressure. After cooling to room temperature, the resulting salt was recrystallized 

from ethanol and then dried in vacuo. The salt (6.00 g, 45%) was used in the next step without 

characterization.  

5.2.9 Preparation of 2-bromo-1,4-dimethoxy-3-(2-methylprop-1-en-1-yl)naphthalene 138 

n-BuLi (1.2 M, 1.7 mmol, 1.4 ml, 2.5 eq) was added dropwise at room temperature to a 

suspension of isopropyl triphenylphosphonium bromide 140 (655 mg, 1.72 mmol, 2.5 eq) in 

dry THF (10 ml). The resulting orange solution was stirred for 30 mins before being cooled to 

0 °C using an ice bath. To the resulting ylide, was added dropwise at 0 °C, the naphthaldehyde 

139 (203 mg, 0.690 mmol, 1.0 eq) in dry THF (5 ml). The reaction was then allowed to warm 

to room temperature and stirred for 18 h. The reaction was quenched with water (20 ml) and 
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extracted using EtOAc (3 × 20 ml). The combined organic extracts were washed with water 

(20 ml) and brine (20 ml), dried over MgSO4, filtered and concentrated in vacuo. The crude 

product was purified using silica gel column chromatography (15% EtOAc/Hexane) to yield 

substituted naphthalene 138 as a yellow oil (134 mg, 60%). 

Rf (20% EtOAc/ Hexane): 0.82. 1H NMR (300 MHz, CDCl3) δ 8.15 – 8.07 (m, 2H, ArH), 

7.54 – 7.51 (m, 2H, ArH), 6.18 (app. sept, J = 1.4, 1H, H-1′), 3.98 (s, 3H, OMe), 3.77 (s, 3H, 

OMe), 2.01 (d, J = 1.4, 3H, CH3), 1.59 (d, J = 1.4, 3H, CH3); 13C NMR 

(75 MHz, CDCl3) δ 150.4 (ArC-OMe), 149.4 (ArC-OMe), 138.5 (C-2′), 

128.2, 128.1, 126.5, 126.3, 122.8, 122.2, 120.1 (C-1′), 116.4, 99.9, 61.2 

(OMe), 60.9 (OMe), 25.4 (CH3), 20.1 (CH3). HRMS (ESI⁺): calcd for 

C16H18O2
79Br [M + H]+ 321.0490; found [M + H]+ 321.0465; m/z (%) =321.0465 (100) [M 

+H]+, 322.0491 (20), 323.0446 (97), 324.0474 (15). 

5.2.10 Preparation of 2-[1,4-dimethoxy-3-(2-methylprop-1-en-1-yl)naphthalen-2-

yl]benzaldehyde 137 

To a three-necked round bottom flask purged with nitrogen gas, were added substituted 

naphthalene 138 (99 mg, 0.31 mmol, 1.0 eq), 2-formyl-phenyl boronic acid 119a (70 mg, 0.47 

mmol, 1.5 eq), and catalytic Pd(PPh3)4 (36 mg, 0.031 mmol, 10 mol%). Deoxygenated 

solutions of DME (3 ml) and aqueous Na2CO3 (2M, 0.6 ml, 4.0 eq) were then added in 

succession and the mixture was stirred under reflux, under nitrogen, for 18 h. After cooling the 

reaction mixture, water (10 ml) was added, and the reaction was extracted into EtOAc (3 × 20 

ml). The combined organic layers were washed with water (20 ml) and brine (20 ml), then 

dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified using 

silica gel column chromatography (5% EtOAc/Hexane) to yield biaryl compound 137 as a 

yellow solid (50 mg, 47%). 

Rf (20% EtOAc/ Hexane): 0.69. 1H NMR (300 MHz, CDCl3) δ 9.75 (s, 

1H, CHO), 8.24 – 8.21 (m, 1H, ArH), 8.16 – 8.13 (m, 1H, ArH), 8.06 – 

8.03 (dd, J = 7.8, 1.4, 1H, ArH), 7.66 – 7.47 (m, 4H, ArH), 7.36 – 7.33 

(dd, J = 7.8, 1.4, 1H, ArH), 5.75 (app. sept, J = 1.4, 1H, H-1″), 3.79 (s, 

3H, OMe), 3.43 (s, 3H, OMe), 1.67 (d, J = 1.4, 3H, CH3), 1.46 (d, J = 1.4, 3H, CH3);
 13C NMR 

(75 MHz, CDCl3) δ 192.0 (C=O), 150.0 (ArC-OMe), 149.4 (ArC-OMe), 140.6, 138.4, 134.1, 

132.9, 132.2, 129.1, 127.8, 127.7, 127.5, 127.4, 126.7, 126.6, 126.3, 122.7, 122.6, 119.6, 60.9 

(OMe), 25.3 (CH3), 20.0 (CH3). M.p. 122 – 123 °C. FTIR: ṽ = 2956 (C-H), 2931 (C-H), 2847 
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(C-H), 1695 (C=O), 1597 (C=C), 1352 (C-O) cm-1. HRMS (ESI⁺): calcd for C23H23O3 [M + 

H]+ 347.1647; found [M + H]+ 347.1638; m/z (%) = 347.1638 (100) [M + H]+, 348.1671 (30), 

349.1714 (10). 

5.2.11 General method for carbonyl-olefin metathesis 

Into a round bottom flask was weighed out directly FeCl3 avoiding as much exposure to air as 

possible. This was dissolved in anhydrous DCE and stirred under inert gas for 5 mins. In a 

separate flask under inert gas, was added biaryl compound which was dissolved in anhydrous 

DCE and added via syringe to the FeCl3 solution. The reaction was stirred at room temperature 

until all starting material was consumed before being passed through a short silica plug, eluting 

with CH2Cl2 (15 ml). This was concentrated in vacuo, and purified using silica gel column 

chromatography. 

5.2.11.1 Synthesis of 7,12-dimethoxytetraphene 135  

Trial 1: Using biaryl compound 134 (105 mg, 0.320 mmol, 1.0 eq), FeCl3 (10 mg, 0.060 mmol, 

20 mol%), anhydrous DCE (2.7 ml and 2.7 ml), 50 °C for 8 h. The crude product was purified 

using silica gel column chromatography (10% EtOAc/Hexane) to yield tetracycle 135 as a 

yellow solid (48 mg, 28%). Following the same procedure but using FeCl3 (49 mg, 0.30 mmol, 

100 mol%) led to the isolation of 135120 (5 mg, 6% yield), and quinone 136120 (6 mg, 7% yield).  

Trial 2: Using biaryl compound 137 (48 mg, 0.14 mmol, 1.0 eq), FeCl3 (4.5 mg, 0.028 mmol, 

20 mol%), anhydrous DCE (1.5 ml and 1.5 ml), 50 °C for 8 h. The crude product was purified 

using silica gel column chromatography (10% EtOAc/Hexane) to yield tetracycle 135 as a 

yellow solid (23.8 mg, 60%).  

 Rf (20% EtOAc/ Hexane): 0.75. 1H NMR (300 MHz, CDCl3) δ 9.67 (d, 

J = 8.3, 1H, ArH), 8.48 – 8.44 (m, 1H, ArH), 8.35 – 8.32 (m, 1H, ArH), 

8.14 (d, J = 9.3, 1H, ArH), 7.84 (d, J = 7.5, 1H, ArH), 7.71 – 7.58 (m, 

5H, ArH), 4.11 (s, 3H, OMe), 3.97 (s, 3H, OMe); 13C NMR (75 MHz, 

CDCl3) δ 151.1 (ArC-OMe), 148.6 (ArC-OMe), 132.6, 129.9, 128.4, 

128.2, 127.6, 127.3, 127.2, 127.0, 126.0, 126.0, 125.9, 124.2, 123.1, 122.2, 121.0, 120.7, 63.1 

(OMe), 60.8 (OMe). M.p. 131 – 132 °C. FTIR: ṽ = 3012 (C-H), 1598 (C=C), 1277 (C-O) cm-

1. HRMS (ESI⁺): calcd for C20H17O2 [M + H]+ 289.1229; found [M + H]+ 289.1246; m/z (%) 

= 288.1166 (14) [M]⁺, 289.1246 (100) [M + H]+, 290.1280 (20). 
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Rf (20% EtOAc/ Hexane): 0.65. 1H NMR (400 MHz, CDCl3) δ 9.57 (d, 

J = 8.7, 1H, ArH), 8.26 – 8.12 (m, 3H, ArH), 8.06 (d, J = 8.6, 1H, ArH), 

7.79 (d, J = 8.1, 1H, ArH), 7.75 – 7.61 (m, 3H, ArH), 7.55 (app. t, dd, J = 

7.4, 7.4, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 185.8 (C=O), 183.7 

(C=O), 136.5, 135.1, 134.8, 134.1, 133.8, 133.3, 132.0, 130.3, 129.8, 

129.0, 128.6, 128.6, 127.1, 126.3, 122.3. 

5.2.12 Preparation of 4-methoxynaphthalene-1-ol 146127 

A solution of 1,4-naphthoquinone (400 mg, 2.52 mmol, 1.0 eq) in Et2O (22 ml) and water (22 

ml) were deoxygenated for 10 mins. Sodium dithionite (2.20 g, 12.6 mmol, 5.0 eq) was then 

added and the reaction mixture was stirred under inert atmosphere, at room temperature, for 1 

h. The reaction mixture was then quickly transferred to a separating funnel, minimizing 

exposure to air, and the aqueous layer was run off. The organic layer was then immediately 

transferred to a round bottom flask, and KOH (283 mg, 5.04 mmol, 2.0 eq) was added. The 

reaction was stirred under inert gas for 30 mins. Me2SO4 (350 mg, 2.8 mmol, 0.26 ml, 1.1 eq) 

was then added dropwise, and the reaction was stirred for another 1 h at room temperature. The 

reaction was quenched with water (20 ml) and extracted with EtOAc (3 × 20 ml). The combined 

organic layers were washed sequentially with water (20 ml) and brine (20 ml), dried over 

MgSO4, filtered and concentrated in vacuo. The crude product was purified using silica gel 

column chromatography (20% EtOAc/Hexane) to yield 4-methoxynaphthalene-1-ol 146 as a 

white solid with a slight purple tinge (332 mg, 76% yield), the spectra of which compared well 

with that found in literature.127  

Rf (20% EtOAc/ Hexane): 0.35. 1H NMR (300 MHz, CDCl3) δ 8.29 – 8.15 

(m, 2H, ArH-5, 8), 7.59 – 7.53 (m, 2H, ArH-6, 7), 6.77 (d, J = 8.1, 1H, ArH-

3), 6.68 (d, J = 8.1, 1H, ArH-2), 5.01 (s, 1H, OH), 4.00 (s, 3H, OMe). 13C 

NMR (75 MHz, CDCl3) δ 150.1 (ArC-OMe), 145.3 (ArC-OH), 126.7, 126.2, 

126.1, 125.6, 122.3, 121.7, 108.2 (ArC-3), 103.8 (ArC-2), 56.1 (OMe). M.p. 128 – 129 °C. 

FTIR: ṽ = 3250 (O-H), 3010 (C-H), 2954 (C-H), 1597 (C=C), 1375 (O-H bend), 1311 (C-O), 

1265 (C-O) cm-1. HRMS (ESI⁺): calcd for C11H11O2 [M + H]+ 175.0759; found [M + H]+ 

175.0749; m/z (%) = 175.0749 (100) [M + H]+. 
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5.2.13 Synthesis of isobutyryl chloride 148232 

Isobutyric acid (3.05 g, 34.7 mmol, 3.20 ml, 1.0 eq) was dissolved in CH2Cl2 (10 ml) and cooled 

to 0 °C using an ice bath. Thionyl chloride (49.5 mmol, 3.60 ml, 1.4 eq) was then added 

dropwise via syringe. After complete addition, the temperature was raised to 40 °C and the 

reaction mixture was stirred for 3 h. Excess solvent and thionyl chloride were 

removed in vacuo to yield the acyl chloride 148 as an oil (963 mg, 26%) which 

was used immediately in the next step.  

1H NMR (300 MHz, CDCl3) δ 2.59 (m, 1H, CH), 1.20 (d, J = 7.0, 6H, CH3); 13C NMR (75 

MHz, CDCl3) δ 183.8 (C=O), 33.8 (CH), 18.7 (CH3). 

5.2.14 Preparation of 1-(1-hydroxy-4-methoxynaphthalen-2-yl)-2-methylpropan-1-one 

149 

To a two-necked round bottom flask under inert gas was added 4-methoxy-naphthol 146 (231 

mg, 1.33 mmol, 1.0 eq). TiCl4 (277 mg, 1.46 mmol, 0.16 ml, 1.1 eq) was added dropwise via 

syringe at room temperature. Once gas evolution had ceased, isobutyryl chloride 148 (213 mg, 

2.00 mmol, 1.5 eq) was added, and the temperature of the reaction mixture was increased to 

120 °C. The resulting paste was left at this temperature for 8 h. The reaction was then allowed 

to cool to room temperature, and CH2Cl2 (30 ml), water (10 ml) and aqueous HCl solution 

(10%, 10 ml) were added to the reaction flask. The organic extract was washed sequentially 

with water (10 ml), followed by brine (10 ml), and dried over MgSO4, filtered and concentrated 

in vacuo. The crude product was purified using silica gel column chromatography (15% 

EtOAc/Hexane) to yield substituted hydroxy-naphthalene 149 as a yellow solid (170 mg, 52% 

yield). 

Rf (20% EtOAc/ Hexane): 0.71. 1H NMR (300 MHz, CDCl3) δ 14.09 

(s, 1H, OH), 8.49 (d, J = 8.3, 1H, ArH-8′), 8.22 (d, J = 8.3, 1H, ArH-

5′), 7.72 – 7.58 (m, 2H, ArH-6′, 7′), 6.95 (s, 1H, ArH-3′), 4.02 (s, 3H, 

OMe), 3.65 (h, J = 6.8, 1H, H-2), 1.35 (d, J = 6.8, 6H, CH3). 13C NMR 

(75 MHz, CDCl3) δ 210.2 (C=O), 158.5 (ArC-OH), 147.7 (ArC-OMe), 130.5, 130.0, 126.8, 

126.6, 124.7 (ArC-8′), 122.1 (ArC-5′), 110.8, 100.7 (ArC-3′), 56.0 (OMe), 35.5 (C-2), 19.5 

(CH3). M.p. 92 – 93 °C. FTIR: ṽ = 2980 (O-H), 2932 (C-H), 1618 (C=O), 1507 (C=C), 1304 

(C-O), 1278 (C-O) cm-1. HRMS (ESI⁺): calcd for C15H17O3 [M + H]+ 245.1178; found [M + 

H]+ 245.1171; m/z (%) = 244.1364 (15) [M]+, 245.1175 (100) [M + H]+, 246.1600 (25). 
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5.2.15 Preparation of 1-(1,4-dimethoxynaphthalen-2-yl)-2-methylpropan-1-one 150 

Method 1: To a solution of substituted naphthol 149 (110 mg, 0.45 mmol, 1.0 eq) in THF (6 

ml), was added KOH (126 mg, 2.25 mmol, 5.0 eq) dissolved in water (4 ml). After stirring at 

room temperature for 1 h, Me2SO4 (284 mg, 2.25 mmol, 0.210 ml, 5.0 eq) was added dropwise 

via syringe, and the reaction was stirred under reflux for 18 h. Upon completion, the reaction 

was quenched with aqueous NH4OH solution (25%, 2 ml), and extracted with EtOAc (3 × 10 

ml). The combined organic layers were washed sequentially with a 10% aqueous solution of 

HCl (5 ml), and water (10 ml), followed by brine (10 ml). The organic layer was dried over 

MgSO4, filtered, concentrated in vacuo, and purified using silica gel column chromatography 

(10% EtOAc/Hexane) to yield dimethoxynaphthalene 150 as a yellow oil (96 mg, 83% yield).  

Method 2: To 1,4-dimethoxynaphthalene 152 (100 mg, 0.53 mmol, 1.0 eq) in a round bottom 

flask, was added TFAA (168 mg, 0.800 mmol, 0.110 ml, 1.5 eq) and isobutyric acid (56 mg, 

0.64 mmol, 0.060 ml, 1.2 eq). TFA (0.6 ml) was then added, and the reaction mixture was 

stirred at 70 °C for 24 h. A saturated aqueous solution of NaHCO3 (10 ml) was added to quench 

the reaction, and the product was extracted using EtOAc (3 × 10 ml). The combined organic 

extracts were washed sequentially with water (10 ml) and brine (10 ml) and dried over MgSO4, 

filtered and concentrated in vacuo. The crude product was purified using silica gel column 

chromatography (10% EtOAc/ Hexane) to yield dimethoxynaphthalene 150 as a yellow oil (32 

mg, 23%).  

Method 3: To a sealed tube were added isobutyric acid (140 mg, 1.59 mmol, 0.140 ml, 1.5 eq) 

and TFAA (334 mg, 1.59 mmol, 0.220 ml, 1.5 eq). The solution was allowed to stir for 15 mins 

before a solution of 1,4-dimethoxynaphthalene 152 (200 mg, 1.06 mmol, 1.0 eq) in TFA (1.2 

ml) was added. The reaction mixture was stirred at 80 °C for 18 h. Upon cooling, the reaction 

was quenched with a saturated aqueous solution of NaHCO3 (10 ml) and extracted with EtOAc 

(3× 10 ml). The combined organic layers were washed with water (10 ml) and brine (10 ml), 

and concentrated in vacuo. Purification of the crude product was achieved using silica gel 

column chromatography (10% EtOAc/Hexane) to yield dimethoxynaphthalene 150 as a yellow 

oil (100 mg, 37%). 

Method 4: To a two-necked round bottom flask under a nitrogen atmosphere were added 

isobutyric acid (70 mg, 0.80 mmol, 0.07 ml, 1.5 eq) and TFAA (168 mg, 0.800 mmol, 0.110 

ml, 1.5 eq). The solution was allowed to stir for 15 mins before a solution of 1,4-

dimethoxynaphthalene 152 (100 mg, 0.53 mmol, 1.0 eq) in triflic acid (0.6 ml) was added. The 
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reaction mixture was stirred at room temperature for 6 h. Upon completion, the reaction was 

quenched with a saturated aqueous solution of NaHCO3 (10 ml), and extracted with EtOAc (3 

× 10 ml). The combined organic layers were washed with water (10 ml) and brine (10 ml), and 

concentrated in vacuo. Purification was achieved using silica gel column chromatography 

(10% EtOAc/Hexane) to yield dimethoxynaphthalene 150 as a yellow oil (90 mg, 66%). 

Method 5: To a two-necked flask under a nitrogen atmosphere were added isobutyric acid 

(1.40 g, 15.9 mmol, 1.50 ml, 1.5 eq) and TFAA (3.34 g, 15.9 mmol, 2.20 ml, 1.5 eq). The 

solution was allowed to stir for 15-20 mins, and thereafter 1,4-dimethoxynaphthalene (2.00 g, 

10.6 mmol, 1.0 eq) and methanesulfonic acid (20 ml) were sequentially added. The reaction 

mixture was stirred at room temperature for 18 h. Upon completion, the reaction was poured 

into ice, and extracted with EtOAc (3 × 75 ml). The combined organic layers were washed 

sequentially with a saturated aqueous solution of NaHCO3 (75 ml), water (50 ml) and brine (50 

ml). The organic layer was then dried over MgSO4, filtered, and concentrated in vacuo. 

Purification of the crude product was achieved using silica gel column chromatography (5% 

EtOAc/Hexane) to yield dimethoxynaphthalene 150 as a yellow oil (2.26 g, 84%). 

Rf (20% EtOAc/ Hexane): 0.72. 1H NMR (400 MHz, CDCl3) δ 8.26 – 

8.23 (m, 1H, ArH-5′ or 8′), 8.14 – 8.12 (m, 1H, ArH-5′ or 8′), 7.59 – 

7.52 (m, 2H, ArH-6′, 7′), 6.85 (s, 1H, ArH-3′), 3.99 (s, 3H, OMe), 3.90 

(s, 3H, OMe), 3.71 (h, J = 7.0, 1H, H-2), 1.22 (d, J = 7.0, 6H, CH3). 13C 

NMR (101 MHz, CDCl3) δ 208.7 (C=O), 151.9 (ArC-OMe), 149.4 (ArC-OMe), 128.6, 128.3, 

127.8, 127.2, 127.1, 122.9, 122.5, 102.6 (ArC-3′), 64.1 (OMe), 55.7 (OMe), 39.9 (C-2), 18.9 

(CH3). FTIR: ṽ = 2967 (C-H), 2935 (C-H), 1673 (C=O), 1592 (C=C), 1365 (C-O) cm-1. HRMS 

(ESI⁺): calcd for C16H19O3 [M + H]+ 259.1334; found [M + H]+ 259.1339; m/z (%) = 259.1339 

(100) [M + H]+, 260.1371 (20). 

5.2.16 Preparation of 2-bromo-1-(1,4-dimethoxynaphthalen-2-yl)-2-methylpropan-1-one 

154 

To a solution of dimethoxynaphthalene 150 (251 mg, 0.97 mmol, 1.0 eq) in dry CH2Cl2 (20 

ml), was added recrystallized NBS (190 mg, 1.07 mmol, 1.1 eq) and the solution was heated at 

reflux for 2 h. The reaction was quenched with a saturated aqueous solution of Na2S2O3 (10 

ml), and extracted with CH2Cl2 (3 × 10 ml). The combined organic layers were washed with 

brine (10 ml) and dried over MgSO4, filtered, and concentrated in vacuo. The crude product 
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was purified using silica gel column chromatography (10% EtOAc/Hexane) to yield bromo-

naphthalene 154 as a yellow solid (266 mg, 79% yield). 

 Rf (20% EtOAc/ Hexane): 0.78. 1H NMR (300 MHz, CDCl3): δ 8.27 

(dd, J = 8.1, 1.7, 1H, ArH), 8.04 (dd, J = 8.1, 1.7, 1H, ArH), 7.61 – 7.52 

(m, 2H, ArH), 6.96 (s, 1H, ArH-3′), 4.01 (s, 3H, OMe), 3.86 (s, 3H, 

OMe), 2.00 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3) δ 201.9 (C=O), 

151.6 (ArC-OMe), 145.9 (ArC-OMe), 128.0, 127.8, 127.1, 127.0, 126.5, 122.7, 122.1, 103.1, 

63.8, 63.4, 55.8, 29.9 (CH3). M.p. 96 – 98 °C. FTIR: ṽ = 2968 (C-H), 2849 (C-H), 1690 (C=O), 

1589 (C=C), 1356 (C-O), 1102 (C-O), 775 (C-Br) cm-1. HRMS (ESI⁺): calcd for C16H18
79BrO3 

[M + H]+ 337.0439; found [M + H]+ 337.0402; m/z (%) = 337.0402 (100) [M + H]+, 338.0428 

(15), 339.0387 (97), 340.0417 (15). 

5.2.17 Preparation of 2-bromo-1-(3-bromo-1,4-dimethoxynaphthalen-2-yl)-2-

methylpropan-1-one 155 

Molecular bromine (67 mg, 0.42 mmol, 0.020 ml, 2.2 eq) dissolved in CH2Cl2 (1 ml) was added 

dropwise, very slowly, to a solution of dimethoxynaphthalene 150 (50 mg, 0.19 mmol, 1.0 eq) 

in CH2Cl2 (1 ml) at room temperature. After complete addition of Br2 solution, the reaction 

was heated at reflux for 2 h, after which another equivalent of Br2 (30 mg, 0.19 mmol, 0.010 

ml, 1.0 eq) in acetic acid (2 ml) was added and further heated under reflux for 3 h. Upon 

completion, the reaction was quenched with a saturated aqueous solution of Na2S2O3 (5 ml), 

and extracted with CH2Cl2 (3 × 10 ml). The combined organic layers were washed with water 

(10 ml), followed by brine (10 ml), dried over Na2SO4, and concentrated under reduced 

pressure. Purification of the crude product was achieved using silica gel column 

chromatography (10% EtOAc/ Hexane) to yield dibromo-naphthalene 155 as a yellow solid 

(55 mg, 70%).  

 Rf (20% EtOAc/ Hexane): 0.72. 1H NMR (400 MHz, CDCl3) δ 8.16 

– 8.12 (m, 1H, ArH-5′or 8′), 8.09 – 8.05 (m, 1H, ArH-5′ or 8′), 7.62 – 

7.59 (m, 2H, ArH-6′, 7′), 3.99 (s, 3H, OMe), 3.88 (s, 3H, OMe), 2.08 

(s, 6H, CH3). 13C NMR (101 MHz, CDCl3) δ 203.2 (C=O), 150.5 

(ArC-OMe), 148.5 (ArC-OMe), 132.0, 129.4, 127.9, 127.7, 127.2, 122.9, 122.8, 107.7 (ArC-

Br), 63.6 (C-Br), 63.5 (OMe), 61.7 (OMe), 31.9 (CH3), 31.8 (CH3). M.p. 102 – 104 °C. FTIR: 

ṽ = 2962 (C-H), 2847 (C-H), 1696 (C=O), 1580 (C=C), 1355 (C-O), 731 (C-Br) cm-1. HRMS 
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(ESI⁺): calcd for C16H17
79Br2O3 [M + H]+ 414.9544; found [M + H]+ 414.9514; m/z (%) = 

414.9514 (50) [M + H]+, 416.9496 (100). 

5.2.18 Preparation of 1-(1,4-dimethoxynaphthalen-2-yl)-2-methylpropan-1-ol 158 

To a two-necked round bottom flask was added dimethoxynaphthalene 150 (1.00 g, 3.87 mmol, 

1.0 eq). This was dissolved in THF (15 ml), and MeOH (3 ml). Thereafter, NaBH4 (732 mg, 

19.4 mmol, 5.0 eq) was carefully added at 0 °C, and the reaction was stirred at this temperature 

for 2 h before warming to room temperature and stirring for 8 h. Upon completion, water (20 

ml), followed by the careful addition of a 10% aqueous solution of HCl (15 ml) were added. 

The reaction was extracted with EtOAc (3 × 50 ml), and the combined organic layers were 

washed with water (40 ml), followed by brine (40 ml). The organic layer was dried over 

MgSO4, filtered, and concentrated in vacuo. The crude product was purified using silica gel 

column chromatography (20% EtOAc/Hexane), to yield alcohol 158 as a low melting yellow 

solid (1.0 g, Quantitative). 

Rf (20% EtOAc/ Hexane): 0.42. 1H NMR (300 MHz, CDCl3) δ 8.25 – 

8.24 (m, 1H, ArH-5′ or 8′), 8.02 – 7.98 (m, 1H, ArH-5′ or 8′), 7.55 – 

7.44 (m, 2H, ArH-6′ or 7′), 6.82 (s, 1H, ArH-3′), 4.87 (d, J = 8.1, 1H, 

H-1), 3.97 (s, 3H, OMe), 3.88 (s, 3H, OMe), 2.74 (s, 1H, OH), 2.17 – 

2.01 (m, 1H, H-2), 1.16 (d, J = 6.6, 3H, CH3), 0.82 (d, J = 6.8, 3H, CH3). 13C NMR (75 MHz, 

CDCl3) δ 152.2 (ArC-OMe), 146.5 (ArC-OMe), 131.3, 128.2, 126.6, 126.2, 125.4, 122.4, 

122.0, 101.8 (ArC-3′), 74.2 (C-1), 62.7 (OMe), 55.6 (OMe), 34.8 (C-2), 19.4 (CH3), 18.9 

(CH3). M.p 66 – 67 °C. FTIR: ṽ = 3316 (O-H), 2943 (C-H), 2871 (C-H), 1595 (C=C), 1367 

(C-O), 1236 (C-O), 1087 (C-O) cm-1. HRMS (ESI⁺): calcd for C16H19O2 [M - H2O + H]+ 

243.1385; found [M - H2O + H]+ 243.1389; m/z (%) = 243.1389 (100) [M - H2O + H]+, 

244.1485 (20). 

5.2.19 Preparation of 1-(3-iodo-1,4-dimethoxynaphthalen-2-yl)-2-methylpropan-1-ol 157 

To a two-necked round bottom flask under an inert atmosphere was added alcohol 158 (4.78 

g, 18.4 mmol, 1.0 eq). This was dissolved in dry Et2O (70 ml), and the reaction was cooled to 

–78 °C. A solution of n-BuLi (1.6 M, 46 mmol, 29 ml, 2.5 eq) was then added dropwise. After 

complete addition, the reaction was allowed to slowly warm to room 

temperature, and then stirred for a further 4 h. Thereafter, the reaction 

was cooled to 0 °C and dry THF (35 ml) was added. The reaction was 

stirred at 0 °C for 1 h, before a solution of iodine (5.6 g, 22 mmol, 1.2 
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eq) in dry THF (35 ml) was added slowly using a dropping funnel at 0 °C. The reaction was 

left to stir for 30 mins before being allowed to warm to room temperature, and then stirred for 

18 h. The reaction was quenched with a saturated aqueous solution of Na2S2O3 (100 ml), and 

extracted with EtOAc (3 × 100 ml). The combined organic layers were washed with water (100 

ml), followed by brine (100 ml). The organic layer was dried over MgSO4, filtered, and 

concentrated in vacuo. The crude product was purified using silica gel column chromatography 

(10-30% EtOAc/Hexane), to yield iodinated-naphthalene 157 as a yellow oil (3.21 g, 45% 

yield; Recovered 1.9 g starting material 158, therefore 77% yield based on recovered starting 

material). 

Rf (20% EtOAc/ Hexane): 0.50. 1H NMR (500 MHz, CDCl3) δ 8.07 (dd, J = 8.1, 1.4, 1H, 

ArH-5′ or 8′), 8.03 (dd, J = 8.1, 1.3, 1H, ArH-5′ or 8′), 7.57 – 7.50 (m, 2H, ArH-6′, 7′), 4.96 

(app. t, dd, J = 8.6, 8.6, 1H, H-1), 4.02 (s, 3H, OMe), 3.93 (s, 3H, OMe), 3.49 (d, J = 9.3, 1H, 

OH), 2.40 (app. h, dd, J = 7.0, 7.0, 1H, H-2), 1.20 (d, J = 6.6, 3H, CH3), 0.86 (d, J = 6.9, 3H, 

CH3).
 13C NMR (126 MHz, CDCl3) δ 153.2 (ArC-OMe), 150.7 (ArC-OMe), 133.1, 128.7, 

127.4, 126.9, 123.2, 122.8, 93.7 (C-I), 83.3 (C-1), 63.7 (OMe), 61.6 (OMe), 34.9 (C-2), 19.6 

(CH3), 19.4 (CH3). FTIR: ṽ = 3501 (O-H), 2958 (C-H), 2868 (C-H), 1560 (C=C), 1352 (C-O), 

1099 (C-O), 773 (C-I) cm-1. HRMS (ESI⁺): calcd for C16H18O2I [M - H2O + H]+ 369.0352; 

found [M - H2O + H]+ 369.0330; m/z (%) = 369.0330 (100) [M - H2O + H]+. 

5.2.20 Preparation of 1-(3,8-diiodo-1,4-dimethoxynaphthalen-2-yl)-2-methylpropan-1-ol 

159 

To a two-necked round bottom flask under an inert atmosphere was added alcohol 158 (1.57 

g, 6.03 mmol, 1.0 eq). This was dissolved in dry Et2O (40 ml), and the reaction was cooled to 

–78 °C. TMEDA (2.10 g, 18.1 mmol, 2.70 ml, 3.0 eq) was then added to the solution, followed 

by the dropwise addition, via syringe, of a solution of n-BuLi (1.1 M, 18 mmol, 17 ml, 3.0 eq). 

After complete addition, the reaction was allowed to slowly warm to room temperature, and 

then stirred for a further 4 h. Thereafter, the reaction was cooled to 0 °C and dry THF (20 ml) 

was added. The reaction was stirred at 0 °C for 1 h, before a solution of iodine (2.3 g, 9.1 mmol, 

1.5 eq) in dry THF (20 ml) was added slowly using a dropping funnel at 0 °C. The reaction 

was left to stir for 30 mins before being allowed to warm to room temperature, and then stirred 

for 48 h. The reaction was quenched with a saturated aqueous solution of Na2S2O3 (50 ml), and 

extracted with EtOAc (3 × 50 ml). The combined organic layers were washed with water (50 

ml), followed by brine (50 ml). The organic layer was dried over MgSO4, filtered, and 
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concentrated under reduced pressure. The crude product was purified using silica gel column 

chromatography (10-30% EtOAc/ Hexane), to yield diiodo-naphthalene 159 as a yellow oil 

(1.1 g, 36% yield). Also isolated 220 mg (10%) of 157.  

1H NMR (300 MHz, CDCl3) δ 8.25 (dd, J = 7.3, 1.2, 1H, H-7′), 8.11 

(dd, J = 8.4, 1.2, 1H, H-5′), 7.12 (dd, J = 8.4, 7.3, 1H, H-6′), 4.98 (dd, J 

= 10.6, 9.0, 1H, H-1), 3.91 (s, 3H, OMe), 3.78 (s, 3H, OMe), 3.41 (d, J 

= 10.6, 1H, OH), 2.49 – 2.42 (m, 1H, H-2), 1.23 (d, J = 6.5, 3H, CH3), 

0.83 (d, J = 6.9, 3H, CH3). 13C NMR (75 MHz, CDCl3) δ 152.9 (ArC-4′), 150.3 (ArC-1′), 

142.6, 134.9, 129.1, 128.1, 127.6, 126.9, 123.8, 86.2 (C-1), 65.1 (OMe), 61.7 (OMe), 34.6 (C-

2), 19.6 (CH3). HRMS (ESI⁺): calcd for C16H17O2I2 [M - H2O + H]+ 494.9318; found [M - H2O 

+ H]+ 494.9390; m/z (%) = 494.9390 (70) [M - H2O + H]+, 534.9324 (100), 535.9371 (15). 

5.2.21 Preparation of 2-iodo-1,4-dimethoxy-3-(2-methylprop-1-en-1-yl)naphthalene 156 

Iodo-naphthalene 157 (2.75 g, 7.12 mmol, 1.0 eq) was added to a round bottom flask and 

dissolved in dry toluene (160 ml). Para-toluenesulfonic acid (101 mg, 0.58 mmol, 30 mol%) 

was then added to the solution and heated to 110 °C for 18 h using a Dean-Stark apparatus. 

After cooling, the reaction was quenched with a saturated aqueous solution of NaHCO3 (100 

ml), and extracted with EtOAc (3 × 100 ml). The combined organic layers were washed with 

water (100 ml), followed by brine (100 ml) and dried over MgSO4. After filtering, the organic 

layer was concentrated in vacuo. The crude product was purified using silica gel column 

chromatography (5% EtOAc/ Hexane), to yield isoprenyl-naphthalene 156 as a yellow low 

melting solid (2.03 g, 78% yield). 

Rf (20% EtOAc/ Hexane): 0.84. 1H NMR (500 MHz, CDCl3) δ 8.01 

(dd, J = 7.9, 1.4, 1H, ArH-5 or 8), 7.94 (dd, J = 7.9, 1.4, 1H, ArH-5 or 

8), 7.42 – 7.33 (m, 2H, ArH-6, 7), 6.03 (s, 1H, H-1′), 3.82 (s, 3H, OMe), 

3.63 (s, 3H, OMe), 1.89 (s, 3H, CH3), 1.44 (s, 3H, CH3).
 13C NMR (126 

MHz, CDCl3) δ 152.7 (ArC-OMe), 149.9 (ArC-OMe), 138.1, 130.9, 129.0, 127.3, 126.7, 

126.6, 124.7 (C-1′), 123.1, 122.7, 95.9 (C-I), 61.5 (OMe), 61.0 (OMe), 25.4 (CH3), 20.2 (CH3). 

FTIR: ṽ = 2928 (C-H), 2842 (C-H), 1559 (C=C), 1348 (C-O), 1222 (C-O), 771 (C-I) cm-1. 

HRMS (ESI⁺): calcd for C16H18O2I [M + H]+ 369.0352; found [M + H]+ 369.0315; m/z (%) = 

369.0315 (100) [M + H]+, 370.0349 (5). 
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 5.2.22 Preparation of (2-bromo-5-methoxy-3-methylphenyl)methanol 161111  

Step i). To a solution of 3,5-dimethylanisole (2.00 g, 14.7 mmol, 1.0 eq) in CCl4 (30 ml), were 

added NBS (6.27 g, 35.2 mmol, 2.4 eq), and benzoyl peroxide (356 mg, 1.47 mmol, 10 mol%). 

The reaction mixture was stirred at 80 °C for 4 h. After cooling, the CCl4 was evaporated in 

vacuo and recycled, and water (50 ml) was added to the residue. The mixture was extracted 

with EtOAc (3 × 50 ml), and the organic layer was washed sequentially with a 10% aqueous 

HCl solution (50 ml), followed by a saturated aqueous solution of NaHCO3 (50 ml), and brine 

(100 ml). After drying over MgSO4, and filtering, the solution was concentrated in vacuo to 

yield crude product (3.76 g) which was used in the next step without purification. 

Step ii). The crude product (3.76 g) was dissolved in 1,4-dioxane (30 ml). To this solution was 

added water (30 ml), and CaCO3 (2.56 g, 25.6 mmol, 2.0 eq) under inert atmosphere. The 

mixture was heated under reflux and stirred for 12 h. After cooling, water was added, and the 

solution was extracted with EtOAc (3 × 50 ml). The combined organic layers were washed 

with brine (50 ml). After drying over MgSO4, and filtering, the solution was concentrated in 

vacuo and purified using silica gel column chromatography (10-30% EtOAc/ Hexane) to yield 

bromo-anisole 161 as a white low melting solid (2.05 g, 37% over two steps), the spectra of 

which compared agreeably to that found in literature.111 

Rf (20% EtOAc/ Hexane): 0.40. 1H NMR (400 MHz, CDCl3) δ 6.90 (d, J 

= 3.0, 1H, ArH-6′), 6.74 (d, J = 3.0, 1H, ArH-4′), 4.71 (d, J = 5.4, 2H, H-

1), 3.79 (s, 3H, OMe), 2.39 (s, 3H, CH3), 2.15 – 2.07 (m, 1H, OH). 13C 

NMR (101 MHz, CDCl3) δ 158.7 (ArC-OMe), 140.9 (C-6′), 139.3 (C-4′), 

115.6, 115.2, 111.6, 65.6 (C-1), 55.4 (OMe), 23.4 (CH3). FTIR: ṽ = 3278 (O-H), 2994 (C-H), 

2933 (C-H), 2832 (C-H), 1583 (C=C), 1307 (C-O), 1157 (C-O), 592 (C-Br) cm-1. 

5.2.23 Preparation of (3-methoxy-5-methylphenyl)methanol 162111 

Method 1: To a two-necked round bottom flask under inert gas was added bromo-anisole 161 

(1.02 g, 4.41 mmol, 1.0 eq). This was dissolved in dry THF (20 ml), and a solution of n-BuLi 

(0.77 M, 6.6 mmol, 8.6 ml, 1.5 eq) was then added dropwise via syringe at –78 °C. The mixture 

was stirred at –78 °C for 2 h, and thereafter warmed to room temperature. The reaction mixture 

was quenched with water (50 ml), extracted with EtOAc (3 × 50 ml), and the combined organic 

layers were washed with brine (50 ml). After drying over MgSO4, and filtering, the solution 

was concentrated in vacuo. The crude product was purified using silica gel column 
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chromatography (30% EtOAc/ Hexane) to yield alcohol 162 as a yellow oil (651 mg, 97% 

yield). 

Method 2: To a solution of aldehyde 164 (150 mg, 1.00 mmol, 1.0 eq) in THF (5 ml) and 

MeOH (1 ml) was added NaBH4 (189 mg, 5.00 mmol, 5.0 eq) at 0 °C. The reaction mixture 

was stirred at 0 °C for 1 h before being allowed to warm to room temperature, and then stirred 

for 12 h. The reaction was carefully quenched with a 10% aqueous solution of HCl (2 ml) and 

water (2 ml), and then extracted into EtOAc (3 × 5 ml). The combined organic layers were 

washed with water (2 ml), followed by brine (2 ml), and dried over MgSO4. After filtering, the 

solution was concentrated in vacuo. The crude product was purified using silica gel column 

chromatography (30% EtOAc/ Hexane) to yield alcohol 162 as a yellow oil (130 mg, 85% 

yield), the spectra of which compared well with that found in literature.111 

Rf (20% EtOAc/ Hexane): 0.26. 1H NMR (400 MHz, CDCl3) δ 6.73 (s, 1H, 

ArH), 6.70 (s, 1H, ArH), 6.63 (s, 1H, ArH), 4.58 (s, 2H, H-1), 3.77 (s, 3H, 

OMe), 2.31 (s, 3H, CH3), 2.27 – 2.13 (m, 1H, OH). 13C NMR (101 MHz, 

CDCl3) δ 159.8 (ArC-OMe), 142.3, 139.6, 120.0, 114.0, 109.2, 65.1 (C-1), 

55.1 (OMe), 21.4 (CH3). FTIR: ṽ = 3340 (O-H), 2937 (C-H), 2838 (C-H), 1597 (C=C), 1295 

(C-O), 1151 (C-O), 1067 (C-O) cm-1. 

5.2.24 Preparation of (2-iodo-3-methoxy-5-methylphenyl)methanol 163111 

To a two-necked round bottom flask under inert gas was added alcohol 162 (642 mg, 4.22 

mmol, 1.0 eq). This was dissolved in dry Et2O (10 ml), and cooled to –78 °C. A solution of n-

BuLi (1.50 M, 10.6 mmol, 7 ml, 2.5 eq) was then added dropwise via syringe. After complete 

addition, the solution was allowed to warm to room temperature, and stirred for 4 h before 

being cooled to 0 °C. Dry THF (5 ml) was then added to the reaction mixture, which was then 

stirred at 0 °C for a further 1 h. A solution of iodine (1.28 g, 5.06 mmol, 1.2 eq) in dry THF (5 

ml) was thereafter added dropwise. After complete addition, the reaction mixture was allowed 

to stir at 0 °C for 30 mins before being quenched with a saturated aqueous solution of Na2S2O3 

(10 ml). The organic layer was extracted with EtOAc (3 × 20 ml). The combined organic layers 

were washed with water (10 ml), followed by brine (10 ml). The organic layer was dried over 

MgSO4, filtered, and concentrated in vacuo. The crude product was purified using silica gel 

column chromatography (10-30% EtOAc/ Hexane), to yield iodo-alcohol 163 as a cream solid 

(600 mg, 51% yield), the spectra of which compared agreeably to that found in literature.111 
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Rf (20% EtOAc/ Hexane): 0.40. 1H NMR (400 MHz, CDCl3) δ 6.92 (d, J = 

1.8, 1H, H-6′), 6.59 (d, J = 1.8, 1H, H-4′), 4.67 (d, J = 3.5, 2H, H-1), 3.88 (s, 

3H, OMe), 2.35 (s, 3H, CH3), 2.10 (s, 1H, OH). 13C NMR (101 MHz, 

CDCl3) δ 157.8 (ArC-OMe), 144.0, 139.7, 121.9 (C-6′), 111.2 (C-4′), 85.4 

(C-I), 69.6 (C-1), 56.5 (OMe), 21.3 (CH3). FTIR: ṽ = 3266 (O-H), 2902 (C-H), 2841 (C-H), 

1574 (C=C), 1305 (C-O), 1167 (C-O), 1038 (C-O), 582 (C-I) cm-1. 

5.2.25 Preparation of 2-iodo-3-methoxy-5-methylbenzaldehyde 145111 

A pestle and mortar were used to grind together KMnO4 (142 mg, 0.900 mmol, 2.5 eq), 

CuSO4·5H2O (225 mg, 0.900 mmol, 2.5 eq), and iodo-alcohol 163 (100 mg, 0.4 mmol, 1.0 eq) 

until a completely homogenous mixture was formed. This homogenous mixture was then 

transferred to a round bottom flask and heated to 120 °C for 3 h. After cooling, the reaction 

mixture was diluted with EtOAc (20 ml) and water (10 ml). The organic layer was washed with 

brine (10 ml), and dried over MgSO4. After filtering, the solution was concentrated in vacuo. 

The crude product was purified using silica gel column chromatography (10% EtOAc/ Hexane) 

to yield iodo-aldehyde 145 as a white fluffy solid (54 mg, 54% yield), the spectra of which 

compared agreeably to that found in literature.111 

Rf (20% EtOAc/ Hexane): 0.69. 1H NMR (400 MHz, CDCl3) δ 10.14 (s, 1H, 

CHO), 7.30 (d, J = 1.9, 1H, ArH-6), 6.87 (d, J = 1.9, 1H, ArH-4), 3.92 (s, 3H, 

OMe), 2.37 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 196.4 (C=O), 158.1 

(ArC-OMe), 139.9, 136.1, 122.8, 117.1, 90.0 (C-I), 56.7 (OMe), 21.1 (CH3). 

FTIR: ṽ = 2958 (C-H), 2848 (C-H), 2741 (C-H), 1686 (C=O), 1568 (C=C), 1285 (C-O), 1163 

(C-O), 854 (C-I) cm-1. 

5.2.26 Preparation of 3-methoxy-5-methylbenzaldehyde 164233 

To a sealed pressure tube were added 3,5-dimethylanisole (5.00 g, 36.7 mmol, 1.0 eq), N-

hydroxyphthalimide (599 mg, 3.67 mmol, 10 mol%), Co(OAc)2·4H2O (183 mg, 0.730 mmol, 

2 mol%), K2S2O8 (2.48 g, 9.17 mmol, 25 mol%), and AcOH (50 ml). The solution was bubbled 

with oxygen gas for a minimum of 10 mins, and was immediately after sealed with a Teflon 

lined cap. The sealed tube was placed in an oil bath heated to 105 °C and stirred. Oxygen gas 

was bubbled through the solution every 10 h. After stirring for 24 h, another portion of K2S2O8 

(2.48 g, 9.17 mmol, 25 mol%) was added, and thereafter stirred for another 48 h, with oxygen 

gas being bubbled through every 10 h for a minimum of 10 mins. After cooling, the reaction 

was quenched with solid NaHCO3 (10 g), and then extracted into EtOAc (3 × 100 ml). The 
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combined organic layers were washed with water (100 ml), followed by brine (100 ml) and 

dried over MgSO4. After filtering, the solution was concentrated in vacuo and purified using 

silica gel column chromatography (20% EtOAc/ Hexane) to yield aldehyde 164 as a yellow 

oil, the spectra of which compared well with that found in literature233 (1.1 g, 20% yield. 

Recovered 3.4 g starting material, accordingly, 56% yield based on recovered starting 

material).  

Rf (20% EtOAc/ Hexane): 0.59. 1H NMR (300 MHz, CDCl3) δ 9.93 (s, 1H, 

CHO), 7.27 (s, 1H, ArH), 7.20 (s, 1H, ArH), 6.99 (s, 1H, ArH), 3.85 (s, 3H, 

OMe), 2.40 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3) δ 192.3 (CHO), 160.1 

(ArC-OMe), 140.3, 137.7, 124.3, 122.1, 109.4, 55.4 (OMe), 21.2 (CH3). FTIR: ṽ = 2949 (C-

H), 2839 (C-H), 1717 (C=O), 1587 (C=C), 1138 (C-O), 1094 (C-O) cm-1. 

5.2.27 Preparation of 2-[1,4-dimethoxy-3-(2-methylprop-1-en-1-yl)naphthalen-2-yl]-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane 166 

To a three-necked round bottom flask equipped with a condenser and flushed with inert gas, 

were added iodo-naphthalene 156 (400 mg, 1.09 mmol, 1.0 eq), bis(pinacolato)diboron (415 

mg, 1.64 mmol, 1.5 eq), dry KOAc (641 mg, 6.54 mmol, 5.0 eq), and Pd(PPh3)4 (126 mg, 0.110 

mmol, 10 mol%). After de-oxygenating with nitrogen gas for 10 mins, DMSO (16 ml) was 

added to the mixture of solids, and the solution was heated to 90 °C and stirred for 20 h. After 

cooling, water (160 ml) was added to the reaction, and extracted with EtOAc (3 × 50 ml). The 

combined organic layers were washed with water (50 ml), followed by brine (50 ml) and dried 

over MgSO4. After filtering, the organic layer was concentrated in vacuo. The crude product 

was purified using silica gel column chromatography (5% EtOAc/Hexane), to yield the boronic 

ester 166 as a yellow oil (260 mg, 65% yield). 

Rf (20% EtOAc/ Hexane): 0.81. 1H NMR (400 MHz, CDCl3) δ 8.12 

– 8.10 (m, 1H, ArH-5′ or 8′), 8.05 – 8.03 (m, 1H, ArH-5′ or 8′), 7.51 

– 7.43 (m, 2H, ArH-6′, 7′), 6.39 (s, 1H, H-1″), 3.97 (s, 3H, OMe), 3.77 

(s, 3H, OMe), 1.91 (s, 3H, CH3), 1.59 (s, 3H, CH3), 1.38 (s, 12H, 

CH3). 13C NMR (75 MHz, CDCl3) δ 155.6 (ArC-OMe), 149.2 (ArC-

OMe), 137.4, 129.9, 127.4, 126.3, 125.4, 122.6, 122.3, 121.7, 83.9, 63.4, 60.9, 25.5, 24.8, 20.0. 

FTIR: ṽ = 2977 (C-H), 2840 (C-H), 1593 (C=C), 1346 (C-O), 1222 (C-O) cm-1. HRMS (ESI⁺): 

calcd for C22H30O4B [M + H]+ 369.2237; found [M + H]+ 369.2241; m/z (%) = 368.2316 (30) 

[M]+, 369.2241 (100) [M + H]+, 370.2273 (25), 371.1106 (85). 



Chapter 5 – Experimental procedures 

 

140 
 

5.2.28 Preparation of 2-[1,4-dimethoxy-3-(2-methylprop-1-en-1-yl)naphthalen-2-yl]-3-

methoxy-5-methylbenzaldehyde 143 

To a three-necked round bottom flask equipped with a condenser and flushed with inert gas, 

were added iodo-anisole 145 (187 mg, 0.680 mmol, 1.0 eq), tri(o-tolyl)-phosphine (62 mg, 0.20 

mmol, 30 mol%), Pd2(dba)3 (62 mg, 0.068 mmol, 10 mol%), and K2CO3 (217 mg, 1.02 mmol, 

1.5 eq). In a separate 25 ml conical flask was added boronic ester 166 (300 mg, 0.8 mmol, 1.2 

eq) dissolved in DMF (10 ml), and this was de-oxygenated with nitrogen gas for 10 mins before 

being added to the mixture of solids. The reaction mixture was heated to 100 °C and stirred for 

20 h. After cooling, water (100 ml) was added to the reaction, and extracted with EtOAc (3 × 

50 ml). The combined organic layers were washed with water (50 ml), followed by brine (50 

ml) and dried over MgSO4. After filtering, the organic layer was concentrated in vacuo. The 

crude product was purified using silica gel column chromatography (1-5% EtOAc/ Hexane), 

to yield biaryl compound 143 as a yellow sticky oil (162 mg – 170 mg, 61 -64% yield). 

Rf (20% EtOAc/ Hexane): 0.58. 1H NMR (400 MHz, CDCl3) δ 9.64 

(s, 1H, CHO), 8.23 – 8.20 (m, 1H, ArH-5′ or 8′), 8.13 – 8.09 (m, 1H, 

ArH-5′ or 8′), 7.57 – 7.50 (m, 2H, ArH-6′, 7′), 7.47 (s, 1H, ArH-6), 

7.01 (s, 1H, ArH-4), 5.74 (s, 1H, H-1″), 3.79 (s, 3H, OMe), 3.73 (s, 

3H, OMe), 3.47 (s, 3H, OMe), 2.48 (s, 3H, CH3), 1.66 (s, 3H, CH3), 

1.44 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 192.8 (C=O), 157.1 (ArC-OMe), 149.9 

(ArC-OMe), 149.6 (ArC-OMe), 139.0, 137.4, 134.6, 129.2, 128.4, 127.7, 127.5, 126.4, 125.9, 

123.8, 122.7, 122.6, 119.2, 119.1, 116.8, 60.9 (OMe), 60.8 (OMe), 55.7 (OMe), 25.4 (CH3), 

21.7 (CH3), 19.9 (CH3). FTIR: ṽ = 2930 (C-H), 2840 (C-H), 1692 (C=O), 1605 (C=C), 1350 

(C-O), 1309 (C-O), 1280 (C-O) cm-1. HRMS (ESI⁺): calcd for C25H27O4 [M + H]+ 391.1909; 

found [M + H]+ 391.1912; m/z (%) = 391.1912 (100) [M + H]+, 392.1954 (30). 

5.2.29 Preparation of 1,7,12-trimethoxy-3-methyltetraphene 142 

Into a round bottom flask was weighed out directly FeCl3 (33 mg, 0.20 mmol, 27 mol%), 

avoiding as much exposure to air as possible. This was dissolved in anhydrous DCE (50 ml) 

and stirred under inert gas for 5 mins. In a separate flask under inert gas, was added biaryl 

compound 143 (300 mg, 0.8 mmol, 1.0 eq) which was dissolved in anhydrous DCE (52 ml) 

and added via syringe to the FeCl3 solution. The reaction was stirred at room temperature for 

4.5 h before being passed through a short silica plug, eluting with CH2Cl2 (20 ml). This was 

concentrated under reduced pressure, and purified using silica gel column chromatography 
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(10% EtOAc/Hexane) to yield tetracycle 142 as a yellow solid (170 mg, 67% yield). Also 

isolated quinone 141 (40 mg, 17%). 

Rf (20% EtOAc/ Hexane): 0.66. 1H NMR (400 MHz, CDCl3) δ 8.56 – 

8.54 (m, 1H, ArH), 8.33 – 8.31 (m, 1H, ArH), 7.99 (d, J = 9.1, 1H, 

ArH-6), 7.63 – 7.58 (m, 2H, ArH), 7.41 (d, J = 9.1, 1H, ArH-5), 7.21 

(s, 1H, ArH-4), 6.99 (s, 1H, ArH-2), 4.12 (s, 3H, OMe), 4.04 (s, 3H, 

OMe), 3.58 (s, 3H, OMe), 2.58 (s, 3H, CH3). 13C NMR (101 MHz, 

CDCl3) δ 157.9 (ArC-OMe), 151.4 (ArC-OMe), 146.7 (ArC-OMe), 138.0, 134.3, 127.6, 126.5, 

125.9, 125.8, 125.5, 124.2, 123.5, 122.0, 121.7, 119.8, 116.8, 116.8, 110.9, 63.3 (OMe), 60.5 

(OMe), 56.2 (OMe), 21.7 (CH3). M.p 119 – 120 °C. FTIR: ṽ = 2926 (C-H), 1537 (C=C), 1394 

(C-O), 1281 (C-O) cm-1. HRMS (ESI⁺): calcd for C22H21O3 [M + H]+ 333.1491; found [M + 

H]+ 333.1488; m/z (%) = 332.1428 (90) [M]+, 333.1488 (100) [M + H]+, 334.1565 (25). 

5.2.30 Preparation of 1-methoxy-3-methyltetraphene-7,12-dione 141 

To a solution of tetracycle 142 (110 mg, 0.33 mmol, 1.0 eq) in MeCN (15 ml) was added a 

solution of CAN (544 mg, 0.990 mmol, 3.0 eq) in water (5 ml) at room temperature. The 

reaction was allowed to stir for 1.5 h before being poured into water (5 ml) and extracted with 

EtOAc (3 × 20 ml). The combined organic layers were washed with water (25 ml), followed 

by brine (25 ml) and dried over MgSO4. After filtering, and concentrating in vacuo, the crude 

product was purified by silica gel column chromatography (20% EtOAc/ Hexane) to generate 

quinone 141 as an orange solid (89 mg, 89% yield). 

Rf (20% EtOAc/ Hexane): 0.47. 1H NMR (400 MHz, CDCl3) δ 8.23 

(d, J = 8.5, 1H, ArH-6), 8.20 (d, J = 6.4, 1H, ArH), 8.09 (d, J = 7.7, 

1H, ArH), 7.94 (d, J = 8.5, 1H, ArH-5), 7.80 – 7.69 (m, 2H, ArH), 7.28 

(s, 1H, ArH-4), 6.91 (s, 1H, ArH-2), 3.99 (s, 3H, OMe), 2.55 (s, 3H, 

CH3).
 13C NMR (126 MHz, CDCl3) δ 186.1 (C=O), 183.1 (C=O), 

157.2 (ArC-OMe), 140.6, 138.2, 137.0, 136.5, 133.9, 132.8, 132.6, 132.5, 132.4, 126.4, 126.1, 

122.5, 120.0, 119.6, 111.3, 56.0 (OMe), 22.1 (CH3). M.p 162 – 164 °C. HRMS (ESI⁺): calcd 

for C20H15O3 [M + H]+ 303.1021; found [M + H]+ 303.1017; m/z (%) = 303.1017 (100) [M + 

H]+, 304.1167 (25), 305.1319 (5). 
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5.2.31 Synthesis of 2,4-dichloro-11-hydroxy-1-methoxy-3-methyltetraphene-7,12-dione 

169 and 2,4-dichloro-6-hydroxy-1-methoxy-3-methyltetraphene-7,12-dione 170 

To a 2 ml sealed pressure tube equipped with a stirrer bar, were added, quinone 141 (40 mg, 

0.13 mmol, 1.0 eq), Ru[Cl2(p-cymene)]2 (16 mg, 0.026 mmol, 20 mol%), PIFA (168 mg, 0.39 

mmol, 3.0 eq), TFAA (0.4 ml), TFA (0.008 ml), and CH2Cl2 (0.4 ml). The tube was sealed 

with a Teflon lined cap and placed in an oil bath heated to 100 °C. The solution was stirred for 

18 h. After cooling to room temperature, the reaction mixture was poured into CH2Cl2 (2 ml), 

and water (2 ml), followed by an aqueous solution of HCl (10%, 2 ml), were added. The 

reaction mixture was stirred for 5 mins before being transferred to a separating funnel. The 

organic layer was extracted into CH2Cl2 (3 × 5 ml), and the combined organic layers were 

washed with brine (5 ml) and dried over MgSO4. After filtering, the solution was concentrated 

in vacuo, and the crude product was purified using silica gel column chromatography (1-5% 

EtOAC/Hexane) to yield 169 as a yellow solid (4.5 mg, 9% yield).  

Rf (20% EtOAc/ Hexane): 0.68; 1H NMR (500 MHz, CDCl3) δ 11.51 

(s, 1H, OH), 8.65 (d, J = 8.8, 1H, ArH-5 or 6), 8.35 (d, J = 8.8, 1H, 

ArH-5 or 6), 7.81 (d, J = 7.5, 1H, ArH), 7.67 (app.t, dd, J = 7.9, 7.9, 

1H, ArH), 7.35 (d, J = 8.4, 1H, ArH), 3.75 (s, 3H, OMe), 2.76 (s, 3H, 

CH3). 13C NMR (126 MHz, CDCl3) δ 187.4 (C=O), 182.3 (C=O), 

160.3 (ArC-OH), 152.9 (ArC-OMe), 137.6, 135.7, 134.5, 133.7, 

133.0, 132.2, 131.5, 130.2, 127.7, 124.4, 123.5, 123.2, 119.1, 117.4, 61.5 (OMe), 19.3 (CH3). 

HRMS (ESI⁺): calcd for C20H13O4
35Cl2 [M + H]+ 387.0191; found [M + H]+ 387.0111; m/z 

(%) = 387.0111 (30) [M + H]+, 388.3860 (100), 389.3879 (30), 391.1892 (5). 

170 was isolated as a dark red solid (10 mg, 20% yield). 

Rf (20% EtOAc/ Hexane): 0.62; 1H NMR (500 MHz, CDCl3) δ 12.07 

(s, 1H, OH), 8.26 – 8.24 (m, 1H, ArH), 8.12 (dd, J = 7.5, 1.3, 1H, 

ArH), 8.02 (s, 1H, ArH-5), 7.86 – 7.78 (m, 2H, ArH), 3.81 (s, 3H, 

OMe), 2.70 (s, 3H, CH3). 13C NMR (126 MHz, CDCl3) δ 188.9 

(C=O), 184.9 (C=O), 157.6 (ArC-OH), 152.7 (ArC-OMe), 138.2, 

137.0, 136.5, 136.1, 135.2, 133.3, 132.0, 126.7, 126.3, 126.2, 125.6, 

119.8, 119.5, 115.6, 61.6 (OMe), 19.4 (CH3). HRMS (ESI⁺): calcd for C20H13O4
35Cl2 [M + H]+ 

387.0191; found [M + H]+ 387.0158; m/z (%) = 387.0158 (100) [M + H]+, 388.0193 (5), 

389.0134 (60), 390.0162 (3), 391.1875 (10). 
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5.3 Experimental procedures for Chapter 4 

5.3.1 Preparation of 2-hydroxy-4-pentadecylbenzaldehyde 243179  

Method 1: To a solution of cardanol 178a (10.0 g, 32.8 mmol, 1.0 eq, sourced from Sigma-

Aldrich and used without purification) in dry toluene (125 ml), were added SnCl4 (0.854 g, 

3.28 mmol, 0.4 ml, 0.1 eq) and Et3N (7 ml, 0.4 M) under an inert atmosphere. The mixture was 

stirred at room temperature for 30 mins. Paraformaldehyde (2.17 g, 72.2 mmol, 2.2 eq) was 

then added, and the reaction mixture stirred for another 30 mins at room temperature, before 

being heated to 100 °C. The reaction mixture was stirred for 8 h and then quenched with 

aqueous 1 M HCl solution (100 ml). The mixture was extracted with EtOAc (3 × 100 ml), and 

the combined organic layers were washed with water (100 ml), followed by brine (100 ml), 

dried over MgSO4, and concentrated in vacuo. The crude compound was purified using silica 

gel column chromatography (5% EtOAc/Hexane) to yield formylated cardanol 243 as a white 

solid (7.4 g, 67%). 

Method 2: To a flask purged with inert gas, was added paraformaldehyde (296 mg, 9.84 mmol, 

3.0 eq) and anhydrous MgCl2 (625 mg, 6.56 mmol, 2.0 eq) in a glovebox. Dry THF (20 ml) 

was then added and the reaction stirred at room temperature. Triethylamine (664 mg, 6.56 

mmol, 0.9 ml, 2.0 eq) was added dropwise via syringe and the mixture was stirred for 10 mins. 

Cardanol 178a (1.00 g, 3.28 mmol, 1.0 eq) was then added portion-wise and heated to 75 °C. 

The reaction was stirred for 2.5 h. Upon completion, the reaction was quenched with aqueous 

1 M HCl (10 ml) and extracted with EtOAc (3 × 50 ml). The organic layers were washed with 

water (50 ml) and brine (50 ml), dried over MgSO4, and concentrated in vacuo. The crude 

compound was purified by recrystallization from methanol to yield formylated cardanol 243 as 

a white solid (740 mg, 72%), the spectra of which compared well with that found in 

literature.179  

Rf (20% EtOAc/Hexane) = 0.86. 1H 

NMR (300 MHz, CDCl3) δ 11.04 (s, 

1H, OH), 9.80 (s, 1H, CHO), 7.41 (d, 

J = 7.8, 1H, ArH-6), 6.83–6.77 (m, 

2H, ArH-3, 5), 2.60 (t, J = 7.7, 2H, H-1′), 1.61 (app. p, J = 6.9, 2H, H-2′), 1.33 – 1.25 (m, 24H), 

0.88 (t, J = 6.4, 3H, H-15′); 13C NMR (75 MHz, CDCl3, not all aliphatic signals were 

observable as individual signals in this, and subsequent spectra) δ 195.7 (C=O), 161.8 (ArC-

OH), 153.8, 133.6, 120.5, 118.9, 117.1, 36.5, 32.0, 30.7, 29.8, 29.3, 22.8, 14.2. 
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5.3.2 Preparation of 2-bromo-1,4-dimethoxybenzene 244a212 

To a solution of 1,4-dimethoxybenzene (5.00 g, 36.2 mmol, 1.0 eq) in dry CH2Cl2 (80 ml) was 

added NBS (7.00 g, 39.8 mmol, 1.1 eq). The reaction mixture was stirred under reflux for 72 

h. After cooling, the reaction was quenched with a saturated aqueous solution of Na2SO3 (40 

ml) and extracted with CH2Cl2 (3 × 40 ml). The organic layers were washed sequentially with 

water (50 ml) and brine (50 ml), dried over MgSO4, and concentrated in vacuo. The crude 

product was purified using silica gel column chromatography (20% EtOAc/ Hexane) to yield 

2-bromo-1,4-dimethoxybenzene 244a as a yellow oil (5.6 g, 72% yield), the spectra of which 

compared well with that found in literature.212  

Rf (20% EtOAc/Hexane) = 0.76. 1H NMR (300 MHz, CDCl3) δ 7.08 (dd, J = 2.1, 

1.3, 1H, ArH), 6.75 – 6.74 (m, 2H, ArH), 3.76 (s, 3H, OMe), 3.68 (s, 3H, OMe); 

13C NMR (75 MHz, CDCl3) δ 153.9 (ArC-OMe), 150.2 (ArC-OMe), 119.0, 

113.4, 112.8, 111.8, 56.6 (OMe), 55.7 (OMe). 

5.3.3 Preparation of 2-[(2,5-dimethoxyphenyl)(hydroxy)methyl]-5-pentadecylphenol 

245a 

All glassware was oven dried for a minimum of 2 h before setting up this reaction. In an oven 

dried, three-necked round bottom flask, Mg turnings (58 mg, 2.4 mmol, 4.0 eq) and a granule 

of I2 were dissolved in dry Et2O (5 ml). To this suspension was added dropwise a solution of 

2-bromo-1,4-dimethoxybenzene 244a (521 mg, 2.40 mmol, 4.0 eq) in dry Et2O (1.5 ml). The 

reaction was gently heated for 4 h, and the surfaces of Mg turnings were repeatedly scratched 

until the first signs of Grignard reagent formation were observed. After complete formation of 

Grignard reagent, the reaction was cooled to 0 °C and a solution of 2-hydroxy-4-

pentadecylbenzaldehyde 243 (200 mg, 0.6 mmol, 1.0 eq) in dry THF (1.5 ml) was added 

dropwise to the Grignard reagent. This was refluxed for 90 mins, and thereafter stirred for 18 

h at room temperature. Upon completion, the reaction was cooled to 0 °C. A saturated aqueous 

solution of NH4Cl (20 ml) was added to quench the reaction, and thereafter the organic material 

was extracted using EtOAc (3 × 50 ml). The combined organic layers were washed with water 

(50 ml) followed by brine (50 ml), dried over MgSO4 and concentrated in vacuo. The crude 

product was purified using silica gel column chromatography (10% EtOAc/ Hexane) to yield 

the secondary alcohol 245a as a cream solid (220 mg, 78% yield).  
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Rf (20% EtOAc/Hexane) = 0.49.    

1H NMR (300 MHz, CDCl3) δ 

8.20 (s, 1H, ArOH), 6.85 - 6.55 

(m, 6H, ArH), 6.12 (d, J = 4.6, 

1H, C-OH), 4.14 (d, J = 4.6, 1H, H-1″), 3.76 (s, 3H, OMe), 3.65 (s, 3H, OMe), 2.52 (t, J = 7.7, 

2H, H-1′), 1.55 (app. p, J = 7.0, 2H, H-2′), 1.28 – 1.20 (m, 24H), 0.88 (t, J = 6.5, 3H, H-15′). 

13C NMR (75 MHz, CDCl3) δ 155.9, 153.9, 150.9, 144.4, 130.8, 127.6, 122.8, 119.9, 116.9, 

114.6, 113.3, 111.7, 72.8 (C-1″), 55.9 (OMe), 55.5 (OMe), 35.6, 32.0, 31.2, 29.4, 22.7. M.p. 

78 – 79 °C. FTIR: ṽ = 3352 (O-H), 3185 (O-H), 1501 (C=C), 1252 (C-O), 1225 (C-O) cm-1. 

HRMS (ESI⁺): calcd for C30H45O3 [M - H2O + H]+ 453.3367; found [M - H2O + H]+ 453.3340; 

m/z (%) = 453.3340 (100) [M - H2O + H]+, 454.3375 (30).  

5.3.4 General procedure for the synthesis of benzoate esters. 

Method 1: To a two-necked flask containing acid (1.1 eq), was added TFAA (4.0 eq) under a 

nitrogen atmosphere, and the solution was stirred for 15 mins at room temperature. Then 

cardanol 178a (1.0 eq) dissolved in dry CH2Cl2 (20 ml) was added to the mixture and stirred at 

room temperature until complete consumption of starting material. The reaction was quenched 

with a saturated aqueous solution of NaHCO3 (20 ml) and extracted with CH2Cl2 (3 × 20 ml). 

The combined organic layers were washed with water (50 ml) followed by brine (50 ml), and 

dried over MgSO4, before being concentrated in vacuo. The product was purified using silica 

gel column chromatography (20% EtOAc/Hexane) to yield benzoate ester. 

Method 2: To a two-necked flask containing acid (1.2 eq), was added TFAA (7.0 eq) under a 

nitrogen atmosphere, and the solution was stirred for 15 mins at room temperature. Then 

cardanol 178a (1.0 eq) dissolved in dry toluene (3 ml) was added to the mixture and stirred at 

room temperature until complete consumption of starting material. The reaction was quenched 

with a saturated aqueous solution of NaHCO3 (5 ml) and extracted with EtOAc (3 × 20 ml). 

The combined organic layer was washed with water (10 ml) followed by brine (10 ml), and 

dried over MgSO4, before being concentrated in vacuo. The product was purified using silica 

gel column chromatography (20% EtOAc/Hexane) to yield benzoate ester. 

5.3.4.1 3-Pentadecylphenyl 2,5-dimethoxybenzoate 249a 

Method 1: Synthesized using 2,5-dimethoxybenzoic acid 248a (657 mg, 3.61 mmol), TFAA 

(1.80 ml, 13.1 mmol), and cardanol 178a (1.00 g, 3.28 mmol). Stirred for 8 h. Benzoate ester 

249a was isolated as a pale-yellow low melting solid (1.4 g, 93%). 
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Method 2: Synthesized using 2,5-dimethoxybenzoic acid 248a (40 mg, 0.22 mmol), TFAA 

(0.18 ml, 1.3 mmol), and cardanol 178a (55 mg, 0.18 mmol). Stirred for 3 h. Benzoate ester 

249a was isolated as a pale-yellow low melting solid (80 mg, 95%).  

Rf (20% EtOAc/Hexane) = 0.60; 

1H NMR (300 MHz, CDCl3) δ 

7.54 (d, J = 3.2, 1H, ArH-6), 7.33–

7.26 (m, 1H, ArH-5′), 7.09 (dd, J = 

9.0, 3.1, 2H, ArH-4, 2′), 7.03 (dd, 

J = 7.8, 1.6, 2H, ArH-6′, 4′), 6.96 (d, J = 9.0, 1H, ArH-3), 3.88 (s, 3H, OMe), 3.81 (s, 3H, 

OMe), 2.62 (dd, J = 8.8, 6.7, 2H, H-1″), 1.62 (app. p, J = 7.3, 2H, H-2″), 1.36 – 1.31 (m, 24H), 

0.93 (t, J = 6.8, 3H, H-15″). 13C NMR (75 MHz, CDCl3) δ 164.3 (C=O), 154.3, 153.1, 151.0, 

144.6, 129.1, 125.9, 121.7, 120.3, 119.7, 119.0, 116.3, 114.1, 56.8 (OMe), 55.9 (OMe), 35.8, 

32.0, 31.3, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 22.7, 14.2. M.p 43 – 44.5 °C. FTIR: ṽ = 2917 

(C-H), 2850 (C-H), 1715 (C=O), 1584 (C=C), 1286 (C-O), 1232 (C-O) cm-1. HRMS: (ESI⁺): 

calcd for C30H45O4 [M + H]+ 469.3318; found [M + H]+ 469.3299; m/z (%) = 469.3299 (100) 

[M + H]+, 470.3334 (30), 471.3362 (5). 

5.3.4.2 3-Pentadecylphenyl 2,4,5-trimethoxybenzoate 249b 

Method 1: Synthesized using 2,4,5-trimethoxybenzoic acid 248b (1.15 g, 5.41 mmol), TFAA 

(2.74 ml, 19.7 mmol), and cardanol 178a (1.50 g, 4.92 mmol). Stirred for 18 h. Benzoate ester 

249b was isolated as a white solid (2.3 g, 94%). 

Method 2: Synthesized using 2,4,5-trimethoxybenzoic acid 248b (47 mg, 0.22 mmol), TFAA 

(0.18 ml, 1.3 mmol), and cardanol 178a (55 mg, 0.18 mmol). Stirred for 18 h. Benzoate ester 

249b was isolated as a white solid (70 mg, 78%).  

Rf (20% EtOAc/Hexane) = 

0.24. 1H NMR (400 MHz, 

CDCl3) δ 7.59 (s, 1H, ArH-

6), 7.32-7.26 (m, 1H, ArH), 

7.08–6.99 (m, 3H, ArH), 

6.58 (s, 1H, ArH-3), 3.97 (s, 3H, OMe), 3.93 (s, 3H, OMe), 3.90 (s, 3H, OMe), 2.62 (t, J = 7.7, 

2H, H-1″), 1.62 (app. p, J = 8.7, 3H, H-2″), 1.31-1.26 (m, 24H), 0.88 (t, J = 6.8, 3H, H-15″). 

13C NMR (75 MHz, CDCl3) δ 163.9 (C=O), 156.6 (ArC-OMe), 154.2 (ArC-OMe), 151.0, 

144.6, 142.6 (ArC-OMe), 129.0, 125.7, 121.8, 119.1, 114.6, 109.8, 97.8, 57.1 (OMe), 56.5 
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(OMe), 56.1 (OMe), 35.8, 31.9, 31.3, 29.7, 29.7, 29.6, 29.5, 29.4, 22.7, 14.1. M.p. 62.3-62.6°C. 

FTIR: ṽ = 2919 (C-H), 2850 (C-H), 1707 (C=O), 1578 (C=C), 1268 (C-O), 1238 (C-O), 1205 

(C-O) cm-1.  HRMS: (ESI⁺): calcd for C31H47O5 [M + H]+ 499.3423; found [M + H]+ 499.3406; 

m/z (%) = 499.3406 (100) [M + H]+, 500.3434 (30). 

5.3.4.3 3-Pentadecylphenyl 2,3-dimethoxybenzoate 249c  

Method 1: Synthesized using 2,3-dimethoxybenzoic acid 248c (987 mg, 5.41 mmol), TFAA 

(2.74 ml, 19.7 mmol), and cardanol 178a (1.50 g, 4.92 mmol). Stirred for 18 h. Benzoate ester 

249c was isolated as a white solid (2.2 g, 96%). 

Method 2: Synthesized using 2,3-dimethoxybenzoic acid 248c (40 mg, 0.22 mmol), TFAA 

(0.18 ml, 1.3 mmol), and cardanol 178a (55 mg, 0.18 mmol). Stirred for 18 h. Benzoate ester 

249c was isolated as a white solid (70 mg, 83%).  

Rf (20% EtOAc/Hexane) = 

0.64. 1H NMR (300 MHz, 

CDCl3) δ 7.52 (dd, J = 6.9, 

2.5, 1H, ArH), 7.35–7.28 (m, 

1H, ArH), 7.19–7.11 (m, 2H, 

ArH), 7.10–7.02 (m, 3H, ArH), 3.96 (s, 3H, OMe), 3.92 (s, 3H, OMe), 2.62 (t, J = 7.7, 2H, H-

1″), 1.62 (app. p, J = 8.7, 3H, H-2″), 1.31-1.25 (m, 24H), 0.88 (t, J = 6.8, 3H, H-15″). 13C NMR 

(75 MHz, CDCl3) δ 164.6 (C=O), 153.7, 150.9, 149.7, 144.8, 129.1, 126.0, 125.5, 123.9, 122.6, 

121.6, 118.9, 116.4, 61.6 (OMe), 56.1 (OMe), 35.8, 31.9, 31.3, 30.9, 29.7, 29.7, 29.6, 29.5, 

29.4, 29.3, 22.7, 14.1. M.p. 65.6 – 66.4 °C. FTIR: ṽ = 2921 (C-H), 1731 (C=O), 1583 (C=C), 

1307 (C-O), 1251 (C-O), 1210 (C-O), 1096 (C-O) cm-1.  HRMS: (ESI⁺): calcd for C30H45O4 

[M + H]+ 469.3318; found [M + H]+ 469.3304; m/z (%) = 469.3304 (100) [M + H]+, 470.3339 

(30), 471.3369 (5).  

5.3.5 Synthesis of (2,5-dimethoxyphenyl)(2-hydroxy-4-pentadecylphenyl)methanone 

241a  

Method 1 (oxidation using MnO2): To a solution of secondary alcohol 245a (200 mg, 0.44 

mmol, 1.0 eq) dissolved in CH2Cl2 (10 ml), was added activated MnO2 (306 mg, 3.50 mmol, 

8.0 eq). The reaction mixture was stirred for 72 h at room temperature. Upon completion, the 

reaction was filtered through Celite, concentrated in vacuo, and purified using silica gel column 
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chromatography (15% EtOAc/ Hexane) to yield benzophenone 241a as a white solid (145 mg, 

72%).  

Method 2 (solvent free oxidation): Using a pestle and mortar, secondary alcohol 245a 

(200mg, 0.44 mmol, 1.0 eq) was ground to a fine powder, and transferred to a round bottom 

flask. Using the same pestle and mortar, KMnO4 (243 mg, 1.54 mmol, 3.5 eq) and CuSO4·5H2O 

(385 mg, 1.54 mmol, 3.5 eq) were ground together until they formed a fine homogeneous 

powder. This was then added to the round bottom flask containing ground compound 245a and 

stirred through until homogeneous. The mixture was heated to 135 °C for 2 h. Upon cooling, 

EtOAc (20 ml) was added, and the reaction was quenched with a saturated aqueous solution of 

Na2S2O3 (10 ml). The organic material was extracted with EtOAc (3 × 20 ml), and the 

combined organic layers were washed sequentially with water (20 ml) and brine (20 ml), dried 

over MgSO4, and concentrated in vacuo. The crude product was purified using silica gel 

column chromatography (15% EtOAc/ Hexane) to yield benzophenone 241a as a white solid 

(110 mg, 53%). 

Method 3 (Fries rearrangement):  In a microwave tube was added P2O5 (65 mg, 0.46 mmol, 

7.7% of MeSO3H), being careful to minimize exposure to the atmosphere. This was quickly 

followed by the addition of MeSO3H (573 mg, 5.96 mmol, 9.2 eq), and benzoate ester 249a 

(305 mg, 0.65 mmol, 1.0 eq). The reaction was placed in the microwave, at 50 W, and 80 °C 

for 15 mins. The reaction was quenched with water (10 ml), and extracted with EtOAc (3 × 20 

ml). The combined organic layers were washed sequentially with a saturated aqueous solution 

of NaHCO3 (20 ml), water (20 ml) and brine (20 ml), and dried over MgSO4. After 

concentrating in vacuo, the product was purified using silica gel column chromatography (5% 

EtOAc/ Hexane) to yield benzophenone 241a as a white solid (153 mg, 50%, and 63% yield 

based on recovered starting material).  

Rf (20% EtOAc/Hexane) = 0.66. 

1H NMR (400 MHz, CDCl3) δ 

12.16 (s, 1H, OH), 7.24 (d, J = 

8.3, 1H, ArH-6′), 7.01–6.97 (m, 

1H, ArH), 6.95–6.91 (m, 1H, ArH), 6.83 (s, 2H, ArH-3′, 6), 6.62 (d, J = 8.2, 1H, ArH-5′), 3.77 

(s, 3H, OMe), 3.72 (s, 3H, OMe), 2.58 (t, J = 7.7, 2H, H-1″), 1.61 (app. p, J = 7.2, 2H, H-2″), 

1.39-1.30 (m, 24H), 0.88 (t, J = 6.6, 3H, H-15″). 13C NMR (101 MHz, CDCl3) δ 200.9 (C=O), 

163.1 (ArC-OH), 153.1 (ArC-OMe), 153.3, 150.5 (ArC-OMe), 133.7, 128.1, 119.4, 118.0, 
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117.4, 116.9, 113.9, 113.0, 56.4 (OMe), 55.9 (OMe), 36.3, 31.9, 30.1, 29.7, 29.6, 29.5, 29.4, 

29.3, 22.7, 14.1 M.p. 61 – 62 °C. FTIR: ṽ = 3001 (O-H), 2914 (C-H), 2849 (C-H), 1632 (C=O), 

1574 (C=C), 1307 (C-O), 1229 (C-O), 1099 (C-O) cm-1. HRMS (ESI⁺): calcd for C30H45O4 [M 

+ H]+ 469.3318; found [M + H]+ 469.3311; m/z (%) = 469.3311 (100) [M + H]+, 470.3355 (35), 

471.3368 (5). 

5.3.6 Synthesis of (2-hydroxy-4-pentadecylphenyl)(2,4,5-trimethoxyphenyl)methanone 

241b 

To a small reaction tube was added benzoate ester 249b (300 mg, 0.6 mmol). This was 

dissolved in dry MeCN (2.5 ml), and stirred until completely dissolved at 70 °C, after which 

triflic acid (0.09 ml) was added. The reaction mixture was stirred for 45 mins at 70 °C. The 

reaction was then quenched with water (5 ml), followed by a saturated aqueous solution of 

NaHCO3 (5 ml), and extracted with EtOAc (3 × 15 ml). The combined organic layers were 

washed with water (5 ml) followed by brine (5 ml), and dried over MgSO4, before being 

concentrated in vacuo. The crude product was purified using silica gel column chromatography 

(20% EtOAc/ Hexane) to yield benzophenone 241b as a white solid (60 mg, 20%).  

Rf (20% EtOAc/Hexane) = 

0.36; 1H NMR (400 MHz, 

CDCl3) δ 12.25 (s, 1H, 

OH), 7.31 (d, J = 8.3, 1H, 

ArH-6), 6.87 (s, 1H, ArH-

6″), 6.84 (s, 1H, ArH-3), 6.63 (d, J = 8.3, 1H, ArH-5), 6.59 (s, 1H, ArH-3″), 3.97 (s, 3H, OMe), 

3.84 (s, 3H, OMe), 3.76 (s, 3H, OMe), 2.59 (t, J = 7.8, 2H, H-1′), 1.63-1.61 (m, 2H, H-2′), 

1.30-1.25 (m, 24H), 0.88 (t, J = 6.6, 3H, H-15′). 13C NMR (101 MHz, CDCl3) δ 200.4 (C=O), 

163.0 (ArC-OH), 152.9 (ArC-OMe), 151.9 (ArC-OMe), 151.8 (ArC-OMe), 143.0, 133.7, 

119.3, 118.3, 117.4 (C-3), 112.6 (C-6″), 97.5 (C-3″), 56.7 (OMe), 56.5 (OMe), 56.2 (OMe), 

36.3, 31.9, 31.0, 30.6, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1. M.p. 62.8 – 63.8 °C. FTIR: 

ṽ = 2915 (C-H), 2849 (C-H), 1662 (C=O), 1508 (C=C), 1307 (C-O), 1263 (C-O), 1218 (C-O), 

1097 (C-O) cm-1. HRMS: (ESI⁺): calcd for C31H47O5 [M + H]+ 499.3423; found [M + H]+ 

499.3412; m/z (%) = 499.3412 (100) [M + H]+, 500.3445 (30), 501.3470 (5). 
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5.3.7 Preparation of (2,3-dimethoxyphenyl)(2-hydroxy-4-pentadecylphenyl)methanone 

241c 

To a one-necked round bottom flask was added benzoate ester 249c (1.00 g, 2.13 mmol, 1.0 

eq). This was dissolved in dry toluene (8.5 ml), and placed in an oil bath heated to 100 °C. 

After stirring for 5 mins, triflic acid (0.32 ml) was added and the mixture was stirred at 100 °C 

for 45 mins. The reaction was quenched with water (10 ml) followed by a saturated aqueous 

solution of NaHCO3 (10 ml), and then extracted with EtOAc (3 × 20 ml). The combined organic 

layers were washed with water (15 ml) and brine (15 ml) and dried over MgSO4. After 

concentration in vacuo, the crude product was purified using silica gel column chromatography 

(5% EtOAc/ Hexane) to yield benzophenone 241c as a clear low melting solid (630 mg, 63%).  

Rf (20% EtOAc/Hexane) = 

0.70. 1H NMR (400 MHz, 

CDCl3) δ 12.20 (s, 1H, OH), 

7.23 (d, J = 8.3, 1H, ArH-6′), 

7.15-7.11 (m, 1H, ArH), 7.04 (d, J = 8.2, 1H, ArH), 6.86 (s, 1H, ArH), 6.84 (s, 1H, ArH-3′), 

6.61 (d, J = 8.3, 1H, ArH-5′), 3.91 (s, 3H, OMe), 3.79 (s, 3H, OMe), 2.58 (t, J = 7.8, 2H, H-

1″), 1.60 (app. p, J = 7.7, 2H, H-2″), 1.29-1.25 (m, 24H), 0.87 (t, J = 7.1, 3H, H-15″). 13C NMR 

(101 MHz, CDCl3) δ 201.0 (C=O), 163.1 (ArC-OH), 153.4 (ArC-OMe), 152.8 (ArC-OMe), 

146.2, 133.8 (ArC-6′), 133.3, 124.0, 119.9, 119.5, 118.1, 117.4, 114.1, 61.8 (OMe), 55.9 

(OMe), 36.3, 32.0, 30.6, 29.7, 29.6, 29.5, 29.4, 29.3, 22.7, 14.2. M.p. 38 – 39 °C. FTIR: ṽ = 

2917 (C-H), 2849 (C-H), 1634 (C=O), 1580 (C=C), 1364 (C-O), 1269 (C-O), 1229 (C-O), 1075 

(C-O) cm-1. HRMS: (ESI⁺): calcd for C30H45O4 [M + H]+ 469.3318; found [M + H]+ 469.3292; 

m/z (%) = 469.3292 (100) [M + H]+, 470.3327 (30), 471.3355 (5). 

5.3.8 General procedure for the synthesis of xanthones. 

In a round bottom flask, CHCl3 and MeCN were used to dissolve the benzophenone (1.0 eq). 

Water was then added and a suspension formed to which CAS (4.0 eq) was added in portions. 

The reaction was heated to 70 °C and stirred for 18 h. Upon completion, the reaction was 

transferred to a separating funnel, and EtOAc (50 ml) and water (20 ml) were added. The 

aqueous layer was run off and the organic layer was washed with a saturated aqueous solution 

of NaHCO3 (20 ml), followed by brine (20 ml). The organic layer was dried over MgSO4 and 

concentrated in vacuo. The crude product was purified using silica gel column chromatography 

(10% EtOAc/Hexane) to yield xanthone.  
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5.3.8.1 2-Methoxy-6-pentadecyl-9H-xanthen-9-one 240a 

Synthesized using benzophenone 241a (145 mg, 0.320 mmol), CHCl3 (3 ml), MeCN (12 ml), 

H2O (6 ml), CAS (810 mg, 1.28 mmol). Xanthone 240a was isolated as a white solid (98 mg, 

70%).  

Rf (20% EtOAc/Hexane) = 

0.71. 1H NMR (400 MHz, 

CDCl3) δ 8.24 (d, J = 8.2, 

1H, ArH-8), 7.71 (s, 1H, 

ArH-1), 7.42 (d, J = 9.2, 1H, ArH), 7.33–7.25 (m, 2H, ArH), 7.20 (d, J = 8.2, 1H, ArH-7), 3.92 

(s, 3H, OMe), 2.75 (t, J = 7.8, 2H, H-1′), 1.69 (app. p, J = 7.4, 2H, H-2′), 1.36-1.25 (m, 24H), 

0.88 (t, J = 6.6, 3H, H-15′). 13C NMR (101 MHz, CDCl3) δ 177.9 (C=O), 156.3, 155.9, 151.0, 

151.0, 126.5, 124.6, 124.6, 122.2, 119.3, 119.2, 117.0, 105.9, 55.9 (OMe), 36.2, 31.9, 30.9, 

29.7, 29.7, 29.5, 29.4, 29.4, 29.2, 22.7, 14.1. M.p. 94 – 95 °C. FTIR: ṽ = 2920 (C-H), 2848 

(C-H), 1651 (C=O), 1483 (C=C), 1346 (C-O), 1315, 1226 (C-O) cm-1. HRMS (ESI⁺): calcd 

for C29H41O3 [M + H]+ 437.3056; found [M + H]+ 437.3024; m/z (%) = 437.3024 (100) [M + 

H]+, 438.3057 (30), 439.3085 (5).  

5.3.8.2 2,3-Dimethoxy-6-pentadecyl-9H-xanthen-9-one 240b 

Synthesized using benzophenone 241b (159 mg, 0.320 mmol), CHCl3 (3 ml), MeCN (12 ml), 

H2O (6 ml), CAS (810 mg, 1.28 mmol). Xanthone 240b was isolated as a white solid (110 mg, 

74%).  

Rf (20% EtOAc/Hexane) = 

0.33; 1H NMR (400 MHz, 

CDCl3) δ 8.24 (d, J = 8.1, 

1H, ArH-8), 7.67 (s, 1H, 

ArH-1), 7.26 (d, J = 7.3, 1H, ArH-5), 7.20 (d, J = 8.1, 1H, ArH-7), 6.90 (s, 1H, ArH-4), 4.02 

(s, 3H, OMe), 4.00 (s, 3H, OMe), 2.75 (t, J = 7.7, 2H, H-1′), 1.69 (app. p, J = 7.5, 2H, H-2′), 

1.35-1.25 (m, 24H), 0.88 (t, J = 6.6, 3H, H-15′). 13C NMR (101 MHz, CDCl3) δ 176.0 (C=O), 

156.2, 155.2 (ArC-OMe), 152.4, 150.4, 146.6 (ArC-OMe), 126.3, 124.7, 119.5, 116.8, 115.0, 

105.4, 99.6, 56.5 (OMe), 56.3 (OMe), 36.2, 31.9, 31.0, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 22.7, 

14.1. M.p. 96.5 – 97.7 °C. FTIR: ṽ = 2916 (C-H), 2849 (C-H), 1646 (C=O), 1508 (C=C), 1270 

(C-O), 1208 (C-O), 1170 (C-O) cm-1. HRMS (ESI⁺): calcd for C30H43O4 [M + H]+ 467.3161; 

found [M + H]+ 467.3145; m/z (%) = 467.3145 (100) [M + H]+, 468.3178 (30), 469.3209 (5). 
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5.3.8.3 5-Methoxy-3-pentadecyl-9H-xanthen-9-one 240c 

Synthesized using benzophenone 241c (113 mg, 0.240 mmol), CHCl3 (2.5 ml), MeCN (10 ml), 

H2O (5 ml), CAS (607 mg, 0.960 mmol). Xanthone 240c was isolated as a white solid (60 mg, 

57%).  

Rf (20% EtOAc/Hexane) = 0.52; 

1H NMR (400 MHz, CDCl3) δ 

8.24 (d, J = 8.2, 1H, ArH-1), 7.91 

(d, J = 7.9, 1H, ArH-8), 7.44 (s, 

1H, ArH-4), 7.32–7.18 (m, 3H, ArH), 4.05 (s, 3H, OMe), 2.75 (t, J = 7.7, 2H, H-1′), 1.69 (app. 

p, J = 7.6, 2H, H-2′), 1.30-1.25 (m, 24H), 0.90–0.84 (m, 3H, H-15′). 13C NMR (101 MHz, 

CDCl3) δ 177.0 (C=O), 156.1, 151.3, 148.6 (ArC-OMe), 146.5, 126.4, 125.1, 123.3, 122.8, 

119.6, 117.7, 117.4, 115.1, 56.4 (OMe), 36.2, 31.9, 30.8, 29.7, 29.7, 29.6, 29.5, 29.4, 29.2, 

22.7, 14.2. M.p. 103 – 104.8 °C. FTIR: ṽ = 2916 (C-H), 2849 (C-H), 1661 (C=O), 1508 (C=C), 

1270 (C-O), 1198 (C-O), 1110 (C-O) cm-1. HRMS (ESI⁺): calcd for C29H41O3 [M + H]+ 

437.3056; found [M + H]+ 437.3051; m/z (%) = 437.3051 (100) [M + H]+, 438.3073 (30). 

5.3.9 Preparation of 1-hydroxy-7-methoxy-3-pentadecyl-9H-xanthen-9-one 242a 

To a sealed tube were added xanthone 240a (30 mg, 0.069 mmol, 1.0 eq), PIFA (36 mg, 0.084 

mmol, 1.2 eq), Ru[(p-cymene)Cl2]2 (4 mg, 0.007 mmol, 10 mol%), TFAA (0.18 ml), and TFA 

(0.004 ml). The tube was sealed and heated to 80 °C for 18 h. After cooling, the reaction 

mixture was added to a saturated aqueous solution of NaHCO3 (10 ml) and then extracted with 

EtOAc (3 × 15 ml). The combined organic layers were washed with water (10 ml) followed by 

brine (10 ml), dried over MgSO4, and concentrated in vacuo. The crude product was purified 

using silica gel column chromatography (5% EtOAc/Hexane) to yield hydroxy-xanthone 242a 

as a pale-yellow solid (12 mg, 38%).  

Rf (20% EtOAc/Hexane) = 

0.86; 1H NMR (400 MHz, 

CDCl3) δ 12.57 (s, 1H, 

OH), 7.62 (d, J = 2.9, 1H, 

ArH-8), 7.40 (d, J = 9.1, 1H, ArH-5), 7.33 (dd, J = 9.1, 2.9, 1H, ArH-6), 6.76 (s, 1H, ArH-4), 

6.64 (s, 1H, ArH-2), 3.92 (s, 3H, OMe), 2.66 (t, J = 7.7, 2H, H-1′), 1.66 (app. p, J = 7.4, 2H, 

H-2′), 1.30-1.26 (m, 24H), 0.88 (t, J = 6.7, 3H, H-15′). 13C NMR (101 MHz, CDCl3) δ 181.6 

(C=O), 161.5 (ArC-OH), 156.3, 156.0, 153.7, 151.0, 125.4, 120.9, 119.2, 110.3, 106.9, 106.8, 
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105.1, 55.9 (OMe), 36.8, 31.9, 30.6, 29.7, 29.7, 29.5, 29.5, 29.4, 29.2, 22.7, 14.1. M.p 98 – 99 

°C. FTIR: ṽ = 3080 (O-H), 2918 (C-H), 2849 (C-H), 1652 (C=O), 1484 (C=C), 1277 (C-O), 

1207 (C-O) cm-1. HRMS: (ESI⁺): calcd for C29H41O4 [M + H]+ 453.3005; found [M + H]+ 

453.2978; m/z (%) = 453.2978 (100) [M + H]+, 454.3009 (30), 455.3047 (5).  

5.3.10 Preparation of 1-hydroxy-6,7-dimethoxy-3-pentadecyl-9H-xanthen-9-one 242b 

To a sealed tube were added xanthone 240b (45 mg, 0.096 mmol, 1.0 eq), K2S2O8 (52 mg, 0.19 

mmol, 2.0 eq), Ru[(p-cymene)Cl2]2 (6 mg, 0.01 mmol, 10 mol%), TFA (1 ml), and TFAA (0.05 

ml). The tube was sealed and heated to 80 °C for 18 h. After cooling, the reaction mixture was 

added to a saturated aqueous solution of NaHCO3 (10 ml) and extracted with EtOAc (3 × 10 

ml). The combined organic layers were washed with water (10 ml) followed by brine (10 ml), 

dried over MgSO4, and concentrated in vacuo. The crude product was purified using silica gel 

column chromatography (5% EtOAc/Hexane) to yield hydroxy-xanthone 242b as a pale-

yellow solid (20 mg, 43%).  

Rf (20% EtOAc/Hexane) = 

0.45; 1H NMR (400 MHz, 

CDCl3) δ 12.72 (s, 1H, 

OH), 7.57 (s, 1H, ArH-8), 

6.88 (s, 1H, ArH-5), 6.73 (s, 1H, ArH-4), 6.63 (s, 1H, ArH-2), 4.02 (s, 3H, OMe), 4.00 (s, 3H, 

OMe), 2.66 (t, J = 7.7, 2H, H-1′), 1.66 (app. p, J = 7.7, 2H, H-2′), 1.32-1.25 (m, 24H), 0.88 (t, 

J = 6.7, 3H, H-15′). 13C NMR (101 MHz, CDCl3) δ 180.6 (C=O), 161.3 (ArC-OH), 156.2, 

155.9 (ArC-OMe), 152.9, 152.6, 146.8 (ArC-OMe), 113.5, 110.4, 106.8, 106.6, 104.5, 99.5, 

56.6 (OMe), 56.4 (OMe), 36.7, 31.9, 30.7, 29.7, 29.7, 29.6, 29.5, 29.4, 29.2, 22.7, 14.1. M.p. 

104 – 105.8 °C. FTIR: ṽ = 2918 (C-H), 2851 (C-H), 1645 (C=O), 1510 (C=C), 1272 (C-O), 

1172 (C-O) cm-1.  HRMS: (ESI⁺): calcd for C30H43O5 [M + H]+ 483.3110; found [M + H]+ 

483.3098; m/z (%) = 483.3098 (100) [M + H]+, 484.3128 (30). 

5.3.11 Preparation of 1-hydroxy-4-methoxy-6-pentadecyl-9H-xanthen-9-one 242c 

To a sealed tube were added xanthone 240c (50 mg, 0.11 mmol, 1.0 eq), PIFA (57 mg, 0.13 

mmol, 1.2 eq), Ru[(p-cymene)Cl2]2 (7 mg, 0.01 mmol, 10 mol%), TFAA (1 ml), and TFA (0.02 

ml). The tube was sealed and heated to 80 °C for 18 h. After cooling, the reaction mixture was 

added to a saturated aqueous solution of NaHCO3 (10 ml) and extracted with EtOAc (3 × 20 

ml). The combined organic layers were washed with water (10 ml) followed by brine (10 ml), 

dried over MgSO4, and concentrated in vacuo. The crude product was purified using silica gel 
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column chromatography (5% EtOAc/Hexane) to yield hydroxy-xanthone 242c as a yellow 

solid (13 mg, 26%).  

Rf (20% EtOAc/Hexane) = 

0.73; 1H NMR (400 MHz, 

CDCl3) δ 12.09 (s, 1H, OH), 

8.11 (d, J = 8.1, 1H, ArH-8), 

7.34 (s, 1H, ArH-5), 7.21–7.14 (m, 2H, ArH-2, 7), 6.66 (d, J = 8.7, 1H, ArH-3), 3.90 (s, 3H, 

OMe), 2.69 (t, J = 7.9, 2H, H-1′), 1.63-1.57 (m, 2H, H-2′), 1.28-1.18 (m, 24H), 0.82-0.79 (m, 

3H, H-15′). 13C NMR (101 MHz, CDCl3) δ 182.3 (C=O), 156.2, 154.6 (ArC-OH), 152.4, 

145.9, 140.0 (ArC-OMe), 125.7, 125.3, 120.2, 118.5, 117.3, 109.5, 108.7, 57.5 (OMe), 36.3, 

31.9, 30.9, 30.7, 29.6, 29.5, 29.4, 29.4, 29.2, 22.7, 14.1. M.p. 81 – 83 °C. FTIR: ṽ = 2919 (C-

H), 2852 (C-H), 1625 (C=O), 1511 (C=C), 1273 (C-O), 1120 (C-O) cm-1.  HRMS (ESI⁺): calcd 

for C29H41O4 [M + H]+ 453.3005; found [M + H]+ 453.3000; m/z (%) = 453.3000 (100) [M + 

H]+, 454.3022 (30). 
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APPENDICES 

 

 

A.1 – 1H and 13C NMR spectra for all compounds 

A.2 – Crystallography data for compounds 142, 169, and 170 
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Compound 131 
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Compound 132 
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Compound 118 
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Compound 120b 
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 Compound 113 
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Compound 134 
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Compound 139 
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Compound 138 
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Compound 137 
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Compound 136 
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Compound 135 
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Compound 146 
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Compound 148 
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Compound 149 
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Compound 150 
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Compound 151 
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Compound 152 
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Compound 154 
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Compound 155 
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Compound 158 
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Compound 157 
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Compound 159 
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Compound 161 
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Compound 162 
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Compound 163 
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Compound 145 
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Compound 164 
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Compound 166 
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Compound 143 
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Compound 142 
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Compound 141 
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Compound 169 
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Compound 170 
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Compound 243 
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Compound 244a 
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Compound 245a 
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Compound 249a 
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Compound 249b 
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Compound 249c 
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Compound 241a 
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Compound 241b 
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Compound 241c 
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Compound 240a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A.1 – 1H and 13C NMR spectra 

 

200 
 

Compound 240b 
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Compound 240c 
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Compound 242a 
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Compound 242b 
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Compound 242c 
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Crystal structure for compound 142 

b"\n \n \n " 

Table 1 Crystal data and structure refinement for 21mb_Fatema_Jagot1_0f_sq. 

Identification code 21mb_Fatema_Jagot1_0f_sq 

Empirical formula C22H20O3 

Formula weight 332.38 

Temperature/K 173.00 

Crystal system orthorhombic 

Space group Pccn 

a/Å 11.4925(6) 

b/Å 36.9186(17) 

c/Å 8.6409(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 3666.2(3) 

Z 8 

ρcalcg/cm3 1.204 

μ/mm-1 0.079 

F(000) 1408.0 
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Crystal size/mm3 0.314 × 0.219 × 0.052 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.712 to 56.464 

Index ranges -15 ≤ h ≤ 15, -49 ≤ k ≤ 49, -11 ≤ l ≤ 11 

Reflections collected 80805 

Independent reflections 4527 [Rint = 0.0591, Rsigma = 0.0307] 

Data/restraints/parameters 4527/0/230 

Goodness-of-fit on F2 1.112 

Final R indexes [I>=2σ (I)] R1 = 0.0573, wR2 = 0.1258 

Final R indexes [all data] R1 = 0.0702, wR2 = 0.1316 

Largest diff. peak/hole / e Å-3 0.26/-0.19 

 

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 21mb_Fatema_Jagot1_0f_sq. Ueq is defined as 1/3 of the trace of 

the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

O1 5130.3(11) 6741.2(3) 3183.3(13) 34.5(3) 

O2 3126.3(10) 5924.9(3) 7836.7(13) 33.0(3) 

O3 6985.2(10) 6346.9(3) 2876.3(14) 34.3(3) 

C1 4767.5(14) 6514.7(4) 4341.8(18) 26.1(3) 

C2 4289.5(14) 6698.8(4) 5639.2(18) 26.2(3) 

C3 4294.4(16) 7083.4(4) 5746(2) 33.6(4) 

C4 3843.7(17) 7253.2(5) 7014(2) 39.2(4) 

C5 3347.9(17) 7052.7(5) 8226(2) 38.3(4) 

C6 3309.7(15) 6684.9(5) 8162.1(19) 32.4(4) 

C7 3784.8(13) 6496.5(4) 6869.6(18) 26.8(3) 

C8 3725.8(13) 6117.9(4) 6717.7(18) 26.8(3) 

C9 4201.3(13) 5939.7(4) 5459.7(18) 26.2(3) 

C10 3982.1(14) 5558.9(4) 5237.5(19) 29.4(3) 
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 21mb_Fatema_Jagot1_0f_sq. Ueq is defined as 1/3 of the trace of 

the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C11 4342.9(14) 5388.1(4) 3950.1(19) 30.4(4) 

C12 5123.4(14) 5559.1(4) 2874.0(18) 26.9(3) 

C13 5626.1(14) 5354.7(4) 1677.1(19) 30.1(4) 

C14 6502.0(15) 5494.1(4) 772.1(19) 30.0(4) 

C15 6949.6(15) 5835.0(4) 1144.7(19) 30.9(4) 

C16 6478.5(14) 6039.0(4) 2339.8(19) 28.0(3) 

C17 5465.7(13) 5922.0(4) 3133.2(18) 25.7(3) 

C18 4841.2(13) 6137.7(4) 4296.1(18) 25.4(3) 

C19 7014.4(17) 5282.1(5) -554(2) 39.2(4) 

C20 4694.9(19) 6669.9(5) 1664(2) 41.9(4) 

C21 3871.4(17) 5783.5(5) 9017(2) 39.4(4) 

C22 8061.0(18) 6456.9(6) 2198(3) 51.2(5) 

  

Table 3 Anisotropic Displacement Parameters (Å2×103) for 21mb_Fatema_Jagot1_0f_sq. 

The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

O1 46.9(7) 31.3(6) 25.3(6) 1.9(5) 5.0(5) -1.6(5) 

O2 27.4(6) 41.9(7) 29.7(6) 6.1(5) 4.6(5) -2.7(5) 

O3 30.2(6) 35.9(6) 36.9(7) -6.9(5) 7.4(5) -8.2(5) 

C1 24.3(8) 30.2(8) 23.7(8) 1.9(6) -0.1(6) -1.0(6) 

C2 23.2(8) 30.3(8) 25.1(8) -0.7(6) -3.2(6) 2.5(6) 

C3 38.3(10) 32.1(8) 30.4(9) 0.2(7) -1.3(7) 2.7(7) 

C4 50.1(11) 31.9(9) 35.7(10) -4.9(7) -1.4(8) 5.7(8) 

C5 41.2(10) 42.3(10) 31.3(9) -7.3(8) 2.1(8) 9.7(8) 

C6 29.1(9) 41.1(9) 26.9(8) -0.5(7) 1.7(7) 7.1(7) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for 21mb_Fatema_Jagot1_0f_sq. 

The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C7 20.6(7) 35.1(8) 24.8(8) -0.4(6) -1.9(6) 3.3(6) 

C8 20.3(7) 34.7(8) 25.5(8) 2.4(6) 0.1(6) -2.0(6) 

C9 20.4(7) 31.6(8) 26.6(8) 0.6(6) -1.2(6) -0.7(6) 

C10 26.1(8) 30.8(8) 31.4(8) 1.9(7) 0.8(7) -4.0(6) 

C11 30.4(9) 27.0(8) 33.9(9) -0.1(7) -0.3(7) -3.6(6) 

C12 24.6(8) 29.2(8) 27.0(8) -0.6(6) -2.0(6) 1.1(6) 

C13 30.8(9) 28.0(8) 31.4(8) -3.3(6) -2.7(7) 2.1(6) 

C14 29.9(8) 33.0(8) 27.0(8) -2.2(6) -0.3(7) 6.2(7) 

C15 27.3(8) 35.9(8) 29.5(8) 0.7(7) 4.2(7) 2.1(7) 

C16 28.0(8) 27.9(8) 28.0(8) -1.0(6) -0.1(7) -0.9(6) 

C17 22.9(7) 29.3(7) 24.9(8) -0.2(6) -1.2(6) 1.1(6) 

C18 22.4(8) 30.0(8) 23.9(8) 0.2(6) -1.2(6) -0.9(6) 

C19 42.4(10) 37.4(9) 37.8(10) -7.0(8) 8.9(8) 4.1(8) 

C20 54.5(12) 45.8(10) 25.3(9) 4.7(7) 0.3(8) 9.0(9) 

C21 40.8(10) 44.0(10) 33.3(9) 9.5(8) -0.2(8) -0.5(8) 

C22 38.4(11) 52.3(12) 63.0(14) -14.0(10) 16.6(10) -17.5(9) 

  

Table 4 Bond Lengths for 21mb_Fatema_Jagot1_0f_sq. 

Atom Atom Length/Å   Atom Atom Length/Å 

O1 C1 1.3693(18)   C7 C8 1.406(2) 

O1 C20 1.429(2)   C8 C9 1.383(2) 

O2 C8 1.3846(19)   C9 C10 1.441(2) 

O2 C21 1.430(2)   C9 C18 1.444(2) 

O3 C16 1.3587(19)   C10 C11 1.344(2) 

O3 C22 1.427(2)   C11 C12 1.438(2) 
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Table 4 Bond Lengths for 21mb_Fatema_Jagot1_0f_sq. 

Atom Atom Length/Å   Atom Atom Length/Å 

C1 C2 1.422(2)   C12 C13 1.405(2) 

C1 C18 1.395(2)   C12 C17 1.414(2) 

C2 C3 1.423(2)   C13 C14 1.375(2) 

C2 C7 1.423(2)   C14 C15 1.397(2) 

C3 C4 1.364(2)   C14 C19 1.508(2) 

C4 C5 1.403(3)   C15 C16 1.388(2) 

C5 C6 1.360(2)   C16 C17 1.418(2) 

C6 C7 1.425(2)   C17 C18 1.469(2) 

  

Table 5 Bond Angles for 21mb_Fatema_Jagot1_0f_sq. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C1 O1 C20 116.89(13)   C10 C9 C18 119.34(14) 

C8 O2 C21 112.82(13)   C11 C10 C9 120.93(15) 

C16 O3 C22 117.99(14)   C10 C11 C12 121.44(15) 

O1 C1 C2 113.71(13)   C13 C12 C11 119.80(14) 

O1 C1 C18 124.76(14)   C13 C12 C17 120.74(15) 

C18 C1 C2 121.53(14)   C17 C12 C11 119.14(14) 

C1 C2 C3 121.78(15)   C14 C13 C12 121.26(15) 

C1 C2 C7 119.73(14)   C13 C14 C15 118.41(15) 

C7 C2 C3 118.49(14)   C13 C14 C19 121.60(15) 

C4 C3 C2 120.59(16)   C15 C14 C19 119.94(15) 

C3 C4 C5 120.74(16)   C16 C15 C14 121.10(15) 

C6 C5 C4 120.64(16)   O3 C16 C15 122.73(15) 

C5 C6 C7 120.46(16)   O3 C16 C17 116.21(14) 

C2 C7 C6 119.06(15)   C15 C16 C17 120.96(14) 

C8 C7 C2 118.15(14)   C12 C17 C16 116.13(14) 
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Table 5 Bond Angles for 21mb_Fatema_Jagot1_0f_sq. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C8 C7 C6 122.71(15)   C12 C17 C18 119.06(14) 

O2 C8 C7 118.06(14)   C16 C17 C18 124.50(14) 

C9 C8 O2 120.04(14)   C1 C18 C9 117.02(14) 

C9 C8 C7 121.83(14)   C1 C18 C17 126.14(14) 

C8 C9 C10 119.98(14)   C9 C18 C17 116.78(13) 

C8 C9 C18 120.50(14)           

  

Table 6 Torsion Angles for 21mb_Fatema_Jagot1_0f_sq. 

A B C D Angle/˚   A B C D Angle/˚ 

O1 C1 C2 C3 -5.2(2)   C10 C9 C18 C1 163.32(14) 

O1 C1 C2 C7 174.52(14)   C10 C9 C18 C17 -14.0(2) 

O1 C1 C18 C9 -167.29(14)   C10 C11 C12 C13 169.95(16) 

O1 C1 C18 C17 9.7(3)   C10 C11 C12 C17 -3.6(2) 

O2 C8 C9 C10 5.7(2)   C11 C12 C13 C14 -170.28(15) 

O2 C8 C9 C18 -179.20(13)   C11 C12 C17 C16 161.54(15) 

O3 C16 C17 C12 -163.25(14)   C11 C12 C17 C18 -12.4(2) 

O3 C16 C17 C18 10.3(2)   C12 C13 C14 C15 5.0(2) 

C1 C2 C3 C4 -179.12(16)   C12 C13 C14 C19 -177.59(16) 

C1 C2 C7 C6 179.98(14)   C12 C17 C18 C1 -156.30(15) 

C1 C2 C7 C8 -3.1(2)   C12 C17 C18 C9 20.7(2) 

C2 C1 C18 C9 12.5(2)   C13 C12 C17 C16 -12.0(2) 

C2 C1 C18 C17 -170.48(15)   C13 C12 C17 C18 174.13(14) 

C2 C3 C4 C5 -1.1(3)   C13 C14 C15 C16 -3.8(2) 

C2 C7 C8 O2 -173.31(14)   C14 C15 C16 O3 170.63(15) 

C2 C7 C8 C9 3.8(2)   C14 C15 C16 C17 -5.5(3) 

C3 C2 C7 C6 -0.3(2)   C15 C16 C17 C12 13.1(2) 
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Table 6 Torsion Angles for 21mb_Fatema_Jagot1_0f_sq. 

A B C D Angle/˚   A B C D Angle/˚ 

C3 C2 C7 C8 176.58(15)   C15 C16 C17 C18 -173.36(15) 

C3 C4 C5 C6 0.2(3)   C16 C17 C18 C1 30.3(2) 

C4 C5 C6 C7 0.7(3)   C16 C17 C18 C9 -152.63(15) 

C5 C6 C7 C2 -0.6(2)   C17 C12 C13 C14 3.2(2) 

C5 C6 C7 C8 -177.36(16)   C18 C1 C2 C3 175.01(15) 

C6 C7 C8 O2 3.5(2)   C18 C1 C2 C7 -5.3(2) 

C6 C7 C8 C9 -179.45(15)   C18 C9 C10 C11 -1.4(2) 

C7 C2 C3 C4 1.2(2)   C19 C14 C15 C16 178.68(16) 

C7 C8 C9 C10 -171.30(15)   C20 O1 C1 C2 -127.33(16) 

C7 C8 C9 C18 3.8(2)   C20 O1 C1 C18 52.5(2) 

C8 C9 C10 C11 173.69(16)   C21 O2 C8 C7 -96.00(17) 

C8 C9 C18 C1 -11.8(2)   C21 O2 C8 C9 86.85(18) 

C8 C9 C18 C17 170.91(14)   C22 O3 C16 C15 -1.6(2) 

C9 C10 C11 C12 10.7(3)   C22 O3 C16 C17 174.67(16) 

  

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for 21mb_Fatema_Jagot1_0f_sq. 

Atom x y z U(eq) 

H3 4614.51 7223.22 4926.89 40 

H4 3865.65 7509.99 7076.68 47 

H5 3035.95 7175.13 9099.29 46 

H6 2963.68 6552.68 8985.31 39 

H10 3577 5426.75 6011.7 35 

H11 4076.28 5149.24 3746.73 36 

H13 5355.71 5115.54 1489.34 36 

H15 7586.96 5928.79 570.47 37 

H19A 6792.09 5026.84 -458.68 59 



Appendix A.2 – Crystallography data 

 

212 
 

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for 21mb_Fatema_Jagot1_0f_sq. 

Atom x y z U(eq) 

H19B 7864.35 5302.88 -531.37 59 

H19C 6719.85 5378.86 -1535.15 59 

H20A 4579.48 6899.26 1114.6 63 

H20B 3951.26 6541.16 1739.95 63 

H20C 5255.35 6520.29 1096.67 63 

H21A 4376.35 5596.4 8574.26 59 

H21B 3397.67 5677.82 9845 59 

H21C 4350.52 5979.43 9440.72 59 

H22A 7939.9 6512.22 1100.97 77 

H22B 8631.27 6260.95 2297.61 77 

H22C 8350.73 6673.22 2731.43 77 

  

Table 8 Solvent masks information for 21mb_Fatema_Jagot1_0f_sq. 

Number X Y Z Volume 
Electron 

count 
Content 

1 0.250 0.250 -0.043 199 61  

2 0.750 0.750 -0.018 199 61  

Experimental 

Single crystals of C22H20O3 [21mb_Fatema_Jagot1_0f_sq] were []. A suitable crystal was 

selected and [] on a Bruker APEX-II CCD diffractometer. The crystal was kept at 173.00 K 

during data collection. Using Olex2 [1], the structure was solved with the SHELXT [2] 

structure solution program using Intrinsic Phasing and refined with the SHELXL [3] 

refinement package using Least Squares minimisation. 

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), 

J. Appl. Cryst. 42, 339-341. 

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

Crystal structure determination of [21mb_Fatema_Jagot1_0f_sq] 
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Crystal Data for C22H20O3 (M =332.38 g/mol): orthorhombic, space group Pccn (no. 56), a = 

11.4925(6) Å, b = 36.9186(17) Å, c = 8.6409(4) Å, V = 3666.2(3) Å3, Z = 8, T = 173.00 K, 

μ(MoKα) = 0.079 mm-1, Dcalc = 1.204 g/cm3, 80805 reflections measured (3.712° ≤ 2Θ ≤ 

56.464°), 4527 unique (Rint = 0.0591, Rsigma = 0.0307) which were used in all calculations. The 

final R1 was 0.0573 (I > 2σ(I)) and wR2 was 0.1316 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso at 1.2 times of all C(H) groups and at 1.5 times of all C(H,H,H) groups 

2a. Aromatic/amide H refined with riding coordinates: 

C3(H3), C4(H4), C5(H5), C6(H6), C10(H10), C11(H11), C13(H13), C15(H15) 

2b. Idealised Me refined as rotating group: 

C19(H19A,H19B,H19C), C20(H20A,H20B,H20C), C21(H21A,H21B,H21C), 

C22(H22A,H22B,H22C)         

 

Crystal structure for compound 169 

b"\n \n \n " 

Table 1 Crystal data and structure refinement for 21mb_cdk6_FJN288B1_xtal3_0f. 

Identification code 21mb_cdk6_FJN288B1_xtal3_0f 

Empirical formula C20H12Cl2O4 

Formula weight 387.20 

Temperature/K 123.00 

Crystal system monoclinic 

Space group P21/c 

a/Å 16.284(3) 
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b/Å 3.8310(7) 

c/Å 26.131(4) 

α/° 90 

β/° 105.538(5) 

γ/° 90 

Volume/Å3 1570.6(5) 

Z 4 

ρcalcg/cm3 1.637 

μ/mm-1 0.439 

F(000) 792.0 

Crystal size/mm3 0.406 × 0.034 × 0.031 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.66 to 51.998 

Index ranges -20 ≤ h ≤ 20, -4 ≤ k ≤ 4, -32 ≤ l ≤ 32 

Reflections collected 22112 

Independent reflections 3094 [Rint = 0.0917, Rsigma = 0.0945] 

Data/restraints/parameters 3094/0/238 

Goodness-of-fit on F2 1.045 

Final R indexes [I>=2σ (I)] R1 = 0.0700, wR2 = 0.1752 

Final R indexes [all data] R1 = 0.0908, wR2 = 0.1910 

Largest diff. peak/hole / e Å-3 0.88/-0.33 

  

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 21mb_cdk6_FJN288B1_xtal3_0f. Ueq is defined as 1/3 of the 

trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Cl1 6501.5(8) 9778(3) 4524.8(4) 46.7(3) 

Cl2 9657.9(7) 5868(3) 5593.9(4) 46.2(3) 

O1 8273.8(17) 6988(7) 7135.8(10) 33.6(6) 
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 21mb_cdk6_FJN288B1_xtal3_0f. Ueq is defined as 1/3 of the 

trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

O2 5115.5(18) 2126(10) 6637.7(12) 50.1(8) 

O3 8828.9(16) 3623(7) 6419.5(10) 32.1(6) 

O4 8592.6(18) 4248(8) 8083.0(11) 40.5(7) 

C1 7620(2) 5172(10) 7005.1(14) 28.8(8) 

C2 7282(3) 3469(10) 7408.4(14) 31.3(9) 

C3 7802(3) 3084(11) 7922.9(15) 35.9(9) 

C4 7473(3) 1375(11) 8299.9(16) 41.1(10) 

C5 6649(3) 248(12) 8173.7(17) 42.4(10) 

C6 6112(3) 716(11) 7668.7(17) 38.9(10) 

C7 6435(2) 2300(10) 7284.1(15) 31.4(8) 

C8 5866(3) 2961(11) 6752.7(15) 35.9(9) 

C9 6245(3) 4514(11) 6344.0(15) 33.7(9) 

C10 5680(3) 5437(12) 5848.9(16) 38.2(9) 

C11 5990(3) 6862(12) 5465.5(15) 38.5(10) 

C12 6877(3) 7084(10) 5522.9(14) 32.9(9) 

C13 7219(3) 8254(10) 5108.4(14) 36.7(9) 

C14 8064(3) 8151(11) 5132.9(15) 37.6(10) 

C15 8608(3) 6649(10) 5591.4(15) 33.5(9) 

C16 8332(3) 5548(10) 6020.7(14) 29.9(8) 

C17 7458(2) 5949(10) 6007.3(14) 29.5(8) 

C18 7111(2) 5025(10) 6439.2(14) 30.0(8) 

C19 8412(3) 9378(12) 4681.5(17) 46.9(11) 

C20 9620(3) 5051(12) 6736.7(17) 39.8(10) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for 

21mb_cdk6_FJN288B1_xtal3_0f. The Anisotropic displacement factor exponent takes 

the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Cl1 68.1(8) 42.9(6) 23.0(5) 5.6(4) 1.8(4) 3.2(5) 

Cl2 46.5(6) 53.8(7) 43.8(6) -3.8(5) 21.6(5) -4.9(5) 

O1 39.8(15) 34.0(15) 24.1(13) -0.7(11) 3.8(11) 2.1(12) 

O2 35.6(17) 73(2) 41.9(17) -3.7(16) 10.6(13) -5.6(15) 

O3 34.8(14) 30.4(14) 30.3(14) -0.3(11) 7.0(11) -0.6(11) 

O4 42.7(16) 44.9(18) 26.8(14) -0.9(13) -2.9(12) 2.4(13) 

C1 35(2) 23.3(18) 29.0(18) -2.0(15) 11.2(16) 3.8(15) 

C2 45(2) 29(2) 20.8(17) -1.1(15) 9.6(16) 8.1(16) 

C3 43(2) 32(2) 31(2) -1.5(17) 8.1(17) 7.4(17) 

C4 61(3) 37(2) 24.7(19) 3.1(17) 10.5(19) 10(2) 

C5 61(3) 39(2) 32(2) 2.7(18) 20(2) 6(2) 

C6 49(2) 33(2) 38(2) -1.9(18) 17.4(19) 2.9(18) 

C7 41(2) 25.3(19) 31.6(19) -2.4(16) 15.9(16) 5.1(16) 

C8 37(2) 39(2) 33(2) -5.2(18) 11.3(17) 1.3(18) 

C9 38(2) 35(2) 27.0(19) -3.7(16) 7.7(16) 2.9(17) 

C10 34(2) 46(2) 31(2) -4.9(18) 1.5(16) 1.5(18) 

C11 41(2) 43(2) 25.6(19) -1.4(17) -0.4(16) 4.3(18) 

C12 47(2) 26.1(19) 23.2(18) -2.5(15) 5.0(16) 2.2(17) 

C13 60(3) 26(2) 21.6(18) -3.2(15) 7.0(18) -1.9(18) 

C14 60(3) 28(2) 26.5(19) -6.3(16) 14.4(18) -9.3(18) 

C15 45(2) 26.3(19) 31.4(19) -6.6(16) 14.5(17) -3.3(17) 

C16 40(2) 24.7(18) 23.8(18) -5.5(15) 7.0(15) -2.2(15) 

C17 41(2) 22.5(18) 25.0(18) -2.3(14) 9.0(16) 0.0(15) 

C18 35(2) 26.5(19) 27.1(18) -0.7(15) 5.9(15) 3.2(15) 

C19 73(3) 40(3) 32(2) -0.6(19) 22(2) -10(2) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for 

21mb_cdk6_FJN288B1_xtal3_0f. The Anisotropic displacement factor exponent takes 

the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C20 36(2) 41(2) 37(2) -1.5(19) 0.9(17) -1.1(18) 

  

Table 4 Bond Lengths for 21mb_cdk6_FJN288B1_xtal3_0f. 

Atom Atom Length/Å   Atom Atom Length/Å 

Cl1 C13 1.754(4)   C7 C8 1.470(5) 

Cl2 C15 1.734(4)   C8 C9 1.493(6) 

O1 C1 1.241(5)   C9 C10 1.417(5) 

O2 C8 1.221(5)   C9 C18 1.380(6) 

O3 C16 1.354(5)   C10 C11 1.352(6) 

O3 C20 1.440(5)   C11 C12 1.414(6) 

O4 C3 1.321(5)   C12 C13 1.417(6) 

C1 C2 1.467(5)   C12 C17 1.430(5) 

C1 C18 1.490(5)   C13 C14 1.361(6) 

C2 C3 1.392(5)   C14 C15 1.408(6) 

C2 C7 1.402(6)   C14 C19 1.513(6) 

C3 C4 1.403(6)   C15 C16 1.382(5) 

C4 C5 1.363(7)   C16 C17 1.422(6) 

C5 C6 1.386(6)   C17 C18 1.435(5) 

C6 C7 1.393(6)         

  

Table 5 Bond Angles for 21mb_cdk6_FJN288B1_xtal3_0f. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C16 O3 C20 119.6(3)   C10 C11 C12 121.3(4) 

O1 C1 C2 120.8(3)   C11 C12 C13 122.5(4) 

O1 C1 C18 120.1(3)   C11 C12 C17 119.4(4) 
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Table 5 Bond Angles for 21mb_cdk6_FJN288B1_xtal3_0f. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C2 C1 C18 118.7(3)   C13 C12 C17 118.1(4) 

C3 C2 C1 119.5(4)   C12 C13 Cl1 117.6(3) 

C3 C2 C7 119.7(4)   C14 C13 Cl1 118.7(3) 

C7 C2 C1 120.7(3)   C14 C13 C12 123.7(4) 

O4 C3 C2 124.0(4)   C13 C14 C15 116.7(4) 

O4 C3 C4 117.3(4)   C13 C14 C19 122.6(4) 

C2 C3 C4 118.7(4)   C15 C14 C19 120.6(4) 

C5 C4 C3 120.9(4)   C14 C15 Cl2 117.9(3) 

C4 C5 C6 121.3(4)   C16 C15 Cl2 118.6(3) 

C5 C6 C7 118.6(4)   C16 C15 C14 123.3(4) 

C2 C7 C8 119.7(3)   O3 C16 C15 122.2(4) 

C6 C7 C2 120.7(4)   O3 C16 C17 117.8(3) 

C6 C7 C8 119.5(4)   C15 C16 C17 119.2(3) 

O2 C8 C7 121.6(4)   C12 C17 C18 117.7(4) 

O2 C8 C9 120.5(4)   C16 C17 C12 118.3(3) 

C7 C8 C9 117.9(4)   C16 C17 C18 123.8(3) 

C10 C9 C8 117.4(4)   C9 C18 C1 117.0(3) 

C18 C9 C8 121.8(4)   C9 C18 C17 119.5(3) 

C18 C9 C10 120.8(4)   C17 C18 C1 122.7(3) 

C11 C10 C9 119.8(4)           

  

Table 6 Torsion Angles for 21mb_cdk6_FJN288B1_xtal3_0f. 

A B C D Angle/˚   A B C D Angle/˚ 

Cl1 C13 C14 C15 -175.0(3)   C8 C9 C18 C1 -20.9(6) 

Cl1 C13 C14 C19 1.5(6)   C8 C9 C18 C17 169.2(4) 

Cl2 C15 C16 O3 -5.9(5)   C9 C10 C11 C12 7.5(7) 
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Table 6 Torsion Angles for 21mb_cdk6_FJN288B1_xtal3_0f. 

A B C D Angle/˚   A B C D Angle/˚ 

Cl2 C15 C16 C17 -175.6(3)   C10 C9 C18 C1 159.5(4) 

O1 C1 C2 C3 -17.3(5)   C10 C9 C18 C17 -10.4(6) 

O1 C1 C2 C7 161.2(4)   C10 C11 C12 C13 173.8(4) 

O1 C1 C18 C9 -149.2(4)   C10 C11 C12 C17 -3.4(6) 

O1 C1 C18 C17 20.3(6)   C11 C12 C13 Cl1 4.9(5) 

O2 C8 C9 C10 9.0(6)   C11 C12 C13 C14 -172.9(4) 

O2 C8 C9 C18 -170.7(4)   C11 C12 C17 C16 167.9(4) 

O3 C16 C17 C12 -162.6(3)   C11 C12 C17 C18 -7.4(5) 

O3 C16 C17 C18 12.4(5)   C12 C13 C14 C15 2.7(6) 

O4 C3 C4 C5 176.8(4)   C12 C13 C14 C19 179.2(4) 

C1 C2 C3 O4 1.8(6)   C12 C17 C18 C1 -155.2(3) 

C1 C2 C3 C4 -178.5(4)   C12 C17 C18 C9 14.1(5) 

C1 C2 C7 C6 -179.3(4)   C13 C12 C17 C16 -9.4(5) 

C1 C2 C7 C8 -3.5(6)   C13 C12 C17 C18 175.3(3) 

C2 C1 C18 C9 23.8(5)   C13 C14 C15 Cl2 170.4(3) 

C2 C1 C18 C17 -166.6(3)   C13 C14 C15 C16 -4.8(6) 

C2 C3 C4 C5 -2.9(6)   C14 C15 C16 O3 169.4(3) 

C2 C7 C8 O2 -176.6(4)   C14 C15 C16 C17 -0.4(6) 

C2 C7 C8 C9 6.8(6)   C15 C16 C17 C12 7.6(5) 

C3 C2 C7 C6 -0.8(6)   C15 C16 C17 C18 -177.4(4) 

C3 C2 C7 C8 175.1(4)   C16 C17 C18 C1 29.8(6) 

C3 C4 C5 C6 0.7(7)   C16 C17 C18 C9 -160.9(4) 

C4 C5 C6 C7 1.6(6)   C17 C12 C13 Cl1 -177.9(3) 

C5 C6 C7 C2 -1.5(6)   C17 C12 C13 C14 4.3(6) 

C5 C6 C7 C8 -177.3(4)   C18 C1 C2 C3 169.7(3) 

C6 C7 C8 O2 -0.7(6)   C18 C1 C2 C7 -11.8(5) 
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Table 6 Torsion Angles for 21mb_cdk6_FJN288B1_xtal3_0f. 

A B C D Angle/˚   A B C D Angle/˚ 

C6 C7 C8 C9 -177.3(4)   C18 C9 C10 C11 -0.5(6) 

C7 C2 C3 O4 -176.7(4)   C19 C14 C15 Cl2 -6.1(5) 

C7 C2 C3 C4 2.9(6)   C19 C14 C15 C16 178.6(4) 

C7 C8 C9 C10 -174.4(4)   C20 O3 C16 C15 61.7(5) 

C7 C8 C9 C18 6.0(6)   C20 O3 C16 C17 -128.4(4) 

C8 C9 C10 C11 179.8(4)             

  

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for 21mb_cdk6_FJN288B1_xtal3_0f. 

Atom x y z U(eq) 

H4 8688.76 5592.95 7851.83 61 

H4A 7829.49 999.11 8648.02 49 

H5 6439.61 -881.36 8436.97 51 

H6 5534.35 -26.99 7586.71 47 

H10 5084.83 5054.64 5786.46 46 

H11 5604.87 7732.73 5151.49 46 

H19A 9004.81 10126.82 4822.91 70 

H19B 8069.38 11341.9 4499.73 70 

H19C 8385.89 7460.6 4429.44 70 

H20A 10095.65 4038.74 6623.55 60 

H20B 9685.07 4496.65 7111.6 60 

H20C 9617.9 7590.57 6690.88 60 

Experimental 

Single crystals of C20H12Cl2O4 [21mb_cdk6_FJN288B1_xtal3_0f] were []. A suitable crystal 

was selected and [] on a Bruker APEX-II CCD diffractometer. The crystal was kept at 123.00 

K during data collection. Using Olex2 [1], the structure was solved with the XT [2] structure 

solution program using Intrinsic Phasing and refined with the SHELXL [3] refinement package 

using Least Squares minimisation. 
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1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), 

J. Appl. Cryst. 42, 339-341. 

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

Crystal structure determination of [21mb_cdk6_FJN288B1_xtal3_0f] 

Crystal Data for C20H12Cl2O4 (M =387.20 g/mol): monoclinic, space group P21/c (no. 14), a = 

16.284(3) Å, b = 3.8310(7) Å, c = 26.131(4) Å, β = 105.538(5)°, V = 1570.6(5) Å3, Z = 4, T = 

123.00 K, μ(MoKα) = 0.439 mm-1, Dcalc = 1.637 g/cm3, 22112 reflections measured (4.66° ≤ 

2Θ ≤ 51.998°), 3094 unique (Rint = 0.0917, Rsigma = 0.0945) which were used in all calculations. 

The final R1 was 0.0700 (I > 2σ(I)) and wR2 was 0.1910 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso at 1.2 times of all C(H) groups and at 1.5 times of all C(H,H,H) groups, all   

O(H) groups 

2a. Aromatic/amide H refined with riding coordinates: 

C4(H4A), C5(H5), C6(H6), C10(H10), C11(H11) 

2b. Idealised Me refined as rotating group C19(H19A,H19B,H19C),  

C20(H20A,H20B,H20C) 

2c. Idealised tetrahedral OH refined as rotating group O4(H4) 

Crystal structure for compound 170 

 

Table 1 Crystal data and structure refinement for 21mb_cdk5_FJN289C_0f. 

Identification code 21mb_cdk5_FJN289C_0f 

Empirical formula C20H12Cl2O4 
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Formula weight 387.20 

Temperature/K 173.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 3.8487(2) 

b/Å 25.7577(15) 

c/Å 15.8388(10) 

α/° 90 

β/° 92.616(2) 

γ/° 90 

Volume/Å3 1568.52(16) 

Z 4 

ρcalcg/cm3 1.640 

μ/mm-1 0.440 

F(000) 792.0 

Crystal size/mm3 0.363 × 0.064 × 0.04 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.162 to 53.996 

Index ranges -4 ≤ h ≤ 4, -32 ≤ k ≤ 32, -20 ≤ l ≤ 20 

Reflections collected 29351 

Independent reflections 3399 [Rint = 0.0639, Rsigma = 0.0474] 

Data/restraints/parameters 3399/0/238 

Goodness-of-fit on F2 1.107 

Final R indexes [I>=2σ (I)] R1 = 0.0616, wR2 = 0.1623 

Final R indexes [all data] R1 = 0.0726, wR2 = 0.1692 

Largest diff. peak/hole / e Å-3 0.55/-0.35 
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 21mb_cdk5_FJN289C_0f. Ueq is defined as 1/3 of of the trace of 

the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Cl1 -1388(3) 2262.5(3) 7547.4(6) 44.0(3) 

Cl2 1044(3) 3162.0(4) 4574.2(5) 44.3(3) 

O1 405(6) 4765.2(9) 6514.2(15) 33.8(5) 

O2 6940(8) 4478.3(12) 9484.5(17) 51.2(7) 

O3 3634(6) 4047.8(9) 5637.1(14) 30.7(5) 

O4 4369(10) 3570.0(13) 9548.0(18) 59.8(9) 

C1 2570(8) 4678.9(12) 7084(2) 29.0(7) 

C2 4347(9) 5117.8(13) 7530(2) 32.6(7) 

C3 4373(10) 5604.4(13) 7156(3) 40.6(8) 

C4 5995(11) 6018.6(15) 7583(3) 49.3(10) 

C5 7473(11) 5947.7(16) 8388(3) 50.3(11) 

C6 7432(10) 5472.5(16) 8776(3) 45.8(9) 

C7 5871(9) 5050.2(14) 8344(2) 35.9(8) 

C8 5662(9) 4543.5(15) 8759(2) 36.4(8) 

C9 4066(9) 4103.5(13) 8291(2) 31.8(7) 

C10 3520(10) 3626.1(14) 8720(2) 35.6(8) 

C11 1976(10) 3217.3(14) 8303(2) 36.1(8) 

C12 1276(9) 3233.4(12) 7422(2) 30.4(7) 

C13 -142(9) 2802.8(12) 6966(2) 31.8(7) 

C14 -495(9) 2786.9(12) 6106(2) 32.7(7) 

C15 764(9) 3221.6(12) 5660(2) 30.5(7) 

C16 2021(8) 3664.8(12) 6052(2) 27.6(6) 

C17 2073(8) 3692.5(12) 6959(2) 26.8(6) 

C18 3127(8) 4143.8(12) 7427(2) 27.8(6) 

C19 -1948(11) 2322.8(14) 5628(3) 43.2(9) 
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 21mb_cdk5_FJN289C_0f. Ueq is defined as 1/3 of of the trace of 

the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C20 1737(10) 4323.5(14) 4971(2) 35.6(8) 

  

Table 3 Anisotropic Displacement Parameters (Å2×103) for 21mb_cdk5_FJN289C_0f. 

The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Cl1 46.9(6) 27.0(4) 57.8(6) 9.6(4) -0.1(4) -3.4(4) 

Cl2 56.6(6) 41.5(5) 34.4(4) -10.1(4) -2.7(4) -0.1(4) 

O1 33.4(13) 28.0(11) 39.6(13) -0.2(10) -1.2(10) 4.0(10) 

O2 58.8(18) 55.4(17) 38.3(14) -8.4(12) -11.2(12) 0.1(14) 

O3 29.4(12) 29.3(11) 33.4(11) 0.9(9) 1.6(9) -0.6(9) 

O4 84(3) 55.4(18) 39.2(15) 4.7(13) -10.8(14) 1.8(17) 

C1 24.7(16) 27.3(15) 35.5(16) -2.8(12) 5.9(13) 2.1(12) 

C2 25.1(17) 29.2(16) 44.0(18) -9.6(14) 7.2(13) 1.9(13) 

C3 37(2) 29.0(17) 56(2) -6.4(15) 11.3(16) 0.2(15) 

C4 44(2) 28.1(18) 77(3) -9.1(18) 18(2) -3.9(16) 

C5 39(2) 42(2) 71(3) -28(2) 14.3(19) -10.3(17) 

C6 36(2) 48(2) 54(2) -21.7(18) 7.9(17) -5.5(17) 

C7 26.4(17) 38.2(18) 43.5(18) -13.4(15) 6.7(14) -3.1(14) 

C8 30.3(18) 45(2) 34.2(17) -9.6(14) 1.9(14) 0.5(15) 

C9 30.8(18) 32.5(16) 31.9(16) -4.9(13) -0.5(13) 3.8(13) 

C10 38.2(19) 39.4(18) 28.9(16) 2.2(14) -0.7(13) 5.5(15) 

C11 40(2) 31.9(17) 37.0(17) 5.8(14) 3.2(14) 2.3(14) 

C12 27.3(17) 26.4(15) 37.3(17) -0.1(13) -1.7(13) 4.4(13) 

C13 26.1(17) 23.3(15) 45.9(18) 2.2(13) 0.1(13) 0.8(12) 

C14 26.0(17) 24.2(15) 47.4(19) -4.7(13) -4.0(14) 1.3(12) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for 21mb_cdk5_FJN289C_0f. 

The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C15 28.7(17) 29.0(16) 33.4(16) -4.9(13) -2.7(13) 3.8(13) 

C16 23.3(16) 25.3(15) 34.0(16) -1.0(12) -1.8(12) 4.9(12) 

C17 20.9(15) 25.1(14) 34.1(16) -1.6(12) -2.4(12) 3.2(11) 

C18 22.7(16) 27.3(15) 33.6(16) -1.7(12) 1.8(12) 1.3(12) 

C19 43(2) 29.4(17) 57(2) -8.3(16) -6.2(17) -3.4(15) 

C20 34.3(19) 36.6(18) 35.8(17) 6.8(14) 2.1(14) 0.0(14) 

  

Table 4 Bond Lengths for 21mb_cdk5_FJN289C_0f. 

Atom Atom Length/Å   Atom Atom Length/Å 

Cl1 C13 1.748(3)   C7 C8 1.465(5) 

Cl2 C15 1.734(3)   C8 C9 1.473(5) 

O1 C1 1.220(4)   C9 C10 1.425(5) 

O2 C8 1.241(4)   C9 C18 1.403(4) 

O3 C16 1.352(4)   C10 C11 1.365(5) 

O3 C20 1.442(4)   C11 C12 1.410(5) 

O4 C10 1.345(4)   C12 C13 1.419(5) 

C1 C2 1.484(4)   C12 C17 1.432(4) 

C1 C18 1.493(4)   C13 C14 1.364(5) 

C2 C3 1.387(5)   C14 C15 1.421(5) 

C2 C7 1.402(5)   C14 C19 1.509(5) 

C3 C4 1.395(5)   C15 C16 1.377(4) 

C4 C5 1.384(6)   C16 C17 1.437(4) 

C5 C6 1.370(6)   C17 C18 1.427(4) 

C6 C7 1.406(5)         
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Table 5 Bond Angles for 21mb_cdk5_FJN289C_0f. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C16 O3 C20 119.1(3)   C10 C11 C12 121.1(3) 

O1 C1 C2 119.9(3)   C11 C12 C13 122.1(3) 

O1 C1 C18 121.3(3)   C11 C12 C17 119.7(3) 

C2 C1 C18 118.3(3)   C13 C12 C17 118.2(3) 

C3 C2 C1 119.8(3)   C12 C13 Cl1 117.6(3) 

C3 C2 C7 119.6(3)   C14 C13 Cl1 119.0(3) 

C7 C2 C1 120.5(3)   C14 C13 C12 123.4(3) 

C2 C3 C4 119.7(4)   C13 C14 C15 116.9(3) 

C5 C4 C3 120.1(4)   C13 C14 C19 122.9(3) 

C6 C5 C4 121.2(4)   C15 C14 C19 120.2(3) 

C5 C6 C7 119.1(4)   C14 C15 Cl2 117.5(2) 

C2 C7 C6 120.2(4)   C16 C15 Cl2 119.0(3) 

C2 C7 C8 119.6(3)   C16 C15 C14 123.4(3) 

C6 C7 C8 120.1(3)   O3 C16 C15 123.0(3) 

O2 C8 C7 120.6(3)   O3 C16 C17 117.6(3) 

O2 C8 C9 120.0(3)   C15 C16 C17 118.7(3) 

C7 C8 C9 119.3(3)   C12 C17 C16 118.5(3) 

C10 C9 C8 119.4(3)   C18 C17 C12 118.0(3) 

C18 C9 C8 121.1(3)   C18 C17 C16 123.4(3) 

C18 C9 C10 119.5(3)   C9 C18 C1 116.7(3) 

O4 C10 C9 121.6(3)   C9 C18 C17 120.0(3) 

O4 C10 C11 118.1(3)   C17 C18 C1 122.0(3) 

C11 C10 C9 120.3(3)           
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Table 6 Torsion Angles for 21mb_cdk5_FJN289C_0f. 

A B C D Angle/˚   A B C D Angle/˚ 

Cl1 C13 C14 C15 -176.0(3)   C8 C9 C18 C17 170.6(3) 

Cl1 C13 C14 C19 0.5(5)   C9 C10 C11 C12 7.8(5) 

Cl2 C15 C16 O3 -3.4(4)   C10 C9 C18 C1 159.1(3) 

Cl2 C15 C16 C17 -174.4(2)   C10 C9 C18 C17 -8.3(5) 

O1 C1 C2 C3 -19.3(5)   C10 C11 C12 C13 176.3(3) 

O1 C1 C2 C7 157.9(3)   C10 C11 C12 C17 -2.3(5) 

O1 C1 C18 C9 -146.7(3)   C11 C12 C13 Cl1 5.8(5) 

O1 C1 C18 C17 20.5(5)   C11 C12 C13 C14 -172.6(3) 

O2 C8 C9 C10 9.6(5)   C11 C12 C17 C16 167.3(3) 

O2 C8 C9 C18 -169.3(3)   C11 C12 C17 C18 -8.2(5) 

O3 C16 C17 C12 -162.9(3)   C12 C13 C14 C15 2.4(5) 

O3 C16 C17 C18 12.3(4)   C12 C13 C14 C19 178.9(3) 

O4 C10 C11 C12 -174.8(3)   C12 C17 C18 C1 -153.3(3) 

C1 C2 C3 C4 178.9(3)   C12 C17 C18 C9 13.5(5) 

C1 C2 C7 C6 -177.5(3)   C13 C12 C17 C16 -11.4(4) 

C1 C2 C7 C8 -0.8(5)   C13 C12 C17 C18 173.1(3) 

C2 C1 C18 C9 24.8(4)   C13 C14 C15 Cl2 168.9(3) 

C2 C1 C18 C17 -168.0(3)   C13 C14 C15 C16 -5.5(5) 

C2 C3 C4 C5 -2.1(6)   C14 C15 C16 O3 171.0(3) 

C2 C7 C8 O2 -178.7(3)   C14 C15 C16 C17 0.0(5) 

C2 C7 C8 C9 4.3(5)   C15 C16 C17 C12 8.6(4) 

C3 C2 C7 C6 -0.3(5)   C15 C16 C17 C18 -176.2(3) 

C3 C2 C7 C8 176.4(3)   C16 C17 C18 C1 31.4(5) 

C3 C4 C5 C6 1.1(6)   C16 C17 C18 C9 -161.8(3) 

C4 C5 C6 C7 0.3(6)   C17 C12 C13 Cl1 -175.6(2) 

C5 C6 C7 C2 -0.7(5)   C17 C12 C13 C14 6.0(5) 
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Table 6 Torsion Angles for 21mb_cdk5_FJN289C_0f. 

A B C D Angle/˚   A B C D Angle/˚ 

C5 C6 C7 C8 -177.4(3)   C18 C1 C2 C3 169.1(3) 

C6 C7 C8 O2 -2.0(5)   C18 C1 C2 C7 -13.6(5) 

C6 C7 C8 C9 -179.0(3)   C18 C9 C10 O4 -179.8(3) 

C7 C2 C3 C4 1.7(5)   C18 C9 C10 C11 -2.5(5) 

C7 C8 C9 C10 -173.3(3)   C19 C14 C15 Cl2 -7.7(4) 

C7 C8 C9 C18 7.7(5)   C19 C14 C15 C16 177.8(3) 

C8 C9 C10 O4 1.2(5)   C20 O3 C16 C15 62.1(4) 

C8 C9 C10 C11 178.6(3)   C20 O3 C16 C17 -126.8(3) 

C8 C9 C18 C1 -21.9(5)             

  

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for 21mb_cdk5_FJN289C_0f. 

Atom x y z U(eq) 

H4 5468.34 3833.19 9724.13 90 

H3 3290.24 5655.49 6611.22 49 

H4A 6086.29 6349.7 7320.77 59 

H5 8535.54 6233.86 8676.48 60 

H6 8444.4 5429.04 9329.72 55 

H11 1364.47 2917.02 8610.79 43 

H19A -32.15 2114.5 5421.91 65 

H19B -3436.46 2441.04 5147.51 65 

H19C -3321.25 2111.29 6004.66 65 

H20A -763.06 4298.39 5057.5 53 

H20B 2244.92 4170.26 4424.27 53 

H20C 2438.61 4689.28 4979.82 53 

Experimental 



Appendix A.2 – Crystallography data 

 

229 
 

Single crystals of C20H12Cl2O4 [21mb_cdk5_FJN289C_0f] were []. A suitable crystal was 

selected and [] on a Bruker APEX-II CCD diffractometer. The crystal was kept at 173.0 K 

during data collection. Using Olex2 [1], the structure was solved with the SHELXT [2] 

structure solution program using Intrinsic Phasing and refined with the SHELXL [3] 

refinement package using Least Squares minimisation. 

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), 

J. Appl. Cryst. 42, 339-341. 

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

Crystal structure determination of [21mb_cdk5_FJN289C_0f] 

Crystal Data for C20H12Cl2O4 (M =387.20 g/mol): monoclinic, space group P21/c (no. 14), a = 

3.8487(2) Å, b = 25.7577(15) Å, c = 15.8388(10) Å, β = 92.616(2)°, V = 1568.52(16) Å3, Z = 

4, T = 173.0 K, μ(MoKα) = 0.440 mm-1, Dcalc = 1.640 g/cm3, 29351 reflections measured 

(3.162° ≤ 2Θ ≤ 53.996°), 3399 unique (Rint = 0.0639, Rsigma = 0.0474) which were used in all 

calculations. The final R1 was 0.0616 (I > 2σ(I)) and wR2 was 0.1692 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso at 1.2 times of all C(H) groups and at 1.5 times of all C(H,H,H) groups, all 

O(H) groups 

2a. Aromatic/amide H refined with riding coordinates: 

C3(H3), C4(H4A), C5(H5), C6(H6), C11(H11) 

2b. Idealised Me refined as rotating group: 

C19(H19A,H19B,H19C), C20(H20A,H20B,H20C) 

2c. Idealised tetrahedral OH refined as rotating group: 

O4(H4) 
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