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ABSTRACT 

 

This thesis describes two projects which are uniquely linked by the use of palladium 

mediated domino reactions in quest for the synthesis of natural products. 

 

Chapter 1 provides a brief introduction to domino reactions in organic synthesis as well 

as palladium cross-coupling reactions (including more detailed descriptions of the Heck, 

Buchwald-Hartwig, and Sonogashira reactions) and how these processes can be used 

together. A brief description of carbonylative palladium cross-coupling reactions is also 

provided. 

 

Chapter 2 includes an introduction to the prevalence of N-heterocycles in natural 

products, specifically focusing on tetrahydroisoquinolines and 3-benzazepines. It then 

details the optimisation of reaction parameters of a novel Tsuji-Trost/Heck domino 

reaction for the synthesis of protected tetrahydroisoquinoline 156 followed by the 

optimisation of a Buchwald-Hartwig/Heck reaction for the synthesis of the 3-benzazepine 

141. 

 

 

 

Chapter 3 details a body of research involved in the investigation of a carbonylative 

Sonogashira reaction 6-endo-dig-cyclisation. The ultimate target of this work was the 

synthesis of anthra-4-pyranones and during this investigation, the serendipitous discovery 

of an efficient synthesis of anthra-2-pyranone analogues is presented. 
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Chapter 4 describes the synthetic planning, retrosynthesis and eventual total synthesis of 

the anthra-4-pyranone (±)-BE-26554A (233). The preparation of key intermediate β-keto-

sulfoxide 507 is described along with the indication to use this as a cyclisation precursor. 

 

In Chapter 5, the synthesis of additional anthrapyranone analogues and a small series of 

anthrafurans is discussed. The biological activities of the analogues are analysed and a 

simple structure-activity relationship prepared. 

 

Chapter 6 includes the experimental procedures used for the synthesis of each new 

compound from each of the proceeding chapters. 
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Chapter 1 

General Introduction 
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Domino Reactions for the Synthesis of 

N-Heterocycles and Antitumor Anthraquinone 

Natural Product Derivatives 

 

1.1 Domino Reactions in Synthetic Chemistry 

 

The goal of a modern synthetic chemist is to synthesise target compounds as quickly and 

efficiently as possible in order to conserve time and resources.1-3  For effective synthetic 

design, the synthetic chemist must look at several facets of a synthetic pathway. They 

must attempt to reduce the overall number of steps in a sequence, as well as try to 

incorporate reactions which will be reliable, safe and use an appropriate amount of 

resources, whether the resources are time, labour, expensive reagents or specialised 

equipment.1-3 Often, one of the most important considerations in the synthesis of 

molecules is the number of steps in a preconceived pathway, as every additional step 

tends to further increase the use of resources.  In order to reduce the number of steps in a 

synthesis the chemist must therefore rapidly build up the molecular complexity from 

inexpensive starting materials in fewer synthetic steps.  This need to “build-up” structural 

complexity quickly presents a challenge for synthetic chemists. Ideally, in order to 

increase chemical complexity whilst limiting the number of synthetic steps, a high degree 

of complexity should be introduced in each of these reactions.  A way to achieve this is 

to integrate reactions which multiple bonds can be formed in a single reaction as opposed 

to forming each new bond in a stepwise sequence. 

 

Domino reactions (alternatively called cascade reactions) allow the chemist to reduce the 

number of steps in a synthetic sequence and often build-up structural complexity quicker 

than several single step processes. In many cases these reactions allow multiple individual 

bond forming steps in one reaction vessel mainly under identical reaction conditions. 

More formally, a domino reaction has been defined as: 

 

“a process of two or more bond-forming reactions under identical conditions, in which the 

subsequent transformation takes place at the functionalities obtained in the former 

transformation.3” 
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In order to discover or use a domino reaction, the reactants and reagents need to be chosen 

carefully to produce a sequence of reactions which will occur often under the same 

physical conditions. As such, domino reactions are an important yet challenging way 

synthetic chemists can build up structural complexity quickly and reduce the overall steps 

in a synthesis.1,2,4-9 

 

To further clarify the definition of a domino reaction, a literature example is shown 

(Scheme 1.01) where the C and E rings of xestoquinone (4) are formed in a single process. 

This sequence begins by the stereoselective formation of  the tetracyclic intermediate 2 

prior to a C-C bond forming Heck-type cross-coupling of the aryl triflate portion within 

naphthalene 1 to the proximal olefin.10 The resulting proposed Palladium(II) intermediate 

now contains the functionality which allows it to undergo a second Heck-type addition 

reaction (carbopalladation) to produce the pentacyclic xestoquinone precursor 3 after β-

hydride elimination. This is a classic example of a sequential domino reaction and typifies 

the power of domino reactions to introduce molecular complexity in a single process. 

 

 

Scheme 1.01: The domino Heck-Heck cross coupling reaction to give the key 

xestoquinone intermediate 3.10 

 

 

One of the earliest examples of a domino reaction was the synthesis of tropinone (5) via 

an intramolecular double Manich reaction developed by Robinson.11 The reaction uses a 
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three component mixture consisting of succinaldehyde, methylamine and 

acetonedicarboxylic acid. It can be considered a biomimetic synthesis as it uses the same 

or similar starting materials as the biological synthesis of tropinone (5) which can be 

found in the synthesis of tropine alkaloids such as atropine mainly found in plants of the 

Solanaceae family (nightshades).12,13 The synthesis with an overall yield of 17% (which 

was later improved to 90%)12 was a breakthrough in the total synthesis of tropinone (5) 

with the original method of total synthesis requiring 15 steps with an overall yield of 

0.75%.13 

 

Scheme 1.02: The synthesis of tropinone (5) by Robinson via a double Manich 

reaction.11 

 

Since the discovery of the domino reaction to yield tropinone (5), domino reactions have 

been increasingly investigated as an efficient way to synthesise increasingly more 

complex molecules, particularly in the field of natural product synthesis, culminating in 

the publications of several domino reaction reviews in the last few decades.1,2,4-9 

 

Domino reactions can reduce the effective number of synthetic steps, which in-turn 

reduces the need for isolation and purification of intermediate compounds.  Isolation and 

purification of the each compound from a reaction mixture can often require the use of 

large amounts of organic solvents for extractions, recrystallisations and chromatography. 

Techniques such as distillation or the removal of organic solvents often require heat, 

which are two of the many energy consuming processes in the laboratory.  Each of these 

phases of isolation and purification also have associated high-cost infrastructure.  

Increasing concern for the environment has led to the need for cleaner chemical processes, 

a concept called “green chemistry”, limiting the use of toxic substances, solvents and 

energy.14,15  Reducing the need for isolation and purification of intermediate compounds 

in a synthetic process can reduce the overall cost to industry and the effect on the 

environment of a chemical synthesis. 
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Palladium catalysed domino reactions 

 

Palladium cross-coupling reactions are a powerful tool in organic chemistry used to 

efficiently generate new carbon-carbon, carbon-nitrogen, and carbon-oxygen bonds 

(among others) often under mild conditions with high functional group tolerance. These 

factors make them ideal reactions to incorporate or transfer into a domino reaction 

sequence. 

 

 

Scheme 1.03: Domino Suzuki-aza-Michael reaction for the synthesis of 6-Substituted 

Phenanthridine Derivatives.16 

 

A simple but effective demonstration of this palladium catalysed domino process is 

illustrated by Xu et al. in the preparation of 6-substituted phenanthridine derivatives 9 

(Scheme 1.03). The starting aryl bromide 5 undergoes a Suzuki cross-coupling reaction 

with the pinacol boronic ester 7 to generate the intermediate α,β-unsaturated carbonyl 

species 8. This intermediate species then undergoes an intramolecular aza-michael 

addition between the tosamide and the Michael accepting α,β-unsaturated carbonyl 

moiety to generate the phenathridine species 9.16 Another benefit of using palladium 

catalysed cross-coupling reactions in domino sequences is that many of these palladium 

catalysed reactions occur with similar catalysts. This allows incorporation of several 

palladium catalysed reactions into the one domino sequence. Another impressive example 

of a multiple step domino reaction is Negishi’s quadruple carbopalladation-Heck zipper 

reaction of the iodo di-yne-tri-ene 10 to form the steroid skeleton 13 with remarkable 



6 

 

efficiency.17 The palladium catalyst initially oxidatively inserts into the vinyl iodide bond 

to produce the vinyl palladium halide 11, this then undergoes carbopalladation to close 

the A ring of the steroid skeleton and generate the new vinyl palladium species 12, this 

process then repeats 3 more times to form the B,C and D rings of the steroid skeleton.  

Eventual termination through a β-hydride elimination to affords the desired final steroidal 

derivative 13.17 

 

 

Scheme 1.04: Negishi’s Domino Heck Zipper reaction involving four intramolecular 

Heck cyclisations to give the steroid skeleton.17 

 

Reactions incorporating gases are also popular in domino reaction sequences. The 

carbonylative palladium cross-coupling is one such reaction which has been used 

extensively in domino sequences, an example given in scheme 1.05. In this sequence a 

carbonylative-Buchwald-Hartwig/Buchwald-Hartwig reaction is carried out in the 

synthesis of substituted 2-quinolines through the reaction of the dibromostyrene 14 with 

primary amines under a carbon monoxide atmosphere.18 It is proposed the reaction 

progresses through initial oxidative addition of the palladium catalyst into the vinyl 

bromide bond (the more active site towards oxidative addition) followed by carbonyl 

insertion to produce the palladium acyl species 15 (scheme 1.05). 
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Scheme 1.05: A Carbonylative-Buchwald-Hartwig/Buchwald-Hartwig reaction in the 

synthesis of substituted 2-quinolones.18 

 

Coordination of the primary amine and subsequent reductive elimination (Buchwald-

Hartwig cross-coupling) gives the intermediate amide 16. This amide 16, then undergoes 

a final intramolecular Buchwald-Hartwig cross-coupling reaction to give the final product 

17. 

 

 

1.2 Palladium catalysed reactions in chemical synthesis 

 

1.2.1 Palladium catalysed cross-coupling reactions 

 

Since their discovery in 1971 originating with the Mizoroki-Heck reaction,19,20 palladium 

cross-couplings reactions have become an integral part of modern organic synthesis. The 

recognition of this work was evident when, Richard F. Heck, Ei-ichi Negishi and Akira 

Suzuki were awarded the Nobel Prize in chemistry in 2010 “for palladium-catalysed 

cross-couplings in organic synthesis.” The success and reliability of these Nobel prize 

winning reactions and related palladium cross-coupling reactions is due to their ability to 

form new carbon-carbon or carbon-heteroatom bonds from aryl or vinyl halides with 

excellent selectivity and functional group tolerance under relatively mild conditions.21-23 
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Scheme 1.06: Generic palladium catalysed cross-coupling reaction. An aryl halide 18 is 

replaced by a nucleophile mediated by a palladium catalyst to give the coupled product 

19.21 

 

Numerous detailed studies, practical and theoretical, have been carried out to understand 

the mechanistic aspects of the palladium catalysed cross-coupling reactions. The catalytic 

cycle and mechanism for each type of palladium cross-coupling reaction varies somewhat 

due to the nature of the nucleophilic coupling partners used. However, they all have a 

several mechanistic steps in common (Scheme 1.07), which are briefly detailed below. 

 

Step 1, Catalyst pre-activation: Firstly, the inactive palladium pre-catalyst must first 

undergo activation by either reduction of a Palladium(II) species to the catalytically active 

palladium(0) species or by simple dissociation of ligands from a ligated Pd(0) source. It 

is commonly believed this process gives rise to a coordinatively unsaturated species (Pd-

12 or 14 electrons) for a suitable number of vacant binding sites on the metal centre to 

allow for oxidative addition to occur.21 
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Scheme 1.07: Generic catalytic cycle for palladium cross-coupling reactions with 

Pd(PPh3)4 used as the palladium pre-catalyst. 

 

Step 2, Oxidative addition: Typically, the active palladium species first must undergo 

an oxidative addition into an aryl or vinyl halide bond (other cross-coupling reactions will 

not be covered here). This oxidative insertion is thought to progress through a concerted 

reaction mechanism where the aryl halide bond is broken and  coordinatively unsaturated 

palladium(0) species 20 is oxidised to give the square planar cis-Palladium(II) oxidative 

addition product 21.21 In many of the palladium catalysed cross-coupling reactions this 

step may be the rate limiting step, particularly when aryl chlorides or electron rich aryl 

bromides are used.22-28 Historically, trying to improve this step has been a challenge for 

the synthetic chemist and a focus for catalyst development. Oxidative addition occurs 

most rapidly with aryl iodides, less rapidly with aryl triflates, aryl bromides and much 

less with aryl chlorides.21 More recently with the development of more effective catalysts, 

pseudohalides like triflate have been more commonly used. 

I >> OTf > Br >> Cl 

Figure 1.01: The relative reaction rate of oxidative addition with the different aryl (or 

vinyl) halides.21 
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Oxidative addition is accelerated by electron-withdrawing groups on the aryl substituent 

which further weakens the aryl halide bond and conversely slowed by electron donating 

groups.10,11 The use of electron rich ligands as part of the palladium catalyst significantly 

increase the rate of oxidative addition and as such, electron rich phosphines have been a 

major focus for catalytic development over the last few decades.22,27 The electron rich 

phosphine ligands enhance the rate of oxidative addition by reducing the activation 

energy for the concerted breaking of the aryl halide bond and formation of the new carbon 

palladium bond in the oxidative addition product.21,22 

 

Step 3, Coordination of nucleophilic coupling partner: Once the oxidative addition 

product 21 is formed, the next step in the catalytic cycle varies depending on the type of 

palladium cross-coupling reaction, however, in each case; there is first an association of 

the nucleophilic coupling partner to the Palladium(II) centre with subsequent loss of a 

ligand at a coordination site. In some cases, this step is divided up into two or more 

processes, however the attachment of a nucleophilic species is still the constant of this 

process. 

 

Step 4, Reductive elimination: With the aryl (or vinyl) group and the nucleophile bound 

to the palladium centre, the palladium(II) complex 22 will then undergo a reductive 

elimination to form the coupled product 23 (for example in the Sonogashira, Suzuki, 

Negishi, Kumada and Buchwald-Hartwig reactions). Or, alternatively, the nucleophilic 

component may first undergo insertion into the palladium-aryl bond, in the case of the 

Heck reaction, to form an intermediate coupled product bound to the Palladium(II) centre 

which then can undergo a β-hydride elimination to release the final coupled product (see 

also section 1.2.2). As part of these steps the newly reduced palladium species (an 

oxidation state 0) is re-generated and can re-enter the catalytic cycle. 

 

Some of the palladium catalysed reactions that feature heavily in this thesis are now 

described in more detail. 

 

1.2.2 The Mizoroki-Heck reaction 

 

One of the most versatile and widely used cross-coupling reactions is the Mizoroki-Heck 

reaction.24-26 The Mizoroki-Heck reaction can be broadly defined as the coupling of aryl 

or alkenyl halide or triflate with an alkene using a palladium(0) catalyst.24  The first 
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examples of the catalytic reaction were reported by Tsutomu Mizoroki in 197119 and later 

improved upon by Richard Heck in 1972.20  A simplified catalytic cycle is indicated in 

Scheme 1.08. 

Scheme 1.08 The Proposed Mizoroki-Heck catalytic cycle 

 

Many features of the catalytic cycle are true for many palladium(0) mediated cross-

coupling reactions.±  The catalytic cycle begins with the oxidative addition into the aryl 

or vinyl halide or pseudo bond of the mono29 or di-coordinated palladium species (PdLx)
* 

to give the oxidative addition product 24. 

 

For association of the alkene one metal coordination site must be vacant.  There are two 

main pathways in which this can be achieved: the non-ionic route initiated by the 

dissociation of a neutral ligand or the ionic route initiated by initial loss of the halide or 

triflate (Scheme 1.09).21 

                                                 
* PdL1 is suspected to be the most active species towards oxidative addition.24 ±Discussions here are directly 

related to homogeneous systems and those with nanoparticles are believed to be a separate process 

altogether. 
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Scheme 1.09: The non-ionic and ionic route for alkene association as part of the Heck 

catalytic cycle (L = ligand, S = Solvent) 

 

The ionic route is thought to be enhanced by the addition of a phase transfer catalysts 

such as quaternary ammonium salts (e.g. N+Bu4Br) and Ag+ salts which help dissociation 

of the anionic halide ligand. This process provides a rationale as to why some reactions 

progress more quickly in the presence of these additives.21 

 

The next step in the Mizoroki-Heck catalytic cycle, migratory insertion, is the step which 

allows for the formation of a new C-C bond.  This step is most likely responsible for the 

regio, stereo and substrate selectivity.21  The exact mechanism of the migratory insertion 

between the olefin and aryl species is not fully understood, however, most experimental 

data suggests the addition occurs in a concerted manner through the transition state shown 

below (Scheme 1.10).21,30 

 

 

Scheme 1.10: Concerted migratory insertion step. 

 

After the aforementioned migratory insertion step, the newly coupled organopalladium 

species 25 must undergo cleavage of the carbon-palladium bond with the original 

initiating active palladium catalytic species being regenerated.  Initially, a β-hydrogen is 

abstracted from the coupled product by the palladium species intramolecularly and in a 

concerted fashion (syn-β-hydride elimination) with the concerted breaking of the Pd-C 

bond to form the olefinic product 26 (Scheme 1.11). 
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Scheme 1.11: Concerted syn-β-hydride reductive elimination. 

 

As part of the reductive elimination sequence, the coupled product forms a conformer 

about the C-C bond so the β-hydrogen is syn relative to the palladium atom.  If there are 

two β-hydrogens the orientation of the transition state will adopt the orientation with the 

least steric encumbrance (25bʹ in the case of scheme 1.11).  Given this parameter, 

elimination of the product will occur predominantly with the hydrogen which corresponds 

eventually to a trans-geometry 26b of the two R groups.  Unless however, the Mizoroki-

Heck reaction is occurring intramolecularly, in which case, the cis-geometry 26a is 

preferred.21  Palladium hydride is formed during the β-Hydride elimination step and must 

quickly be scavenged by a suitable base to prevent catalysis by-products from the re-

addition of palladium hydride, including carbopalladation and the eventual migration of 

the double bond.21 

 

1.2.3 The Buchwald-Hartwig reaction 

 

Aryl amines are important features of many compounds used in the pharmaceutical, fine 

chemical and materials industry.22,27 The Buchwald-Hartwig cross-coupling (or 

Buchwald-Hartwig amination) reaction is defined as the palladium mediated coupling of 

an aryl halide (or pseudohalide) with an amine.31,32  The reaction has also been extended 

to include a variety of functionalised amines, amides and carbamates.27,33-38* The reaction 

was discovered by Hartwig31 in 1995 and later the scope expanded by the group of 

                                                 
* For a recent review of applications of the Buchwald-Hartwig reaction, see (27) Ruiz-Castillo, 

P.; Buchwald, S. L. Chemical Reviews 2016, 116, 12564.  
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Buchwald.32 A simplified catalytic cycle of this cross-coupling is shown below in Scheme 

1.12. 

 

 

Scheme 1.12: Simplified catalytic cycle for the Buchwald-Hartwig reaction. 

 

Similarly to the Mizoroki-Heck catalytic cycle, oxidative addition with aryl halides 

provides the Pd(II) intermediate 27. Following the formation of the oxidative addition 

species 27, the amine associates with the palladium centre to give the Lewis base Lewis 

acid interaction complex 28, the amine hydrogens become more acidic and are able to be 

deprotonated by the use of a base, often a strong such as KOtBu although weaker bases 

such as Cs2CO3 are sometimes used. It is believed this deprotonation occurs with the 

concerted loss of a halide ligand to give species 29.  Unfortunately, this process can be 

complicated by over association of the amine (depending on the empty coordination site 

on the palladium) to form the unreactive bis-amine complex 31 (Scheme 1.13). This 

unwanted process occurs especially if the amine is sterically unencumbered and leads to 

low conversions with persistent levels of this complex 31.39 Historically,  this side 

reaction was a problem with early research developing a catalytic C-N cross-coupling 

process.22 
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Scheme 1.13: Over association of the amine ligand leading to catalyst deactivation. 

 

The formation of the unwanted bis-amine complex 31 can be reduced by using kinetically 

stable ligands, such as the bidentate BINAP, and is  also reduced by electron rich 

phosphines and sterically bulky ligands.22 This hypothesis has been investigated 

practically by the introduction of bi-aryl phosphine ligands (Scheme 1.14) into the 

catalytic system in the Buchwald group.22 These biaryl ligands, often referred to as 

Buchwald phosphines, remain the most common ligands employed in the Buchwald-

Hartwig reaction.27,40 

 

 

 

Scheme 1.14: Some of Buchwald’s biaryl phosphine ligands. 
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Once the aryl group and amine are bound to the palladium centre, the complex 29 can 

then undergo reductive elimination to produce the desired coupled aniline 30. It is worth 

noting that in some cases the complex 29 can also undergo β-Hydride elimination, 

releasing the imine 37 and producing the palladium hydride species (ArPdLnH).  This 

palladium hydride species can add to the imine to produce complex 29, however this 

process leads to racemisation of the substrate and is thus an important consideration when 

the introduced amine coupling partner contains α-stereochemistry, Scheme 1.15. 

 

 

Scheme 1.15: Racemisation of -stereogenic centre in chiral amines via the imine 37. 

 

Many of the research endeavours concentrating on the Buchwald-Hartwig reactions has 

been aimed at understanding how the commonly used, highly active biaryl phosphine 

ligands (Buchwald phosphine ligands) function in the catalytic process and how they 

activate the reaction.22 These biaryl phosphine ligands have been studied extensively and 

are now commercially available and many important features of these phosphines have 

been well documented.  It is believed that the most active catalytic species towards 

oxidative addition is the mono ligated species [L1Pd]0 which is in equilibrium with the 

bis-ligated  species [L2Pd]0.41  The strong electron donating properties of the electron rich 

phosphines as well as the steric bulk is assumed to encourage the formation of the more 

active [L1Pd]0 species.22 Additionally, the lower aryl ring of the biaryl system has been 

shown to also coordinate to the palladium centre (through haptic or coordinative bonding 

when heteroatoms are present such as in Dave-Phos and S-Phos),41-44 presumably 

kinetically stabilizing the [L1Pd]0.22  Furthermore, the lower aryl ring has been suggested 
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to enhance the reductive elimination through reducing the energy of the amino palladium 

transition state.45,46  These features allow oxidative addition to the aryl halide or triflate 

under milder conditions.  Oxidative addition into deactivated aryl chlorides also occurs 

at appreciable rates with these electron rich bulky biaryl phosphines.22  Additional 

features of the ligands have been summarized in Figure 1.02, adapted from Buchwald et 

al.22 

 

 

 

Figure 1.02: Summary of the important features of the bis-aryl Buchwald phosphine 

ligands.22 

 

An illustrative example of the Buchwald-Hartwig reaction in natural product synthesis is 

shown below as part of the total synthesis of murrayazoline (40b, Scheme 1.16.47 The 

carbazole core of murrayazoline (40b) is formed by a double Buchwald-Hartwig reaction 

(inter and intramolecular) between the dibromo-biphenyl compound 38 and the primary 

amine 39 using a typical catalytic system employing XPhos (33), Pd2dba3 and NaOt-Bu 

in toluene.47 The intermediate carbazole 40a is then transformed to murrayazoline (40b) 

over several steps involving a Friedel-Crafts reaction and a palladium catalysed C-O 

coupling reaction.29 
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Scheme 1.16: The double Buchwald-Hartwig reaction in the preparation of the 

carbazole 40a en route to murrayazoline (40b).27,47 

 

 

1.2.4 The Sonogashira reaction 

 

The Sonogashira reaction was originally described as a palladium catalysed cross-

coupling reaction which generates a new carbon-carbon bond between an aryl (or vinyl) 

halide and a terminal alkyne with the use of a copper(I) co-catalyst.†48 Today it is an 

important and commonly used method for the synthesis of  aryl alkynes (41) and 

conjugated alkynes (ene-ynes).23,28 

 

 

 

Scheme 1.17: The Sonogashira cross-coupling reaction of aryl halide with terminal 

alkynes to give arylalkyne 41. 

 

Often the Sonogashira alkyne products 41 are  important intermediates en route to natural 

products, pharmaceuticals and molecular organic materials.23,28,49 The coupling of 

terminal alkynes to aryl halides was first reported by Heck50 and Cassar51 in 1975 with 

the conditions based on the previously described Mizoroki-Heck reaction using 

phosphine-palladium catalysts. Sonogashira and co-workers improved the reaction in the 

same year, by the addition of a catalytic amount of copper(I) co-catalyst (CuI) allowing 

the reaction to take place at room temperature (instead of 100°C) and with accelerated 

                                                 
†Recently, the reaction which does not use a copper(I) co-catalyst is often referred to as “Copper-free 

Sonogashira reaction” 
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reaction rates.48 The addition of the copper co-catalyst activates the alkyne by formation 

of the cuprous actylide and is hence directly related to the Castro-Stephens reaction.52 

Although the addition of Copper(I) salts enable the reaction to take place under mild 

conditions, it also introduces the possibility of producing the by-product formed through 

homo-coupling of the alkyne through a Glaser coupling to produce diynes like compound 

43.53-55 

 

Scheme 1.18: Glaser coupling of alkynes via copper mediated catalysis54,55 and the 

Castro-Stephens coupling reaction.52 

 

The reaction mechanism of the Sonogashira reaction is not well understood due to the 

difficulties in analysing the combined actions of the two concurrently active metal 

catalysts.28 However, it is generally recognised to progress through two independent 

catalytic cycles as shown in scheme 1.19. 
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Scheme 1.19: The Sonogashira catalytic cycle.28 

 

The palladium catalytic cycle goes through several key steps to produce the aryl-alkyne 

coupled product which are briefly outlined below. 

 

Step 1, Oxidative addition: As with the palladium catalysed Heck cross-coupling 

reaction discussed in this thesis (see section 1.2.1), the first step in the mechanism 

involves the oxidation of palladium(0) catalyst with concurrent addition into the aryl or 

vinyl halide bond to produce the intermediate palladium(II) species 44 (see section 1.2.1 

for a general more in depth discussion) 

 

The addition of alkynes used as coupling partners in the Sonogashira reaction can 

sometimes affect the oxidative addition and subsequent catalytic cycle in a significant 

way. Alkyne coupling partners can slow oxidative addition by coordinating to the Pd0 

complex (to give R-C≡CHPd0L2) thereby deactivating the complex towards oxidative 

addition.23,56,57  It can sometimes be beneficial to perform a slow addition of the alkyne 

into the reaction mixture to reduce the formation of such inactivated complexes, 

particularly if the oxidative addition is the rate limiting step.56,57 Some acetylinic products 

may also deactivate oxidative addition in a similar manner, resulting in the shutdown of 
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the catalytic cycle after partial conversion of the starting materials and may explain why 

some Sonogashira reactions seem to unexpectedly stop at a certain conversion point.56,57 

Although slowing of the oxidative addition step by some alkynes may at first seem 

universally detrimental to the Sonogashira reaction, in cases where oxidative addition is 

fast such as with aryl iodides, the slowing of the oxidative addition step by the 

coordinating effects of the alkynes may in fact increase the efficiency of the catalytic 

cycle. This is argued that by aligning the rate of oxidative addition to that of the often rate 

limiting transmetalation step the overall reaction proceeds more smoothly.56,57 

  

Step 2, Transmetalation: In the case of the Sonogashira reaction, the process of 

transmetalation links the two transition metal catalytic cycles. The coupling partner 

cuprous acetylide 45 (generated from the reaction of the terminal alkyne with a Copper(I) 

salt and a base, catalytic cycle 2) undergoes transmetalation with the palladium oxidative 

addition product 44 to form the ligated aryl palladium acetylide 46 and regenerates the 

Copper(I) halide (CuX) cocatalyst.23,28  

 

The exact mechanism of the transmetalation step has not been extensively studied despite 

transmetalation often being the rate determining step of the reaction, unless oxidative 

addition is particularly slow (eg: when ArCl or ArBr with electron donating groups are 

used).23,28 One of the few studies on the mechanism of the transmetalation step, albeit a 

wholey computational one, suggest the transmetalation goes through first a loss of a 

ligand on the PdII centre, followed by a migration of the halide from the PdII centre to the 

CuI centre and formation of the transition state 48 in which Pd coordinates to both the 

alkyne and Cu, with the Cu atom still bound to the alkyne and now also the halide.58 

 

Scheme 1.20: Transmetalation between the cuprous acetylide 45 and the palladium II 

oxidative addition product 44.58 

 

This transition state complex 48 then undergoes subsequent transformation to the 

palladium acetylide through formation of the Pd-acetylide bond and breaking of the Cu-
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acetylide bond, regenerating the CuX co-catalyst.‡ A relatively high energy barrier is 

associated with the initial loss of a ligand from the PdII centre to allow the cuprous 

acetylide a vacant site to coordinate.23,28,58 Because of this, it has been found that changes 

to the catalytic conditions such as the increasing the amount of phosphine ligand can 

reduce the rate of transmetalation, conversely, increased steric bulk of the ligands 

(presumably to favour mono-ligated Pd species) enhance the transmetalation step, 

although large bite angles and electronic effects are less important.23,28,59 The CuI co-

catalyst can also function as an additional Lewis acid and scavenge some of the phosphine 

ligand and could potentially also help favour the formation of mono-ligated Pd species, 

as seen in the rate enhancement effect of CuI salts in the Stille reaction.60 Enhanced 

reaction efficiency can often be observed with electron withdrawing groups on the aryl 

halide starting material which not only increases the rate of oxidative addition, but 

enhances the electrophilicity of the resulting PdII complex leading to easier attack of the 

nucleophilic cuprous acetylide, likewise, cuprous acetylides with electron donating 

groups are more nucleophilic and will react more easily with the PdII complex.59 

 

Step 3, Trans-cis isomerisation: Before the palladium complex can undergo reductive 

elimination to form the new aryl alkyne 47, the complex first undergoes trans-cis 

isomerisation to spatially arrange the two carbon centres to become more closely aligned 

for the final C-C coupling. The complex is in equilibrium between the cis and the more 

stable trans configuration, however, it is only the cis-configuration from which the 

reductive elimination can occur. Limited discussion on how the trans-cis isomerisation 

step of PdII complexes of the Sonogashira reaction differ over other palladium cross-

coupling reactions can be found, however, it is likely to occur through either a ligand-

dissociation-isomerisation-addition route or, particularly when strongly bond 

undissociating ligands are used, a ligand-association-pseudorotation-dissociation 

mechanism via the five-coordinate complex.21,61 

 

Step 4, Reductive elimination: Finally, once the alkyne and aryl groups are arranged 

closely around the Palladium(II) through a cis-configuration they can reductively 

eliminate to provide the coupled product 47 and regenerate the palladium(0) catalyst. The 

reductive elimination step is thought to progress through concerted formation of the new 

                                                 
‡It is worth noting that the computational calculations of the study have been based on X being Br-, L being 

PPh3 and calculated for both the gas phase and in dichloromethane. In reality, the use of different solvents, 

halides, phosphine ligands and other Lewis bases such as amines may have a significant and complex effect 

on each step of the catalytic cycle.  
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aryl-acetylene bond with the breaking of the two C-Pd bonds to form the new 

arylacetylide and regenerate the palladium(0) catalyst via a transition state of structure 

49.58 

 

Scheme 1.21: Reductive elimination in the Sonogashira reaction. 

 

Sterically bulky phosphine ligands can enhance the rate of the reductive elimination step 

by producing a closer association of the coupling partners around the palladium centre. 

Bidentate, biaryl and electron poor phosphine ligands (in contrast to the oxidative addition 

step) used here also play an important role in reducing the energy barrier for the reductive 

elimination allowing the catalytic cycle to complete and driving the reaction forward.62,63 

 

The copper catalytic cycle: The second catalytic cycle, involving copper, is not fully 

understood, however it is thought to go through the steps outlined in Scheme 1.19. The 

copper acetylide is thought to be formed through first coordination of the alkyne to the 

CuI metal centre. This increases the acidity of the alkyne’s terminal proton, allowing it to 

be deprotonated by an amine base which, in the absence of CuI coordination would not 

usually be strong enough to remove an alkyne proton.§65,23,28 This step is also consistent 

with the facile preparation of cuprous acetylides by treatment of terminal alkynes with 

stoichiometric CuI halides in a mixture of EtOH and aqueous NH3 used in this thesis, as 

well as previous preparations (see Chapter 5).52,66 The newly formed copper acetylide can 

then participate in the transmetalation step, as outlined above, to regenerate the CuI co-

catalyst. 

 

Sonogashira reactions in natural product synthesis: An illustration of the Sonogahira 

reaction in natural product synthesis is given below in the synthesis of the core structure 

of dynemicin A (54), a potent ene-diyne containing antibiotic. From the terminal ene-

diyne 50, methyl (E)-3-bromoacrylate is coupled onto the terminal alkyne position 

through a room temperature Sonogashira reaction to give the extendedly conjugated 

carboxylic acid 51a after ester hydrolysis. An intramolecular Yamaguchi esterification 

                                                 
§ The conjugate bases of amines typically have a pKa of about 10. Terminal alkynes have a pKa of about 

25. (64) Bordwell, F. G. Accounts of Chemical Research 1988, 21, 456. 
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(lactonisation) via the intermediate formation of the mixed anhydride with 2,4,6-

trichlorobenzoyl chloride, gives the macrocyclic intermediate 52, which then undergoes 

a transannular Diels-Alder reaction to give the pentacyclic product 53, containing 4 of the 

6 rings contained in dynemicin A (54).67,68 

 

 

 

Scheme 1.22: Synthesis of the core structure of dynemicin A (54) utilising a Sonogahira 

reaction as a key step.49,67,68 

 

The authors also found that when building up the macrocyclic intermediate 52 with the 

Sonogashira reaction as the last step (from intermediate 51b), it also spontaneously 

converted to the transannular Diels-Alder product 53, albeit in lower yield.67,68 
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1.2.5 Carbonylation in Palladium mediated reactions of aryl halides 

 

Carbonylative palladium mediated cross-coupling reactions are a powerful synthetic tool 

that enables the incorporation of a carbonyl group in combination with standard palladium 

coupling processes like C-C, C-N and C-O bond formation. This process can allow the 

formation of various carbonyl functionalised arenes as well as the synthesis of carboxylic 

acid derivatives such as amides, esters, aldehydes and the carboxylic acids themselves.69-

80 Palladium catalysed carbonylative chemistry allows for the synthesis of molecules 

which would otherwise be difficult to obtain, however they remain underutilised perhaps 

due to the reluctance of synthetic chemists to use gaseous reagents sometimes combined 

with specialised high pressure equipment.81 Importantly, it is worth noting that many 

carbonylation reactions require only modest pressures (1-5 bar) and can often be reliably 

performed with a balloon filled with carbon monoxide and may not require specialised 

equipment. Additionally, the use of a lower pressure of carbon monoxide is often 

desirable as higher pressures of carbon monoxide can retard the catalysts ability to 

undergo oxidative addition into aryl halide bonds as the CO ligand displaces the activating 

phosphine ligands due to the strong π-acidic nature of the carbonyl ligand.81,82 

 

As mentioned earlier in this introductory chapter, palladium cross-coupling reactions are 

an incredibly versatile and important method for the generation of new carbon-carbon 

bonds.81,82  Many of these reactions when combined with a carbon monoxide atmosphere 

have been shown to  produce the carbonylative coupled products where a carbonyl moiety 

is effectively inserted between the aryl halide and the nucleophilic coupling partner 

(Scheme 1.23, NuY) to produce carbonyl containing compounds 55, further increasing 

the utility of the original cross-coupling reaction.81,82 

 

 

Scheme 1.23: Generalised carbonylative palladium mediated cross-coupling reaction. 
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These products are often useful as intermediates for the synthesis of pharmaceuticals, 

natural products and synthetic materials.81,82 This carbonylative modification is especially  

compatible with commonly used palladium catalysed cross-coupling reactions such as the 

Sonogashira reaction,83-87 the Stille reaction,88-93 the Suzuki reaction,88,94-97 the 

Buchwald-Hartwig reaction (often simply referred to as carbonylative aminations)78-

81,98,99 and more recently the Mizoroki-Heck reaction.100-102 

 

The catalytic cycle for carbonylative palladium cross-coupling reactions is thought to 

progress through oxidative addition of palladium into the aryl halide bond in the usual 

way to give oxidative addition product 44, followed by carbonyl insertion to afford the 

coordination complex 56a and then a C-C bond forming process to afford the palladium 

acyl species 56b. This intermediate palladium acyl species 56b is common to all 

palladium catalysed carbonylative cross-coupling reactions and subsequent steps in the 

catalytic cycle are usually thought to progress in a similar way to the parent non-

carbonylative cross-coupling reaction sequence. An illustrative example of such a 

catalytic cycle is given for the carbonylative Sonogashira cross-coupling reaction in 

scheme below in scheme 1.24. 
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Scheme 1.24: The proposed carbonylative Sonogashira catalytic cycle.81 

 

The addition of extra complexity by addition of the carbonyl group allows for quicker 

synthesis of more complex molecules and allows access to compounds which may 

otherwise be difficult to make or require more synthetic steps. The palladium catalysed 

carbonylation of aryl halides is not just limited to the incorporation into typical palladium 

cross-coupling reactions. Generation of the palladium acyl species 56b provides an 

intermediate from which aryl carboxylic acids,76,100,101 esters,78 amides78-81 and 

aldehydes80 can be formed by the reaction with the appropriate nucleophiles (Scheme 

1.25).69-81,103,104 
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Scheme 1.25: Reactions of the palladium arylacyl species 56b with simple 

nucleophiles.69-81,103,104 

An illustration of this process is when an aryl halide is treated with carbon monoxide, a 

base and water with an appropriate palladium catalyst to give a carboxylic acid.77,103,104 

In the following example, Oehlrich and co-workers treated the imidazolyl aryl bromide 

58 with carbon monoxide (20 bar) and water in THF utilising Pd(OAc)2 and dppp as a 

catalyst to provide the benzoic acid 59 without the need for an external base.77 

 

Scheme 1.26: A hydroxycarbonylation of aryl bromide 58 to give the benzoic acid 59.77 

 

When an aryl halide is treated in the same manner but in the presence of an alcohol or 

primary or secondary amine, an aryl ester or aryl amide is obtained.78-81 In scheme 1.23, 

Gerlein and co-workers synthesise a 4-acetylbenzoate ester 61 from 4-bromo 

acetophenone (60) efficiently in a single step with extremely low catalyst loading by 

utilising a [PdCl2(PhCN)2] (0.01mol%) as the palladium source in n-BuOH under a 

moderate pressure of CO (5 bar).78 
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Scheme 1.27: An alkoxy carbonylation reaction of bromo-acetophenone 60 to give 

acetophenone ester 61.78 

The group of Földes has reported how an interesting a series of aryl t-butyl amides are 

formed from the corresponding aryl iodides by treatment with t-butylamine in the 

presence of a palladium catalyst that requires only balloon pressure of carbon monoxide 

(Scheme 1.28).79 

 
Scheme 1.28: An amino carbonylation reaction of aryl iodides 62 to give substituted 

aryl t-butyl amides 63.79 

In the absence of a nucleophile and in the presence of H2 or a reducing agent such as 

Et3SiH,75 the intermediate oxidative addition palladium acyl species 51 can be also 

reduced to give benzaldehydes 56. The conversion of aryl halides to their corresponding 

aldehydes under palladium catalysts in a CO and H2 mixed atmosphere was developed by 

Beller and co-workers and utilises the di-(1-adamantyl)-n-butylphosphine (CataCXium 

A) to achieve the best yields.80 In the example below (Scheme 1.29) a series of eighteen 

aryl bromides 64 are converted to their corresponding aldehydes 65 in good to excellent 

yields using a 1:1 mixture of CO to H2 (5 bar) and the CataCXium A, Pd(OAc)2 catalyst 

system.80 
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Scheme 1.29: Reductive carbonylation of aryl bromides 64 to give substituted 

benzaldehydes 65.80  
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Chapter 2 

The Palladium Catalysed Domino Reaction Approach to N-

Heterocycles. 
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2.1 Introduction 

 

N-heterocyclic compounds are prevalent in natural products, agrochemicals and 

pharmaceuticals alike.105-108 Due to the prevalence of N-heterocycles in modern medicine 

and the chemical industry it is important that they can be synthesised readily and 

efficiently in order to study these compounds and further develop them for the benefit of 

society. N-heterocycles encompass a vast diversity of structures ranging from the simplest 

aziridines 66 and pyridines 67 to complex polycycles such as those found in the 

hallucinogenic substance lysergic acid diethylamide 68 (LSD)109 and in the natural 

product and anti-tumour agent trabectadin 69 (YondelisTM).110 

 

 

Figure 2.01: Diversity in complexity of N-heterocycles from the simple aziridine 66 to 

the natural product trabectedin (69). 

 

The great structural diversity of N-heterocycles gives rise to the need for different 

chemical approaches to the synthesis of each specific class. The synthetic chemist must 

look at the synthesis of each class of N-heterocycles differently to determine an 

appropriate method to generate the desired compounds. Often there are multiple ways to 

generate each ring system, allowing different methods to be chosen for compatibility with 

other functionalities within the precursor and target molecules.  

 

2.1.1 N-heterocycles in natural products and pharmaceuticals 

 

N-heterocycles are featured in the structures of the top 3 pharmaceuticals, namely, 

Nexium (Esomeprazole, 70), Abilify (Aripiprazole, 71) and Crestor (Rosuvastatin, 72) 

and were also found in 23 of the top 50 pharmaceuticals by US retail sales in 2012.111 

This prevalence of N-heterocycles accounts for two thirds of the top 50 small molecule 
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pharmaceuticals as well as a large proportion of total pharmaceuticals sales to date.111 

Interestingly, these top 3 N-heterocyclic pharmaceuticals received approximately US$ 17 

billion worth of retail sales in 2012 in the US alone, further illustrating their immense 

economic importance.111 

 

 

Figure 2.02: The top 3 pharmaceuticals by US retail sales for 2012.111 

 

N-heterocycles are also found in the structures of pharmaceutical natural products such 

as penicillin G (75)112 and morphine (73),113 two of the most significant chemical 

discoveries throughout history, both of which have revolutionised modern medicine and 

the world we live in today.108 

 

As indicated before, N-heterocycles are present in the structures of many natural products. 

Natural products containing an N-heterocycle in their structure are referred to as “true 

alkaloids” and are comprise of a large and important class of natural products. The 

activities of true alkaloids include many biologically functional aspects of secondary 

metabolites, including the herbivore deterrent properties of morphine (73) and the 5-N-

heterocyclic-ring-containing ergotamine (77), the selective insecticidal and concurrent 

pollinator memory enhancer activities of caffeine (74), the antibiotic properties of 

penicillin G (75)112 and the insect pheromone activity of actinidine (76). 
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Figure 2.03: N-heterocycles contained within important natural products.112,113 

 

Understanding the chemistry and biological activities of natural products has led many of 

these compounds being used in modern society, particularly in medicine.105-108 Four of 

the five compounds in figure 2.03 are currently on the market as pharmaceuticals under 

various marketed names. 

 

2.1.2 Tetrahydroisoquinolines 

As part of this study an investigation into the synthesis of tetrahydroisoquinolines 78, an 

important class of N-heterocycles, was undertaken. Like other N-heterocycles, 

tetrahydroisoquinolines are found in many pharmaceuticals and natural products, some 

examples include, the analgesic tetrahydropalmatine (79) first isolated by Manske in 1933 

from Corydalis aurea,114 the morphine biosynthetic precursor reticuline (80) isolated 

from Litsea eefeana115 and the tunicate Ecteinascidia turbinata derived complex natural 

product and anti-tumour agent trabectedin (69, YondelisTM),116 containing three 

tetrahydroisoquinoline moieties. 
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Figure 2.04: Natural products containing the tetrahydroisoqinoline ring system.114-116 

 

The closely related tetrahydroisoquinolone core is present in the top 200 pharmaceuticals 

of 2012 as part of palonosetron (81, AloxiTM), used to treat nausea in patients receiving 

chemotherapy.111 

 

 

Figure 2.05: The structure of palonosetron (AloxiTM).111 

 

 

2.1.3 Synthesis of tetrahydroisoquinolines  

 

There are multiple ways in which tetrahydroisoquinolines can be prepared in the 

laboratory. They can be synthesised from selective hydrogenation of quinolones, as seen 

in the hydrogenation of quaternary amine within deoxythalidastine chloride 81 to the 

natural product tetrahydrothalidendine 82.117,118 This specific type of hydrogenation 

requires the use of a Pt2O precatalyst (Adam’s catalyst),119,120 and has also been utilised 
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in the hydrogenation of functionalised quinoline 83 to the tetrahydroquinoline 84, used 

as a precursor to novel malanocortin receptor ligands by Eli Lilly.121 

 

 

 

Scheme 2.01: Hydrogenation of quinolines to tetrahydroquinolines using Adam’s Pt2O 

precatlyst.117,118,121 

 

Unfortunately, this hydrogenative method of production often requires the use of harsh 

reaction conditions such as the use of acidic solvent mixtures and high pressures resulting 

in limited functional group tolerance.118,119,123,124 

 

Alternatively, tetrahydroquinolines can be produced through a Pictet-Spengler reaction 

of arylethylamines with various aldehydes as seen in the early stages of the total synthesis 

of canadine (87) from homopiperonylamine (85) (Scheme 2.02)122 and other 

tetrahydroquinoline systems.123-127 
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.  

Scheme 2.02: Synthesis of canadine precursor 86 utilising a Pictet-Spengler reaction.122 

 

Another method for the synthesis of tetrahydroisoquinolines is using the Bischler-

Napieralski reaction which requires treatment of an arylethylamide or carbamate with 

POCl3. The Bischler-Napieralski reaction is a key step in the total synthesis of natural 

products (-)-lycorine (90) and bicuculine (93) which can be synthesised in several steps 

from the intermediate tetrahydroisoquinolines 89 and 92. The latter two compounds are 

synthesised from the arylethyl amide 91 and carbamate 88, respectively (Scheme 

2.03).128,129 
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Scheme 2.03: Bischler-Napieralski cyclisation to tetrahydroisoquinolines in natural  

                        product synthesis.128,129 

 

Several groups have applied the intramolecular Heck cross-coupling reaction as the key 

step in the synthesis of tetrahydroisoquinolines.130-132 The simple tetrahydroisoquinoline 

95 can be synthesised using an intramolecular Heck cross-coupling reaction modest yield 

from the olefinic aryl iodide 94, perhaps due to complications arising from forming an 

insoluble palladacycle 96.130,131 The more complex tricyclic compound 98 containing a 

fused tetrahydroisoquinoline was made by the Monteiro group via an intramolecular Heck 

reaction of olefinic aryl iodide 97 as a potential precursor to plant alkaloids.130,133-135 
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Scheme 2.04: Previous intramolecular Heck cross-coupling reaction to form 

tetrahydroisoquinolines 85 and 98.130,131 

 

A few domino type reactions for the synthesis of tetrahydroisoquinolines have also been 

reported. A notable example involves a scandium triflate (Sc(OTf)3) catalysed [3 + 3]-

annulation reaction between a benzyl alcohol 99 and an aziridine arylsulphonamide 100 

to give arylsulphonamide protected tetrahydroisoquinolines 101 in good to very good 

yields (Scheme 2.05).136 
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Scheme 2.05: Domiono [3 + 3]-annulation reaction to tetrahydroisoquinolines 101.136 

 

Another impressive example investigated by the Pfeffer and Stewart groups is the domino 

synthesis of functionalised tetrahydroisoquinolines involving a three component domino 

acylation-Heck-aza-Michael reaction utilising a tosylprotected 2-

bromophenylethylamine 102, acryloyl chloride (103) and a variety of secondary amines 

(104) to give the tetrahydroisoquinoline products 105 in moderate to excellent yields.137 

 

 
Scheme 2.06: A three component domino acylation-Heck-aza-Michael reaction to 

functionalised tetrahydroisoquinolines 105.137 

 

These two examples are particularly impressive as they involve three sequential step-wise 

reactions to form complex functionalised tetrahydroisoquinolines from comparatively 

simple starting materials. 

 

 

 

2.1.3 3-Benzazepines 

 

The other N-heterocyclic compounds we chose to investigate were the 3-benzazepines 

(106) because of their prevalence in many natural products and pharmaceuticals. They 

are incorporated in the key phamacophore of many selective D1 dopamine receptor 

antagonists of the general structure 107 (Figure 2.06). These compounds often contain a 

phenol and chloride in the C5 and C6 positions and sometimes an ethylene bridge to fuse 

the aryl group with the 3-benzazepine to form the tetracyclic molecule.138 Other examples 

of interesting 3-benzazepines are the natural product cephalotaxine (108) isolated from 

several species of the cephalotaxus genus139 and the synthetic pharmaceutical varenicline 

(Chantix™, 109) used as a smoking cessation aid.140,141 
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Figure 2.06: The strucure of 3-banzazepine (106) and some biologically important  

3-benzazepines.138,139,141 

 

3-Benzazepines are typically synthesised in several ways. One way in which they can be 

synthesised is through a ring closure reaction of symmetrically functionalised 

diethylbenzenes of the general type 110 under various reaction conditions which depend 

on the functionalities present. The parent compound 3-benzazepine 106 and varenicline 

(109) have been synthesised in this manner.142-144 

 

 

Scheme 2.07: Ring closures of symmetrically functionalised diethyl benzenes to 3-

benzazepines.142-144 

 

Many derivatives of 3-benzazepines similar to those Selective D1 receptor antagonists are 

prepared through a carbocationic cyclisation pathway using either a strong Brønsted or 

Lewis acid to generate a carbocation formally from a hydroxyl group, or alkyl chloride to 

ultimately give the Friedel-Crafts product. The selective D1 receptor antagonist 112 has 

been synthesised in this way by the group of Neumeyer through an acid catalysed 
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cyclisation from the phenylethyl amine 111.138 The weight loss drug Lorcaserin 

(Belvic™, 114) has been made on an industrial scale using a similar Friedel-Crafts 

alkylation reaction from the phenylethylamine 113 (Scheme 2.08).145 

 

 

Scheme 2.08: Cationic cyclisations of functionalised phenylethylamines 111 and 113 to  

3-benzazepines, 112 and 114.138,145 

 

Alternatively, 3-benzazepines have been synthesised through an intramolecular Heck 

cross-coupling reaction. The cephalotaxine core 116 has been synthesised in high yields 

by the Tietze group using the Hermann-Beller palladacycle (HBP, 117), phase transfer 

reagent NBu4HSO4 and an in house designed solvent mixture (Scheme 2.09).146 

 

 

Scheme 2.09: Synthesis of the cephalotaxine core 116 by the Tietze group.146 

 

The intramolecular Heck reaction has been combined with a Tsuji-Trost reaction by the 

Stewart group to prepare 3-benzazepine 119 and indole azepine 121 in an efficient 

domino reaction from the aryl halide intermediates 118 and 120 respectively (Scheme 

2.10).147 
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Scheme 2.10: Domino Tsuji-Trost/Heck reactions to 3-benzazepine 119 and indole 

azepine 121.147 

 

2.1.5 Aims of this research 

 

We chose to investigate domino reactions incorporating the Heck reaction in the synthesis 

of several N-heterocycles for two key reasons. Firstly, current methods for producing 

these N-heterocycles have limitations in their precursor scope due to the use of harsh 

reaction conditions and secondly, the potential of these palladium mediated domino 

reactions has not been investigated thoroughly.131,152 From this research we aim to 

develop a domino Tsuji-Trost/Heck reaction of protected 2-iodo benzylamines 122 in the 

presence of an allylating agent 123 and a palladium catalyst. If successful this will provide 

an additional method for the synthesis of tetrahydroisoquinolines 125 which will 

complement existing methods that often use harsher reaction conditions which severely 

limit the presence of many functional groups. 
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Scheme 2.11: Proposed domino Tsuji-Trost/Heck reaction to tetrahydroisoquinoline 

125. 

 

Additionally as part of this study, we aim to optimise a reaction recently discovered as 

part of my honours degree, the domino Buchwald-Hartwig/Heck reaction of dibromo 

styrene 126 and N-allyl acetamide (127)148 to form the 3-benzazepine 129. Once we have 

achieved this, we then aim to explore the substrate scope of this reaction to see whether 

the reaction is applicable to the use of a range of amides and amines with a variety of 

different substituents. 

 

 
Scheme 2.12: Domino Buchwald-Hartwig/Heck reaction to 3-benzazepine 129.148 
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Again if successful this reaction will complement existing methods for the synthesis of 

3-benzazepines whilst building upon the limited examples of domino Buchwald-

Hartwig/Heck reactions in organic synthesis. Furthermore, we also intend on developing 

a domino Buchwald-Hartwig/Heck reaction between another dibromo-benzene, 

compound 130 and olefinic N-nucleophiles such as 131 for the synthesis of indoles 133 

or dihydroquinolines 134 via the intermediate anilines 132, scheme 2.13. This 

methodology will provide an efficient and versatile route to the corresponding products 

and may be useful in the preparation of natural products and pharmaceuticals alike. 

 

Scheme 2.13: Domino Buchwald-Hartwig/Heck reaction to indoles 133 or 

dihydroquinolines 134. 

 

 

2.2 Domino Tsuji-Trost/Heck Reaction for the Synthesis of 

Tetrahydroisoquinolines 
 

Several groups have applied the intramolecular Heck cross-coupling reaction as the key 

step in the synthesis of tetrahydroisoquinolines.130-132 Reports from the Monteiro and 

Beccalli  group indicate that the Heck reaction favours the 6-exo-dig mode, resulting in 

the formation of the tetrahydroisoquinolines (95 and 98)  containing  an exocyclic double 

bond, when an allyl benzyl amine precursor (94 and 97) is used (Scheme 2.17).130,131 
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Scheme 2.17: Previous intramolecular Heck reaction to tetrahydroisoquinolines130,131 

 

Predictably, the analogous reaction in the preparation of indoles (2-iodoaniline 142 via 

allylaniline 143) generally shows complete isomerisation of the exocyclic double bond 

(or aromatisation) into the ring (Scheme 2.18).149-151 

 

Scheme 2.18: Domino reaction incorporating an intramolecular Heck reaction  

                        for the synthesis of indole 144, investigated within the Stewart group.151 

 

The reaction of the N-allyl benzyl amines are typically less reliable and lower yielding 

than the analogous reaction for the synthesis of indoles.151 In several reports, including 

ones from this group, the intramolecular Heck cross-coupling process is often 

complicated by the formation of palladacycles where the benzylic nitrogen stabilises the 

molecule through coordination to the metal centre.130,131,152 The group of Broggini have 
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fully characterised palladacycles (96a-c, Scheme 2.19,) en route to an intramolecular 

Heck reaction.131,152 

 

 

Scheme 2.19: Isolated palladacycles by the Broggini group.131,152 

 

The formation of these often insoluble palladacycles presumably hinders β-hydride 

elimination and consequently arrests the catalytic cycle. With this in mind, we thought 

the selection of the nitrogen protecting group of great importance in order to reduce the 

compound’s ability to form such unwanted palladacycles whilst maintaining good 

reactivity in the initial Tsuji-Trost reaction. It was conceived the use of strong electron 

withdrawing protecting groups will reduce the dative covalent bonding ability of the N-

atom lone pairs and may reduce the ability to form unwanted palladacycles. Additionally, 

increased electron withdrawing properties will increase the acidity of the N-H proton 

which may increase the reaction rate of the Tsuji-Trost reaction and allow for the use of 

a weaker base. 

 

2.2.1 Preparation of starting materials 

 

Protected benzylamines 148 and 150 were prepared via modified literature procedures. 

The trifluoroacetate protected amine 146 was prepared from 2-iodobenzylamine (145) via 

treatment with trifluoroacetic anhydride (TFAA) in 92% yield.153 The benzyl and tosyl 

protected benzyl amines (148 and 150) were produced via two alternative methods using 

2-iodobenzylbromide (147) as a precursor. The first method involved a simple reaction 

between 147 and benzylamine in DME to give the benzyl protected iodide 148 in 95% 

yield.154 The second method involved treating compound 147 with NaN3 followed by 

isolation155 then a Staudinger reduction of the resulting azide with PPh3 to the 

intermediate amine 145. Tosylation of this aforementioned crude amine 145 with TsCl 

gave the required tosylated iodide 150 in excellent yield (91%).156 
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Scheme 2.20: Synthesis of N-protected 2-iodo benzylamines. 

 

As part of studying the domino Tsuji-Trost/Heck reaction we sought to first examine the 

intramolecular Heck reaction independently from the Tsuji-Trost process. In doing so we 

hoped to better understand this step which we envisaged as the key and most difficult step 

in the domino reaction sequence. For this, we prepared the series of allylated analogues 

(153, 154 and 155) which are suspected intermediates in the domino process. This was 

achieved simply via deprotonation of the acidic N-H proton (of 151) with NaH and 

treating the corresponding deprotonated species with allyl bromide in a SN2ʹ reaction to 

give the N-allyl benzylamine 152 in good to excellent yields. 

 

 

Scheme 2.21: Allylation of N-protected o-iodo benzylamines. 

 

2.2.2 Investigations into the Heck cross-coupling reaction of the proposed domino 

intermediates 

 

In our investigations we first examined the Heck cross-coupling reaction as we suspected 

the initial Tsuji-Trost reaction of the domino sequence to occur without many issues.  
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(Scheme 2.14, Stage 1). It was expected the intramolecular Heck reaction of the pre-

allylated substrates 135 would yield the expected tetrahydroisoquinolines 136. The 

intramolecular Heck reaction investigation would be used to devise a suitable amine 

protecting group of the substrate 2-iodo benzylamine 122. 

 

 

Scheme 2.14: Plan for the investigation of the Tsuji-Trost/Heck reaction 

                        for the synthesis of tetrahydroisoquinolines 136. 

 

From these initial studies we proposed to choose the substrate 135 which shows the most 

promising results in the Heck reaction and then subject the allyl-free-precursor 137 to 

similar conditions with the addition of an allylating agent (Scheme 2.14, Stage 2). In 

addition, it was proposed to also use the domino Tsuji-Trost/Heck reaction to synthesise 

indoles (Scheme 2.13), previously developed within the group, to help us choose a 

suitable catalyst for the reaction.157 Optimisation of reaction conditions through 

modification of the base, allylating agent, solvent, reaction temperature and reaction time 

should provide the domino product 136 in optimal yields. With these conditions in hand 

they can be applied to modify the reaction parameters of the protected 2-iodo 

benzylamines 137 to examine the scope of the reaction (Scheme 2.14, Stage 3). 
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The allylated protected 2-iodo-benzylamines 153-155 were subjected to typical 

intramolecular Heck cross-coupling conditions (Pd(PPh3)4, Cs2CO3, DMF, 80°C) to 

produce the desired tetrahydroisoquinolines 156 and 157. However these conditions 

failed to provide any product 158 when carried out in using a substrate containg a benzyl 

protecting group. 

 

 

Scheme 2.22: Intramolecular Heck reaction of N-allyl benzylamines 

 

From this study, the tosyl protected amine 154 seems to provide the most efficient 

cyclisation precursor with a yield of 59%. Interestingly, in all cases, the starting material 

was totally consumed within the reaction time with poor mass recovery. In each case none 

of the 7-endo-trig product was isolated or observed in the crude 1H NMR spectrum. 

However, we did isolate significant quantities of decomposition products, perhaps 

containing palladacycles, and attribute this to the staring material readily undergoing 

decomposition under the specified reaction conditions; this occurrence was most 

prominent in all reactions employing the protected 2-iodobenzylamine as a substrate.  

 

2.2.3 Investigation of the N-tosyl-o-iodo-benzylamine in the domino Tsuji-

Trost/Heck reaction. 

 

With the protected o-iodo-benzylamines 146, 148 and 150 in hand, we began to trial 

conditions for the proposed domino Tsuji-Trost/Heck reaction and develop an optimal 

procedure. We investigated initially, a reaction with the tosyl protected iodide 150, allyl 

bromide, DMF, Cs2CO3 and the Hermann-Beller palladacycle catalyst 117,157 conditions 

that showed good results with the related domino Tsuji-Trost/Heck synthesis of 

indoles.157 A series of experiments under a variety of conditions was completed (Table 

2.01, entries 1-3). In general, the conditions described gave very poor conversion to the 

domino product with the exception of entry 2, which gave a low yield of the desired 

product 157 (Table 2.01). The tetrahydroisoqinoline 157 was identified by the two 

distinctive unsaturated germinal hydrogen resonances at 5.10 and 5.59 ppm presenting as 
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two apparent singlets in contrast to the more complex splitting pattern of the ring opened 

precursor 154 which also showed 3 olefinc hydrogens. 

 

Figure 2.07: The Herman-Beller Palladacycle catalyst (HBP) 117 and XantPhos 160. 

Table 2.01: Domino Tsuji-Trost/Heck reactions in the preparation of N-tosyl 

tetrahydroisoquinoline 157. 

 

Entry  Xa) Base 
Catalyst 

(10 mol% Pd) 
Temp.  Additive 

Additional 

Ligand 

Isolated Yield 

% 

154 157 

1* Br 
Cs2CO-

3 
HBP (117) rt-120oC 

 
- 90 0 

2 Br 
Cs2CO-

3 
HBP (117) 100oC 

 
- 45 22 

3 Br 
Cs2CO-

3 
HBP (117) 50-90oC 

 
- 0 0 

4 
OA

c 
CsCO3 HBP (117) 120oC 

 
- 15 0 

5 
OA

c 
KOAc HBP (117) 120oC 

 
- 0 0 

6* Br Et3N Pd(PPh3)4 60oC  - 6 0 

7b) Cl Et3N Pd(PPh3)4 80oC  - 48 0 

8* 
OA

c 
Et3N Pd(PPh3)4 60oC 

 
- 14 9 

9b) 
OA

c 
Et3N Pd(PPh3)4 40-70oCd) 

 
- 0 0 

10b) 
OA

c 
Et3N Pd(OAc)2 

40-80 

oCd) 

 
PPh3 0 0 

11 
OA

c 
Et3N  Pd(OAc)2  

45-80 

oCd) 

Toluene 
PPh3 0 0 

12* 
OA

c 

Cs2CO-

3 
Pd2(dba)3.CHCl3 50oC 

4 eq. base P(t-Bu)3-

HBF4 
14 0 

13 
OA

c 

Cs2CO-

3 
Pd2(dba)3.CHCl3 45-80oCd) 

 P(t-Bu)3-

HBF4 
41 0 

14 Br 
Cs2CO-

3 
Pd2(dba)3.CHCl3 100 oC 

Toluene 
Xphos 33 0 0 

15 Br 
Cs2CO-

3 
Pd2(dba)3.CHCl3 100 oC 

Toluene 
Davephos 34 trace 0 

16 Br 
Cs2CO-

3 
Pd2(dba)3.CHCl3 100 oC 

Toluene XantPhos 

160 
0 0 

17 Br 
Cs2CO-

3 
Pd2(dba)3.CHCl3 100 oC 

Toluene 
dppf 0 0 

* Reactions performed by Tom Chalenor as part of his honours degree in Chemistry157 and are included 

for discussion purposes. a) All reactions were completed in DMF, with 2 equivalents of the allylating 

agent. b) In these reactions a large quantity of starting material 150 was also reisolated. c) Reactions held 

at first indicated temperature for 5h then at second temperature overnight.  
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Substitution of the allylating agent for allyl acetate and the base for KOAc showed no 

improvement in the reaction yield (entries 4 and 5). At this time we expected the 

Hermann-Beller palladacycle catalyst (HBP) 117 to be a good catalyst for the reaction as 

it is reported to allow a slow release source of Pd0
, and may  reduce the formation of 

unreactive palladacycle formed from the benzylamines.158 The use of the more 

conventional Pd(PPh3)4 suggested a this source had a higher catalytic activity due to the 

reaction progressing at lower temperatures. However, these catalytic conditions, overall, 

gave very limited yields of the domino product 157, the highest yield of 9% being 

achieved with allyl acetate at 60°C (entry 8). Next, we tried Pd(OAc)2 and PPh3, however, 

only starting material and decomposition products were observed (entries 10 and 11). The 

use of Pd2dba3.CHCl3 in combination with electron-rich ligands such as P(t-Bu)3 and the 

Buchwald phosphines Xphos 33 and DavePhos 34 also gave poor results (entries 12-15). 

The bidentate ligands XantPhos 160 and dppf also resulted in no allylated or domino 

product being formed (entries 16 and 17). Despite many of the reaction conditions 

providing little or no desired domino product 157, we were still able to identify the Tsuji-

trost product 154 and we achieved an encouraging amount of domino product (22%) 

outlined in entry 2. 

 

2.2.4 Investigation of the N-Trifluoroacetate-o-iodobenzylamine in the Domino 

Tsuji-Trost/Heck reaction for the synthesis of tetrahydroisoquinolines  

 

Given the modest success of the domino reaction with the tosyl derivative 150, we 

decided to substitute the N-protecting group with a trifluoroacetate group. Presumably, 

by altering the electronics of the nitrogen by changing the electron withdrawing and steric 

properties of the protecting group, the reaction progression should differ considerably. 

Specifically, we hoped that the trifluoroacetate group (and the resulting amide functional 

group) would make the compound more stable toward potential palladium catalysed 

decomposition routes. The results of the trialled reaction conditions are tabulated in table 

2.02. 

 

Table  2.02: Domino Tsuji Trost/Heck Reaction to tetrahydroisoquinoline 156.a 
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Entry Catalyst  Base Temp. Time Solvent 
Isolated Yield % 

153 156 

1 Pd(PPh3)4 Cs2CO3 80oC 18h DMF 0 49 

2 HBP (117) Cs2CO3 80oC 18h DMF 0 19 

3 Pd(PPh3)4 Cs2CO3 80oC 18h 
PhMe:DMF 

(9:1) 
0 27 

4 Pd(PPh3)4 Cs2CO3 45 oC 2.5h DMF 64 trace 

5 
Pd(PPh3)4 

(1mol%) 
Cs2CO3 80oC 48h DMF 12 23 

6 

Pd(PPh3)4 

+ PPh3 (100 

mol%) 

Cs2CO3 80oC 18h DMF 0 52 

a10 mol% Pd, 2 mL solvent and 2 eq. allyl bromide were used. 

 

The conversion of the trifluoroacetate protected o-iodobenzylamine 146 showed 

significantly better yields than the tosyl protected analogue 150. In all cases the domino 

product, tetrahydroisoquinoline 156, was observed and often the reaction produced a 

better mass recovery with less observed decomposition products. The 1H NMR spectrum 

of the domino product 156 show clear doubling of the aromatic resonances due to the 

amide rotamers in a ratio of 3:2 with the distinctive olefinic proton resonances appearing 

at δ 5.68 (minor rotamer), 5.66 (major rotamer) and 5.26 (major rotamer), 5.18 (minor 

rotamer). Changing the solvent from DMF to a mixture of toluene and DMF (9:1) had a 

detrimental effect on the reaction, reducing the yield from 49% to 27% (entries 1 and 3). 

When the reaction time and temperature were reduced, the reaction furnished mainly the 

intermediate allylation product 153 with only a trace of the domino product, suggesting 

the intramolecular Heck reaction has a significantly higher activation energy barrier than 

the initial Tsuji-Trost reaction. Reduction of the catalyst loading in order to potentially 

reduce the amount of any palladacycles formed did not increase the yield as we had hoped. 

Instead, longer reaction times were required and some of the allylated intermediate 

remained unconverted (entry 5). From the conditions trialled, Pd(PPh3)4 in DMF showed 

the best results. In order to try to improve on this, we modified the catalytic conditions 

by the addition of one equivalent of PPh3. We hoped the inclusion of additional PPh3 

would increase palladium phosphorous coordination in preference to coordination 

through the nitrogen atom of the benzyl amine (the palladacycle formation route). This 

occurrence would hopefully push the reaction to the desired tetrahydroisoquinoline 156. 

This method improved the yield slightly to give a total of 52%, an excellent yield given 

the complexity and difficulty of the domino reaction. 

 

2.2.5 Investigation of the N-Benzyl-o-iodobenzylamine in the domino Tsuji-

Trost/Heck reaction for the synthesis of tetrahydroisoquinolines  
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With the success gained using the trifluoroacetate protected o-iodobenzylamine starting 

material 146, we expanded the protecting group investigation to the benzyl protected 

variant 148. In this process, we sought to explore the electron donating ability of the 

benzyl amine in this domino process. Additionally, we hoped that the benzyl group may 

slightly sterically hinder the formation of unwanted palladacycles and improve the overall 

yield of the tetrahydroisoquinoline.  

 

Table 2.03: Domino Tsuji Trost/Heck reaction to the N-benzyl tetrahydroisoquinoline 

158. 

 

Entrya) Catalyst Temp. Base Solvent 
Yield % 

155 158 

1 Pd(PPh3)4  45°C Cs2CO3 DMF 0 0 

2 Pd(PPh3)4 
 rt-40oC-80oCb) K2CO3 DMF 23 12 

3 Pd(OAc)2 rt-40oC-80oCb) K2CO3 DMF 25 8 

4 HBP (117) rt-40oC-80oCb) Cs2CO3 DMF 0 21 

5 HBP (117) 100oC Cs2CO3 PhMe 0 0 

6 HBP (117) 80oC K2CO3 PhMe 0 0 

7 Pd(OAc)2
c) 80oC K2CO3 PhMe 0 0 

a) In each example 2 eq. of allylbromide, 10 mol% Pd, 3 eq. of base and 2 mL of solvent were used. b)  

RT for 2h, 40⁰C for 1.5h 80⁰C for 16h. c) Pd catalyst at 0.08mol% and in this example large amounts of 

the starting material 148 remained.  

 

Unfortunately, the reactions conditions were not compatible with the benzyl amine 148 

and rapid decomposition was observed in all reactions heated to 80°C or higher. This 

decomposition was even more substantial than what was observed for both of the other 

protected analogues 146 and 150. We suspect this was a direct result of electron density 

on the nitrogen atom. The benzyl protecting group is less electron withdrawing than the 

tosyl and trifluoroacetate groups, and perhaps enhances the ability of the compound to 

form palladacycles through increased dative covalent bonding ability.130,131,152 An attempt 

to reduce the catalyst loading to 0.08 mol% to mimic action of the Herrmann Beller 

palladacycle catalyst (HBP) 117158 was trialled which may reduce significant 

palladacycle formation. However, in these cases, mostly starting material was recovered 

(entries 6 and 7). Despite many of the reaction conditions providing little of the domino 

product 158, we were able to identify the Tsuji-Trost product 155 and we achieved a 

somewhat promising amount of domino product (21%), outlined in entry 4. 

 

 



55 

 

2.3 Domino Buchwald-Hartwig/Heck synthesis of 3-benzazepines 

 

To expand the range of the Heck-containing reactions in domino type sequences for N-

hetero cycle formation, we investigated the optimisation of a Buchwald-Hartwig/Heck 

domino sequence to afford 3-benzazipines recently discovered reaction performed within 

the group, as honours research.148 The Buchwald-Hartwig/Heck domino sequence at the 

time of completing this study and to now, is very rare in the literature,159-163 perhaps due 

to the difficulty in controlling the chemoselectivity (and/or regioselectivity) for the 

competing Buchwald-Hartwig and Heck reactions as they both utilise aryl or vinyl 

halides. Of the known literature examples of Heck/Buchwald-Hartwig domino sequences, 

most show the Buchwald-Hartwig reaction occurring first however, two interesting 

examples show the reversed reaction sequence.160,164 In one such example the substrates 

selected were highly reactive towards the Heck cross-coupling reaction and less reactive 

towards the Buchwald-Hartwig process. The substrates that were employed are a reactive 

aryl iodide and an acrylamide 161 as the coupling partners (Scheme 2.23).160 

 

 

Scheme 2.23: Domino Heck/Buchwald-Hartwig reaction of bromo acrylamide 161 and 

aryl iodides to give 2-quinolones 163.160  

 

The reaction we chose to investigate utilised dibromo styrene 126 and coupling this to a 

generic allylic amine or amide 127. It was predicted to lead to the desired 3-benzazepine 
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129 via the intermediate C-N coupled product 128, with retention of double bond 

geometry (Scheme 2.24). 

 

 

Scheme 2.24: Domino Buchwald-Hartwig/Heck reaction of dibromide 126 and generic  

                        olefinic containing N-nucleophile 127 
 

In our recently discovered version of this reaction,148,151 which utilised N-allyl acetamide 

(138), the intermediate compound formed after a single cross-coupling reaction was never 

identified and hence also the reaction order. Resolving the reaction order, through the 

isolation of reaction intermediates, is particularly important in substrates such as the 

dibromide 126, containing both an aryl and vinyl bromide. The dibromo styrene 126 has 

been used in domino reactions previously including in the formation of indoles 164 via a 

double Buchwald-Hartwig reaction with a primary amine, amide and carbamate165,166 and 

in the synthesis of 2-quinolones via a carbonylative Buchwald-Hartwig/Buchwald-

Hartwig domino sequence.99 A domino Mizoroki-Heck/Mizoroki-Heck reaction of this 

substrate was also carried out with hexahydroindene to form a steroidal ring system 166 

(Scheme 2.25).167 
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Scheme 2.25: Other domino reactions with dibromide 126: The synthesis of indoles 164 

and steroid 166.167 

 

In the final example, it was shown that the first Mizoroki-Heck cross-coupling reaction 

occurs at the vinyl bromide and it is therefore assumed to be the most active functionality 

towards oxidative addition.167 Unfortunately, the reaction scope had not been expanded 

to other similar substrates. We planned to optimise this reaction and then apply it to 

similar substrates to improve the utility of this reaction. 

 

2.3.1 Synthesis of dibromide 126 and N-allylacetamide 

 

For our purposes the starting dibromide was originally produced via a previously reported 

Corey-Fuchs reaction of the commercially available 2-bromobenzaldehyde (167), 

followed by a regioselective reductive dehalogenation with Bu3SnH.167 
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Scheme 2.26: Synthesis of dibromo styrene 126.167 

 

This preparation worked well on small scales (3 mmol) however, when scaling up, the 

remaining tributyltin impurities from the reductive dehalogenation step became 

increasingly difficult to remove by standard column chromatography. Given this problem 

and the toxic nature of the tin based compounds a new preparation was sought and  the 

dibromide 126 via a Wittig reaction with (bromomethyl)triphenylphosphonium bromide 

(169) and 2-bromobenzylaldehyde (167) following the procedure of Willis was 

investigated.165 This procedure was more effective upon scale up although the product 

contained a small amount of the E-isomer (8% w/w).  N-allylacetamide (138) was 

prepared via acetylation of allyl amine (170) with Ac2O via a known procedure (Scheme 

2.27).168 

 

 

Scheme 2.27: Synthesis of N-allylacetamide 138 

 

2.3.2 Determination of the Buchwald-Hartwig/Heck Cross-coupling sequence 

 

For the investigation and optimisation of the domino Buchwald-Hartwig/Heck reaction 

of dibromo styrene 126 and N-allylacetamide (138) to 3-benzazepine 141 we first need to 

determine the reaction order, that is, to determine whether the Buchwald-Hartwig (via 

140, scheme 2.28, path A) or Heck reaction (via 139, scheme 2.28, path B) was occurring 

first.  To achieve this, the reaction could be followed carefully while spectroscopically 

monitoring (NMR, IR) aliquots of the reaction mixture over time and quenching the 

reaction when the intermediate is formed. Isolation and characterisation of this 
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intermediate determines the order of Buchwald-Hartwig and Heck reactions in the 

domino sequence. 

 

 

Scheme 2.28: Domino reactions of dibromide 126 and N-allylacetamide (138) to  

3-benzazepine 141. 

 

The dibromo starting material 126 and amide coupling partner 138 was subjected to the 

originally reported catalytic conditions and carefully monitored the reaction progression. 

Upon formation of a new compound (as determined by TLC analysis) the reaction was 

quenched and purified through column chromatography to afford 34% of the intermediate 

140 along with a trace amount of the domino product 141. 

 

 

Scheme 2.29: Time controlled Buchwald-Hartwig reaction to domino intermediate 140. 

 

From this result we concluded that the reaction must progress via an initial Buchwald-

Hartwig C-N bond forming process at the vinyl bromide moiety to give the intermediate 
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140, from which a subsequent intramolecular Heck cross-coupling reaction occurs to 

yield the domino product 141. To the best of our knowledge, this is the first reported 

reaction in which a Buchwald-Hartwig reaction is competing with a Mizoroki-Heck 

reaction at a vinyl bromide moiety, and illustrates the preference for the C-N coupling 

reaction to occur preferentially. For further exploration, we subjected the isolated 

intermediate enamine 140 to typical Heck reaction conditions and found this compound 

converts to the benzazepine 141 even at modest temperature of 60°C, providing a yield 

of 74%.  

 

 

Scheme 2.30: Intramolecular Heck reaction of 140 to 3-benzazepine 141. 

 

Attempts to synthesise greater quantities of the intermediate 140 were difficult due to the 

susceptibility of the intermediate to undergo the subsequent Heck cyclisation. From this 

observation, coupled with the facile conversion of the isolated intermediate under 

standard Heck cross-coupling conditions (Scheme 2.30), we conclude that the 

intramolecular Heck reaction has a lower energy barrier than the intermolecular 

Buchwald-Harwtig reaction. 

 

In order to further study the intramolecular Heck reaction in isolation, we tried 

synthesising the intermediate 140 via a copper-catalysed Ullman-Goldberg reaction of 

the two substrates 126 and 138. Unlike palladium, copper cannot be used as a catalyst in 

the subsequent intramolecular Heck reaction and as a result the synthesis of the 

intermediate 140 using a copper catalyst will avoid this problem. Unfortunately, only 

traces of the olefinic product 140 along with 20% conversion to the homocoupled product 

171 were obtained (see also Scheme 2.32). 



61 

 

 

Scheme 2.31: Attempted Ullman-Goldberg reaction to domino intermediate 140 

 

 

2.3.3 Optimisation of the Buchwald-Hartwig/Heck Domino Reaction to 3-

Benzazepine 141 
 

With the sequence of the domino reaction determined, we set about trialling a myriad of 

catalytic conditions to optimise the yield of the reaction. In this methodological study, the 

number of equivalents of N-allyl acetamide (138), the reaction time, the base, the 

palladium to ligand ratio, the solvent and the ligand itself were all varied in order to 

achieve optimal conditions (Table 2.04). 
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Table 2.04: Domino reaction to 3-benzazepine 141. 

 

Entry
a 

Base 

Eq. 

of 

138 

Ligand Solvent 

Pd 

(mol%

) 

Pd:L 

ratio 

Isolated Yield 

140 141 

1 Cs2CO3 1 DavePhos (34) PhMe 10% 2:1 0 0 

2 Cs2CO3 2 DavePhos (34) PhMe 10% 2:1 11 33 

3b) Cs2CO3 2 DavePhos (34) PhMe 10% 2:1 35 trace 

4 Cs2CO3 4 DavePhos (34) PhMe 10% 2:1 0 46 

5 Cs2CO3 6 DavePhos (34) PhMe 10% 2:1 0 50 

6 K3PO4 2 DavePhos (34) PhMe 10% 2:1 13 9 

7c) t-BuOK 2 DavePhos (34) PhMe 10% 2:1 0 0 

8 Cs2CO3 2 DavePhos (34) DMF 10% 2:1 0 0 

9 Cs2CO3 2 DavePhos (34) 
1,4-

Dioxane 
10% 2:1 0 17 

10 Cs2CO3 2 DavePhos (34) PhMe 10% 1:2 trace trace 

11 Cs2CO3 2 DavePhos (34) PhMe 10% 1:1 trace trace 

12 Cs2CO3 2 DavePhos (34) PhMe 10% 4:1 trace 19 

13 Cs2CO3 2 DavePhos (34) PhMe 20% 2:1 0 15 

14 Cs2CO3 2 DavePhos (34) PhMe 5% 2:1 7 9 

15 Cs2CO3 2 JohnPhos (32) PhMe 10% 2:1 0 0 

16 Cs2CO3 2 SPhos (35) PhMe 10% 2:1 15 12 

17 Cs2CO3 2 XPhos (33) PhMe 10% 2:1 trace trace 

18 Cs2CO3 2 
CyJohnPhos(17

4) 
PhMe 10% 2:1 0 0 

19 Cs2CO3 2 t-BuXPhos(175) PhMe 10% 2:1 0 0 

20 Cs2CO3 2 P(o-Tol)3 PhMe 10% 2:1 0 0 

21 Cs2CO3 2 DavePhos (34) PhMe 10% 2:1 0 0 

22 Cs2CO3 2 XantPhos (160) PhMe 10% 2:1 0 33 

23 Cs2CO3 2 XantPhos (160) PhMe 10% 1:1 0 82 

24 Cs2CO3 2 XantPhos (160) PhMe 10% 1:2 0 83 

a) All reactions were carried out at 100⁰C using Pd2(dba)3.CHCl3 and the specified ligand. b) Reaction 

was carried out for 2.5h. c) Reaction produced only the elimination product 2-bromoethynylbenzene 

(172) and the isomerisation product (E)-N-(prop-1-enyl)acetamide. 

 

Increasing the amount of N-allyl acetamide (138) from 1 to 2, 4 and 6 equivalents 

increased the yield from 0% to 33%, 46% and 50%, respectively (entries 1, 2, 4 and 5, 

table 2.04). This result was somewhat expected, as a significant amount of degradation 

of the starting dibromide 126 through palladium mediated homocoupling reactions was 

detected in most of the reactions. Consequently, increasing the concentration of N-allyl 

acetamide (138) should have increased the likelihood that the intermediate palladium(II) 

oxidative addition complex reacting with with N-allyl acetamide (138) through nitrogen 

instead of undergoing homocoupling. Supporting the idea that t dibromide 126 undergoes 

decomposition via homo-coupling reactions, the two homocoupled products were isolated 

and characterised from reaction mixtures. 
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Scheme 2.32: Isolated homocoupling products of dibromide 126.148 

 

The two isolated homocoupled products 173 and 171 are presumably formed by initial 

base mediated elimination of HBr of the starting vinlybromide 126 to form the 

bromophenylacetylene 172.148 This resulting product 172 can couple to an equivalent of 

remaining dibromo styrene 126 via a copper free Sonogashira reaction to give the 

dibromo diphenyl eneyne 171 (Path B, Scheme 2.32).169-171 The bromophenylacetylene 

172 could alternatively undergo a cyclotrimerisation (Path A, Scheme 2.32) through three 

copper-free Sonogashira reactions to form the previously identified polyaromatic 

hydrocarbon 173.148,172,173 Interestingly, this reaction is an example of a 4-step domino 

reaction involving an elimination and a triple Sonogashira cross-coupling reaction with a 

terminal cyclisation. 

 

Variation of the base, palladium ligand ratio, catalytic loading and solvent all failed to 

improve the reaction yield (entries 6-14). Changing the ligand from DavePhos (34) to 

other Buchwald-biaryl ligands (32, 33, 35, 174 and 175) failed to show any improvement, 

in general showing no desired product apart from SPhos 35 (12%) which was inferior to 

the initially screened Davephos 34 (33%). This may suggest the electron donating groups 

on the lower aryl ring common to the ligands Davephos (NMe2, 34) and SPhos (OMe, 

35) play a role in regulating the reactivity in this particular reaction. 
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Figure 2.08: Buchwald ligands and XantPhos 160.174 

 

The breakthrough came when using the bidentate ligand XantPhos (160),174 which gave 

excellent yields of 82% and 83% with palladium to ligand ratio of 1:1 and 1:2 (Pd:L) 

respectively although only moderate yields were observed when a 2:1 (Pd:L) ratio was 

used. We suspect the success of XantPhos (160) over the Buchwald ligands can be 

attributed to the large bite angle (111°) of the bidentate phosphine ligand.175 Such a large 

bite angle may force the palladium-bound amide and styrene closer together reducing the 

energy barrier for reductive elimination.176,177 Pleased with the excellent yield achieved 

with the XantPhos based system, we turned our attention to increasing the scope of the 

reaction by varying the amide coupling partner. 

 

2.3.4 Synthesis of olefinic N-nucleophiles coupling partners for the Buchwald-

Hartwig/Heck domino reaction 

 

A series of olefin containing N-nucleophiles for coupling in the domino reaction in place 

of N-allylacetamide (138) was sought in order improve the diversity and scope of the 

reaction. We first prepared related amides along with coupling partners including a urea 

and a carbamate moiety. Each of these derivatives was prepared by coupling the allyl 

amine (170) with a series of commercially available acid chlorides, or in the case of t-

butyl N-allylcarbamate (185), di-t-butyl dicarbonate (184) (Table 2.05)).  
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Table 2.05: Preparation of olefinic N-nucleophiles 127. 

 

Entry Reagent Product Yield 

1 

  

96% 

2 

  

94% 

3 

  

95% 

4 

  

99% 

5 

 
 

98% 

N-Allyl amine (170) (16.3 mmol), acid chloride (0.9 eq), CH2Cl2 (20 mL), NEt3 (1.2 eq). 

 

In addition to these linear N-nucleophilic species we also produced a short series of cyclic 

olefinic amides. These cyclic olefinic amides have less flexibility than other coupling 

partners and it is assumed that the double bond will be fixed closer to the aryl bromide 

for the subsequent intramolecular Mizoroki-Heck reaction. Additionally, these 

compounds contain a stereogenic centre as well as a new ring system allowing for the 

generation tri-cyclic systems which are of greater structurally complexity. One of the 

olefinic amides we were most interested in was the vinyl pyrrolidinone 186, which until 

this point had not been utilised in palladium cross-coupling reactions. 

 

Scheme 2.33: Domino reaction to substituted 3-benzazepine 187. 
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Applying this olefin to the already optimised Buchwald-Hartwig/Heck domino sequence 

would lead to the interesting benzazepine containing tricycle 187 (Scheme 2.33) present 

in several natural products including cephalotaxine 108,178 palmanine 188179 and 

lennoxamine 189.180,181 This pathway, if successful would be unique when compared to 

other syntheses reported to date. The synthesis of these compounds generally relies on 

the use of Friedel-Crafts acylations to form the 3-benzazepine moiety such as the case for 

cephalotaxine (108)182 and lennoxamine (189),183,184 or on other very substrate specific 

cyclisation methods.185,186 No total synthesis of palmanine (188) has been achieved to 

date. 

 

Figure 2.09: Natural products containing the hexahydrobenzo[d]pyrroloazepine 6-7-5 

ring system.178-181 

 

The desired vinyl pyrrolidinone 186 and the allyl pyrrolidinone 192 was prepared in two 

steps via modified literature procedures from succinimide (190). Preparation of the 5-

ethoxy pyrollidinone 191 initially proved difficult, following the known literature 

procedure.187 This procedure gave mixtures of the desired compound 191, olefinic by-

products and acyclic products (as confirmed by crude 1H NMR spectroscopic analysis). 

Purification of these mixtures proved very challenging; firstly, column chromatography 

on silica was not suitable due to the high polarity of 191. Additionally, the lability of the 

ethoxy group under acidic or basic conditions was thought to initiate degradation on 

standard chromatography stationary phases. Distillation under high vacuum (0.007 mm 

Hg) yielded only large amounts of viscous oil or solid olefinic compounds (by 1H NMR 

spectrum analysis). 
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Scheme 2.34: Preparation of olefinic pyrrolidinones 186 and 192 from succinimide 

(190). 

 

Fortunately, we developed a simple modification which involved monitoring the reaction 

temperature internally and maintaining it close to -10°C (as opposed to -5°C - 0°C) for 

the duration of the reaction which provided excellent results (92% yield). These 

conditions minimised any over reduction of the succinimide, which was often 

accompanied by elimination of the ethoxy group, and gave ethoxy pyrrolidinone 191 in 

sufficient purity after work-up for use in the subsequent steps. Nucleophilic substitution 

of the ethoxy moiety within compound 191, with vinyl magnesium bromide in THF, via 

the speculated intermediate, formed by elimination of ethoxide to 3,4-dihydro-2-

pyrrolone (192), progressed smoothly at elevated temperatures following a slight 

modification of a known procedure.187,188 Unfortunately, the analogous reaction with allyl 

magnesium bromide failed to provide the allyl pyrrolidinone 193 in good yields, however, 

a slight modification of the known procedure189 utilising in situ generated allyl zinc 

bromide in THF gave the desired allyl pyrrolidinone 193. 

 

We were also interested in the coupling of pyrrolone 195 which could also potentially 

lead to the interesting and unknown 6-7-5 tricycle 196 (Scheme 2.35). Pyrrolone (195) 

was prepared via oxidation of pyrrole (194) using H2O2 and BaCO3 using the procedure 

by the Bocchi group.190 
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Scheme 2.35: Preparation of pyrrolone 195 for the domino Buchwald-Hartwig/Heck 

reaction.190 

 

2.3.5 Attempted domino reaction of dibromo styrene 126 and olefinic N-

nucleophiles 

 

With the series of coupling partners (olefin containing-nucleophiles) in hand we subjected 

them to the recently optimised domino Buchwald-Hartwig/Mizoroki Heck cross-coupling 

reaction conditions (Table 2.06).  Unfortunately, none of the newly synthesised N-

nucleophiles bearing an olefin gave any of the domino products with most reactions 

showing only decomposition of the starting dibromide 126 and either retention of the 

olefinic N-nucleophile or isomerisation to the vinylic species (211 and 212). 

 

Table 2.06: Attempted domino reactions of N-nucleophiles with dibromide 126. 

 

Coupling Partner Anticipated Product Reaction product and observation 

 
 

Decomposition products of 126 

  
 

68% (2:1,E:Z) 

 
 

 
 

 
 

Decomposition products of 126 
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Table 2.06: Attempted domino reactions of N-nucleophiles with dibromide 126. 

 

Coupling Partner Anticipated Product Reaction product and observation 

  

Decomposition products of 126 

  

Decomposition products of 126 

 
 

Decomposition products of 126 

  

Decomposition products of 126 

  

Decomposition products of 126 

 
 

Decomposition products of 126 

Dibromo-styrene 126 (100 mg), coupling partner (2 eq), Cs2CO3 (3 eq), Pd2(dba)3·CHCl3 (5 mol%), and 

XantPhos (20 mol%) dry toluene (1 mL), 100°C, 20 h. 

 

2.3.6 Iodo-bromo styrene 214; synthesis as an alternative halide coupling partner 

 

With the dibromostyrene 126 showing poor reactivity with all of the olefinic N-

nucleophiles tested apart from N-allylacetamide (138), we attempted to prepare the as yet 

unknown bromo-iodo styrene 214, in the hope that it would show a different reactivity 

and allow for a greater reaction scope than the dibrominated compound 126. 
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Scheme 2.36: Synthesis of bromo-iodo styrenes 214 and 215. 

 

Unfortunately, applying the analogous Wittig procedure to the formation of the dibromo 

styrene 216 from 2-bromobenzaldehyde 167 with either NaHMDS (Method a) or t-BuOK 

(Method b), gave insufficient yields of the desired Z-bromo,iodostyrene 214. 

Additionally, the Z (214) and E (215) isomers could not be separated by column 

chromatography. Given these results and the requirement of large amounts of starting 

material 167, subjection of this compound to the domino reaction on this substrate was 

abandoned. 

 

 

2.3.7 Alternative Ullman Goldberg reaction attempts 

 

Given the failure of the Buchwald-Hartwig/Heck cross-coupling domino reaction with 

dibromide 126 and the problems with rapid degradation of the dibromide 126 we 

proposed a new a new reaction scheme involving an initial Ullman-Goldberg reaction. As 

in previous reactions this could be followed by palladium catalysed intramolecular Heck 

reaction to give a one pot bi-metallic catalytic reaction to 3-benzazepines. 

 

The coupling of aryl (or vinyl) halides to a primary or secondary amides utilising copper 

as a catalyst was discovered by Goldberg in 1906 and is now referred to as the Ullman-

Goldberg reaction.191 

 

Scheme 2.37: A general simple Ullman-Goldberg reaction. 

 

Since its discovery, this reaction remained as one of the most practical methods for the 

formation of new C(aryl)-N bonds until the breakthrough in palladium catalysed bond-
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forming reactions,192 marked by the discovery of the Heck reaction in 1971.19,20 Early 

Ullmann type reactions used stoichiometric amounts of copper catalyst initially refluxed 

in high boiling polar solvents such as NMP, nitrobenzene or DMF.192  More recently, 

discoveries in the field have led to the discovery of ligand enhanced Ullmann-type 

reactions which can occur under relatively mild conditions and require only catalytic 

amounts of Cu(I) and ligand (typically 5-10 mol%).192 

 

Our optimism for this reaction sequence was sparked by the clean and high yielding 

reaction of pyrrolidinone 219 with the dibromide 126 under copper (CuI) catalysed 

Ullman-Goldberg conditions previously investigated during my honours project.148 In this 

process, a clean conversion to the vinyl amide 220 was observed in excellent yields 

(95%).148 No unwanted homocoupled product was isolated under these copper catalysed 

conditions, however Z-E isomerisation was observed. 

 

 

Scheme 2.37: Synthesis of pyrrolidinone coupled bromostyrene 220 and 221. 

 

In the hope of isolation a similar vinyl amide, we subjected the previously discussed 

dibromide 126 to various olefinic amides under the Ullman-Goldberg catalytic conditions 

(Table 2.07). Unfortunately, with all amides, the reaction gave no trace of coupled 

products and most of the starting dibromide 126 was recovered. To our initial surprise, 

the homocoupled ene-yne product 171 which was observed with palladium catalysts was 

also observed under the catalytic copper conditions, albeit in moderately small amounts 

5-20%. This copper catalysed coupling reaction of phenyl acetylenes has been observed 

by others under similar reaction conditions.193,194 

 

 

Table 2.07: Attempted Ullmann-Goldberg reaction to bromo vinyl amides 223 
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Entry Amide Alterations Yield 

1 

 

- 0 

2 

 

Sealed tube 0 

3 

 

- 0 

4 

 

Dioxane, 100°C 0 

5 

 

- 0 

6 

 

- 0 

7 

 

- 0 

8 

 

- 0 

100 mg dibromide, 2 eq amide, 10% CuI, 20% DMEDA (170), 3eq. K2CO3, PhMe 1 mL. 

 

2.3.8 Attempted domino reaction with dibromo benzene 

 

With the failure of expanding the methodology by using different N-nucleophiles (Table 

2.07), we turned our attention towards the aryl-vinyl starting material. We chose to 

replace the dibromide starting material 126 with dibromobenzene 130 as it was a more 

traditional substrate for Buchwald-Hartwig amination reactions in that it contained two 

aryl halides. Additionally, if the reaction was successful, we expect the formation of the 

indoline and indole ring systems via an in situ palladium catalysed double bond 
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isomerisation. Likewise if a secondary 6-endo-trig reaction were to take place a 

dihydroquinolines could be prepared. 

 

 

Scheme 2.39: Proposed domino Buchwald-Hartwig/Heck reaction of 1,2-

dibromobenzene (130) and protected allyl amines 127, to give either dihydroquinolines 

225 or indoles 226. 

 

Table 2.08: Attempted Buchwald-Hartwig/Heck reaction with dibromo 

benzene 130. 

 

Entry Coupling partner, Olefinic amides Ligand 

1 

 

DavePhos 34 

2 

 

XantPhos 160 

3 

 

DavePhos 34 
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4 

 

DavePhos 34 

1,2-Dibromobenzene (100 mg), amide (2 eq), Pd2dba3.CHCl3 (5 mol%), Phosphine (5 mol%), 

Cs2CO3 (3 eq), PhMe (1 mL), 100°C, 24h. 

 

Unfortunately, with each amide trialled, no coupling of any kind was observed between 

either the olefinic or nucleophilic portions of the olefinic amides. If the reaction mixtures 

were heated further in order to force a reaction, only gradual decomposition of the starting 

material 130 was observed. 

 

2.4 Conclusions and future work 

 

As part of our investigations we were successful in discovering the novel domino Tsuji-

Trost/Heck reaction of three differently protected 2-iodophenylethylamines with allyl 

bromide. Optimisation of the protecting group and reaction conditions gave the 

tetrahydroisoquinolines in moderate yield of 52%. This overall transformation is 

excellent given the difficulty of the reaction, especially when compared to literature 

precedence of the individual intramolecular Mizoroki/Heck cross-coupling reaction on 

similar substrates.130,131 

 

 

Scheme 2.40: Optimised domino Tsuji-Trost/Heck reaction to tetrahydroisoqunoline 

156. 

 

In this study, we were also able to successfully determine the domino sequence of the 

newly discovered Buchwald-Hartwig/Heck reaction through a carefully time controlled 

experiment. Isolation and identification of the reaction intermediate 140 indicated the 

reaction progressed through an initial Buchwald-Hartwig reaction at the styrenyl -

bromide. Subsequent subjection of this intermediate 140 to standard Heck reaction 
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conditions provided further evidence, with this intermediate readily undergoing the 

intramolecular Heck reaction to form the domino product 141 (Scheme 2.41). 

 

Scheme 2.41: Domino Buchwald-Hartwig/Heck reaction to 3-benzazepine 141. 

 

Successful optimisation through a comprehensive series of reactions was achieved, 

providing the desired product in an excellent yield of 83%. This was realized with the use 

of the breakthrough bidentate phosphine ligand XantPhos 160.  This is particularly 

impressive as the initial yield was only 33% and much of the alternative reaction 

conditions trialled showed only a trace amount of the domino product 141 if any at all. 

 

 

Scheme 2.42: Optimised domino reaction to 3-benzazepine 141. 

 

We were able to test the newly optimised reaction conditions on various linear and cyclic 

amide, carbamate and urea substrates which led to improved methods for the synthesis of 

these nitrogen-based coupling partners (see experimental section). From these trials we 
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determined that the reaction was very specific for N-allylacetamide 138 with all other 

substrates failing to provide even a trace of the desired domino products.  

 

It was also determined that the Ullman-Goldberg reaction was inefficient at providing the 

C-N coupled products with several amide substrates failing with the exception of 

pyrrolidinone (219). 

 

 

Scheme 2.42: Attempted Ullmann-Goldberg reaction to bromo vinyl amides 223. 

 

Unfortunately, we were unable to extend the Buchwald-Hartwig/Heck reaction to 

dibromobenzene 130 and other N-nucleophiles bearing an olefin (Scheme 2.43).  

 

 

Scheme 2.43: Attempted Buchwald-Hartwig/Heck reaction with dibromo benzene 130. 

 

This combined work formed the basis of the following manuscript (Please see Appendix) 

on domino reactions towards N-heterocycles: The Development of Domino Reactions 

Incorporating the Heck Reaction: The Formation of N-Heterocycles; James E. Rixson, 

Thomas Chaloner, Charles H. Heath, Lutz F. Tietze, Scott G. Stewart, European Journal 

of Organic Chemistry, 2012, 3, 544–558.   
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Chapter 3 

Carbonylative Palladium Cross-coupling Reactions towards Novel 

Anthrapyranones. 
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3.1 Introduction 

 

3.1.1 Anthrapyranone natural products 

 

The structural class of anthrapyranones have a remarkable range of biological activity, 

mainly as anti-bacterial agents or anti-tumour compounds. Some examples in this family 

of compounds are pluramycin A (227),195-197 hedamycin (228)198,199 and the antibiotic 

saptomycin E (229)200(Figure 3.01). 

 

 

Figure 3.01: Various anthrapyranone based natural products. 

 

Many of the natural products of this family contain sugar moieties linked to the C8 and/or 

C10 positions of the anthrapyranone core. However, there are many examples of 

anthrapyranones without carbohydrate groups both as natural products and synthetic 

aglycones showing interesting biological activities. Such examples include kidamycinone 

(230),201 γ-indomycinone (231),202 and (R)-espicufolin (232)203(Figure 3.02). 
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Figure 3.02: Various aglycone anthrapyranone natural products. 

 

In 1994, a series of anthra-4-pyranone natural products including BE-26554A (233) were 

isolated from Streptomyces A26554 by the Banyu Pharma group, Japan.204 

 

 

Figure 3.03: Natural products BE-26554 (A, B(1-4), C and D, 233-237) isolated from 

Streptomyces BE-26554 by the Banyu Pharma group.204 

 

BE-26554A (233) and related products were shown to exhibit excellent IC50 values of 17-

0.7 nM in P388 leukaemia cells lines.204 Due to this excellent biological activity and 

interesting chemical structure, these compounds provide excellent synthetic targets. 

Furthermore, an efficient synthetic route to these entities could allow for access to 

analogues for further biological evaluation and SAR studies. 

 

3.1.2 Current Synthetic methodologies 

 

Driven by the interesting structure and biological activity of the anthrapyranone natural 

products, much interest has been directed towards their synthesis. The synthesis of 

anthrapyranones has been investigated by many groups and several contrasting synthetic 

approaches for their synthesis have been developed.  

 

Researchers from the Tietze group developed an elegant synthesis of anthrapyranone 

natural product AH-1763 IIa205 and following this, the synthesis of the proposed structure 



81 

 

of δ-indomycinone 248.206 This methodology involves first building up of the ABC ring 

system of the anthraquinone core starting from the commercially available and relatively 

cheap 1,5-dihydroxynapthalene (238). The naphthalene 238 is initially transformed to the 

benzyl protected bromojuglone 239 in 3 steps. This dieneophilic bromojuglone derivative 

239 is then treated with the silyl-enol-ether diene 240 to give the intermediate Diels-Alder 

product 241 which undergoes selective elimination of HBr and MeOH in the presence of 

SiO2 to give the anthraquinone 242 with the formation of the anthracene core. 

 

 

Scheme 3.01: Synthesis of bromoanthraquinone core 243 by Tietze et al.205 

 

The anthraquinone 242 is then brominated, ortho to the phenol, with NBS and the A-ring 

phenol and anthraquinone moieties protected through isopropylation and reductive bis-

methylation respectively to give the key and intermediate 244. This synthetic 

methodology is common to both the synthesis of the proposed structure of δ-

indomycinone 248 and anthrapyranone AH-1763 IIa.205,206 

 



82 

 

The bromide of the bismethoxyanthracene 244 is used as a synthetic handle to attach the 

side chain bearing the propargyl alcohol moiety which can then participate in the 

annulation to form the final ring system of the chosen anthrapyranones. Lithium-halogen 

exchange and quenching of the resultant lithiated species with the functionalised alkynyl-

aldehyde 245 provided the alkynylated anthracene 246. Removal of the methyl groups 

from the anthraquinone core through oxidative demethylation with Ag(II)O and HNO3 

was followed by oxidation of the propargyl alcohol with IBX. The resulting ketone is 

subjected to deprotection, removing the phenolic protecting groups, to afford the 

intermediate di-hydroxy anthraquinone 247. Treatment of the anthraquinone 247 with 

Cs2CO3 results in the annulation between the alkynyl-ketone moiety and the adjacent 

phenol (through the 6-endo-dig cyclisation mode) to afford the penultimate 

anthrapyranone. Removal of the alcoholic benzyl protecting groups with TiCl4 finally 

afforded the initially proposed target structure of δ-indomycinone 248.206 

 

 

Scheme 3.02: Key steps in the synthesis of the proposed structure of δ-indomycinone 

248 by Tietze et al.206  

 

Researchers from the Martin group devised an entirely different method to obtain a 

similar bismethoxyanthracene intermediate, as well as the inclusion of a required amino 

sugar. This  method involved the generation of the complex precursor 249, containing 

both a dibromonaphthalene with a furan tethered amino sugar.207 This functionalised 
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naphthalene then undergoes an intramolecular Diels-Alder cyclisation upon treatment 

with n-BuLi in THF (firstly generating the benzyne dienophile) with the furan acting as 

the diene to give the ABC ring system contained within compound 250.207  

 

 
Scheme: 3.03: Highlights of Martin’s synthesis of isokidamycin.207 

 

This Diels-Alder product 250 is then transformed into the bromobismethoxyanthracene 

derivative 251 in several steps through initial aromatisation of the left-hand A-ring. This 

intermediate dimethoxyanthracene 251 was transformed to the anthrapyranone glycone 

and isokidamycin precursor 252 in a similar synthetic sequence to that used by Tietze et 

al.207 

 

A final anthracene total synthesis which is unique is that developed by the McDonald 

group. Like the Tietze and Martin methods, the researchers first construct the anthracene 

ring system before adding on the final pyranone ring. The MacDonald group first build 

up the o-ethanone-naphthalene methyl acetate within compound 253. Compound 253 

then undergoes an intramolecular aldol reaction in the presence of NaOMe to give the 

anthracene 254. The C2-functionalised 4-pyranone ring is then installed through the 
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attachment of dienoate 256 onto the phenol of 255 to give acid 258, after hydrolysis of 

the intermediate ester 257. An intramolecular Friedel-Crafts acylation reaction via the 

acid chloride of 258 (generated by treatment with Ghosez′s reagent 259)208 gave the key 

tetracyclic intermediate 260. 

 

 

Scheme 3.04: Construction of the Anthrapyranone ring system by the McDonald 

group.201 

 

The intermediate anthrapyranone 260 is the converted to kidamycin aglycone 261 through 

methyl substitution of the remaining free phenol, via a Negishi cross-coupling reaction of 

the intermediate triflate with Me2Zn and Ni(dppp)Cl2. Deprotection of the methyl 

protected phenols with AlCl3 and final oxidation of the bis-hydroxyanthracene to the 

anthraquinone with both CuBr2 and O2.
201 Overall, this synthetic approach contains eleven 

steps with an overall yield of 20% starting from a functionalised naphthalene and the C2 

side chain (the point of divergence for preparation of related compounds) introduced at 

step 5. In comparison to the Tietze method to produce which requires thirteen steps and 

introduces the C2-side chain a little later in step eight and has an overall yield of 11% (in 

the synthesis of the proposed structure of δ-indomycinone 248).201,206 Together, these 

three methods present alternative ways in which the anthrapyranone core can be built up. 
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Scheme 3.05: Conversion of the methoxyanthracene-pyranone 260 to kidamycin 

aglycone 261 by the McDonald group.201 

 

3.1.3 Synthetic approaches and aims 

 

The research described in this chapter set out to achieve several key objectives. Firstly, it 

was proposed to develop an efficient synthesis of the anthrapyranone natural product BE-

26554A (233). In the synthesis planning we envisaged a synthetic methodology which 

incorporates a late stage key intermediate 262 from which other related natural products 

and biologically active analogues with the core structure 264 could be synthesised quickly 

and efficiently. 

 

Scheme 3.06: Anticipated synthesis of anthrapyranones through a common key 

intermediate. 

 

To these ends, we proposed to investigate the use of domino reactions, in particular the 

domino carbonylative Sonogashira 6-endo-dig cyclisation reaction of the anthraquinone 

iodide 265.  
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Scheme 3.07: Anticipated domino carbonylative Sonogashira-6-endo-dig-cyclisation 

reaction of the anthraquinone iodide 265 to anthra-4-pyranones 267. 

Such domino carbonylative Sonogashira 6-endo-dig cyclisation reactions have been 

performed on simpler substrates to give chromones directly from their o-iodophenol 

precursors (Scheme 3.08). For example the group of Chen treated phenol 268 with n-

hexyne under copper-free carbonylative Sonogashira conditions in water at room 

temperature to give the chromone 269 in excellent yield.209 Many related examples 

exhibits a superbly efficient method for the synthesis of this chromone ring system, 

however, in some examples the amount of additives and unique reaction conditions 

seemed elaborate.209-214 

 

Scheme 3.08: Selected example of the carbonylative Sonogashira-6-endo-dig 

cyclisation reaction to chromone 269.209 

 

If the domino carbonylative Sonogashira 6-endo-dig cyclisation reaction was successful, 

we hoped to use this methodology not only to produce anthrapyranone natural product 

BE-26554A 233 but to also investigate the synthesis and biological properties of related 
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analogues. If however, the domino carbonylative Sonogashira 6-endo-dig cyclisation 

reaction was unsuccessful we will investigate other domino reaction approaches. Such 

examples could include a domino Sonogashira 6-endo-dig cyclisation reaction with 

alkynes and acid chlorides from intermediate 270215 or the domino acid catalysed alkynyl-

ketone rearrangement-cyclisation reaction developed by Shvartsberg et al. via 

intermediate 271.216 Likewise, a domino aldehyde sulfoxide cyclisation sequence via 

intermediate 272 (Scheme 3.09) is also possible.217-219 

 

 
Scheme 3.09: Three alternative domino sequences to the anthra-4-pyranone 273. 

 

Additionally, we wished to prepare the natural products and anthrapyranone analogues in 

such a way which will be amenable to medicinal chemistry studies. That is, by utilising 

an efficient sequence from a common late-stage intermediate from which we could access 

a large and diverse range of analogues incorporating a variety of functional groups. 

3.1 The Synthesis of the Key Halogenated Anthraquinone 

Intermeidates 

 

We envisaged, en route to the BE 26554A (233), it would be easiest to start from the 

anthracene core in which 3 of the 4 rings are already in place. Anthraquinones are well 
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studied and the chemistry of these compounds is quite well known, giving a good starting 

point for the project. The anthraquinones we first required for our syntheses were the 

halogenated monoprotected bis-hydroxy anthaquinones 243 and 275. 

 

 
Figure 3.04: The key halogenated intermediates. 

 

The brominated anthraquinones 243 and 274 were prepared through a 5 step known 

procedure, (see also scheme 3.01) reported by both the Tietze and Brassard group starting 

from 1,5-dihydroxynaphthalene (238).205,206 

 

 
Scheme 3.10: Preparation of the bromoanthraquinones 281 and 243. 

 

This method involves initial oxidation of the relatively cheap naphthalene 238 by air in 

CH3CN with the CuCl additive to give deep orange crystals of juglone 276 following 

purification by Soxhlet extraction and crystallisation from hot heptane. It is worth noting 
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that juglone 276 is commercially available, albeit somewhat expensive at $60 per gram 

(Sigma-Aldrich). Juglone 276 was brominated across the double bond with Br2 to give 

the pale coloured intermediate dibromide which undergoes a moderately regio-selective 

elimination of HBr in refluxing EtOH to give a 4:1 mixture of regioisomers of bromo-

juglone. Sufficient quantities of the desired regio-isomer 277 can be obtained after careful 

separation of the regioisomers via column chromatography and identification of the 

desired isomer by comparison to the known literature 1H NMR resonances (δ 11.73 (s, 

1H, PhOH)) and 7.50 (s, 1H, C=CH)).155,156 The unprotected juglone derivatives are 

sensitive to base, where they likely undergo dimerisation (and polymerisation) 

presumably from oxa-Michael addition reactions. Hence, the protection of the phenol was 

performed under base-free conditions utilising Ag(I)O, to activate the electrophilic 

protecting agents, either BnBr or iPrI.205,206 

 

Reaction of the protected bromojuglone dienophiles 278 and 239 (see scheme 3.01) with 

the diene silyl enol ether 240 afforded the intermediate Diels-Alder product 279. Upon 

treatment with silica, this compound readily undergoes elimination of HBr, selective 

elimination of MeOH and removal of the TMS group to aromatise and give the desired 

hydroxy anthraquinones 280 and 242 in 90% yield. The anthraquinones 280 and 242 can 

be brominated with NBS to give the bromides 281 and 243 respectively, although in our 

hands, over bromination was also observed. The dibromide 282 was isolated in 12% yield 

even when only one equivalent of brominating agent was used. 

 

 

Scheme 3.11: Halogenation of key anthraquinones. 
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Beginning with anthraquinone 280 we envisaged the formation of iodide 265 through 

analogous reactions with N-iodosuccinimide (NIS). Unfortunately, treatment of 

anthraquinone 280 with NIS gave a complex mixture of various iodinated products 

without full conversion of the starting material.  A convenient selective high yielding 

synthesis of the iodide 265 was later realised with the use of I2 and HIO3 in refluxing H2O 

and 1,4-dioxane.216,220 The iodinated species 265 was one of the major key intermediates 

for the work presented in this thesis and was made in batches of 5-15 g following this 

reliable procedure. 

 

3.2.1 Synthesis of the desmethyl iodides 286 and  287 

 

As we required the desmethyl variant of iodide 265 for later coupling experiments a 

synthesis was devised. In this case we first prepared the acetate protected anthraquinone 

iodide 286 via a known procedure which involved controlled mono-acetylation of 

commercially available 1,8-dihydroxyanthracene-9,10-dione (283).216 Treating the 

anthraquinone 283 with H3BO3, forms the complexed boronate ester 284. This pathway 

blocks over-acetylation when using excess Ac2O and provides the product 285 in 94% 

yield.216 Treatment of the product with I2 and HIO3 in H2O and 1,4-dioxane gave the 

iodide 286 (68%) without notable hydrolysis of the sensitive acetate protecting group.216 

 

 

Scheme 3.12: Synthesis of the desmethyl acetylated anthraquinone iodide 286.216 
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Due to the base sensitivity of the acetate group, a more stable isopropyl protected iodide 

287 was required for additional methodology studies. Unfortunately, the mono-protection 

of dihydroxyanthraquinone 283 with iPrI was challenging due to the tendency for over 

alkylation producing the bis-isopropyl protected compound 288, even when only 1 

equivalent of alkylating agent was used. A series of conditions were trialled in the search 

for a selective mono-alkylation procedure to prepare useful quantities of compound 287 

(Table 3.01). 

 

 

 

 

 

 

Table 3.01: Monoalkylation attempts of anthraquinone 283. 

 

Entry Eq. of iPrI Base Eq. of Base  Isolated Yeilds % 

283 287 288 

1 2 K2CO3 1.5 95 trace trace 

2α,β 4 Cs2CO3 3 trace trace 92 

3 1.1 K2CO3 1.1 95 trace trace 

4 1.1 Cs2CO3 1.1 48 trace 40 

5γ 1.1 K2CO3  2 95 trace trace 

6γ 2 K2CO3 11.5 95 trace trace 

7β 2 K2CO3 1.5 95 trace trace 
Anthraquinone 283 (4.16 mmol), DMF:MEK (1:3, 60 mL), reflux, 24 h.α) DMF:MEK (2:1); β) Reaction 

performed for 3h; γ) H3BO3 (4 eq.) used. 
 

In this process varying the base, equivalents of alkylating agent and the addition of H3BO3 

were investigated. Changing the base from K2CO3 to Cs2CO3 resulted in a significant 

increase in the conversion of starting material (entries 2 and 4). Reducing the equivalents 

of base and iPrI gave only a mixture of the starting material 283 and the bis-protected 

product 288 (entry 4). Incorporating H3BO3 in attempts to complex one of the phenoxides, 

and prevent over-alkylation, failed to provide any alkylated products 287 or 288 (entries 

5 and 6). From these trials, we were unable to obtain useful amounts of the mono-

protected iodide 287 via a selective mono-alkylation procedure. Thus, it is assumed the 
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mono-protected phenol 287 is more reactive towards alkylation than the bisphenol 283. 

This may be due to the alkyl group slightly increasing the electron density of the aromatic 

ring system and therefore increasing the nucleophilicity of the corresponding phenoxide 

291. Interestingly, the monoalkylation of anthraquinone 283 was reported to be facile 

with BnBr and K2CO3.
221 As an alternative route to compound 287, we investigated a 

protection sequence which involved the initial selective mono-benzylation of the 

bisphenol 283 according to this procedure.221 

 

 

Scheme 3.12: Synthesis of monoisopropoxy anthraquinone 287. 

 

The treatment of 283 with BnBr provided the mono-benzylated product 292 in excellent 

yield (95%). Alkylation of the remaining phenol was achieved with full consumption of 

starting material by treatment with Cs2CO3 and an excess of iPrI in a refluxing mixture 

of DMF and MEK. The resulting compound 293 was then immediately subjected, without 

further purification, to a typical hydrogenolysis procedure (H2, and Pd/C) to afford the 

desired monoisopropoxy anthraquinone 287 in good yield (65%, scheme 3.13). 

 

 

Scheme 3.13: Iodination of isopropoxyanthraquinone 294. 
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Ortho-iodination of compound 287 was achieved analogously to the iodide 280 (Scheme 

3.11), using I2 and HIO3, to furnish the aryl iodide 294 in good yields (64%) which 

represented the desired desmethyl anthraquinone analogue of compound 265. 

 

 

3.3 The Carbonylative Palladium Chemistry of Halo-

Anthraquinones with Alkynes  
 

With the anthraquinone iodides precursors 265, 275, 286 and 294 in hand we began 

investigating the carbonylative domino reactions to produce the required anthraquinone-

4-pyranone ring system via the planned carbonylative Sonogashira 6-endo-dig 

cyclisation. As described earlier, this domino reaction has been reported several times 

previously on simplified systems.209-211,214,222 

 

 
Scheme 3.14: Anticipated domino carbonylative Sonogashira-6-endo-dig-cyclisation 

reaction to 4-pyranones. 

 

We began our investigations into the carbonylative Sonogashira-6-endo-dig-cyclisation 

reaction with anthraquinone iodide 275 and the propargyl alcohol 297, which, if 

successful, would provide the natural product (±)-γ-indomycinone 299 after deprotection 

of the benzyl group. To our surprise, subjecting the aryl iodide 275 and propargyl alcohol 
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297 to conditions normally used for a carbonylative Sonogashira reaction provided 

cleanly the unexpected 2-pyranone regioisomer 300 and not the expected 4-pyranone 298. 

The 2-pyranone 300 was identified as the isolated product of the reaction by several stand-

out resonances in the 1H NMR and 13C NMR specta. An obvious proton resonance at δ 

8.05 (s, 1H) was present which was assigned to the proton attached to the 4 position of 

the coumarin moiety, in contrast, the proton attached to the 3 position in the 4-pyranone 

variants have a distinctive resonance at around δ 6.3-6.8 (s, 1H).201,204-206,223 In addition, 

the 13C NMR spectrum of 300 showed only 2 carbonyl resonances in the region 175-190 

ppm which were assigned to the anthraquinone carbonyl carbons and an additional 

resonance at δ 159.4 assigned to the coumarin carbonyl carbon. This contrasts with the 4-

pyranones spectrum which shows an additional resonance in the downfield region (178-

181 ppm) attributed to carbonyl moiety of the 4-pyranone.201,204-206,223 The structure of 

compound 300 was also suggested by X-ray crystallography, unfortunately, some of the 

parameters of the data acquisition were deemed inadequate for publication resulting from 

the difficulty in obtaining a crystal of sufficient quality. 

 
Scheme 3.15: Unexpected formation of anthra-2-pyranone 300. 

 

The aforementioned  domino reaction is very rare in the literature, and at the time of this 

study, where only one other report had been published by the group of Larock et al.224 
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The reaction mechanism is proposed to occur through alkyne insertion into the palladium 

oxidative addition product 301 which is followed by carbonylation of this metastable 

intermediate 302 to give the palladium acyl species 303. Finally, attack of the phenol at 

the carbonyl carbon, similar to an acylation reaction, releases the 2-pyranone 300 and 

regenerates the palladium(0) catalyst (Scheme 3.17).224 

 

 

Scheme 3.16: Proposed mechanism for the formation of 2-pyranone 300.224 

 

Interestingly, the preparation of 2-pyranones in this manner, according to Larock, utilised 

non-typical carbonylative-Sonogashira reaction conditions, specifically, they required the 

use of pyridine as the base and a phosphine-free Pd(OAc)2 system.224 Synthesis of the 

desired 4-pyranones by the analogous carbonylative Sonogahira-annulation reaction 

typically require the use of phosphine ligands209-212,214,225 and often use amine bases such 

as DBU, 211,212,225HNEt2
210,211,226 or NEt3.

203,209,213,225 In this way, our conditions more 

closely reflect the conditions typically seen in the synthesis of the desired 4-pyranones by 

the carbonylative Sonogahira-6-endo-dig cyclisation reactions rather than the conditions 

used by Larock in the alkyne-insertion-carbonylative-annulation synthesis of 2-

pyranones.224 Interestingly, the yield we obtained (86%) was also significantly higher 

than the yields reported by Larock et al. (ca. 36%).224 In continuing our investigation we 



96 

 

performed a control reaction, a copper-free Sonogashira cross-coupling experiment 

without addition of CO. However complete recovery of the starting material 275 resulted. 

This may suggest that that the initial alkyne insertion reaction is reversible (as we did not 

observe any of the palladium alkyne insertion products) and that CO is required to drive 

the reaction towards the 2-pyranones. 

 

3.3.1 Altering the reaction conditions 

 

As we failed to observe the desired carbonylative-Sonogashira-annulation reaction to 4-

pyranones under the initial reaction conditions, we began looking into ways in which the 

reaction parameters could be changed in order to promote the required reaction sequence. 

Under the initial reaction conditions, it was assumed the reaction progressed via the 

alkyne insertion-carbonylative-annulation sequence. This sequence involves first 

reversible insertion of the alkyne into the palladium oxidative addition product 301 to 

form the palladium styrene complex 302 (Scheme 3.17, Path A). However, for the desired 

reaction sequence to give 4-pyranones, initial carbonylation of this oxidative addition 

product 301 is required to provide the acylated palladium complex 304 (Scheme 3.17, 

Path B). We hypothesised that increasing the carbon monoxide pressure should favour 

the initial carbonylation of oxidative addition complex 301 and promote the desired 

pathway B. This palladium acyl species 304 can then provide the desired 4-pyranones 

following Sonogashira-type coupling of the alkyne followed by base mediated 6-endo-

dig-cyclisation via the intermediate alkynyl-ketone 305 (Scheme 3.17, Path B). 
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Scheme 3.17: Alternative reaction pathways to 4 and 2-pyranones. 

 

Unfortunately, increasing the CO pressure from 1 bar to 20 bar gave a mixture of 

compounds (Scheme 3.18) including chrysophanol (307) which indicates a mechanism 

involving loss of the benzyl protecting group and removal of the iodide. Other products 

of the reaction included the reductive dehalogenation product 242 and other unidentified 

compounds, some showing loss of the benzyl protecting group (1H NMR analysis). 

Interestingly, loss of a phenolic benzyl protecting group has not been previously reported 

by this method (Pd + CO) and this procedure may be useful if it could be improved for 

selectively removing a benzyl protecting group in the presence of functional groups not 

stable towards (Pd + H2) such as olefins, benzylic alcohols, imines, etc. 
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Scheme 3.18: By-products of the high pressure carbonylative reaction of benzyloxy 

anthraquinone iodide 275. 

 

Due to the instability of the benzyl group towards high pressure carbon monoxide 

conditions, we changed the starting material to the isopropoxyanthraquinone iodide 265 

and repeated the two experiments at both balloon pressure and under 20 bar of CO. 

Unfortunately, this did not change the reaction outcome and almost identical yields were 

obtained of the isopropoxy 2-pyranone 308 when compared with the analogous 

benzyloxy derivative 300 (Scheme 3.20). 

 

 
Scheme 3.19: Domino alkyne-insertion-carbonylative-annulation to isopropoxy 2-

anthrapyranone 308. 

 

It was speculated that perhaps the unusual reactivity was due to the propargyl alcohol, a 

type of alkyne which is not often used in carbonylative Sonogashira reactions and can 

show unusual activity through the generation of allenes.227 To test this hypothesis, the 

reaction using 1-octyne (309) (Table 3.02, entry 2) and later the benzyl protected 

propargyl alcohol 340 were trialled (Table 3.03, entry 12). The reaction with 1-octyne 

(309) under both 1 and 20 bar of CO, and even at more forcing conditions of 60 bar, 
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showed only a mixture of regioisomeric 2-pyranones 310 and 311.  Interestingly the 

increase in CO pressure had only a small effect on the products of the reaction (Table 

3.02, entries 1, 2 and 3). Increasing the pressure of CO from 1 to 20 and then 60 bar 

increased the reaction rate and led to a small decrease in selectivity for the C3 alkylated 

product 310 over the C4 alkylated product 311. 

 

Table 3.02: Domino alkyne-insertion-carbonylative-annulation to hexyl-anthra-2-

pyranones 310 and 311. 

 
Entry Catalyst CO pressure Isolated yield (ratio of 

310:311) 

1α Pd(PPh)2Cl2 1 bar 67(6.4:1) 

2 Pd(PPh)2Cl2 20 bar 82 (2.7:1) 

3 Pd(PPh)2Cl2 60 bar 53 (2:1) 

4 Pd(PPh)2Cl2, CuI (10 mol %) 20 bar 0β 

5γ Pd(PPh)2Cl2  20 bar 0δ 

6 Pd2(dba)3
.CHCl3, t-Bu3P 20 bar 30δ 

7 Pd2(dba)3
.CHCl3, XPhos (33) 20 bar 43 

8 Pd(OAc)2, Ad2Pn-Bu 20bar 0δ 

9 PEPPSI-i-Pr 20 bar 28 (2.5:1)δ 

10 Pd2(dba)3
.CHCl3, Xantphos (160) 20 bar 0δ 

11 Pd(dppf)Cl2 20 bar no reaction 

12 [(cinnamyl)PdCl]2 20 bar no reaction 

Anthraquinone 265 (0.474 mmol), PhMe (10 mL), NEt3 (2.37 mmol), 5 mol% Pd, 5-10 mol% phosphine, 

60°C, 20 h. α) 80°C. β) A complex mixture of products resulted. γ) Solvent was 5:1 1,4-dioxane:water. 

δ) Large amounts of reductive dehalogenation product 280 were isolated. 

A variety of catalysts for the domino reaction with iodide 265 and 1-octyne (309) were 

trialled in the hope that one would favour the formation of the anthra-4-pyranone 313. 

Unfortunately, all the catalysts trialled only gave the anthra-2-pyranones 310 and 311 

with varying amounts of dehalogenated product 280 obtained. 
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Figure 3.06: Important compounds in the domino alkyne-insertion-carbonylative-

annulation reaction to hexylanthra-2-pyranones 310 and 311. 

 

Addition of CuI to the reaction mixture which may help transfer of the alkyne 309 to the 

speculated palladium acyl species 312 (through transmetalation of the cuprous acetylide) 

gave only a complex mixture of products (Table 3.02, entry 4). Changing the solvent to a 

mixture of 1,4-dioxane and water,  as used in previous Sonogashira reactions on similar 

iodoanthraquinones,228,229 gave only the dehalogenated product 280 (Table 3.02, entry 5). 

Using more electron-rich phosphines such as t-Bu3P, XPhos (33), PEPPSI-i-Pr and 

Ad2Pn-Bu only decreased the yield and afforded increased amounts of the dehalogenated 

product 280 (entries 6-9). The bidentate phosphines Xantphos (33) and 1,1'-

bis(diphenylphosphino)ferrocene (dppf) (entries 10 and 11) were also unsuccessful. 

Phosphine free conditions using [(cinnamyl)PdCl]2 failed to initiate a reaction (entry 12). 

 

3.3.2 Investigating the carbonylation mechanism 

 

To further understand the reaction from the anthraquinone iodides 265 and 275 to the 2-

pyranones (300, 308, 310, 311) we prepared and isolated several palladium oxidative 

insertion products and studied their reactivity. The palladium oxidative addition products 

of anthraquinone iodide 265 were easily synthesised by simply by stirring the 

anthraquinone iodide 265 with Pd(PPh3)4 in either benzene or CHCl3 at room temperature. 

The oxidative addition products were isolated by transferring the reaction mixtures to 

small vials and crystallising through vapour diffusion. The oxidative addition products 

crystallised as red lustrous crystals and further characterised by X-ray crystallography as 

well as 1H-, 13C- and 31P-NMR analysis.  
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Scheme 3.20: Preparation of oxidative addition products 314 and 315. 

  
314 315 

Figure 3.07: X-ray crystal structures of anthraquinone palladium halides 314 and 315 

projected approximately onto the coordination plane. 

 

 

Interestingly, when CHCl3 was used as the reaction and recrystallization solvent, the 

chloride 315 was obtained. We suspect the CHCl3 contained trace amounts of HCl from 

which the palladium complex 314 underwent anion exchange to give the chloride 

complex. Often oxidative addition products of this type crystallise as dimers,21 however, 

in our case both of the oxidative addition complexes 314 and 315  have been isolated as 

the monomers, we attribute this to the steric bulk around the palladium metal centres 

disfavouring dimer formation.  Both of the palladium oxidative addition products 314 

containing the iodide and 315 containing the chloride, display the expected square planar 

arrangement around the palladium centre (314 angles around the palladium centre: 

94.73°, 88.44°, 88.03°, 89.45°; 315 angles around the palladium centre: 91.65°, 91.95°, 

88.41°, 87.99°), although somewhat distorted by the large amount of steric bulk in close 

proximity. They also show the intramolecular hydrogen bonding of the phenol to the 

adjacent carbonyl as was predicted from the sharp down field resonances in their 1H NMR 

spectra (314, δ 13.42 (s, 1H); 315 δ 10.91 (s, 1H)). The PPh3 groups of compounds 314 
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and 315 show resonances at 23.51 and 23.44 ppm in their 31P NMR spectra respectively, 

compared to free PPh3 with resonance at -4.59 ppm.230 

 

The first step after the oxidative addition in the accepted mechanism of the carbonylative 

Sonogashira and other carbonylative palladium cross-couplings is the carbon monoxide 

ligation and insertion into the palladium-aryl bond. Generally, the resulting palladium 

acyl species can be synthesised easily by subjecting the oxidative addition products to 

carbon monoxide either at231-234 or above atmospheric pressure.235,236 To investigate if 

this was the case with the anthraquinone palladium complexes 314 and 315, we subjected 

them to typical carbonylation conditions and the resulting crude mixture analysed by 

NMR spectroscopy. 

 

 
Scheme 3.21: Anticipated carbonyl insertion products 316 and 317. 

 

After stirring at room temperature for 16h under a pressure of 20 bar of CO, the reaction 

mixtures were concentrated on the rotary evaporator and analysed by 1H- 13C- and 31P 

NMR. The NMR spectra of the reaction mixtures only indicated resonances for pure 

unreacted starting materials 314 and 315. We suspect from this result that the 

carbonylation of aryl iodides 314 and 315 must be either very slow or highly reversible.** 

Although the carbonylation step is often irreversible,231,235,237 reversibility of 

carbonylation has been observed previously in other studies.238,239 

 

To complement the carbonylative study of the palladium oxidative addition complexes 

314 and 315 and to investigate the possible effects of steric hindrance on the 

carbonylation step, we prepared the desmethyl variant 318 by the analogous reaction of 

294 with Pd(PPh3)4. 

 

                                                 
** Interestingly, we managed to obtained carbonylative products using other palladium catalysed reactions 

later in our research leading us to believe that carbonylation to give the acyl species must occur but the 

reaction is reversible, see chapter 4.2  
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Scheme 3.22: Preparation of the desmethyl oxidative addition product 318 

 

Interestingly, the desmethyl anthraquinone palladium iodide 318 was formed when both 

benzene and CHCl3 were used as solvents. We suspect the increased steric bulk around 

the palladium centre of the methyl complex 316 (from the o-methyl group) may have 

resulted in the favoured exchange for the smaller chloride ion over the larger iodide ion 

in that case. 

 

 
318 

Figure 3.08: X-ray crystal structure of the desmethyl anthraquinone palladium iodide 

318. 

 

The geometries of the desmethyl variant 318 are very similar to the methylated variant 

314 indicating little effect of the methyl group of the lowest energy confirmation of the 

complex. As with the methylated variant, subjecting the desmethyl palladium complex 

318 to high pressure CO showed no conversion to the carbonylation product 319 after 

concentration and analysis by 1H and 31P NMR spectroscopy.  
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Scheme 3.23: Anticipated carbonyl insertion product 319. 

It has been reported that reversibility of the carbonylation step is enhanced by the use of 

electron rich phosphine ligands.82,238,239 We wanted to explore and expand this theory to 

see if electron poor phosphine ligands could make the carbonylation of our palladium 

anthraquinone complexes irreversible. Unfortunately, electron poor phosphines are 

seldom used in palladium cross-coupling reactions due to their reduced ability to promote 

the oxidative addition step and are thus limited in their commercial availability. As an 

alternative, it was decided not to replace the phosphine ligand but instead replace the 

halide with the highly electronegative and electron withdrawing fluoride ion. Conversion 

of aryl palladium halide complexes to their analogous fluoride complexes have been 

achieved before by treatment of the halide palladium complex with AgF.240-244 

Preparations of the palladium fluoride complex 320 and 321 by this method was 

complicated due to the difficulty to remove Ag+ salts, especially in the presence of excess 

PPh3 which helped solubilise the Ag+ salts. 

 

 

Scheme 3.24: Synthesis of palladium fluoride complex 320 and 321. 

 

Unfortunately, the resulting palladium fluoride complex 320 could only be isolated in 

small amounts but enough to allow for characterisation by X-ray crystallography. 

However, we were unable to perform the further characterisation or carbonylation 

reaction trials on this complex due to inadequate quantities for a reaction and its tendency 

to decompose. 
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320 322 

Figure 3.09: Crystal structures of the palladium fluoride complex 320 and desmethyl 

palladium chloride complex dimer 322. 

 

Interestingly, in one instance where we attempted to remove the silver salts from the 

desmethyl palladium fluoride complex 321 through filtering the crude reaction mixture 

through a small bed of NaCl and MgSO4, we obtained the palladium chloride complex 

dimer 322. We suspect the dimer was favoured in preference to the monomer due to less 

steric bulk around the palladium centre with the absence of the o-methyl group as seen in 

complex 315. 

 

3.3.3 Investigating the alkyne scope of the alkyne-insertion-carbonylative-

annulation reaction.  

 

To investigate the scope of the new alkyne-insertion-carbonylative-annulation reaction, 

we subjected a range of alkynes to the appropriate reaction conditions; the results are 

tabulated in table 3.03. With all of the alkynes trialled, the reaction shows complete 

chemoselectivity for the 2-pyranones over the originally desired 4-pyranones. The 

reaction with different alkynes shows good scope through differing length hydrocarbon 

alkynes (entries 1-5) as well as tertiary propargyl alcohols (entries 11-14). Acetyl 

propargyl alcohol 306 gave only a complex mixture of products, suggesting the acetate 

group is not suitable for use under the reaction conditions. 
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Table 3.03: Domino alkyne-insertion-carbonylative-annulation to anthra-2-pyranones. 

 

Entry Alkyne Major Product 
Isolated yield 

(ratio C3:C4 substitution) 

1 
 

 

82% (2.7: 1) 

2 
 

 

76% (2:1) 

3 
 

 

71% (3:1) 

4 

 

 

28% (1:0) 

5 

 
 

20% (>10:1) 

6 

 

Complex mixture - 

7 

 

No Reaction - 

8 

 

 

78% (>10:1) 
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Table 3.03: Domino alkyne-insertion-carbonylative-annulation to anthra-2-pyranones. 

 

Entry Alkyne Major Product 
Isolated yield 

(ratio C3:C4 substitution) 

9 

 

 

94% (2:1) 

10 

 

 

28% 

11 

 
 

82% 

12 

 
 

36% 

(+ 49%  Sonogashira 

product  356α) 

13 

 
 

88% 

14 

 
 

63% 

15 

 

Complex mixture - 

16 

 

Complex mixture - 
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Table 3.03: Domino alkyne-insertion-carbonylative-annulation to anthra-2-pyranones. 

 

Entry Alkyne Major Product 
Isolated yield 

(ratio C3:C4 substitution) 

17 

 

Complex mixture - 

18 

 

Complex mixture - 

19 

 

Complex mixture - 

20 

 

Complex mixture - 

21 
 

Complex mixture - 

22 

 

 

32%α 

23 

 
 

30%β 

Aryl iodide 265 (200 mg, 0.474 mmol), Pd(PPh3)2Cl2 (34 mg, 0.047 mmol), NEt3 (330 µL, 2.36 mmol), PhMe 

(20 mL), CO (20 bar), 60°C, 20h. α) The product was isolated and identified but not pure enough for full 

characterisation. β) The crude product isolated from the initial chromatographic purification was left for 2 days at 

ambient conditions before purification again by column chromatography. 

 

Interestingly, reaction with the benzyl protected propargyl alcohol 340 gave the 

Sonogashira alkyne product 356 as well as the 2-pyranone 341; this is somewhat 

surprising as it was the only alkyne which coupled in this manner. 
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Figure 3.10: Sonogashira product 356 with the benzyloxy alkyne 340. 

 

The reaction with phenyl acetylene 330 resulted in a poor conversion due to its readiness 

to decompose or homocouple under the reaction conditions224,245 (entry 5).227,248 

Unfortunately, the reaction also has poor conversion with primary (entries 18-19) or 

secondary (entries 16-17) propargyl alcohols, ethers and free amines (entry 20-21). The 

protected amine 352 (entry 22), however, gave a moderate yield of the product 353; 

though the product was somewhat unstable preventing full characterisation. The complex 

terpenoid derived alkyne 354 which bears an olefin and ketal was trailed as a “proof of 

utility” of the reaction and to test the tolerance of those functional groups. After two 

purification attempts via column chromatography and standing the first isolated mixture 

under ambient conditions for 2 days, we isolated, to our surprise, the heptacyclic 

compound 355. This product was eventually confirmed by single crystal X-ray analysis. 

 

 
Scheme 3.25: Suspected [2+2] photocycloaddition of 2-pyranone 357 to heptacyclic 

cyclobutane 355.  
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Figure 3.11: X-ray crystal structure of heptacyclic anthraquinone 355. 

 

We suspect that the terpenoid alkyne 354 undergoes the standard domino alkyne 

insertion-carbonylative-annulation reaction to intermediate 357 which then undergoes a 

light mediated [2+2] photocycloaddition reaction (during or after work up and 

purification) of the chain’s olefinic group with the double bond of the pyranone ring 

(Scheme 3.26). Indeed, [2+2] photocycloadditions of benzo-2-pyranones (coumarins) are 

well known with example cycloadditions occurring intramolecularly,246-248 

intermolecularly249,250 and with another equivalent of coumarin to form dimers250-253 

under ambient conditions.251,252 

 

3.3.4 Invesigative reactions of the desmethyl compound 294 

 

In light of the reaction results, it was thought that perhaps the 2-pyranones were being 

favoured over the 4-pyranones due to the steric effects of the two ortho-substituents 

preventing the desired carbonylation of the initial palladium oxidative addition product 

314 to form the palladium acyl species 316. 

 

 
Scheme 3.26: Steric restrictions on the pre-coordination of CO to palladium centre. 

 

Indeed, at the time there had been very few carbonylative palladium cross-coupling 

reactions occurring with carbon based nucleophiles on reagents bearing ortho-ortho 

substituents. The only examples of such carbonylative coupling reactions utilise the 

carbonylative Suzuki or Negishi reactions, and no carbonylative Sonogashira type 
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reactions on ortho-ortho substituted aryl halides have been achieved.207,254,255 Curiously, 

many carbonylative reactions utilising oxygen or nitrogen nucleophiles have been 

successfully employed on di-ortho-substituted  aryl halides in the formation of carboxylic 

acids,256-258 esters,259-262 lactones,263-265 amides,266,267 lactams265,268,269, phthalimides270 

and ureas.271 

 

To test our hypothesis that the ortho-methyl group was preventing carbonylation of the 

initial palladium oxidative addition product 314, we prepared the desmethyl variants 286 

and 294 (as described in section 3.2) and subjected these compounds to identical reaction 

conditions with 1-octyne 309. The reaction failed with the acetate protected desmethyl 

variant 286 to give a complex mixture of products including products which upon 1H 

NMR spectrum analysis indicated that the acetate group was lost. The more stable (yet 

somewhat difficult to obtain) isopropyl protected iodide 294 gave a clean reaction to form 

the two regioisomers 358 and 359. The reaction with desmethyl isopropyl iodide 294, and 

1-octyne (309) under the standard carbonylation conditions produced the anthra-2-

pyranones 358 and 359, in similar yield to their methylated counterparts (combined yield 

of 72% vs 82% for the methylated version) and with a similar ratio of C3 to C4 

substitution (2:1 vs 2.7:1). The two compounds 358 and 359 were assigned to the 

corresponding C3 or C4 regioisomer based upon the key resonance in the 1H NMR 

spectrum, 358 shows the resonance at δ 7.50 (s, 1H) and 359 with the resonance at 6.44 

(s, 1H). The other resonances in the 1H- and 13C NMR data were consistent with the 

proposed structures as was the HRMS data (358: EI: m/z calculated for C26H26O5 [M]+: 

418.1780; found: 418.1764) (359: EI: m/z calculated for C26H226O5 [M]+: 418.1780; 

found: 418.1773;) 

 
Scheme 3.27: Alkyne-insertion-carbonylative-annulation of 1-octyne (309) to anthra-2-

pyranones 358 and 359. 

 

The fact that this reaction gave very similar results with and without the presence of the 

ortho-methyl group indicates that the electronics of the aromatic system was playing a 
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large role in the selectivity for the domino alkyne-insertion-carbonylative-annulation 

sequence. 

 

3.3.5 Reaction with protected phenol variants 

 

As we have determined that the electronics of the anthraquinone system must be 

influencing the unusual efficiency of the domino reaction to give the anthra-2-pyranones, 

we began investigating modifications to alter the electronics of our anthraquinone system. 

It was envisaged that the easiest way to achieve this was to protect the free phenol in the 

C1 position. By protecting the phenol, we also eliminate the opportunity for formation of 

the anthra-2-pyranones through the latter annulation reaction by preventing the final 

irreversible nucleophilic addition step (Scheme 3.16). This elimination of the domino 

anthra-2-pyranone sequence will also play a role in reversing the selectivity to favour the 

anthra-4-pyranones. As anticipated, with the phenol protected, we could not expect the 

formation of the ultimately desired anthra-4-pyranones in the one step without in situ 

cleavage of the protecting group. However, if the carbonylative Sonogashira is successful 

we can obtain the intermediate alkynyl-ketone 361 (Scheme 3.29) which may be used to 

efficiently generate the desired anthra-4-pyranones ring system with a simple cyclisation 

step after deprotection of the phenol.205,206 

 

 
Scheme 3.28: Anticipated product of a carbonlyative Sonogashira reaction of phenolic 

protected aryl iodides. 

 

We prepared several protected derivatives of the anthraquinone iodide 265. The methyl 

protected iodide 362 and the benzyl protected iodide 363 were generated through 

treatment of the deep purple phenoxide of 265, with MeI and BnBr respectively. The 

acetate 364 was prepared from the phenol 265 by treating it with Ac2O in pyridine in the 

presence of a catalytic amount of DMAP. 
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Scheme 3.29: Protecting the phenol 265.  

 

Subjecting the benzyl protected variant 363 to our carbonylative Sonogashira reaction 

conditions initially gave poor conversion (Table 3.04, entry 1) and increasing the 

temperature, in order to initiate a reaction, led only to decomposition of the starting 

material (Table 3.04, entry 2). As the benzyl group did not give the desired alkynyl-ketone 

it was decided to try the smaller anisole 362. Subjecting the methyl-protected version 362 

to the reaction conditions failed to give the desired product 365 and showed no reaction 

at 60°C (Table 3.04, entry 3). Increasing the temperature to 90°C gave only 

decomposition (Table 3.04, entry 4). Unfortunately, the acetate protected iodide 364 was 

not stable under the reaction conditions and led to decomposition of the reactant, giving 

a complex mixture of unidentified compounds (table 3.04, entry 5). 

 

Table 3.04: Attempted carbonylative Sonogashira reactions of 1-octyne (309) with 

various phenol protected anthraquinone iodides 362, 363 and 364. 

 

Entry R = Temperature 360 recovered 365, 366 or 367 

1 Bn 60°C 42% 0% 

2 Bn 90°C 0% 0% 

3 Me 60°C 67% 0% 

4 Me 90°C 0% 0% 

5 Ac 60°C 0% 0% 

Aryl iodide 360 (200 mg, 0.474 mmol), Pd(PPh3)2Cl2 (34 mg, 0.047 mmol), NEt3 (330 µL, 2.36 

mmol), PhMe (20 mL), CO (20 bar), 60°C, 20h. 

 

Similarly to the attempted domino carbonylative-Sonogashira-annulation reaction to 

anthra-4-pyranones, a reaction was attempted of the C3-desmethyl variant 368 to lessen 
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any steric effects that may hinder the carbonylation step of the carbonylative Sonogashira 

process. Unfortunately, the reaction with the desmethyl variant 368 gave only 

decomposition products, similar results to that of the compounds containing the o-methyl 

group. 

 

 
Scheme 3.30: Attempted carbonylative Sonogashira reaction of the methyl protected 

desmethyl anthraquinone iodide 368. 

 

 

3.3.6 Attempts at protecting the quinone moiety for modification of the electronic 

properties of the key aryl halides 

 

With the failure of the protected phenols to undergo the desired carbonylative 

Sonogashira reaction, we decided to take a more drastic approach and change the 

anthrapyranone ring system. By doing this, we would significantly change the electronics 

of the anthracene aromatic system and perhaps reverse the selectivity of the carbonylative 

domino reactions. The most well established method for protection of the anthraquinone 

moiety is the conversion to the bis-methoxy anthracene through reductive methylation 

with Na2S2O4, KOH and Me2SO4.
272 

 

 

Scheme 3.31: Reductive methylation of anthraquinone 370 to bis-methoxy-anthracene 

371.272 

  

In the early stages of our investigations into the protection of the anthraquinone moiety 

Martin et al. published a paper in which they had attempted a carbonylative Negishi and 

carbonylative Suzuki reaction of a bismethoxy-anthracene iodide 372 en route to the 
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anthra-4-pyranone natural products via the intermediate alkynyl ketone 373.207 Previous 

investigations by Martin et al. led to the development of these carbonylative Negishi and 

Suzuki reactions on simple substrates as alternatives to the carbonylative Sonogashira 

reaction which had proved difficult on di-ortho-substituted aryl iodides.254 

 

 
Scheme 3.32: Martin’s failed carbonylative Negishi and Suzuki reactions of bis-

methoxyanthracene 372.207 

 

Given that Martin et al. had already investigated the carbonylative Sonogashira and 

alternative carbonylative reactions on bis-methoxy anthracene iodides and failed, we 

decided to investigate alternative methods of protection of the anthraquinone moiety. 

From our investigations, we hoped that that we could find a suitable protection method 

which would promote the desired carbonylative reactions. The modification of the 

quinone moiety through protection of the carbonyl groups as ketals 376, or thioketals 377 

(Figure 3.12) was first investigated. Incorporation of these alternative functional groups 

was intended to reduce the electron withdrawing effects on the adjacent aromatic rings. 
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Figure 3.12: Various protected anthraquinone iodides. 

 

This modification would hopefully cause the ring system to react in a way similar to the 

simpler o-iodophenols which have demonstrated the ability to undergo the desired 

carbonylative Sonogashira-annulation reaction.203,209-214,225,226 Protection of the quinone 

moiety by conversion to the ethylene ketal 380 or 381 was attempted, encouraged by the 

successful protection of a similar anthraquinone by Terashima (Table 3.05).273 

 

 

 

 

 

 

 

 

Table 3.05: Attempted ketal protections of anthraquionones 265 and 362. 

 
Entry R Diol Additive Solvent Temperature Product (yield) 

1 H 378 TsOH.H2O (3 eq.)α PhMe reflux No reaction 
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2 β H 378 TsOH.H2O (3 eq.) PhMe reflux No reaction 

3 β Me 378 TsOH.H2O (0.1 eq.) PhH reflux No reaction 

4 Me 378 TsOH.H2O (3 eq.) HO(CH2)2OH 130°C 382 (100%) 

5 Me 379 TMSOTf (0.1 eq.) CH2Cl2 -78°C-RT No reaction 
Aryl iodide (100 mg, 0.237 mmol), diol (0.948 mmol), solvent (10 mL), 24 h. α) 0.5 g 4Å MS added. β) Dean-

Stark apparatus used. 

 

Initially, the conditions reported by Terashima on similar substrates utilising catalytic 

tosic acid were trialled273 (Table 3.05, entry 1). Having not detected any products, we 

then tried the same conditions with the addition of a Dean-Stark apparatus (to remove 

water formed during the reaction process) without success (entry 2). With these two 

conditions being unsuccessful, we attempted the ketal protection of the methyl-protected 

phenol derivative 362 to prevent any complications due to intramolecular hydrogen 

bonding of the phenolic proton to the adjacent carbonyl of the quinone moiety (entry 3). 

This modification would also more closely resemble the anthraquinone protected as the 

ketal by Terashima.273 As these conditions also failed to show any conversion of starting 

material 362, we changed the solvent to neat ethylene glycol and increased the 

temperature to 130°C to force a reaction (entry 4). Under these harsh conditions, the 

phenol 382 (through removal of the isopropyl group) was isolated in quantitative 

amounts. 

 

 
Figure 3.13: Isopropyl deprotected phenol 382. 

 

Finally, we tried the aprotic conditions developed by Noyori et al.,274 which have been 

used for the preparation of ketals from ketones on many challenging systems (entry 5).275-

277 Unfortunately, like the other attempts, this procedure failed to provide the desired 

product, with only unreacted starting material isolated from the reaction mixture. In this 

study it was suspected that the ketal protection of anthraquinones may be difficult due to 

the high energy associated with the removal of conjugation caused by the reduction of the 

bridging carbonyl groups. With this in mind, we thought that deprotection of such 

compounds may be much more facile than their non-conjugated counterparts. This 

concept lead us to try the protection with 1,3-propane dithiol, in order to prepare the 

thioketal 382. Thioketals are often difficult to remove and require the use of oxidants such 
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as HgO, IBX,278 selectfluor,279 PhI(O2CF3)2 + TFA280 and others.281-284  Unfortunately, 

the reaction with 1,3-propane dithiol and BF3.Et2O only showed gradual conversion to 

give the phenol 382 (70%) through loss of the isopropyl group. 

 

 
Scheme 3.33: Attempted thioketal protection of anthraquinone iodide 362. 

 

 

3.3.7 Alternative palladium catalysed carbonylative cross-coupling reactions 

 

With our exhaustive efforts to try and prepare the desired anthra-4-pyranones through a 

carbonylative Sonogashira reaction being unsuccessful, we turned our attention to other 

cross-coupling reactions. Martin et al. have shown that carbonylative Suzuki reactions 

utilising alkynyl boronic esters are possible even on di-ortho-substituted aryl iodides.254 

Carbonylative Stille reaction of alkynyl stannanes are more well-known, but 

uncommon,285-287 and have also been shown to undergo the reaction with di-ortho-

substituted aryl iodides by Martin et al..207 In order to test the carbonylative Suzuki and 

Stille reactions, we first prepared the required alkynyl boronic esters and alkynyl 

stannanes. We decided to target the simple octynyl derivatives 386 and 387, where the 

inert and reasonably small alkyl group should not interfere with the reaction. As an 

additional benefit, these derivatives were known and are comparatively easy to 

synthesise.227,228 
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Scheme 3.34: Preparation of the alkynyl boronic ester 386 and stannane 387.227,228 

 

Unlike aryl boronic esters and aryl stannanes, the alkynyl counterparts are unstable, 

readily undergoing hydrolysis due to the weak metal-carbon bond.288,289 Preparation of 

these compounds was achieved from literature protocols. Trimethyl(1-octynyl)stannane 

387 was synthesised by deprotonation of 1-octyne (309) with n-BuLi at -30°C and treated 

with Me3SnCl followed by purification of the stannane  by vacuum distillation.288 

Similarly, the alkynyl boronic ester 386, was prepared via deprotonation with n-BuLi and 

quenching with B(i-PrO)3 at -78°C before work-up and also purification by vacuum 

distillation.289 

 

Subjecting the alkynyl boronic ester 386 to the carbonylative Suzuki conditions failed to 

provide the desired carbonylative Suzuki product 388 with anthra-2-pyranone 310 (30%) 

and the remaining staring material 265 (55%) re-isolated. 

 

 
Scheme 3.35: Attempted carbonylative Suzuki reaction with alkynyl boronic ester 388. 

 

Due to the significant instability of the alkynyl boronic ester we decided to turn our 

attention to the somewhat more stable alkynyl stannane 387. We began trialling reaction 

conditions with the octynyl stannane 387 with various aryl iodides 265, 362 and 294 in 
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attempts to obtain the carbonylative Stille products 388, 389, and 390 (Table 3.06). 

Subjecting the alkynyl stannane 387 to carbonylative Stille reaction conditions with 

anthraquinone iodide 265, failed to give any of the carbonylative Stille product 388 (entry 

1). We suspected the failure of this reaction may be due to the presence of the reasonably 

acidic proton of the phenol which may promote hydrolysis of the Sn-alkyne-C bond. 

Subjecting the methyl-protected phenol derivative 362 to the carbonylative coupling 

conditions with addition of additive LiCl†† or with increased temperature also gave no 

reaction (entries 2 and 3). As carbonylative Stille reactions with di-ortho-substituted aryl 

iodides are very rare in the literature,207 we tried the reaction with the potentially more 

reactive desmethyl iodide 294 (entries 4 and 5). Unfortunately, the reaction did not afford 

any products through monitoring by 1H NMR and TLC, unless the reaction mixture was 

heated to 100°C in which case only decomposition was observed. 

Table 3.06: Attempted carbonylative Stille reactions with alkynyl stannane 387. 

 
Entry R1 R2 Additives Temperature Results 

1 H Me NEt3 (5 eq.) 60°C No Reaction 

2 Me Me NEt3 (5 eq.), LiCl (3 eq.) 60°C No Reaction 

3 Me Me - 80°C No Reaction 

4α Me H - 60°C  No Reaction 

5α Me H - 100°C Decomposition 
Aryl iodide (200 mg), 1.2 eq. stannane 387, Pd(PPh3)2Cl2 (10 mol%), CO (20 Bar), PhMe (10 mL), 20 h. 

α) 2 eq. stannane used. 

 

As a final alternative to the carbonylative Sonogashira, Suzuki and Stille reactions, we 

prepared the cuprous acetylide 391 and subjected it to carbonylative conditions with aryl 

iodide 265. Although cuprous acetylides are proposed intermediates in the Sonogashira 

and some carbonylative Sonogashira reactions these species have not been reported as 

being directly used in a carbonylative Sonogashira coupling reaction. Since we are using 

a cuprous acetylide, we suspect we will no longer encounter the problem of having the 

                                                 
†† LiCl has been shown to increase the reaction rate of the Stille reaction. (290) Scott, W. J.; 

Stille, J. K. Journal of American Chemical Society 1986, 108, 3033.  
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reactants form an initial alkyne insertion product. We suspected this type of alkyne 

insertion cannot occur with a cuprous acetylide and that instead it will promote transfer 

of the alkyne to palladium via a transmetalation reaction (Scheme 3.36). 

 

 

Scheme 3.36: Proposed reaction pathway of the reaction between cuprous acetylide 391 

and palladium anthraquinone iodide 314 under carbonylative palladium cross-coupling 

conditions. 

 

Subjecting the cuprous acetylide 391 with anthraquinone iodide 265, under carbonylative 

palladium cross-coupling conditions, gave only a mixture of unreacted staring material 

265 (51%) and reductively dehalogenated product 280 (23%) (Scheme 3.37). 

 

Scheme 3.37: Failed carbonylative Sonogashira reaction with cuprous acetylide 391. 

 

It is tentatively accepted that that Copper(I) salts can oxidatively add to aryl iodides to 

form a short lived Copper(III) intermediate complex as part of the stoichiometric or 
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catalytic sequences to form new carbon-carbon or carbon heteroatom bonds.192,291,292 

There has also been an example of a carbonylative copper(I) catalysed reaction to give 

alkynyl-ketones in which a curious Copper(III) carbon monoxide bound intermediate is 

hypothesised.293 With this in mind, we subjected the cuprous acetylide 391 and 

anthraquinone iodide 265 to Castro-Stephens reaction conditions, in the presence of 

carbon monoxide, in the ambitious hopes of discovering the first carbonylative Castro-

Stephens reaction (scheme 3.38). Unfortunately, the reaction only gave complete 

conversion to the reductive dehalogenation product 280. 

Scheme 3.38: Attempted carbonylative Castro-Stephens reaction of anthraquinone 

iodide 265 and curprous acetylide 391. 

 

3.3.8 Attempted role reversal of the coupling partners  

 

We identified the likely cause of the failure to achieve a carbonylative Sonogashira 

reaction was due to the electronic properties of the anthraquinone, favouring the alkyne 

insertion reaction (Scheme 3.39, path A) over carbonylation of the palladium oxidative 

addition complex 314 (Path B).  
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Scheme 3.39: Reaction pathways under carbonylative Sonogashira coupling conditions. 

 

To overcome this problem, we envisaged a synthetic pathway which reversed the role of 

the coupling partners. This requires halogenating terminal alkyne to give the 

haloacetylene (397) and conversely converting the anthraquinone iodide 265 into the 

boronic acid 395, ester 396 or stannane derivative 398. 

 

 
Figure 3.14: Role reversed coupling partners for carbonylative palladium cross-

coupling reactions. 

 

Halogenated acetylenes (397) are well known, generally simple to prepare,294-297 and have 

been utilised in many palladium cross-coupling reactions including Suzuki298-300 and 

Stille reactions (scheme 3.42).301-304 To the best of our knowledge there are currently no 

carbonylative palladium cross-coupling reactions performed with haloacetylene 

substrates, although, there is one report of a carbonylative copper-catalysed coupling of 

alkynyliodinium salts with aryl boronic esters and stannanes (Scheme 3.42).293,305 

 

 

Scheme 3.40: Suzuki and carbonylative copper catalysed cross-couplings of 

haloacetalides. 152,156 
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The carbonylative Suzuki reaction (using 395 or 396) or carbonylative Stille (using 398) 

relies on the formation of the palladium oxidative addition product on the sp-hybridised 

carbon of the alkyne rather than the sp2-hybridised aromatic anthraquinone. This 

oxidative addition product 403 will have completely different electronic and steric 

properties to the anthraquinone derivative. Reactions with the anthraquinone boronic acid 

395, ester 396 or stannane variant 398 will provide the intermediate alkynyl-ketone 266 

which should undergo the desired cyclisation with excess base (Scheme 3.41). 

 

 
Scheme 3.41: Hypothesised carbonylative palladium cross-coupling reaction sequence 

of halo acetylides with organometallic anthraquinones 405. 

 

In order to start this investigation, we first needed to prepare the anthraquinone Suzuki 

and Stille coupling partners 395, 396 and 398. We chose first to investigate the synthesis 

of the anthraquinone boronic pinacol ester 396 through a direct palladium cross-coupling 

of the bis(pinacolato)diboron 406 and the anthraquinone iodides 265 and 362 under 

several typical conditions (Table 3.07). 

 

 

Table 3.07: Attempted syntheses of anthraquinone pinacol boronic esters 407. 
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Entry R = Solvent SM 265 or 362 ArH (280 or 409) 

1 H DMSO trace >95% 

2 Me DMSO trace >95% 

3 H Dioxane 95% trace 

4 Me Dioxane trace >95% 

5 H CH3CN trace >95% 

6α Me DMSO 45% 51% 
Anthraquinone iodide 265 or 362 (100 mg), pinicolato-diboron (1.2 eq), KOAc (3 eq.) 

Pd(dppf)Cl2.CH2Cl2 (5 mol%), solvent (5 mL), 100°C (or reflux for CH3CN, entry 5), 20h. α) 80°C. 

 

Our initial attempt at coupling bis(pinacolato)diboron (406) onto the anthraquinone 

iodide 265 in DMSO gave only the reductive dehalogenation product 280 (Table 3.07, 

entry 1). We repeated this reaction with the anisole 362, since it has been documented 

that formation of this type of pinacol esters in the presence of an ortho-phenol is 

sometimes difficult (entry 2).306 Unfortunately, this also produced the reductive 

dehalogenation product 409. Changing the solvent to dioxane (entries 3 and 4) or CH3CN 

(entry 5) also failed and decreasing the reaction temperature only reduced the reaction 

rate resulting in isolation of some unreacted starting material 362 (entry 6). This poor set 

of results was unexpected and disappointing given the general reliability of the formation 

of aryl boron-pinacol esters using this method, even in the presence of di-ortho-

substitution containing an ortho-methoxy group.307,308 

 

As the direct cross-coupling of bis(pinacolato)diboron (406) onto the anthraquinone 

iodide failed to give the desired boronic ester 407 or 408, we tried an alternative method 

involving lithiation of the anthraquinone iodide 362 and subsequent treatment with 

isopropoxyboronic acid pinacol ester (410) (Scheme 3.42). 
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Scheme 3.42: Attempted synthesis of anthraquinone boronic pinacol ester 408 and 

trimethylstannane 412.  

 

Unfortunately, this reaction only gave the familiar reductive dehalogenation product 409, 

as did the analogous reaction with trimethylchlorostannane 411 (Scheme 3.42). Due to 

the difficulties in preparation of the aryl boronic and stannic coupling partners we were 

unable to pursue further investigations into the carbonylative palladium cross-coupling 

reactions with haloacetylenes. 

 

3.3.9 Conclusions  

 

Several variations and attempts to perform a carbonylative palladium cross-coupling 

reaction on the anthraquinone iodides were investigated in the hopes of preparing the 

anthra-4-pyranones. These methods, if successful, would have provided an extremely 

efficient and general method for their synthesis. Additional carbonylative experiments 

with the palladium oxidative addition complexes showed resistance or reversibility of the 

complexes to undergo carbonyl insertion which was hypothesised as a significant factor 

in the failure of the domino carbonylative Sonogashira reaction trial. 

 

A variation of the reactants including protection of the phenol on the anthraquinone and 

conversion of the alkyne to several metal acetylides (M = Sn, B and Cu) also failed to 

produce the desired carbonylative coupling reactions to the elusive anthra-4-pyranones. 

Investigation into the ambitious attempt to reverse the roles of the anthraquinone and 

alkyne coupling partners could not be achieved due to the inability to prepare the 

anthraquinone boronic acid, boronic esters or stannanes using standard procedures. 
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Although we did not achieve the synthesis of the desired anthra-4-pyranones by these 

carbonylative palladium cross-coupling reactions, we were able to extend the observed 

alkyne-insertion-carbonylative-annulation reaction to a variety of different and 

structurally interesting alkynes. The reaction showed good generality with alkynes 

successful in this reaction including alkyl alkynes, phenyl acetylene, tertiary propargyl 

alcohols, a Boc-protected secondary amine and alkynes bearing an alkyl chloride, nitrile, 

ketal and olefins. These results were the basis for the journal article published: James E. 

Rixson, James R. Abraham, Yuki Egoshi, Brian W. Skelton, Kelly Young, Jayne Gilbert, 

Jennette A. Sakoff, Kersten M. Gericke, Adam McCluskey, Scott G. Stewart, Organic 

Letters, 2013, 15 (18), 4834–4837. Not only was the synthesis of these compounds 

interesting, but as structural isomers with similar shape to the biologically active anthra-

4-pyranone natural products, they provided a series of easily accessible analogues which 

were assessed for anti-tumour activity (see Chapter 5).  
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Chapter 4 

Synthetic Endeavours in the Synthesis of the Natural Product (±)-BE-

26554A. 
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4.1 Acid catalysed domino reactions of alkynyl-ketones to 4-pyranones 

 

An alternative method to synthesise the anthra-4-pyranones from anthraquinone iodides 

was previously reported by the group of Shvartsberg.216 This method involved the 

coupling of the cuprous acetylide 415 to a benzoyl protected o-iodo phenol 413 or 414 to 

give the intermediate alkynyl-ketone 416 or 417. Two separate synthetic pathways were 

used to prepare the anthra-4-pyranones, in the first pathway (pathway 1, scheme 4.01) the 

precursor alkynyl-ketone 416 was converted to the intermediate piperidine-enamine 

ketone 420 and then treated with POCl3 to give the anthra-4-pyranone 418. Alternatively, 

the alkynyl-ketones 416 and 417 can be converted directly to the anthra-4-pyranones 418 

and 419 by treatment with concentrated H2SO4 (pathway 2, scheme 4.01), through a 

deprotection and cyclisation sequence. 

 

 

Scheme 4.01: Synthesis of 4-pyranones according to Shvartsberg et al.216 

 

This method at the time seemed less appealing than the previously described 

carbonylative Sonogashira approach due to the harsh reaction conditions required, 

namely, using heat with concentrated H2SO4 or POCl3. Additionally, at the time this 
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method had only been reported to work with the ethynylphenone derivatives 416 and 417. 

However, the method reported by Shvartsberg does allow the conversion of the 

anthraquinone iodides 413 and 414 to the desired anthra-4-pyranones in only 2 steps. 

Another advantage of this synthetic pathway is that it does not require the protection of 

the anthraquinone moiety (B-ring), as requied in the synthetic methods used by 

Tietze205,206 and Martin,207 reducing the overall number of steps. 

 

This reaction can be considered a domino reaction and is proposed to occur through initial 

acid-initiated hydration of the alkyne to form intermediate enone 422 which can then 

undergo cyclisation through phenol attack of the carbonyl group to form the hemiacetal 

intermediate 423. In turn 423 rapidly undergoes elimination of H2O to form the anthra-4-

pyranone product 424 (scheme 4.02). 

 

 

Scheme 4.02: Proposed mechanism for the acid catalysed domino reaction to anthra-4-

pyranones.216 

 

 

 

 

4.1.1 Synthesis of the acetylide and anthraquinone coupling partners  
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To synthesise the anthra-4-pyranones and examine the described domino acid catalysed 

cyclisation methodology we first had to synthesise the alkynyl-ketone precursors 425, 

426 and 427. 

 

 

Scheme 4.03: Proposed alkynyl-ketones for the synthesis of simple anthra-4-pyranones. 

 

For the synthesis of the alkynyl-ketones 425, 426 and 427 the corresponding alkyne 

coupling partners were first synthesised. We originally planned to synthesise these 

coupling partners through treatment of a Weinreb-amide substrate with 

ethynylmagnesium bromide. The Weinreb-amide 431 was prepared from heptanoic acid 

(430) via the acid chloride in moderate yield (49%) over the two steps. Unfortunately, 

treatment of the Weinreb-amide 431 with ethynylmagnesium bromide only afforded the 

alkynyl-ketone 432 in 23% yield. This disappointing yield of only 11% over the 3 steps 

prompted us to devise a new synthetic strategy involving a similar method which involved 

the reaction of ethynyl magnesium bromide with aldehydes. 

 
Scheme 4.04: Synthesis of alkyne coupling partner 433 via the Weinreb-amide 431. 

Ethynyl phenone (441) and ethynyl hexanone (432) were both prepared from the reaction 

of the corresponding aldehydes 434 and 435 with ethynyl magnesium bromide to give the 
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intermediate ethynyl alcohols 437 and 438. In turn, these alcohols were then oxidised to 

the ethynyl ketones with Dess-Martin-Periodinane (DMP, 440). The isopropyl propargyl 

alcohol 439 was also prepared through this synthetic methodology (Scheme 4.05). 

Conversion of the ethynylphenone 441 and ethynylhexanone 432 to the cuprous 

acetylides 433 and 415 was achieved by treatment with CuCl in a mixture of NH4OH and 

ethanol and the products collected by precipitation with H2O and vacuum filtration.   

 

 
Scheme 4.05: Synthesis of cuprous keto-acetylides 433 and 442. 

 

For the synthesis of the benzoyl protected alkynyl-ketones 425 and 426 (Scheme 4.03), 

we needed to first prepare the benzoyl-protected iodide 442. This was achieved through 

treatment of phenol 265 with BzCl in refluxing acetone with excess freshly ground and 

dried K2CO3. 

 
Scheme 4.06: Benzoyl protection to anthraquinone 442. 

 

 

4.1.2 Synthesis of the alkynyl-ketone precursors 
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With the coupling partners in hand, we set about synthesising the alkynyl-ketone 

precursors for the desired domino acid-catalysed cyclisation reaction to give the anthra-

4-pyranones. The cuprous ethynyl phenone (415) was first coupled with the 

anthraquinone iodide 442 via a Castro-Steven’s reaction, in refluxing DMF, following 

the procedure by Shvartsberg et al.216 This procedure provided the anthraquinone-

alkynyl-ketone 425 in excellent yield (95%). 

 

 

Scheme 4.07: Synthesis of anthraquinone-alkynyl-ketone 425. 

 

This was an excellent result given that the earlier procedure of Shvartsberg et al.216 had 

not been explored with substrates containing an o-methyl group, which places greater 

steric demands on an already sterically crowded part of the molecule. Unfortunately, 

coupling of the cuprous ethynylheptanone 433 onto the anthraquinone iodide 442 was 

unsuccessful with the conditions used for the analogous phenyl derivative. Complete 

isolation of both starting materials, after refluxing the reaction mixture for 24 h (Table 

4.01, entry 1), was achieved. Several other conditions were trialled to produce the 

acetylide coupled product 426.  

 

Table 4.01: Attempted coupling of cuprous ethynyl heptanone 433 to anthraquinone 

iodides 

 

Entry Additive 
Solvent 

(temperature) 
Major product (yield) 

1 - DMF (reflux) 442 recovered (26%) 

2 
Pd(PPh3)4 (10 

mol%) 
DMF (80°C) complex mixture 
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3α DMEDA (3 eq.) PhMe (100°C) 

 
(85%) 

4αβ DMEDA (3 eq.) PhMe (100°C) no reaction 

Iodide 442 (100 mg), cuprous acetylide 433 (1.3 eq.) and additives were heated in the corresponding 

solvent (5mL) for 4h; α) 1.5eq cuprous acetylide used; β) Benzyl anthraquinone iodide 445 was used 

 

Addition of Pd(PPh3)4 to promote a Sonogashira-type coupling reaction only resulted in 

a complex mixture of products (entry 2). Conditions containing N,N`-

dimethylethylenediamine (DMEDA, 170) were then attempted in the expectation that it 

would accelerate the reaction rate by helping to solubilise the cuprous acetylide. 

Additionally, the stabilisation of the proposed CuIII intermediates in the catalytic cycle 

would also be achieved  in the presence of this diamine additive (entry 3).291  The choice 

of DMEDA was inspired by its use as a ligand in many copper catalysed reactions, 

including the Ullmann, Ullmann-Goldberg reactions and the copper-catalysed halogen 

exchange reaction of aryl halides.192,309 DMEDA was also used to promote an Ullmann-

Goldberg reaction in an earlier part of research for this thesis (See chapter 2). 

 

To our initial surprise, the reaction with DMEDA (entry 3) provided the anthrafuran 443 

in an excellent yield of 85%. We suspect the anthrafuran 443 was formed by initial 

deprotection of the benzoyl group of the anthraquinone iodide 442 by the basic DMEDA 

ligand, followed by the Ulmann-type cross-coupling reaction to give the intermediate 

phenolic alkynyl-ketone 444. 

 

 
Scheme 4.08: Proposed copper(I) assisted 5-endo-dig annulation of o-alkynyl phenol 

444 to the anthrafuran 443. 
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Presumably, following the formation of intermediate 444, copper(I) salts in the reaction 

mixture can promote the cyclisation to the furan system by coordination to the −system 

of the alkyne activating it towards attack from the adjacent phenol. This copper(I) 

promoted annulation of o-alkynyl phenols has been reported on several previous 

instances.229,310-312 The anthrafuran 443 can be considered a ring contracted version of the 

desired anthra-4-pyranones and synthesis of a range of synthetic analogues by this method 

and subsequent biological evaluation of these anthrafurans were carried out. The results 

of these medicinal chemistry investigations are discussed in chapter 5. 

 

As the coupling of cuprous alkynylheptanone (433) failed to provide the desired alkynyl-

ketone precursor 426 we turned our attention to utilising the Sonogashira reaction for the 

formation of these compounds. We synthesised the ethynyl alcohol 437 as a precursor to 

the cuprous acetylide (scheme 4.05) and subjected it to Sonogashira cross-coupling 

conditions with the anthraquinone iodide 445 to obtain the anthraquinone-propargyl 

alcohol 446. Optimisation of the Sonogashira reaction is outlined in table 4.02. 

 

Table 4.02: Sonogashira coupling of alkynyl heptanol 437 with anthraquinone iodide 445. 

 

Entry Amount of 

445 
Catalyst Base Solvent Isolated yield 446 

1 100 mg Pd(PPh3)2Cl2 Cs2CO3 PhMe 
0% 

(complex mixture) 

2 100 mg Pd(PPh3)4 K2CO3 PhMe 59% 

3 375 mg Pd(PPh3)4 K2CO3 PhMe 32% 

4 500 mg Pd(PPh3)2Cl2 Na2CO3 Dioxane:H2O 

(4:1) 
91% 

Anthraquinone iodide 445, alkyne 437 (2.0 eq.), base (3.0 eq.), catalyst (10 mol%), CuI (10 mol%),  were 

heated at 70°C in the specified solvent (5 mL) for 18h. 

 

The initial cross-coupling conditions using Pd(PPh3)2Cl2 in toluene, failed to provide any 

of the desired product 446, with only a complex mixture of products obtained (Table 4.02, 

entry 1, ). Changing the base to K2CO3, and the catalyst to Pd(PPh3)4 gave the coupled 

product 446 in reasonable yield (59%, entry 2) but this could not be repeated upon scale 
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up (32%, entry 3). Optimal conditions were realised with the use of Pd(PPh3)2Cl2, Na2CO3 

in a mixture of dioxane and water (entry 4).313 We were also able to effectively couple 

the olefinic propargyl alcohol 439 using the optimised conditions and obtained the desired 

olefinic alkynyl anthraquinone 447 in excellent yield (81%). 

 

 

Scheme 4.09: Synthesis of isopropene propargyl alcohol anthraquinone 447 and Dess-

Martin oxidation of anthraquinone-propargyl alcohols 426 and 427. 

 

With the propargyl alcohols 446 and 447 in hand, we prepared the corresponding alkynyl-

ketones 426 and 427 by oxidation with DMP (440) in CH2Cl2 (scheme 4.09).  

 

4.1.3 Acid catalysed cyclisations  

 

For the acid catalysed domino reaction the alkynylphenone 425 was used as the substrate, 

as it closely resembles the literature example by Shvartsberg et al.229 

 

 

 

 

 

 

Table 4.03: Domino acid catalysed cyclisation to anthra-4-pyranone 448 and 449. 
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Entry Acid Solvent Temperature (time) Products (isolated 

yield) 

1 H2SO4 H2SO4 80°C (2 h) complex mixture 

2 H2SO4 H2SO4 60°C (1 h) 448 (55%), 451 31%, 

3 TsOH.H2O (2.5 eq) PhMe reflux (18 h) 449 (64%) 

4 TsOH.H2O (20 mol%) PhMe reflux (20 h) 449 (73%), 450 

(19%) 
Alkynyl ketone 425 (100 mg) dissolved in solvent (3 mL) and heated. 

 

Treatment of the anthraquinone alkynyl-ketone 425 with concentrated sulphuric acid at 

80°C for 2h, gave only a complex mixture of decomposition products of the starting 

material 425 (Table 4.03, entry 1). A reduction of the reaction temperature and reaction 

time gave the desired anthra-4-pyranone 448 in a moderate yield along with some of the 

diol 451 (entry 2). 

 

 

Figure 4.01: Free phenols derived from the acidic reaction conditions in the domino 

acid catalysed cyclisation reaction of 425. 

Although the reaction was reasonably efficient with warm concentrated sulphuric acid, a 

reaction under milder conditions was sought. p-TsOH was thought to be a suitable organic 

acid (entry 3 and 4). The reaction with excess p-TsOH in toluene gave the anthra-4-

pyranone 449 in good yield (64%) and showed retention of the isopropyl protecting group 

(entry 3). Reduction of the amount of p-TsOH to catalytic quantities provided a further 

improvement giving a total of 73% yield of the anthra-4-pyranone 449 and small amount 

(19%) of the mono-phenol 450. With these pleasing results and reaction conditions 
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obtained for the cyclisation of ethynyl phenone derivative 445, we next investigated the 

reaction on the the more useful ethynylheptanone derivative 426. 

 

Table 4.04: Domino acid catalysed cyclisation to anthra-4-pyranone 313. 

 

Entry Acid Solvent Temperature (time) Products 

1 TsOH.H2O (20 

mol%) 

PhMe reflux (1.5 h) no reaction 

2 TsOH.H2O (1.5 eq.) PhMe reflux (1.5 h) 444 (28%) 

3 TsOH.H2O (2.5 eq.) Xylene reflux (2 mins) 451 (35%) 

4 H2SO4 H2SO4 60°C (2 h) 313 (19%) 

5 H2SO4 H2SO4 RT (4 h) 313 (33%), 451 (17%) 
Anthraquinone alkynyl-ketone 426 (100 mg), was heated at the stated temperature in the corresponding 

solvent for the given time. 

 

Application of the optimal mild reaction conditions obtained for the cyclisation of the 

ethynylphenone derivative 425 to the cyclisation of ethynyl heptanone derivative 426 

failed to produce any of the desired alkylated 4-pyranone 313 (Table 4.04, entry 1). 

Increasing the amount of p-TsOH only gave a small amount of the phenol 444a with loss 

of the benzyl protecting group (entry 2). 

 

 

Figure 4.02: Free phenols derived from the acidic reaction conditions in the domino 

acid catalysed cyclisation reaction of 426. 

 

Increasing the amount of p-TsOH and refluxing in the higher boiling solvent xylene, lead 

to an increase in the rate of the reaction, however, only the diol 444b with loss of both 

phenolic protecting groups (entry 3) was isolated. Substitution of p-TsOH and solvent for 



139 

 

warm H2SO4 gave the desired anthra-4-pyranone 313, albeit in poor yield (19%, entry 4). 

The reaction at room temperature using H2SO4 increased the yield to 33% of anthra-4-

pyrnaone 313 and also gave some of the corresponding diol 451 (entry 5). Following this 

an attempt to cyclise the anthraquinone ethynylmethacrynone 427 under similar reaction 

conditions was pursued. 

 

Table 4.05: Domino acid catalysed cyclisation to anthra-4-pyranones 429. 

 
Entr

y 

Acid Solvent Temperature (time) Product (isolated 

yield) 

1 TsOH.H2O (2.5 eq.) Xylene 80°C (17h) 452 (78%) 

2 TsOH.H2O (2.5 eq.) Xylene 120°C (1 h) 452 (24%) 

3 H2SO4 H2SO4 60°C (2h) complex mixture 

 

Initial heating of the alkynyl-ketone 427 with p-TsOH in xylene at 80°C provided only 

the phenol 452 with loss of the benzyl protecting group (Table 4.05, entry 1). Increasing 

the temperature to 120°C showed initial formation of the phenol 452 followed by 

decomposition (entry 2). Finally, treatment with warm concentrated H2SO4 gave only 

rapid decomposition to a complex mixture of products (entry 3). With the poor results 

obtained with the acid catalysed cyclisation of the substituted anthraquinone 427, we 

looked at using the alternative three-step procedure using piperidine and POCl3 utilised 

by Shvartsberg et al.216 

 

4.1.4 Attempts at preparing the piperidine enamines 454, 456 and 457. 

 

Shvartsberg et al. showed that anthra-4-pyranone 424 could be prepared via a three-step 

procedure where anthraquinone-alkynyl-ketone 453 is first converted to the rearranged 

anthraquinone-alkynyl-ketone 455 (Scheme 4.01) via the piperidine enamine 454 and 

then treated with piperidine and SiO2 to promote the cyclisation.216 

 

We attempted the synthesis of the piperidine enamine of both the heptanone 444 and 

isopropenyl ketone 452 derivatives obtained from mono-deprotection of the bis-protected 

phenols 426 and 427 in the acid-catalysed cyclisation trials (see section 4.1.2). 
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Unfortunately, treatment of the anthraquinone-alkynyl-ketones 444 and 452 with 

piperidine, only gave a complex mixture of products plus the desired enamines were not 

observed through 1H NMR spectrum analysis and were not isolated. 

 

Scheme 4.12: Attempted preparation of the piperidine eeamines 456 and 457. 

 

4.1.4 Conclusion of acid catalysed domino reaction for the synthesis of anthra-4-

pyranones 

 

Overall our investigations into the domino acid catalysed cyclisations of anthraquinone-

alkynyl-ketones were successful and three new anthra-4-pyranones 428, 429 and 313 

were obtained. This is an excellent result as we were able to generate analogues of the 

anthra-4-pyranone natural products in comparatively few steps when compared to other 

literature methods. Unfortunately, this methodology was not applicable to the slightly 

more complex anthraquionone-ethynyl methacrylone 427, with reactions on this substrate 

only producing the phenol 452 and decomposition products.  

Scheme 4.13: Synthesis of the 3 new anthra-4-pyranone natural product analogues 428, 

429 and 313. 

 

During our investigation, we were also able to develop an efficient synthesis of the 

precursor anthraquinone-alkynyl-ketones 425 and 426 through a two-step Sonogashira 

reaction, Dess-Martin oxidation sequence). Additionally, as part of our investigations into 

the preparation of the precursor compound 426 we serendipitously discovered a reaction 
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to form the furoanthraquinone 443 from the anthraquinone iodide 442 using cuprous 

acetylide 433. 

 
Scheme 4.14: Serendipitous synthesis of anthrafuran 426 through a domino Castro-

Stephens-5-endo-dig cyclisation sequence. 

The anthrafuran 443 can be considered a ring contracted analogue of the anthra-4-

pyranone natural products and was of further interest as it could have interesting 

biological activity. This method of anthrafuran synthesis is further explored in chapter 5 

and a small series of the resulting anthrafurans tested for growth inhibition of various 

cancer cell lines.  

 

4.2 Synthetic Endeavours towards the Domino Sonogashira-6-endo-dig-

cyclisation reaction of Anthraquinone carboxylic acid chlorides to 

Anthra-4-pyranones 
 

Our next proposed method for the synthesis of the anthra-4-pyranones involved a domino 

Sonogashira-6-endo-dig-cyclisation reaction of carboxylic acid chloride 458 to the 

anthra-4-pyranone 273. This method is similar to the carbonylative methodology 

attempted in section 3.2; however, by utilising an acid chloride precursor, we circumvent 

the need for an early carbonylative reaction which had proved difficult in our earlier work. 

This method would provide an alternative route to give the same intermediate alkynyl-

ketone 266 we envisaged in the failed carbonylative Sonogashira reaction sequence (see 

Section 3.2) 
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Scheme 4.16: Key steps in the proposed synthesis of the anthra-4-pyranones. 

 

In this study, we anticipated the synthesis of the acid chloride 458 could be could be 

achieved through transformation of the familiar anthraquinone iodide 265 to the 

carboxylic acid 259 through a hydroxycarbonylation reaction and then converted to the 

acid chloride by treatment with SOCl2 or (COCl)2. 

 

 

Scheme 4.17: Proposed synthesis of Acid chloride 458. 

 

4.2.1 Synthesis of the anthraquinone carboxylic acids 

 

Synthesis of carboxylic acids from aryl halides can be achieved in two ways. Firstly, the 

aryl halide can be converted to the highly nucleophilic lithium or magnesium halide 

species through lithium halogen exchange or formation of the Grignard reagent. These 

organometallic species can then be reacted with CO2 to provide the carboxylic acids after 

acidic work-up (Scheme 4.18),314-316 the reaction can also be performed under catalytic 



143 

 

conditions.317 Unfortunately, this method is likely to cause problems due to the tendency 

of the highly nucleophilic organometallic species to react other functional groups (i.e. 

carbonyls) present in our anthraquinones. 

 

Scheme 4.18: Formation of carboxylic acids from aryl halides by nucleophilic addition 

of organometallic reagents to carbon dioxide. 

 

A second approach involves generation of the carboxylic acid from aryl halides by a 

palladium-mediated hydroxycarbonylation reaction. This hydroxycarbonylation reaction 

is thought to progress through the following mechanism (Scheme 4.19). Firstly, the 

palladium(0) catalyst undergoes oxidative addition into the aryl halide bond to form the 

oxidative addition product 21, in the way familiar to most palladium cross-coupling 

reactions.82 Secondly, ligand exchange with the carbonyl ligand occurs either through 

sequential dissociation of a phosphine ligand and then association of CO or through a 

pentacoordinate intermediate.82  In the next step, two alternative mechanisms have been 

proposed. In the most widely accepted case, the complex undergoes carbonyl insertion to 

form the palladium acyl species 51 (path A, Scheme 4.19).82 Alternatively, it has been 

proposed by the group of Yamamoto that the carbonyl ligand can undergo attack directly 

by a hydroxide anion to form the carboxylate coordinated complex 463 (path B, Scheme 

4.19).318 In the carbonyl insertion case (path A), the hydroxyl nucleophiles can then either 

attack directly at the carbonyl group releasing the acid, or by initial coordination of the 

hydroxyl nucleophiles to palladium, followed by reductive elimination to give the acid 

product 57.82 In the carboxylate case (path B, through complex 463), the product is 

generated from reductive elimination reforming the palladium catalyst and completing 

the catalytic cycle. 
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Scheme 4.19: Proposed palladium catalysed hydroxycarbonylation mechanism.82,318 

 

We began our investigations into the synthesis of the carboxylic acid 459 by subjection 

of the anthraquinone iodide 265 to a series of carbonylative hydroxycarbonylation 

reaction conditions (Table 4.06). 

 

Table 4.06: Hydroxycarbonylation of anthraquinone iodides 

 

Entry R = CO pressure Solvent ArH 

280, 467 or 468 

Carboxylic acid 

459, 465 or 466 

1 H 1 bar (balloon) DMF No Reaction 

2α H 20 bar DMF 52% 10% 

3 H 20 bar Dioxane Complex mixture 
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4 H 20 bar DMSO 80% 0% 

5 Bn 20 bar DMF 59% 39% 

6 iPr 20 bar DMF Complex mixture 
α) dimethylamide 469 (28%) was isolated from the reaction mixture  

 

Subjecting the anthraquinone iodide 265 to hydroxycarbonylation reaction conditions 

with balloon pressure of CO only resulted in quantitative recovery of starting material 

265 (Table 4.06, entry 1). Increasing the CO pressure to 20 bar produced the desired 

carboxylic acid product 459, albeit in low yield (10%), but this yield is presumably 

hindered by the  significant amounts of the reductive dehalogenation product 280 (52%) 

and dimethyl amide 469 (28%) (entry 2) also produced. 

 

Figure 4.04: By-products of the hydroxycarbonylation reaction. 

We suspect the dimethylamide 469 was obtained through an aminocarbonylation reaction 

with dimethylamine, derived from K2CO3 accelerated thermal decomposition of the DMF 

used as a reaction solvent. Subsequent substitution of the DMF solvent for dioxane gave 

only a complex mixture of products (entry 3), and substitution with DMSO gave only the 

reductive dehalogenation product 469 (entry 4). The reaction with the benzyl-protected 

anthraquinone iodide 445 gave a much better result with 39% of the carboxylic acid 465 

produced, although reductive dehalogenation to 467 (59%) was still observed (entry 5). 

The reaction with the bulkier isopropyl protected anthraquinone iodide 464 was less 

successful, producing only a mixture of decomposition products (entry 6). 

 

Although the carboxylic acids could be accessed directly, we thought that obtaining the 

ester through an analogous alkoxycarbonylation reaction may be higher yielding and 

more reliable, and could in turn provide the carboxylic acids after simple hydrolysis of 

the ester. Indeed, alkoxycarbonylation reactions are thought to be the most robust of the 

carbonylation reactions.31,32  

 

Table 4.07: Methoxycarbonylation of anthraquinone iodides. 
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Entry R = SM CO pressure ArH 

280, 467, 768 or 

474 

Product 

470, 471, 472 or 

473 

1 H 500 mg 5 bar 78% 22% 

2 H 100 mg 20 bar 6% 67% 

3 H 500 mg 20 bar 18%α 73%α 

4β H 500 mg 20 bar 43% 32% (459)β 

5 Bn 200 mg 20 bar trace 93% 

6 Bn 500 mg 20 bar 33% 65 % 

7 γ Bn 1.0 g 10 bar trace 88%γ 

8 iPr 500 mg 20 bar trace 94% 

9 iPr 1.0 g 20 bar trace 99% 

10 Me 200 mg 20 bar trace 79% 
α) Yield averaged over 2 runs; β) The crude ester 470 obtained from the reaction mixture was hydrolysed with 

1.0 M NaOH in  H2O/dioxane (1:1) at reflux for 2 h and the acid 459 isolated; γ) Yield average over 5 runs. 

 

Treatment of the anthraquinone iodide 265 under the reaction conditions gave a mixture 

of the desired methyl ester 470 (22%) and the reductive dehalogenation product 280 

(78%) (Table 4.07, entry 1). Increasing the CO pressure to 20 bar improved the selectivity 

of the reaction providing the methyl ester 470 (67 %) in good yield (entry 2). When the 

reaction was scaled up to 500 mg of iodide 265, it was more efficient at 73% yield (entry 

3). 
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Figure 4.05: Reductive dehalogenated products formed as byproducts of the 

alkoxycarbonylation reaction. 

 

Performing the reaction again on 500 mg of iodide 265, and treating the crude reaction 

mixture with NaOH in refluxing H2O/dioxane gave the carboxylic acid 459 (32%) and 

an increased amount of dehalogenated product 280 was observed (entry 4). This result 

was surprising given the post treatment with NaOH should not affect the amount of 

dehalogenation product observed. It was speculated that small differences in CO pressure 

(effecting reaction rates and consumption of CO) or perhaps differences in the efficiency 

of the stirring had a large influence on the reaction progression and was responsible for 

the somewhat unpredictable results. This observation was also noted with the 

inconsistency in of yield of the methyl ester 471 derived from the benzyl protected iodide 

445 when carrying the reaction out on larger scales (entries 5 and 6). We were also 

interested in the synthesis of the benzyl protected methyl ester 471, as well as the 

isopropyl and methyl protected esters 472 and 473, their corresponding acids 465, 466 

and 475 and acid chlorides 476, 477 and 478 for the Sonogashira reaction (see section 

4.2). It was found that the use of 10 bar pressure of CO gave much more reliable reaction 

results with the benzyl protected iodide 445 varying only slightly between runs (entry 7). 

The isopropoxy iodide 464 and methoxy iodide 362 were converted smoothly to the 

corresponding methyl esters 472 and 473 using 20 bar of CO (entries 8-10). 

 

 

 

Figure 4.06: Carboxylic acids and acid chlorides of interest. 

 



148 

 

It is noteworthy that to obtain these products the reaction must progress through a 

palladium acyl species similar to 51 (see scheme 4.19), the construction of these esters 

therefore provides evidence for the formation of this palladium acyl species 51. 

Interestingly, we proposed that the failure of the carbonylative Sonogashira (Section 3.2) 

was due largely to the difficulty in formation of this complex. Following this 

investigation, it is thought the carbonylation of the anthraquionone palladium oxidative 

addition products (such as 301) to provide the intermediate carbonylated palladium 

complex (304) is highly reversible, releasing carbon monoxide to regenerate the original 

oxidative addition product 301 (see scheme 3.17, chapter 3). 

 

Next, we prepared the carboxylic acid 459 in almost quantitative yield by hydrolysis of 

the methyl ester 470. 

 

Scheme 4.20: Hydrolysis of methyl ester 470 to give carboxylic acid 459. 

 

Unfortunately, the hydrolysis of methyl ester 471 containing the benzyl group was much 

more difficult while the hydrolysis of the methyl ester 471 with NaOH gave inconsistent 

results. Initial hydrolysis with NaOH (2.5 M in H2O) with dioxane on the test scale gave 

the desired carboxylic acid 465 in moderate yield (56%) but showed some decomposition 

(Table 4.08, entry 1). Scaling up the reaction to obtain larger amounts of the acid 465, 

curiously gave no reaction (entry 2). Increasing the concentration of NaOH provided 

some conversion to the desired carboxylic acid 465 (9%), however, the hydrolysis was 

still inefficient with large amounts of starting material 471 remaining (c.a. 75%, entry 3). 

In a sealed tube the reaction temperature was also increased, but again, this proved 

ineffective with only a complex mixture of decomposition products observed (entry 4). 

We thought that perhaps decreasing the concentration of NaOH to yield a monophasic 

reaction mixture may improve the conversion of starting material 471 to the acid 465, but 

again, no reaction was observed (entry 5). The substitution of dioxane with more polar 

solvents such as MeOH and HO(CH2)2OH to allow high concentrations of added NaOH 

(2.5 M) to maintain a monophasic solution resulted in only poor conversions (entries 6 

and 7), as did the substitution of NaOH for LiOH (entry 8). It is suspected from these 
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results that the large benzyl protecting group within 471 obstructs the attack of the OH- 

nucleophile. 

Table 4.08: Attempts to hydrolyse methyl ester 471. 

 

Entry 471 

amount 

Base (aqueous) Solvent Phases SM 

471 

Acid 

465 

1 162 mg NaOH (2.5M, 6 mL) Dioxane (6 mL) 2 0% 56% 

2 400 mg NaOH (2.5M, 8 mL) Dioxane (8 mL) 2 No Reaction 

3 400 mg NaOH (5.0M, 8 mL) Dioxane (8 mL) 2 75% 9% 

4α 82 mg NaOH (2.5M, 4 mL) Dioxane (4 mL) 2 Complex mixture 

5 53 mg NaOH (1.25M, 4 mL) Dioxane (2 mL) 1 No reaction 

6 180 mg NaOH (2.5M, 4 mL) MeOH (4 mL) 1 No reaction 

7 187 mg NaOH (2.5M, 4 mL) HO(CH2)2OH (3 mL) 1 Complex mixture 

8 120 mg LiOH (2.0 M, 4 mL) Dioxane (4 mL) 1 No reaction 
α) A sealed tube was used and the reaction mixture heated at 125°C 

 

With the difficulty in the hydrolysis of the phenolic-benzyl methyl ester 471, we turned 

our attention to the preparation of the phenolic-isopropyl protected compound 466. 

Following this pathway, we were able to synthesise the carboxylic acid 466 in almost 

quantitative yield using the same method utilised for the hydrolysis to the phenolic 

carboxylic acid 459. 

 

 

Scheme 4.21: Hydrolysis of methyl ester 472 to the carboxylic acid 466. 

 

4.2.2 Coupling of the alkyne 

 

With the carboxylic acids 459 and 466 in hand, we began a brief trial into the conversion 

of the carboxylic acids into their corresponding acid chlorides by treatment with SOCl2 

in CH2Cl2 along with catalytic amounts of DMF. Removal of the solvent and excess 
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SOCl2 gave the acid chlorides 458 and 477 as confirmed by loss of the CO2H signal in 

the 1H NMR and vastly improved solubility in CDCl3 and other organic solvents. Due to 

the sensitivity of the acid chlorides 458 and 477, only their 1H NMR spectra (with trace 

amounts of DMF) were obtained (see chapter 6). 

 

Scheme 4.22: Preparation of anthraquinone acyl chlorides. 

The domino Sonogashira-6-endo-dig-cyclisation of salicylic acid chloride 479 to 

chromone 481 has been achieved previously as a by-product in the preparation of alkynyl-

ketone 480.215 Additionally, the fact that the alkynyl-ketone 480 is formed as the major 

product is encouraging as we know these can be cyclised to the desired chromones under 

mildly basic conditions.205,206 

 

 

Scheme 4.23:  Previously reported coupling of phenylacetylene with salicyloyl chloride 

479.215 

 

The crude acid chloride 458 was subjected to Sonogashira cross-coupling conditions with 

1-octyne (309) in attempts to synthesis the anthra-4-pyranone 313 via a Sonogashira-6-

endo-dig annulation reaction (Table 4.09). 

Table 4.09: Attempted Domino Sonogashira-annulation reaction to the anthra-4-pyranone 313. 
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Entry Catalyst Additive Amine Major product (yield) 

1 Pd2dba3.CHCl3 - Cy2NMe Complex mixture 

2 Pd(PPh3)2Cl2 - NEt3 By-product 482 (99%) 

3α Pd(PPh3)2Cl2 CuI (10 mol%) NEt3 By-product 482 (68%) 
α) The reaction was only left for 3 h before work up. 

Treating the acid chloride 458 with similar conditions to the example by An,215 octyne 

309, Pd2dba3·CHCl3 and Cy2NMe in toluene at 50°C, provided only a complex mixture 

of products (Table 4.09, entry 1). Next, the acid chloride 458 was subjected to more 

typical Sonogashira cross-coupling conditions in the presence of octyne 309, using 

Pd(PPh3)2Cl2 and NEt3 (entry 2). Unfortunately, under these conditions, we only obtained 

quantitative conversion to the dimeric diester heptacycle 482 (Figure 4.06). The addition 

of CuI (10 mol%) gave a more complex mixture of products, however, the dimeric 

product 482 still predominated (entry 3). 

 

 

 

  

482 

Figure 4.06: Structure of the heptacyclic homo-coupled product 482. 

 

To avoid formation of the homocoupled product 482, we chose to use the acid chloride 

477, which contained an isopropyl protecting group on the reactive phenol. Subjecting 
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this acid chloride to the typical Sonogashira reaction conditions (Scheme 4.24) gave only 

a complex mixture, as observed in the 1H NMR spectrum.  

 

Scheme 4.24: Attempted coupling of 1-Octyne (309) with anthraquinone acyl chloride 

477. 

Our initial idea was to perform a Sonogashira reaction to add the alkyne moiety, however, 

since we are working with an acid chloride we are not limited to the use of palladium 

chemistry in the same way we would be if we were using an aryl halide. Addition of 

alkynes to benzoyl chlorides has been achieved in numerous other ways. The alkyne can 

be converted to several nucleophilic metal acetylides of the form 485, either catalytically 

or stoichiometrically. This species can react with the acid chloride to produce the alkynyl-

ketones 486. Such metal actylides include lithium acetylides,319-321 magnesium 

acetylides,322 cuprous acetylide,323-327 zinc acetylides,328,329 and even silver acetylides.330 

 

 

Scheme 4.25: Addition of metal acetylides to benzoyl chlorides to give alkynyl-ketones 

486.The reaction of cuprous 1-octyne (361) with anthraquinone acid chloride 466 gave 

only a complex mixture of products. The analogous reaction of silver 1-octyne (488) 

gave only the unexpected dimethyl amide 469. 

 

Scheme 4.26: The reaction of cuprous and silver acetylides with the acid chloride 458. 
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The dimethylamide was formed directly form dimethylamine presumably derived from 

decomposition of an amount of DMF used to catalyse the formation of the acid chloride 

458 from the carboxylic acid 459. Curiously, the formation of the dimethylamide 469 was 

only observed in the case where the silver acetylide 488 was used. We tentatively 

hypothesise that the silver salt may facilitate the addition of trace amounts of 

dimethylamine to the acid chloride by abstraction of the chloride to form an activated 

acylium ion 489 (scheme 4.27). 

 

Scheme 4.27: Tentatively hypothesised silver-mediated coupling of trace 

dimethylamine to the anthraquinone amide 469. 

 

Adding propynyl magnesium bromide to the acid chloride 458 gave only a mixture of 

products, possibly due to addition to the central quinone moiety. With the lack of success 

using these methods, we decided to move on and explore alternative strategies. 

 

 

Scheme 4.28:  Attempted coupling of propynylmagnesium bromide to acid chloride 

477. 
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4.3 The Bismethoxyanthracene approach 

 

With the failure of several methods to synthesise anthra-pyranones and the natural 

product BE-26554A (233), we decided to investigate the synthesis of BE-26554A (233) 

through an analogous method to Tietze et al. in the total synthesis of anthrapyranone 

antibiotic and natural product AH-1763 IIa and the proposed structure of anthrapyranone 

metabolite δ-Indomycinone (248).205,206 This method involves the quenching of a lithiated 

bismethoxyanthracene 491 (a protected anthraquinone) with generic aldehyde 492 in 

order to attach the side chain. Subsequent oxidative de-methylation of the 

bismethoxyanthracene 491 to give anthraquinone 493 and oxidation of the benzylic 

alcohol with 2-iodoxybenzoic acid (IBX) and cyclisation of the resulting alkynyl-ketone 

266 forms the anthrapyranone 273 (Scheme 4.29). This method was appealing as we 

already had key precursors to the halobismethoxyanthracene 491 in hand. 

 

 

Scheme 4.29: General method for the conversion of halobismethoxyanthracenes 491 to 

anthrapyranones 273 employed by the Tietze group.205,206 

 

4.3.1 Anthraquinone protected. 

 

To trial this synthetic approach, we first had to synthesise the dimethoxyanthracene 491 

via protection of the iodoanthraquinone 445. 
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Scheme 4.30: Synthesis of the dimethoxyanthracene 494. 

 

This was achieved by reductive bismethylation by treatment of the iodoanthraquinone 

445 with Na2S2O4 and KOH to prepare the bisalkoxide-anthracene in situ followed by 

methylation with Me2SO4.
205,206 Following this the alkynyl-aldehyde 495, with an 

appropriate 2-propenyl side chain, was prepared. This was achieved, albeit in poor yield, 

by a two-step procedure involving dehydration of the 2-methyl-3-butyn-2-ol (342) with 

p-TsOH to give the volatile 2-methyl-1-buten-3-yne (332) by cooling of the distillate. 

Lithiation of 2-methyl-1-buten-3-yne (332) and quenching the resulting lithium acetylide 

with DMF gave the highly thermally unstable alkynyl-aldehyde 495 by careful vacuum 

distillation of the reaction mixture.331 

 

 

Scheme 4.31: Synthesis of the alkynyl-aldehyde 495.  

 

Next, we treated the iododimethoxyanthracene 494 with nBuLi in THF at -78°C and 

quenched the speculated organolithium species with the freshly distilled alkynyl-

aldehyde 495. 

 
Scheme 4.32: Attempted coupling of alkynyl aldehyde 495 to iododimethoxyanthracene 

494. 
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Unfortunately, we were unable to obtain any of the desired anthracenyl-alcohol 496, with 

the reaction mixture again producing a complex mixture of unidentified decomposition 

products. 

 

4.4 Synthesis of (±)-BE-26554A via a beta-keto-sulfoxide  

 

A method utilising a domino condensation-annulation reaction with aldehydes and β-

ketosulfoxides (of the type 497, Scheme 4.33) as reported by several research groups was 

considered a viable option for our synthesis.218,219,332-338 

 
Scheme 4.33: Synthesis of chromones 498 through the domino condensation-annulation 

reaction of β-ketosulfoxides 497 with aldehydes.164,165,271-276,338 

 

The reaction is suspected to progress through the 2-hydroxy methylsulfinyl intermediate 

500 (formed by the aldol reaction of 497 with an aldehyde) which can then undergo loss 

of water (to complete an aldol condensation) to give the α,β-unsaturated carbonyl 

compound 502a (Scheme 4.34, path A). Alternativley, the intermediate 500 can undergo 

pericyclic syn-elimination of methyl sulfenic acid (501) to give β-diketone 502b (Scheme 

4.34, path B). From the intermediate α,β-unsaturated diketone 502a (path A), the phenol 

can add to the double bond in a Michael addition reaction to generate the cyclic 

intermediate 503a which then undergoes pericyclic syn elimination of methylsulfenic 

acid (501) to generate the desired chromone 498. In pathway B, attack of the phenol at 

the distal ketone of the diketone 502b gives the hemiketal 503b which undergoes (E1CB) 

elimination of water, through the enolate, to form the same desired chromone 498 as path 

A.338 
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Scheme 4.34: Mechanism of the domino condensation-annulation reaction of β-

ketosulfoxides 497 with aldehydes.338 

 

4.4.1 Attempted synthesis of anthraquinone-β-ketosulfoxides 

 

O-phenol-aryl-β-ketosulfoxides of the type 497, can be made by treating an ester with 

excess dimesyl anion obtained from deprotonation of DMSO with a strong base. During 

our earlier work (see Section 4.2), we had developed an efficient method for the synthesis 

of the anthraquinone methylester 470 from which we attempted conversion to the 

corresponding anthraquinone-β-ketosulfoxide 504 by treatment with NaDMSO and 

LiDMSO. 
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Table 4.10: Attempted synthesis of the anthraquinone-β-ketosulfoxide 504

 
Entry R Reagent  Solvent Temperature Result 

1 Ac NaDMSO (10 eq.) PhH RT complex mixture 

2 H NaDMSO (10 eq.) PhMe RT complex mixture 

3 H LiDMSO (3 eq.) THF 0°C complex mixture 

4 H LiDMSO (3 eq.) THF -78°C - RT complex mixture 
Methyl ester (470 or 503, 100 mg), solvent (2 mL), 1-3 h, monitored by TLC. 

 

We first tried treating the acetylated phenol anthraquinone methyl ester 503 with slow 

addition to a large excess of freshly prepared NaDMSO in benzene.218,334,337,338 

Unfortunately, the reaction only produced a mixture of products and did display the 

characteristic 1H NMR signals associated with the methylene protons of the β-

ketosulfoxide moiety (2 signals δ 4.3-5.0, J ≈ 15 Hz) (table 4.10, entry 1). Next, we carried 

out the reaction on the free phenol 470 to eliminate the possibility of the acetate group 

being involved in any side reaction (entry 2). However, the reaction produced a similar 

mixture of decompositions products. Treatment of the methyl ester 470 with a smaller 

excess of the milder alkylating agent LiDMSO at 0°C or -78°C, again, only resulted in an 

undesirable mixture of decomposition products (entries 3 and 4). 

 

In a more drastic approach, we synthesised the acid chloride 458 in the hopes that the 

substitution of the methoxy group with the electronegative and better chloride leaving 

group would enhance the reactivity of the attached carbonyl group and favour β-

ketosulfoxide formation by attack of LiDMSO at this position rather than the two quinone 

carbonyl groups. Unfortunately, this again led only to a complex mixture of 

decomposition products.  
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Scheme 4.35: Attempted alkylation of acid chloride 458 with LiDMSO. 

 

4.4.2 Preparation of dimethoxyanthracene-β-ketosulfoxide 507 and total synthesis 

of (±)-BE-26554A 

 

Our investigation into the synthesis of anthraquinone-β-ketosulfoxides showed that they 

could not be synthesised through treatment of the anthraquinone esters (470 and 503) or 

acid chloride 458 with the dimsyl anions (NaDMSO and LiDMSO). We suspect this is 

because the nucleophilic dimsyl species react with the carbonyl groups of the 

anthraquinone (B ring) in preference to the ester or acid chloride. To overcome this 

problem, we investigated the protection of the anthraquinone moiety to the 

bismethoxyanthracene derivative. The dimethoxyanthracene methylester 506 was 

prepared efficiently from the anthraquinone iodide 445 using a quickly realised three-step 

synthetic sequence (Scheme 4.36). From this intermediate we were able to obtain the 

natural product BE-26554A (233). 
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Scheme 4.36: The total synthesis of (±)BE-26554A (233) via the key intermediate β-

ketosulfoxide 507. 
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The anthraquinone iodide 265 was first protected at the phenolic position with BnBr to 

give the benzylated anthraquinone iodide 445 in excellent yield. Next, we converted the 

iodide 445 via the previously optimised methoxycarbonylation reaction to give the methyl 

ester 471, again, in excellent yield (82%). New resonances in the NMR spectra, 13C NMR 

(δ 167.5) and 1H NMR (δ 3.81 (s, 3H)), attributed to the new methylester moiety 

confirmed the addition of the new ester group. Conversion of the anthraquinone 471 to 

the dimethoxyanthracene 505 progressed smoothly with excellent yield (81%) under 

reductive methylating conditions using Na2S2O4 and Me2SO4, following the procedure by 

Tietze et al.205,206 The structure of the dimethoxyanthracene  505 was confirmed by the 

two additional resonances in the 1H NMR spectrum at δ 4.07 (s, 3H), 3.93 (s, 3H) and the 

loss of two carbonyl resonances in the 13C NMR spectrum previously at δ 183.4 (C=O) 

and 181.9 (C=O). Hydrogenolysis of the benzyl group of the benzyloxy anthracene 505 

progressed quickly in THF/MeOH with Pd/C to give the phenol 506 in excellent yield 

(85%) after 1 h at room temperature, as evidenced by the loss of the benzyl group 

resonances in the NMR spectra and the appearance of a hydrogen bonded phenolic proton 

in the 1H NMR spectrum at δ 11.38 (s, 1H). The dimethoxyanthracene methyl ester 506 

was treated with freshly prepared LiDMSO to give the β-ketosulfoxide 507 (scheme 4.36) 

cleanly and in almost quantitative yield (97%). The key signals in the 1H NMR spectrum 

at δ 4.61 (d, J = 14.7 Hz, 1H), 4.45 (d, J = 14.7 Hz, 1H) (showing geminal coupling of 

the diastereotopic methylene protons) and 2.78 (s, 3H) were evidence for the 

incorporation of the chiral methylsulfoxide moiety. Additionally, it is worth mentioning 

that this five-step sequence beginning from anthraquinone iodide 265, provided the 

desired dimethoxyanthracene--ketosulfoxide 507 in excellent overall yield (59% over 5 

steps) with each step providing a yield greater than 80% without requiring any thorough 

optimisation. 

 

Before investigating the reactivity of the dimethoxyanthracene--ketosulfoxide 507 with 

aldehydes, to potentially give the dimethoxyanthracene-4-pyranones, we wanted to first 

try and reveal the anthraquinone moiety by an oxidative demethylation reaction. By 

revealing the anthraquinone moiety earlier in the synthesis we would be able to reduce 

the number of steps in which we must handle the somewhat unstable 

dimethoxyanthracenes. This key intermediate would allow for rapid generation of natural 

products and their analogues without the need to perform several additional steps after 

the cyclisation to reveal their structure core. 
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Scheme 4.37: Attempted oxidative demethylation of β-ketosulfoxide 507 

 

Unfortunately, the oxidative demethylation conditions involving the use of HNO3 and 

Ag(II)O caused rapid loss of the β-ketosulfoxide moiety of the anthracene 504 (as 

observed by drastic increase in Rf by TLC and loss of the characteristic CH2 resonance in 

the 1H NMR) and subsequent decomposition. 

 

With failure of the oxidative demethylation of the dimethoxyathracene 507 to give the 

later stage intermediate 504, we investigated the aldehyde-condensation-cyclisation 

reaction with β-ketosulfoxide 507. We attempted the cyclisation reaction first with 

methacrolein (512), to provide an advanced precursor to (±)-BE-26554A (233). 

Treatment of the β-ketosulfoxide 507 with methacrolein (512) and a catalytic amount of 

piperidine in toluene gave only a complex mixture of products, perhaps in part due to a 

Michael addition reaction between piperidine and methacrolein (512). 

 

Scheme 4.38: Attempted condensative cyclisation of methacrolein 512 with β-

ketosulfoxide 507. 

 

To confirm that the condensation annulation reaction was a viable route to the 

anthrapyranones, the β-ketosulfoxide 507 was treated with propionaldehyde and catalytic 

amounts of piperidine in refluxing toluene. This process resulted in the successful 

production of the desired 4-pyranone 508 cleanly and with excellent yield (81%) (Scheme 

4.36). The reaction product was identified using 1H NMR by the presence of the key 4-

pyranone CH resonance at δ 6.33 (t, J = 0.7 Hz, 1H) and the ethyl group proton resonances 

at δ 2.84 (q, J = 7.5 Hz, 2H and 1.42 (t, J = 7.6 Hz, 3H). 13C NMR also indicated two 
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additional resonances in the aromatic region (δ 168.5 and 120.0 ppm) and the shifting of 

the carbonyl resonance from  δ 197.2 ppm (507) to δ 180.2 ppm (508). The HRMS (APCI: 

calculated for C25H27O5: 407.1858; found: 407.1847) was also consistent with the desired 

structure. 

 

This result was not only exciting because we had discovered a method to generate the 

desired 4-pyranones under mild conditions, but the product 508 could potentially be 

converted to the natural product (±)-BE-26554A (233). Treatment of the anthracene 

compound 508 with Ag(II)O in HNO3 and dioxane gave rapid and clean conversion of 

the dimethoxyanthracene 508 to anthraquinone 509 following the procedure by Tietze et 

al.205,206 (Scheme 4.36). The reaction product was immediately identified by the dramatic 

reduction in solubility and subsequently identified by 1H NMR with the obvious loss of 

the methoxy protons δ 4.03 (s, 3H), 3.97 (s, 3H). It was further confirmed with the aid of 

13C NMR spectrum and HRMS analyses (APCI: calculated for C23H21O5: 377.1389; 

found: 377.1384). 

 

Application of the Augustine olefination procedure by treatment of the ethyl-anthra-4-

pyranone 509 with CH2BrCl and catalytic amounts of DMAP in refluxing pyridine339 

gave a messy reaction mixture. Nonetheless, the desired olefin 510 was isolated in a 

moderate yield of 57% (Scheme 4.36). The olefinic reaction product was identified using 

1H NMR by the presence of the appearance of the olefinic proton resonances δ 6.74 (s, 

1H) and 6.39 (s, 1H) and in the 13C NMR spectrum, the loss of the resonance of the CH2 

carbon (δ 27.3 ppm) of the ethyl group of 509 and the appearance of resonances at δ 134.1 

and 123.0 ppm attributed to the new olefin in 510. HRMS also indicated the correct 

molecular ion for the desired olefin 510 (APCI: calculated for C24H21O5: 389.1389; found: 

389.1381). Following this step, deprotection of the isopropyl group was achieved after 

only 15 minutes of treatment with the Lewis acid BCl3 at -40°C in CH2Cl2 (Scheme 4.36).  

With the olefin 511 in hand, the final step was to epoxidise the double bond to give the 

natural product (±)-BE-26554A (233). 

 

Treatment of the olefinic anthra-4-pyranone 511 with a small excess of m-CPBA in 

refluxing CH2Cl2 provided smooth but incomplete conversion to the racemic mixture of 

the desired epoxide (±)-BE-26554A (233) which was isolated with a moderate yield of 

60%. The spectroscopic data of the isolated compound 233 matched those reported in the 

original publication, identifying the natural product (±)-BE-26554A (233) and along with 
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the X-ray crystal structure, provided conclusive evidence for the structure of (±)-BE-

26554A (233). Unfortunately, the stereochemistry at the epoxide was not reported in the 

original isolation from the natural source; additionally as we carried out a racemic 

reaction in the final epoxidation step the absolute stereochemistry could also not be 

determined.204 

 

 
Table 4.11: Comparison of the 1H and 13H NMR data of synthetic (±)-BE-26554A (233) and 

those reported by Banyu Pharma.204 

 Obtained NMR Data (δ, ppm) Banyu Pharma NMR data (δ, ppm) 

Position 1H 13C 1H 13C 

C2 - 166.4 - 166.0 

C3 6.52 (s, 1H) 110.9 6.51 (s, 1H) 110.6 

C4 - 179.0 - 178.6 

C5 - 150.0 - 149.6 

C6 8.07 (s, 1H) 126.1 8.06 (s, 1H) 126.3 

C6a - 136.3 - 135.9 

C7 - 181.9 - 181.4 

C7a - 132.4 - 132.0 

C8 7.81 (dd, J = 7.5, 1.1 Hz, 1H) 119.6 7.80 (dd, J = 7.3, 1.0 Hz, 1H) 119.2 

C9 7.71 – 7.65 (m, 1H) 136.6 7.67 (dd, J = 8.3, 7.3 Hz, 1H) 136.2 

C10 7.36 (dd, J = 8.4, 1.1 Hz, 1H) 125.6 7.35 (dd, J= 8.3, 1.0 Hz, 1H) 125.7 

C11OH 12.82 (s, 1H) 162.8 12.81 (s, 1H) 162.4 

C11a - 116.9 - 116.6 

C12 - 187.3 - 186.8 

C12a - 119.9 - 119.6 

C13 - 156.5 - 156.1 

C5CH3 3.00 (s, 3H) 24.3 3.00 (s, 3H) 24.1 

C1’ - 56.0 - 55.8 

C2’ 
3.53 (d, J = 5.6 Hz, 1H); 3.10 

(d, J = 5.6 Hz, 1H) 
54.2 

3.54 (d J = 5.9Hz, 1H); 3.10 

(d, J = 5.9 Hz, 1H) 
54.0 

C3’ 1.87 (s, 3H) 18.2 1.87 (s, 3H) 18.0 
NMR sample prepared in CDCl3 and run on Bruker 500 MHz spectrometer.  

 

The HRMS data for the synthetic sample were consistent with the calculated value (APCI: 

calculated for C21H15O6: 363.0869; found: 363.0884). We were also able to grow crystals 
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of (±)-BE-26554A (233) and an X-ray crystal structure was obtained at UWA by A/Prof. 

Brian Skelton. 

 

Figure 4.06: X-Ray crystal structure of (±)-BE-26554A (233). 

 

The crystal structure of the (±)-BE-26554A (233) was as expected and showed internal 

hydrogen bonding of the phenol hydrogen to the adjacent carbonyl moiety. The crystal 

structure indicated the crystal was comprised of a 1:1 mixture of both enantiomers of BE-

26554A (233) (i.e.: a racemic crystal) although for clarity, only the R-isomer is shown 

above. The crystal structure also clearly shows the pyranone moiety is in place and with 

the correct regiochemical 4-pyranone orientation and the epoxide is present in the 

expected position. 

 

Table 4.12: Crystal data and structural refinement details for (±)-BE-26554A 

(233) 

Empirical formula  C21.50H15ClO6 

Formula weight  404.79 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 
Space group   P21/c 

Unit cell dimensions a = 12.0801(11) Å  

 b = 24.297(4) Å  

 c = 5.9566(8) Å 

 = 91.019(10)°  

Volume 1748.0(4) Å3 
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Z 4 
Density (calculated) 1.538 Mg/m3 
µ 2.290 mm-1 

Crystal size  0.11 x 0.03 x 0.02 mm3 
θ range for data collection   3.64 to 68.01°. 
Index ranges  -14 ≤ h ≤ 14, -28 ≤ k ≤ 28, -7 ≤ l ≤ 6 
Reflections collected  13424 
Independent reflections  3118 [R(int) = 0.0866] 
Completeness to θ = 68.01°   98.0 % 
Absorption correction  Semi-empirical from equivalents 
Max./min. transmission  1.00/0.92 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  3118 / 0 / 274 
Goodness-of-fit on F2  1.055 
Final R indices [I>2σ(I)]  R1 = 0.0803, wR2 = 0.1931 
R indices (all data)  R1 = 0.1312, wR2 = 0.2247 
Largest diff. peak and hole  0.454 and -0.484 e.Å-3 

 

 

4.5 Conclusion and future work 

 

Overall, our investigations into the synthesis of a series of anthrapyranones through 

domino reaction chemistry were very successful. Our investigations into the domino 

carbonylative Sonogashira cross-coupling reaction, despite exhaustive efforts, did not 

produce the desired anthra-4-pyranones. 

 

 

Scheme 4.39: Anthra-2-pyranones via an alkyne-insertion carbonylative annulation. 

 

These investigations did, however, give the interesting anthra-2-pyranones by a little-

known alkyne-insertion carbonylative annulation reaction with excellent yields. These 

anthra-2-pyranones are of interest due to their structural similarity to the biologically 
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active anthra-4-pyranone natural products and a small series of analogues were 

synthesised and tested for anticancer activity (see chapter 5).  We were also able to 

synthesise the natural product (±)-BE-26554A (233) via a novel alternative pathway 

involving a key cyclisation of a β-ketosulfoxide with an aldehyde to generate the anthra-

4-pyranone ring system. This route provides a new pathway to anthrapyranone natural 

products and has recently also been used in the first total synthesis of Heraclemycin B 

within our group.340 

 

Scheme 4.40: Summary of the key step for the synthesis of (±)-BE-26554A (233). 
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Chapter 5 

Synthesis, Biological Evaluation and Preliminary Optimisation of 

Novel Antitumor Tetracyclic Anthraquinones 
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5.1 Introduction 

 

5.1.1 Analogues of Anthraquinones as potential anticancer agents 

 

Anthrapyranone natural products have shown interesting antibacterial and antitumor 

properties, as previously discussed in Chapter 3 (3.1.1). The series of anthrapyranone 

compounds exhibit diversity in the C2 side-chain which is often terpenoid in nature and 

can contain functionality such as alkenes, alcohols, epoxides plus occasionally alkyl 

chlorides or bromides (Figure 5.01).123,126,201-204 

 

 

Figure 5.01: A selection of anthrapyranones showing diversity in the C2 side 

chain.202,204,341 

 

The corresponding anti-tumour activity of these C2 analogues differs depending on the 

side-chains. Alteration of the C2 side chain consequently provides a convenient way to 

modify antitumor activity and may grant access to synthetic analogues of enhanced 

antitumor activity. This hypothesis is one of the major features of our research into 

synthetic analogues of the anthrapyranone derivatives and is discussed in this chapter.  

 

Anthrapyranones are thought to exhibit their antitumor activity through two main 

mechanisms. Firstly, the anthrapyranone core has been repeatedly reported as a DNA 

intercalator which inhibits replication of rapidly growing cancer cells. Secondly, those 

anthrapyranone natural products containing an epoxide on the C2 side chain, such as 

hedamycin (228),342 can alkylate the N7 position of guanine residues in DNA which 

further inhibits cellular replication.342-344 

 

Although it has yet to be validated, it is thought the anthrapyranones may share some of 

the additional cytotoxic and anti-proliferation mechanisms to the structurally related 
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anthracyclines (Figure 5.02), such as doxorubicin (Adriamycin™, 514) and anthracycline 

analogue, mitoxantrone (Novantrone™, 516). 

 

 

Figure 5.02: Anthracyclines doxorubicin (514) and daunorubicin (515) and 

anthracycline analogue, mitoxantrone (516). 

 

 The anthracycline antitumor agents are used in cancer treatment and like the 

anthrapyranones, function as DNA intercalators. In addition to their intercalation 

properties, anthracyclines also exhibit anti-tumour properties through inhibition of the 

topoisomerase (II) enzyme which in turn leads to the stabilisation of a topoisomerase (II)-

DNA complex which leads to DNA cleavage, eventually producing DNA fragments.345 

The inhibition of topoisomerase (II) enzyme also prevents DNA repair by ligase enzymes, 

ultimately leading to inhibition of cell proliferation. They also function as iron-mediated 

free radical generators which damage DNA, cell membranes and proteins as well as 

inducing the eviction of histone from chromatin that deregulates DNA repair and induces 

apoptosis.346  

 

5.1.2 The Castro-Stephens reaction 

 

One of the key reactions used in the synthesis of anthrapyranone analogues in this chapter 

is the Castro-Stephen’s reaction. Thus, a short introduction to this process is presented 

herein. The Castro-Stephen reaction is described as the coupling of a cuprous acetylide 
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to an aryl halide to produce the corresponding aryl alkynes as discovered in 1963 by 

Castro and Stephens (see Scheme 5.01).52 It remained an important method for the 

production of aryl alkynes until the discovery of the palladium and copper(I) catalysed 

Sonogashira reaction in 1973 which utilised only catalytic amounts of palladium and a 

copper(I) salt. Likewise, the Sonogashira reaction did not require isolation of the cuprous 

acetylide.  Additionally, the Castro-Stephens reaction usually required the use of high 

temperatures (i.e.: >100°C) and solvents such as DMF or pyridine. The Sonogashira 

reaction on the other hand can be performed in a variety of solvents and is typically 

performed between room temperature and 80°C. The mechanism of the Castro-Stephens 

reaction is not well understood and several possible mechanisms have been proposed. 

Castro and Stephens themselves originally proposed two possible mechanisms. 

 

In the first proposed mechanism, Castro and Stephens suggest a pathway through an 

oxidation-reduction cycle in a similar manner to the halogen exchange observed with aryl 

halides and cuprous halides (equation 5.01).66 

 

ArX + CuY → Ar· + CuXY 

Ar· + CuXY → ArY + CuX 

X = I, Br or Cl and Y = alkyne, I, Br or Cl. 

Equation 5.01: Proposed oxidation-reduction cycle for the Castro-Stephens coupling 

and the halogen exchange between aryl and cuprous halides.66 

 

Although it was suggested as a possible mechanism, the authors noted that an aryl carbon 

radical would be required to react with the cupric acetylide complex at the carbon bound 

to Cu(II) which would be sterically difficult in a pyridine solution.52 The authors also 

noted that the order of reactivity of the Castro-Stephens reaction followed the same order 

as the halogen exchange with cuprous halides with respect to para-substituted 

iodobenzenes (NO2 > H > OMe). An alternative, concerted, mechanism (Scheme 5.01) 

was also proposed by Castro and Stephens whereby the aryl iodide associates with the 

Cu(I) centre of the cuprous acetylide to form a weakly bound intermediate which can then 

undergo a concerted breaking of the aryl iodide bond and the cuprous acetylide bond with 

subsequent formation of the new aryl acetylide and generation of the cuprous halide. 
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Scheme 5.01: Concerted coupling of cuprous acetylides to aryl halides. 

 

The concerted mechanism circumvents the need for the sterically hindered attack of the 

aryl carbon radical at the carbon bound to the Cu(II) metal center in the alternative 

oxidation-reduction mechanism. More recently however, a new mechanism has been 

proposed and investigated by Wang et al.291 In this study, the group synthesised the iodo-

azacalix-[1]arene[3]pyridine 517 which reacts with a Cu(I) salt to form the well-defined 

oxidative addition complex 518, containing a Cu(III) metal center stabilised by the three 

pyridine nitrogens of the larger macrocycle. Treatment of this Cu(III) complex with 

phenylacetylene led to the formation of the Castro-Stephens product 519. The same 

Castro-Stephens product 519 was observed by subjecting the iodo-azacalix-

[1]arene[3]pyridine (517) with phenylacetylene under a catalytic Castro-Stephens 

reaction . 

 

 

Scheme 5.02: Synthesis of the azacalix phenylacetylene 519 via the copper(III) 

intermediate 518 complex by Wang et al.291 
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Although the authors mentioned that further in-depth studies were required, they 

suggested that this outcome may also imply that “aryl-Cu(III) species are genuine 

intermediates in Cu-catalyzed or mediated carbon-carbon and carbon-heteroatom bond 

formation reactions.” This type of Cu(I) to Cu(III) catalytic cycle had also been proposed 

for the Ullmann reaction a Cu(I) catalysed cross-coupling of aryl halides to nitrogen or 

oxygen nucleophiles.192 A catalytic mechanism for the Castro-Stephens reaction is 

presented in scheme 5.03; the Ullmann reaction is thought to progress through the 

analogous mechanism where the alkyne coupling partner is a nitrogen or oxygen based 

nucleophile. 

 

Scheme 5.03: Proposed catalytic cycle for the catalytic coupling of cuprous acetylides 

to aryl halides (the catalytic Castro-Stephens reaction). 

 

This proposed Cu(I) to Cu(III) mechanism is further supported by the increase in reaction 

rates observed when using ligands that can stabilise the proposed Cu(III) intermediate. 

Common ligands include bidentate diamines and amino acids (see figure 5.03).192 

 

Figure 5.03: Commonly used ligands in the Ullmann reaction.192 
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5.2 Synthesis of Anthrafurans 

 

During our investigations into the synthesis of anthraquinone alkynyl-ketone 426 as an 

intermediate for the synthesis of anthrapyranones (See Chapter 4), we serendipitously 

discovered a method to form the related anthrafuran ring system contained within 

compound 443. 

 

 
Scheme 5.04: The unexpected synthesis of the anthrafuran 443 

 

The anthrafuran 443 was of interest to assist in developing an SAR and corresponding 

biological evaluation of anthrapyranone analogues. The furan moiety of anthrafurans of 

this type were thought of as ring contracted version of the 4-pyranone moieties (with loss 

of the carbonyl group) within the anthrapyranone natural products. 

 

The anthrafuran 443 was formed through an interesting Castro-Stephens-cyclisation 

reaction, which is not very common in the literature due to the popularity of the related 

Sonogashira reaction. As part of our investigation, we first concentrated on the isolation 

and characterisation of a series of cuprous acetylides. Typically, such organometallic 

compounds are often insoluble, making them difficult to characterise using standard 

techniques. For this reason, we thought that expanding this methodology for the coupling 

of various different cuprous acetylides would not only provide an array of potentially 

biologically interesting analogues, but also contribute to the array of cuprous acetylides 

known in the literature.  
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A series of cuprous acetylides were synthesised by treating an ethanolic solution of the 

terminal alkynes with a mixture of excess CuCl in NH4OH (28%).52,66 In each case, the 

resulting cuprous acetylides precipitated out of the reaction mixture after several minutes 

or upon dilution of the reaction mixture with H2O. These solids were subsequently 

collected, washed and dried under vacuum to give the cuprous acetylides as yellow, 

orange or red free flowing powders. These insoluble organometallic compounds could 

only be analysed by elemental analysis and following this process used without need for 

further purification. 

 

 

Scheme 5.05: The synthesis of the cuprous acetylides. 

 

The coupling and cyclisation reaction of the new cuprous acetylides with anthrafuran 

iodide 265, produced the desired anthrafurans cleanly with no major identifiable by-

products, although the reaction did not always progress to completion. In the case of the 

reactions with 1-octynyl-copper (391) and 1-hexynyl-6-nitrile-copper (531) (Table 5.01, 

entries 1 and 7) the reaction afforded the anthrafurans in excellent yields (85% and 80%), 

however, only moderate yields were achieved with phenylacetylene-copper (526, 64%), 

(3-oxo-3-phenylprop-1-yn-1-yl)copper (415, 54%) and (3-(benzyloxy)-3-methylpent-1-

yn-1-yl)copper (537, 50%) (entries 3, 5 and 11).  Poor yields with propargyl alcohols 533, 

535 and 573 (13-27%, entries 8, 9 and 10) were observed, possibly due to an oxygen-

copper interaction producing complexes which interfere with the catalytic cycle. 

Unfortunately, none of the desired furan product was isolated when coupling (3-

methylbut-3-en-1-yn-1-yl)copper (524) (entry 3), instead the reaction producing only the 

reductive dehalogenation product 280. 
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Table 5.01: The domino Castro-Stephens-annulation reaction to the anthrafurans. 

 
Entry Copper Acetylide Product Yield 

1 
 

 

85% 

2 
 

 

70% 

3 

 

 

0% 

4 

 

 

64% 

5 

 

 

54% 

6 
 

 

49% 
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Table 5.01: The domino Castro-Stephens-annulation reaction to the anthrafurans. 

 
Entry Copper Acetylide Product Yield 

7 
 

 

80% 

8 

 

 

22% 

9 

 

 

27% 

10 

 

 

13% 

11 

 

 

50% 

Reaction conditions: Anthraquinone iodide 265 (200 mg, 0.474 mmol), cuprous acetylide (0.710 mmol), 

DMEDA (179 µL, 1.66 mmol) in PhMe (5 mL) were heated at 90°C for 18h. 

 

It is important to note in the context of this reaction investigation that the Castro-Stephens 

process usually requires the use of high temperatures. Additionally, previous examples 

rarely use ligands that bind to the Copper(I) centre (other than coordinating solvents such 

of pyridine) where we have used the stronger donating bidentate ligand DMEDA. The 
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use of DMEDA (170), primarily as a ligand but also as the base for the reaction, was 

deliberate in the hopes that it would help aid in the coupling reaction, presumably by 

binding to copper center and stabilising the proposed Cu(III) intermediate present in the 

catalytic cycle and potentially lower the overall energy barrier for part of the catalytic 

cycle. This reasoning is based upon the ability of DMEDA and similar ligands to promote 

the Copper(I) catalysed Ullmann reaction through similar stabilisation.192 We believe that 

the use of DMEDA contributed to the success and validity of the reaction process as it 

took place at relatively moderate reaction temperatures compared to other known Castro-

Stephens reactions, including the reaction between related anthraquinone iodide 442 and 

cuprous acetylide 415 (which required refluxing in DMF) (see section 4.1.2). 

 

To complement the Castro-Stephens methodology we also tried performing the coupling 

reaction under catalytic conditions using an excess of 1-octyne (309) and catalytic 

amounts of CuI in the presence of the DMEDA (170) ligand. Unfortunately, the reaction 

failed to provide any of the desired anthrafuran 523 with full recovery of the starting 

athraquinone iodide 265. Further investigation into a potential catalytic Castro-Stephens 

reaction was abandoned. 

 

Scheme 5.06: Attempted catalytic domino Castro-Stephens-annulation reaction to give 

anthraquinone 523. 

 

To compare the effectiveness of an alternative Sonogashira-type-annulation reaction we 

treated the anthraquinone iodide 265 with 1-octyne (309) in the presence of Pd(PPh3)2Cl2 

and CuI. The reaction produced only a complex mixture of products along with small 

amounts of the reductive dehalogenation product 280 with some starting iodide 265 

remaining. This example demonstrates that the Castro-Stephens reaction can be a useful 

alternative to the Sonogashira reaction when greater selectivity is required. 
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Scheme 5.07: Attempted domino Sonogashira-annulation reaction to give the 

anthraquinone 523. 

 

5.3 Synthesis of Anthra-4-pyranone Analogues for Biological Evaluation 

 

Our successful synthesis of natural product (±)BE-26554A (233), via the strategic domino 

reaction of the key intermediate anthracene-β-ketosulfoxide 507 with propionaldehyde, 

opened an obvious pathway for us to generate a small series of related anthra-4-pyranone 

analogues. Simply by varying the aldehyde used in this domino condensation-annulation 

reaction we could generate dimethoxyanthracene intermediates which could be converted 

to anthrapyranones displaying potential biologically active. Thus, a small selection of 

aldehydes was chosen to generate new anthra-4-pyranones for biological evaluation and 

to simply investigate the scope of the reaction. 

   

 

Table 5.02: Synthesis of anthra-4-pyranones via the sulfoxide cyclisation. 

 
Entry Aldehyde Product Yield 

1 
 

 

81% 



180 

 

2 
 

 

83% 

3 
 

 

93% 

4 
 

 

65% 

β-keto-sulfoxide 507 (0.6 mmol), piperidine (2 drops), aldehyde (1.8 mmol) in toluene (5 mL) 

reflux for 2-3 h. 

 

In this study, the reaction showed increased yields as the alkyl chain of the aldehyde was 

increased (83% and 93%, entries 2 and 3) perhaps due to the reduced volatility of the 

aldehyde reagent. The trifluorobutanal 547 was also used and produced the 

trifluoropropyl anthra-4-pyranone product 548, albeit in somewhat reduced yield (65%, 

entry 4). 

 

These four new anthracene-4-pyranones were then treated with Ag(II)O and HNO3 to 

facilitate an oxidative demethylation. The oxidative demethylation progressed smoothly 

in each case producing the anthraquinones as highly stable products which were subjected 

to the biological assays outlined in section 5.5. 
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Table 5.03: Oxidative demethylation of the dimethoxyanthracenes. 

 
Entry Product Yield 

1 

 

78% 

2 

 

83% 

3 

 

75% 

4 

 

86% 

HNO3 (4M, 3-4 mL) was added to dimethoxyanthracene  (0.2-0.3 mmol) and Ag(II)O 

(5 eq.) in dioxane (5-10 mL)  

 

 

5.4 Synthetic Manipulations involving the Anthraquinone Phenol  

 

With a small library of protected anthraquinone analogues synthesised including the 

anthra-2-pyranones, anthra-4-pyranones and anthrafurans, we decided to also convert 

many of these analogues to their free phenol counterparts to make them more structurally 

similar to the target anthra-4-pyranone natural products and investigate the relative effect 

on biological activity. We had previously stumbled upon a simple deprotection method 

of the isopropyl group by heating the protected anthraquinone 265 in p-TsOH (see 4.1.3). 
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Thus, the isopropoxy anthraquinones were deprotected with p-TsOH in refluxing xylenes, 

however, for more sensitive anthraquinones we used an alternative literature procedure 

utilising BCl3 at -20°C. The deprotections of the various tetracyclic anthraquinones are 

tabulated below. 

 

Table 5.04: Deprotections of the isopropyl groups. 

  
Entry Method Product Yield 

1 A 

 

81% 

2 A 

 

90% 

3 A 

 

87% 

4 B 

 

96% 

5 A 

 

73% 

6 A 

 

86% 

7 A 

 

69% 
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Table 5.04: Deprotections of the isopropyl groups. 

  
Entry Method Product Yield 

8 A 

 

77% 

9 A 

 

59% 

10 A 

 

87% 

11 B 

 

48% 

12 A 

 

83% 

13 B 

 

49% 

14 A 

 

75% 

15 A 

 

98% 

Method A: anthraquinone (0.05-0.3 mmol), p-TsOH.H2O (1.5 eq), in xylene reflux, 

5-20 mins. Method B: anthraquinone (0.05-0.3 mmol), BCl3 (2 eq.), CH2Cl2, −40°C 

15-30mins. 
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Deprotection of the isopropyl groups of the three related tetracyclic anthraquinones gave 

the corresponding free phenols reliably and in good to excellent yields. As expected, these 

phenol derivatives were much less soluble in solvents such as PhMe, CH2Cl2, CHCl3, 

DMSO, H2O etc. and more intensely coloured compared to their ether counterparts. 

 

In further developing our investigations into the structure-activity relationship of the 

tetracyclic anthraquinones, we prepared the methyl-protected phenol variants of some of 

the more interesting analogues. In this case, it was hoped that methylation of the free 

phenol will change the local electrostatic properties of the molecule and perhaps alter the 

biological activity. The analogues containing the free phenol were significantly less 

soluble than their isopropyl protected phenol counterparts and it was anticipated that the 

methylated analogues would be more soluble in a range of solvents. The investigation 

into the preparation of the methylated phenols was also driven by the presence of this 

moiety in the related anthraquinone and chemotherapy agent doxorubicin (514). 

Methylations of the phenolic tetracyclic anthraquinones were achieved through simple 

treatment of the phenols with base and MeI, the results of which are tabulated below. In 

each case methylation progressed smoothly providing the ether derivatives in good to 

excellent yields. 

 

 

 

 

 

Table 5.05: Methylation of the free phenol. 

 
Entry Product Yield 

1 

 

86% 

2 

 

64% 
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3 

 

99% 

Reaction conditions: Anthraquinone (0.1-0.2 mmol), MeI (2 eq.), K2CO3 (3 eq.) 

 

 

 

5.5 Biological Assay Studies 

 

Once we had synthesised the broad range of tetracyclic anthraquinones, including the 

anthra-4-pyranones, the anthra-2-pyranones and the anthrafurans, they were screened in 

growth inhibition assays against various cancer cell lines to assess their potential for use 

as chemotherapy agents and to construct a structure-activity relationship. The growth 

inhibition assays were kindly conducted by Adam McCluskey at the University of 

Newcastle and Kelly Young, Jayne Gilbert and Jennette Sakoff at the Department of 

Medical Oncology, Calvary Mater Newcastle Hospital.  The results of the growth 

inhibition assays are shown on the following pages. All compounds were initially assayed 

at the higher concentration of 25 µM in each cell line for growth inhibition (in blue, higher 

value indicates greater activity) and if these compounds were significantly potent, a full 

dose response analysis was conducted from which the concentration resulting in 50% 

growth inhibition (GI50 value) (in pink, lower value indicates greater activity) was 

calculated. This value is the concentration of compound that induces 50% growth 

inhibition after 72 h exposure. GI50 values ≤ 1.0 µM are highlighted in bold text. All 

assays were completed in triplicate with the standard error indicated. 
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Table 5.06: Anthra-4-pyranones 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 

Pancrea

s 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

509 

GI at 

(25µM) 
52 ± 0 87 ± 4 62 ± 9 68 ± 3 64 ± 5 52 ± 7 73 ± 1 73 ± 2 41 ± 5 63 ± 3 43 ± 3 73 ± 8 

GI50 (µM) Not performed due to low activity in the 25µM test 

551 

GI at 

(25µM) 
73 ± 7 >100 96 ± 5 72 ± 5 65 ± 3 75 ± 9 82 ± 4 82 ± 4 55 ± 10 71 ± 3 66 ± 15 79 ± 5 

GI50 (µM) 4.8 ± 0.62 8.7 ± 3.7 4.3 ± 0.88 5.8 ± 1.5 6.9 ± 2.5 5.7 ± 0.77 1.9 ± 0.00 2.2 ± 0.15 16 ± 7.3 3.4 ± 0.36 3.9 ± 1.9 2.2 ± 0.15 

553 

GI at 

(25µM) 
Compound not tested. Insoluble at 1.65mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 1.65mM in 100% DMSO 

 
570 

GI % at 

(25µM) 
84 ± 2 74 ± 2 90 ± 2 76 ± 2 65 ± 3 70 ± 5 79 ± 1 78 ± 7 77 ± 2 66 ± 0 61 ± 7 87 ± 2 

GI50 (µM) 4.5 ± 0.25 14 ± 4.7 4.1 ± 0.20 5.3 ± 0.23 4.8 ± 0.18 5.7 ± 0.35 4.8 ± 0.34 
4.1 ± 

0.033 
4.3 ± 0.15 5.4 ± 0.32 6.5 ± 1.3 4.8 ± 0.58 
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Table 5.06: Anthra-4-pyranones (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 

Pancrea

s 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

571 

GI at 

(25µM) 
>100 >100 >100 100 ± 1 >100 101 ± 2 >100 94 ± 10 >100 >100 99 ± 1 >100 

GI50 (µM) 
5.5 ± 

0.058 
6.4 ± 0.42 6.4 ± 0.33 6.4 ± 0.20 5.3 ± 0.31 6.6 ± 0.15 5.3 ± 0.56 

6.1 ± 

0.000 
5.3 ± 0.17 7.1 ± 0.32 6.0 ± 0.36 5.6 ± 0.37 

554 

GI at 

(25µM) 
Compound not tested. Insoluble at 1.65mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 1.65mM in 100% DMSO 

556 

GI at 

(25µM) 
100 ± 1 >100 89 ± 1 82 ± 3 98 ± 1 99 ± 4 95 ± 0 93 ± 7 92 ± 1 85 ± 2 100 ± 1 94 ± 2 

GI50 (µM) 3.2 ± 0.94 2.8 ± 0.72 1.8 ± 0.06 2.4 ± 0.22 1.4 ± 0.27 1.6 ± 0.10 1.2 ± 0.15 1.8 ± 0.26 1.7 ± 0.13 1.7 ± 0.15 1.5 ± 0.19 1.6 ± 0.20 

313 

GI at 

(25µM) 
Compound not tested. Insoluble at 2.5mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 2.5mM in 100% DMSO 
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Table 5.06: Anthra-4-pyranones (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 

Pancrea

s 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

 557 

GI % at 

(25µM) 
90 ± 3 98 ± 3 86 ± 2 86 ± 1 92 ± 3 95 ± 3 90 ± 1 66 ± 8 56 ± 4 83 ± 3 86 ± 5 98 ± 2 

GI50 (µM) 
0.94 ± 

0.18 
2.9 ± 0.85 

0.28 ± 

0.035 

0.34 ± 

0.027 

0.87 ± 

0.46 

0.51 ± 

0.20 

0.29 ± 

0.012 

0.20 ± 

0.018 

0.49 ± 

0.007 

0.28 ± 

0.000 

0.48 ± 

0.17 

0.31 ± 

0.003 

 428 

GI % at 

(25µM) 
Compound not tested. Insoluble at 2.5mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 2.5mM in 100% DMSO 

 558 

GI % at 

(25µM) 
>100 >100 >100 >100 >100 >100 >100 90 ± 2 >100 >100 >100 >100 

GI50 (µM) 1.6 ± 0.12 3.4 ± 0.12 1.4 ± 0.07 1.6 ± 0.23 3.9 ± 0.20 1.8 ± 0.07 1.5 ± 0.06 5.9 ± 0.21 4.7 ± 0.99 2.0 ± 0.34 1.7 ± 0.20 2.7 ± 0.27 

 233 

GI % at 

(25µM) 
>100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 

GI50 (µM) 2.0 ± 0.38 
0.99 ± 

0.13 
1.3 ± 0.20 

0.29 ± 

0.01 
2.1 ± 0.31 

0.95 ± 

0.12 

0.84 ± 

0.17 

0.17 ± 

0.04 
0.8 ± 0.25 0.9 ± 0.16 

0.16 ± 

0.05 
1.5 ± 0.25 
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Table 5.07: Anthra-2-pyranones 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

 
310 

GI % at 

(25µM) 
65 ± 3 49 ± 3 60 ± 1 52 ± 3 51 ± 1 42 ± 8 54 ± 6 57 ± 5 57 ± 3 44 ± 5 77 ± 3 55 ± 7 

GI50 

(µM) 
Not performed due to low activity in the 25µM test 

 
311 

GI % at 

(25µM) 
73 ± 6 34 ± 0 46 ± 4 27 ± 6 39 ± 5 28 ± 4 45 ± 1 38 ± 8 48 ± 3 31 ± 4 44 ± 1 8 ± 2 

GI50 

(µM) 
Not performed due to low activity in the 25µM test 

358 

GI % at 

(25µM) 
40 ± 4 21 ± 4 24 ± 7 16 ± 6 12 ± 8 11 ± 1 29 ± 1 20 ± 7 20 ± 8 14 ± 6 23 ± 3 11 ± 4 

GI50 

(µM) 
Not performed due to low activity in the 25µM test 

 
359 

GI % at 

(25µM) 
81 ± 4 18 ± 3 20 ± 2 18 ± 3 29 ± 7 25 ± 7 24 ± 5 10 ± 6 29 ± 4 27 ± 5 41 ± 2 10 ± 3 

GI50 

(µM) 
Not performed due to low activity in the 25µM test 



190 

 

 

  

Table 5.07: Anthra-2-pyranones (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

 
325 

GI % at 

(25µM) 
75 ± 3 85 ± 4 75 ± 2 80 ± 5 64 ± 0 72 ± 6 64 ± 2 60 ± 5 99 ± 3 81 ± 6 85 ± 4 71 ± 9 

GI50 (µM) 13 ± 0.88 17 ± 0.88 14 ± 1.3 12 ± 0.33 20 ± 1.5 17 ± 0.58 29 ± 6.1 33 ± 2.4 12 ± 2.0 12 ± 0.33 12 ± 0.33 16 ± 0.67 

335 

GI % at 

(25µM) 
80 ± 1 94 ± 3 82 ± 3 84 ± 1 63 ± 4 75 ± 2 43 ± 11 64 ± 7 94 ± 7 91 ± 2 95 ± 1 75 ± 9 

GI50 (µM) 11 ± 0.44 19 ± 1.7 13 ± 1.3 13 ± 1.2 21 ± 1.2 19 ± 0.67 27 ± 1.7 28 ± 5.8 14 ± 3.4 11 ± 0.44 11 ± 0.0 18 ± 0.0 

331 

GI % at 

(25µM) 
58 ± 3 64 ± 1 61 ± 2 46 ± 4 56 ± 4 56 ± 4 54 ± 3 26 ± 9 84 ± 2 60 ± 3 66 ± 2 49 ± 10 

GI50 (µM) Not performed due to low activity in the 25µM test 

343 

GI % at 

(25µM) 
57 ± 2 64 ± 1 82 ± 5 60 ± 2 71 ± 3 62 ± 7 54 ± 4 69 ± 5 92 ± 4 64 ± 5 52 ± 6 65 ± 8 

GI50 (µM) 30 ± 0.58 30 ± 0.58 20 ± 1.2 28 ± 1.7 22 ± 2.3 19 ± 1.2 40 ± 3.8 27 ± 3.9 14 ± 1.2 23 ± 3.2 30 ± 0.58 28 ± 1.2 
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Table 5.07: Anthra-2-pyranones (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

 
345 

GI % at 

(25µM) 
93 ± 1 45 ± 4 75 ± 2 59 ± 5 58 ± 0 62 ± 7 26 ± 5 44 ± 2 67 ± 2 68 ± 3 60 ± 3 47 ± 9 

GI50 

(µM) 
7.5 ± 0.47 29 ± 2.8 19 ± 0.0 19 ± 0.33 14 ± 2.4 16 ± 1.2 39 ± 4.4 29 ± 4.9 13 ± 1.8 16 ± 1.0 21 ± 0.76 20 ± 0.33 

308 

GI % at 

(25µM) 
82 ± 2 57 ± 3 70 ± 1 63 ± 2 79 ± 1 82 ± 4 52 ± 5 70 ± 7 >100 82 ± 3 62 ± 3 50 ± 15 

GI50 

(µM) 
11 ± 0.29 25 ± 2.2 16 ± 0.67 19 ± 0.33 16 ± 0.33 15 ± 0.0 26 ± 1.3 22 ± 2.1 9.0 ± 1.8 14 ± 1.2 23 ± 1.2 20 ± 1.2 

341 

GI % at 

(25µM) 
49 ± 6 15 ± 3 27 ± 6 37 ± 4 20 ± 5 30 ± 4 19 ± 4 9 ± 7 21 ± 5 20 ± 2 45 ± 4 48 ± 11 

GI50 

(µM) 
Not performed due to low activity in the 25µM test 

339 

GI % at 

(25µM) 
46 ± 4 87 ± 4 60 ± 9 62 ± 9 41 ± 9 44 ± 7 68 ± 8 42 ± 15 42 ± 6 43 ± 7 55 ± 8 66 ± 4 

GI50 

(µM) 
Not performed due to low activity in the 25µM test 
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Table 5.07: Anthra-2-pyranones (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

337a 

GI % at 

(25µM) 
64 ± 3 90 ± 3 82 ± 5 54 ± 3 59 ± 3 81 ± 1 81 ± 2 65 ± 5 74 ± 2 56 ± 3 74 ± 2 70 ± 7 

GI50 (µM) 15 ± 2.0 16 ± 0.88 19 ± 4.3 21 ± 1.8 19 ± 1.5 17 ± 2.0 20 ± 1.2 33 ± 6.6 15 ± 3.4 20 ± 4.3 19 ± 1.3 15 ± 2.7 

337b 

GI % at 

(25µM) 
73 ± 7 83 ± 7 110 ± 5 84 ± 4 66 ± 4 73 ± 11 69 ± 5 85 ± 11 83 ± 15 58 ± 5 82 ± 4 69 ± 6 

GI50 (µM) 24 ± 2.6 12 ± 2.7 8.8 ± 1.6 12 ± 3.2 25 ± 2.6 12 ± 3.8 24 ± 2.7 27 ± 2.7 27 ± 4.7 17 ± 4.0 16 ± 3.6 12 ± 2.1 

300 

GI % at 

(25µM) 
92 ± 3 62 ± 4 >100 89 ± 2 >100 96 ± 3 99 ± 3 >100 >100 94 ± 3 100 ± 1 71 ± 13 

GI50 (µM) 5.6 ± 0.10 14 ± 1.9 5.3 ± 0.70 7.0 ± 0.13 5.1 ± 0.13 4.0 ± 0.29 8.8 ± 0.31 6.7 ± 0.40 3.9 ± 0.57 3.9 ± 0.41 6.1 ± 0.07 9.7 ± 0.57 

559 

GI % at 

(25µM) 
89 ± 2 86 ± 2 88 ± 2 89 ± 1 82 ± 2 92 ± 0 89 ± 1 92 ± 9 79 ± 4 72 ± 2 87 ± 2 95 ± 2 

GI50 (µM) 1.2 ± 0.62 6.6 ± 1.7 2.2 ± 0.21 1.5 ± 0.15 3.1 ± 0.63 
2.3 ± 

0.088 

0.86 ± 

0.032 

0.88 ± 

0.035 

1.0 ± 

0.065 
1.7 ± 0.49 1.3 ± 0.17 2.1 ± 0.15 
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Table 5.07: Anthra-2-pyranones (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

560 

GI % at 

(25µM) 
63 ± 3 77 ± 16 67 ± 16 69 ± 11 62 ± 8 56 ± 13 55 ± 16 62 ± 19 56 ± 14 42 ± 15 71 ± 17 61 ± 4 

GI50 (µM) Not performed due to low activity in the 25µM test 

 
577 

GI % at 

(25µM) 
Compound not tested. Insoluble at 2.5mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 2.5mM in 100% DMSO 

561 

GI % at 

(25µM) 
72 ± 5 >100 >100 83 ± 10 73 ± 7 85 ± 7 95 ± 7 93 ± 8 61 ± 9 70 ± 4 85 ± 9 82 ± 7 

GI50 (µM) 14 ± 2.7 11 ± 3.5 12 ± 3.4 10 ± 1.7 9.0 ± 1.6 12 ± 0.33 3.2 ± 0.52 11 ± 4.3 22 ± 9.5 15 ± 6.7 9.8 ± 6.2 5.4 ± 1.6 
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Table 5.08: Anthrafurans 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

576 

GI % at 

(25µM) 
57 ± 4 39 ± 3 44 ± 3 58 ± 6 37 ± 5 28 ± 7 17 ± 2 <0 14 ± 9 15 ± 10 18 ± 4 67 ± 3 

GI50 (µM) Not performed due to low activity in the 25µM test 

523 

GI % at 

(25µM) 
8 ± 6 <0 12 ± 10 5 ± 3 <0 11 ± 1 0 ± 14 <0 <0 3 ± 2 23 ± 4 8 ± 3 

GI50 (µM) Not performed due to low activity in the 25µM test 

 
527 

GI % at 

(25µM) 
69 ± 5 88 ± 7 75 ± 7 70 ± 2 52 ± 4 56 ± 7 69 ± 7 62 ± 5 54 ± 4 54 ± 7 57 ± 7 65 ± 10 

GI50 (µM) Not performed due to low activity in the 25µM test 

 
578 

GI % at 

(25µM) 

68 ± 2 87 ± 6 81 ± 2 76 ± 2 32 ± 8 71 ± 6 81 ± 1 66 ± 7 67 ± 4 46 ± 4 85 ± 6 73 ± 3 

GI50 (µM) 

9.7 ± 0.67 8.4 ± 1.3 3.5 ± 0.27 5.0 ± 0.50 17 ± 0.67 5.8 ± 1.1 1.9 ± 0.13 4.6 ± 0.78 2.2 ± 

0.058 

9.7 ± 0.88 2.3 ± 0.29 12 ± 1.7 
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Table 5.08: Anthrafurans (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

443 

GI % at 

(25µM) 
69 ± 3 84 ± 2 87 ± 5 73 ± 3 58 ± 1 78 ± 2 74 ± 2 91 ± 2 55 ± 3 67 ± 3 72 ± 3 69 ± 7 

GI50 (µM) 
0.88 ± 

0.003 
4.2 ± 1.2 2.0 ± 0.07 2.3 ± 1.4 6.8 ± 2.5 1.4 ± 0.09 

0.85 ± 

0.03 

0.75 ± 

0.13 
4.2 ± 0.89 1.1 ± 0.16 1.8 ± 0.48 

0.84 ± 

0.06 

528 

GI % at 

(25µM) 
73 ± 5 99 ± 6 74 ± 5 73 ± 1 66 ± 1 81 ± 2 75 ± 3 58 ± 4 36 ± 4 76 ± 4 64 ± 2 72 ± 6 

GI50 (µM) 1.4 ± 0.13 2.3 ± 0.49 1.1 ± 0.26 2.1 ± 0.44 2.9 ± 0.57 
1.77 ± 

0.09 

0.95 ± 

0.13 

0.83 ± 

0.14 
36 ± 1.7 1.7 ± 0.31 2.2 ± 0.12 2.0 ± 0.38 

 
539 

GI % at 

(25µM) 

39 ± 3 43 ± 5 53 ± 4 48 ± 4 11 ± 5 25 ± 10 14 ± 8 6 ± 8 <0 27 ± 7 43 ± 3 48 ± 11 

GI50 (µM) Not performed due to low activity in the 25µM test 

 
574 

GI % at 

(25µM) 

80 ± 1 40 ± 7 41 ± 6 85 ± 3 78 ± 2 58 ± 3 42 ± 7 80 ± 8 96 ± 7 67 ± 5 35 ± 6 56 ± 2 

GI50 (µM) 

24 ± 3.5 35 ± 2.8 24 ± 2.7 16 ± 1.0 17 ± 1.7 19 ± 1.0 28 ± 3.2 20 ± 1.0 14 ± 0.67 19 ± 0.58 29 ± 2.8 31 ± 1.8 
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Table 5.08: Anthrafurans (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

534 

GI % at 

(25µM) 
50 ± 3 29 ± 6 31 ± 1 68 ± 2 51 ± 3 49 ± 4 26 ± 7 16 ± 6 98 ± 9 72 ± 5 41 ± 4 34 ± 14 

GI50 (µM) 25 ± 2.2 50 ± 9.4 25 ± 2.2 20 ± 0.60 22 ± 0.58 23 ± 0.76 33 ± 2.1 32 ± 0.33 15 ± 1.5 21 ± 0.50 29 ± 1.7 28 ± 1.5 

532 

GI % at 

(25µM) 
64 ± 5 >100 82 ± 15 75 ± 4 65 ± 3 68 ± 6 74 ± 5 61 ± 6 64 ± 5 52 ± 4 61 ± 2 74 ± 6 

GI50 (µM) 11 ± 3.5 6.1 ± 0.10 5.9 ± 2.3 6.4 ± 0.83 9.4 ± 0.83 9.8 ± 1.1 7.7 ± 1.0 23 ± 4.7 8.4 ± 1.3 10 ± 1.4 10 ± 1.7 7.3 ± 0.53 

530 

GI % at 

(25µM) 
82 ± 6 94 ± 18 68 ± 7 82 ± 5 66 ± 20 69 ± 19 78 ± 30 68 ± 15 91 ± 35 64 ± 22 79 ± 18 67 ± 22 

GI50 (µM) 18 ± 0.88 18 ± 1.0 13 ± 1.9 11 ± 0.33 27 ± 2.2 23 ± 3.8 25 ± 5.0 43 ± 5.1 25 ± 3.8 34 ± 2.7 22 ± 2.5 19 ± 0.50 

 
562 

GI % at 

(25µM) 
85 ± 1 75 ± 4 73 ± 1 76 ± 2 57 ± 1 80 ± 1 62 ± 2 53 ± 6 42 ± 4 69 ± 1 59 ± 3 74 ± 4 

GI50 (µM) Not performed due to low activity in the 25µM test 
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Table 5.08: Anthrafurans (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

563 

GI % at 

(25µM) 
79 ± 3 89 ± 8 79 ± 5 86 ± 2 86 ± 4 81 ± 2 68 ± 12 84 ± 7 39 ± 13 79 ± 1 93 ± 2 82 ± 6 

GI50 (µM) 17 ± 1.5 25 ± 2.6 15 ± 2.5 12 ± 2.2 17 ± 1.2 18 ± 0.58 25 ± 2.0 21 ± 1.9 32 ± 3.4 13 ± 2.4 9.3 ± 1.8 15 ± 2.2 

 
564 

GI % at 

(25µM) 
Compound not tested. Insoluble at 2.5mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 2.5mM in 100% DMSO 

565 

GI % at 

(25µM) 
92 ± 2 >100 91 ± 2 91 ± 1 78 ± 3 92 ± 5 >100 92 ± 8 95 ± 5 64 ± 3 >100 93 ± 1 

GI50 (µM) 4.7 ± 0.95 5.5 ± 1.8 2.1 ± 0.13 
2.0 ± 

0.067 
9.6 ± 1.2 4.8 ± 1.5 2.0 ± 0.17 2.9 ± 0.43 

1.8 ± 

0.033 
9.5 ± 0.29 1.5 ± 0.21 5.8 ± 0.35 

566 

GI % at 

(25µM) 
Compound not tested. Insoluble at 2.5mM in 100% DMSO 

GI50 (µM) Compound not tested. Insoluble at 2.5mM in 100% DMSO 
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Table 5.08: Anthrafurans (continued) 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

 
567 

GI % at 

(25µM) 
80 ± 1 68 ± 6 60 ± 4 99 ± 1 84 ± 3 80 ± 1 57 ± 9 84 ± 7 82 ± 9 72 ± 4 89 ± 4 93 ± 2 

GI50 (µM) 13 ± 1.7 20 ± 2.3 21 ± 1.5 7.3 ± 0.33 17 ± 3.4 9.0 ± 2.1 28 ± 5.7 19 ± 4.6 17 ± 2.4 15 ± 2.3 12 ± 2.3 11 ± 0.87 

568 

GI % at 

(25µM) 
74 ± 5 91 ± 4 74 ± 6 73 ± 3 57 ± 3 73 ± 2 84 ± 1 80 ± 2 49 ± 4 68 ± 4 63 ± 2 75 ± 7 

GI50 (µM) 1.9 ± 0.09 11 ± 3.55 4.7 ± 0.82 6.5 ± 2.40 15 ± 3.2 13 ± 0.67 
0.46 ± 

0.10 

0.99 ± 

0.11 
32 ± 6.6 2.6 ± 1.1 5.4 ± 3.0 

0.64 ± 

0.07 

569 

GI % at 

(25µM) 
77 ± 5 >100 90 ± 4 78 ± 2 70 ± 2 95 ± 1 84 ± 1 64 ± 2 25 ± 4 80 ± 3 77 ± 2 74 ± 5 

GI50 (µM) 1.9 ± 0.05 
0.97 ± 

0.24 

0.66 ± 

0.02 

0.45 ± 

0.009 
1.9 ± 0.82 

0.59 ± 

0.03 

0.44 ± 

0.02 

0.38 ± 

0.02 
37 ± 2.6 

0.55 ± 

0.003 

0.69 ± 

0.08 

0.45 ± 

0.02 

 
572 

GI % at 

(25µM) 
77 ± 2 57 ± 6 51 ± 1 88 ± 0 73 ± 2 71 ± 2 39 ± 6 46 ± 6 51 ± 4 34 ± 4 47 ± 5 84 ± 3 

GI50 (µM) Not performed due to low activity in the 25µM test 
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Table 5.08: Bismethoxy Anthracenes 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA MCF10A 

Colon 
Glioblast

oma 
Breast Ovarian Lung Skin Prostate 

Neurobla

stoma 

Glioblast

oma 
Pancreas 

Glioblast

oma 

(Murine) 

Breast 

(Normal) 

 
508 

GI % at 

(25µM) 
70 ± 1 61 ± 3 99 ± 4 77 ± 2 53 ± 10 57 ± 4 35 ± 9 60 ± 3 92 ± 1 64 ± 2 86 ± 0 60 ± 10 

GI50 (µM) 15 ± 0.58 25 ± 2.0 8.9 ± 3.6 11 ± 1.8 23 ± 2.7 18 ± 1.3 18 ± 0.67 28 ± 1.0 15 ± 1.2 11 ± 0.33 11 ± 0.75 18 ± 1.1 

 
544 

GI % at 

(25µM) 
76 ± 1 73 ± 6 93 ± 6 83 ± 3 68 ± 5 61 ± 3 47 ± 5 42 ± 10 100 ± 2 78 ± 2 80 ± 1 70 ± 7 

GI50 (µM) 14 ± 1.2 22 ± 2.8 7.4 ± 4.3 11 ± 0.93 20 ± 3.3 19 ± 0.67 25 ± 2.3 30 ± 1.2 15 ± 2.7 15 ± 1.5 
17 ± 

0.000 
19 ± 2.0 

 
546 

GI % at 

(25µM) 
37 ± 3 29 ± 3 81 ± 5 69 ± 2 27 ± 1 27 ± 6 34 ± 4 39 ± 10 61 ± 2 34 ± 2 89 ± 3 28 ± 6 

GI50 (µM) Not performed due to low activity in the 25µM test 
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Table 5.09: Related chemotherapy agents 

Compound 

Structure 

Value 

measured 

HT29 U87 MCF-7 A2780 H460 A431 Du145 BE2-C SJ-G2 MIA SMA 

Colon 
Glioblasto

ma 
Breast Ovarian Lung Skin Prostate 

Neuroblast

oma 

Glioblasto

ma 
Pancreas 

Glioblasto

ma 

(Murine) 

Irinotecan 579 

GI50 (µM) 9.3 ± 0.4 15 ± 3 5.0 ± 0.0 1.0 ± 0.0 3.3 ± 0.9 3.2 ± 0.4 1.5 ± 0.2 1.5 ± 0.1 1.5 ± 0.0 9.2 ± 0.4 2.9 ± 0.4 

 
Doxorubicin 514 

GI50 (µM) 
0.05 ± 

0.002 

0.011 ± 

0.002 

0.009 ± 

0.003 
<0.000005 

0.000022 

± 

0.000004 

0.00072 ± 

0.00012 

0.0014 ± 

0.001 

0.014 ± 

0.004 

0.0044 ± 

0.001 

0.002 ± 

0.000 

0.0036 ± 

0.001 
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5.5.1 Summary of the biological activities of the anthra-4-pyranones 

 

The series of anthra-4-pyranones showed generally good growth inhibition across all the 

cancer cell lines. Generally, the free phenol derivatives of the anthra-4-pyranones were 

significantly more active than their C11-methoxy and isopropoxy counterparts. 

 

 

Figure 5.04: Numbering for the anthra-4-pyranone system indicating greater activity of 

the free phenolic compounds relative to the isopropoxy counterpart. 

 

The increase in chain length at C2 from the ethyl (509) to the propyl (551) of the 11-

isopropoxy-anthra-4-pyranones increased the activity in the growth inhibition assays at 

the fixed concentration of 25 µM, however, a small reduction in activity was seen when 

increasing the chain length from the ethyl (570) to the propyl (571) for the 11-methoxy 

analogues. Unfortunately, the free phenols, ethyl (554) and propyl (556) could not be 

compared to other compounds in this assay due to the surprisingly insufficient solubility 

in DMSO. It is therefore difficult to generalise on the effect of chain length at C2 on 

activity from this small amount of data. Substitution of the terminal methyl group within 

derivative 551 with a CF3 moiety (to give 553) lowered the GI50 values by a factor of 

between 1 and 9 across the cell lines providing excellent GI50 values many of which were 

excitingly in the sub-micromolar range (0.20-2.9 µM). The natural product (±)BE-

26554A (233) and the olefinic precursor (558) also showed high growth inhibition for the 

cancer cell lines. In particular, (±)BE-26554A (233) gave GI50 values between 0.16 µM 

and 2.1 µM with the highest activity seen in Neuroblastoma (BE2-C, 0.17 µM) and 

Glioblastoma (Maurine SMA, 0.16 µM) cell lines. 

 

5.5.2 Anthra-2-pyranones 

 

As with the anthra-4-pyranones, the anthra-2-pyranones showed broad growth inhibition 

activity over each cell line tested. Additionally, as seen in the anthra-4-pyranones, the 

C11- phenols were significantly more active than their 11-isopropoxy counterparts. The 
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11-isopropoxy C3 and C4 n-hexyl functionalised analogues (310 and 311) and C5-

desmethyl variants (358 and 359) showed only modest growth inhibition at 25 µM with 

the C5 desmethyl variants being generally less active than their methylated counterparts.  

Removal of the isopropyl group within compound 310 to give the free phenol C3 n-hexyl 

functionalised anthra-2-pyranone 560 showed only a slight improvement in activity. The 

C3 t-butyl (325) and C3 TMS (331) functionalised anthra-2-pyranones showed similar 

activity to each other (GI50 12-33 µM and 11-28 µM respectively) and significantly 

increased activity over the n-hexyl analogue 310. Several anthra-2-pyranones containing 

a C3 tertiary alcohol were synthesised and tested including the 2-propanol 343, 

cyclohexanol 345 and 2-butanol 308 analogues. Each of the three analogues showed only 

moderate activity with the cyclohexanol 345 and 2-butanol 308 analogues showing 

similar activity (GI50 7.5-39 µM and 9-26 µM, respectively) and somewhat higher activity 

than the 2-propanol analogue 343 (GI50 14-30 µM). The benzylated tertiary alcohol 

derivative 300 showed only modest activity at 25 µM. Replacement of the isopropyl 

group on the phenol of the 2-butanol analogue 308 with a benzyl group (to give derivative 

300) resulted in a significant increase in activity (GI50 3.9-9.7 µM). A C3 butylnitrile 

functionalised analogue 539 was also synthesised and tested along with the C3 and C4 

propyl chloride functionalised analogues 337a and 337b. The butylnitrile analogue (539) 

showed only modest activity (GI50 not determined) whilst the C3 and C4 propyl chloride 

analogues 337a and 337b showed moderate activity (GI50 15-33 µM and 8.8-27 µM 

respectively). Removing the isopropyl group of the C3 butylnitrile analogue to reveal the 

phenol moiety within compound 561 resulted in the usual increase in activity providing 

a compound with GI50 ranging from 3.2-22 µM across the cell lines. 

 

5.5.3 Anthrafurans 

 

As with the previously discussed isomers, the anthra-4-pyranones and anthra-2-

pyranones, many of the functionalised anthrafurans showed broad growth inhibition 

activity with growth inhibition observed in each cell line tested. Furthermore, as seen in 

the anthra-4 and 2-pyranones, the C10 phenols were significantly more active than their 

protected C10-isopropoxy counterparts.  
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Figure 5.05: Numbering for the anthrafuran system indicating greater activity of the 

free phenolic compounds relative to the isopropoxy counterpart. 

 

Unlike the 11-isopropoxy C2/3/4 alkyl anthra-4- and 2-pyranones, which in some 

examples showed good activity, the 10-isopropoxy C2 alkyl anthrafurans (propyl 576 and 

hexyl 523) showed low growth inhibition even at 25 µM (0-57% and 0-27%). The 

corresponding free phenols (propyl 562 and hexyl 563) did, however, show the expected 

increase in activity to give more moderate activity (hexyl 563), GI50 9.3-33 µM). Several 

α-ketone C2 functionalised derivatives were also prepared in the furan series. 

Unfortunately, the analogous anthrapyranones were not prepared for comparison. The 

three protected C2 functionalised ketones (578, 443 and 528) showed good growth 

inhibition (acetyl anthrafuran 578, GI50: 1.9-17 µM; hexanoyl anthrafuran 443, GI50: 

0.75-6.8 µM; benzoyl anthrafuran 528, GI50: 0.86-36 µM). It is worth noting that the 10-

isopropoxy hexanoyl anthrafuran 443 and benzoyl anthrafuran 528 are the only two 

isopropoxy compounds tested that display GI50 values in the sub-micromolar range. The 

free phenol derivative acetyl anthrafuran 565 displayed the customary increase in activity 

to give an analogue with improved growth inhibition (GI50: 1.5-9.6 µM). The growth 

inhibition of the two anthrafurans bearing alcohol side chains at C2 (ethanol 574, and 2-

propanol 534) showed moderate and similar activity (574, GI50 14-35 µM; 534, GI50: 15-

50 µM). Preparation of the corresponding phenol 567 increased the activity, as seen by 

the lowering of the GI50 by a factor of 2-3 (GI50: 7.3-28 µM) across all cell lines. Both the 

butylnitrile functionalised anthrafuran 532 (GI50: 5.9-23 µM) and the propyl chloride 

functionalised analogue 530 (GI50: 11-43 µM) display improved potency over the simple 

alkyl analogues. Removal of the isopropyl groups of the butyl nitrile and propyl chloride 

derivatives (532 and 530) gave the deprotected phenol analogues which displayed potent 

growth inhibition activity (568, GI50: 0.46-32 µM; 569, GI50 0.44-37 µM.). Preparation 

of the methylated phenol derivative with C2 propyl chloride functionality 572 showed 

only modest activity hence GI50 was not determined. Overall these latter compounds were 

among the most potent of this series of compounds alongside the natural product (±)BE-

26554A (233), alkene 558 and trifluoropropyl anthra-4-pyranone 557. 
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5.5.4 Dimethoxyanthracenes 

 

Three intermediate compounds with C2 alkyl functionalised bis-methoxyanthracene-4-

pyranones (C2-ethyl 508 GI50: 8.9-25 µM; C2-propyl 544 GI50: 7.4-25 µM; C2-hexyl 546 

GI50: not determined), were also tested but showed only moderate activities which were 

lower than their anthraquinone counterparts. The lower activities of the 

dimethoxyanthracenes combined with their inherent instability to heat, light and air made 

them unattractive for further investigations. 

 

5.6 Conclusion 

 

We have synthesised a diverse range of tetracyclic anthraquinone based anti-tumour 

compounds containing three core cyclic structures, the anthra-2-pyranones, the anthra-4-

pyranones and the anthrafurans. 

 

 

Figure 5.06: Generic structure of the 3 classes of anthrapyranone analogues tested in 

the biological assays. 

 

Each structural class was synthesised by a unique and novel synthetic sequence. In this 

piece of work, we were able to modify the activity of the resultant compounds by 

changing the phenolic protecting group and the side chains in the C2 position for the 

anthra-4-pyranones and anthrafurans or the C3 position for the anthra-2-pyranones. 

During our investigations we were able to synthesise compounds which showed similar 

activity to the natural product (±)BE-26554A (233). In particular, the trifluoropropyl 

anthra-4-pyranone 557 displayed high activity despite the perceived inability to alkylate 

DNA that would be available to the natural product (±)BE-26554A (233) and the prepared 

alkyl halide 569. 
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Figure 5.07: The most active anthraquinone compounds compared to the natural 

product (±)BE-26554A (233). 

 

From the fifty one examples we are able to begin developing a structure activity 

relationship (SAR, figure 5.08). 

 

 
Figure 5.08: Structure activity relationship (SAR) of the anthrapyranone analogues. 

 

This SAR can be further developed by synthesis of additional analogues with greater 

diversity to unlock more information as to how these features change the properties of the 

molecule. Additionally, the SAR can be used to direct a new set of target analogues which 

will have a better chance of displaying greater activity. 

The synthesis of the novel anthrafurans and their antitumour activities along with the 

antitumour activities of the novel anthra-2-pyranones and anthra-4-pyranones formed the 

basis for the journal article: James E. Rixson, James R. Abraham, Yuki Egoshi, Brian W. 
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Skelton, Kelly Young, Jayne Gilbert, Jennette A. Sakoff, Kersten M. Gericke, Adam 

McCluskey, Scott G. Stewart, Bioorganic and Medicinal Chemistry, Vol. 23, No. 13, 

2015, p. 3552-3565. 

 

5.7 Future work 

 

Further investigations into preparation of analogues of the anthrapyranone natural 

products could be focussed around the three potent aforementioned compounds shown in 

Figure 5.07.  Using these as lead compounds we can investigate the effects of small 

changes to the structures, for example by the lengthening and shortening the side chains, 

incorporating ethers, methyl groups or heteroatoms into the side chains and prepare 

hybrid compounds such as compounds shown in figure 5.09. 

 

 

Figure 5.09: Examples of some structural hybrids of the most active compounds. 

 

Investigation into the further diversification of the side chain at C2 to incorporate 

functional groups that have not been synthesised, such as ethers, amides, carboxylic acids 

and amines, or combinations of them, may provide interesting compounds with different 

activities due to the different nature of the functional groups. 

  

 

Figure 5.10: Proposed analogues containing functionalised side chains 

 

A more complete investigation into derivatisation of the phenolic group may lead to a 

simple way of altering activity and solubility in the late stage of the synthesis. In 



 

207 

particular, many of the free phenols and highly non-polar analogues showed low 

solubility in DMSO/water. Alternative protecting groups such as acetate or other esters 

may prove interesting since they could be cleaved once inside the body or inside the cell 

to generate the active free phenol.347 This strategy may also help improve the solubility 

of the compounds by the incorporation of polar groups such as morpholine or the 

quaternary ammonium moiety of an L-carnitine ester.348 

Figure 5.11: Examples of differently derived phenols for the investigation of changes in 

biological activity and solubility. 

 

Amino sugar moieties could also be introduced in the C2 position as part of the side chain, 

as part of the phenol derivatisation or installed adjacent to the phenol using the chemistry 

by Martin et al.207 

 

Figure 5.12: Examples of some amino sugar functionalised anthraquinone analogues. 

 

The installation of sugar moieties may provide additional structural similarities to the 

anthracyclines such as doxorubicin (514) and other anthrapyranone natural products 

which may enhance the biological activity through positioning in the major and minor 

groves of DNA during drug intercalation similar to that which has been reported 

previously in altromycin and hedamycin analogues.342,349-351 
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Chapter 6 

Experimental Section 
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6.1 General experimental 

 

General Protocol: Starting materials and reagents were available from Sigma-Aldrich or 

Merck chemical companies. All reactions were performed under argon and at ambient 

temperature unless stated otherwise. All solvents used in reactions were anhydrous unless 

noted otherwise. Anhydrous solvents were distilled over the appropriate drying agent or 

acquired from a Pure Solv 5-Mid Solvent Purification System (Innovative Technology 

Inc.). 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were acquired on a Varian 

300, Varian 400 or a Bruker AV500 Bruker AV600 spectrometer and all signals  are 

reported in parts per million (ppm). 1H and 13C assignments were made with the aid of 

DEPT, COSY, HSQC and HMBC sequences where appropriate. For 1H NMR spectra 

reports, s = singlet, d = doublet, t = triplet, q = quartet, hept = heptet, m = multiplet, dd = 

doublet of doublets (etc.) and ‘d’ = apparent doublet (etc.). Chemical shifts were 

referenced to the residual (partially) undeuterated solvents and reported in parts per 

million (ppm). Infrared spectra samples were prepared using the KBr disc method or 

measured directly with an ATR adapter and acquired on a Perkin Elmer Spectrum One 

spectrometer at 2 cm-1 resolution. Melting points were recorded on a Reichart heated-

stage microscope. The reported retention factors (Rf) were acquired via thin layer 

chromatography (TLC) performed on Merck silica gel 60 F254 pre-coated aluminium 

sheets. Column chromatography was performed using silica gel 60 (0.04-0.063) supplied 

by Merck. Chromatography solvents were distilled prior to use. High pressure reactions 

were carried out in a high-pressure laboratory autoclave Model I from Carl Roth. 

 

6.2 Experimental for Chapter 2 

 

N-Allyl-2,2,2-trifluoro-N-(2-iodobenzyl)acetamide (153): 

 

NaH (13 mg, 60% dispersed in mineral oil, 0.33 mmol) was added in one portion to a 

magnetically stirred solution of trifluoroacetamide 146 (100 mg, 0.304 mmol) in DMF (2 

mL) and stirred for 5 minutes before adding allyl bromide (53 L, 0.608 mmol).  The 

resulting mixture was stirred at room temperature for 6 h before being concentrated under 

reduced pressure. The resulting residue was subjected to column chromatography (5% 
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EtOAc/hexane) to give olefin 153 as a colourless oil (98 mg, 0.265 mmol, 87%). Rf = 

0.36 (1:19 EtOAc/hexane). 1H NMR: δ (500 MHz, CDCl3) 7.87 (m, 1H) 7.38 (m, 0.4H) 

7.34 (m, 0.6H) 7.08 (m, 1H) 7.01 (m, 1H) 5.78 (m, 1H) 5.31 (m, J = 10.0 Hz, 0.4H) 5.28 

(m, J = 10 Hz, 0.6H) 5.25 (m, J = 18.0 Hz, 0.6H) 5.18 (m, J = 18.0 Hz, 0.4H) 4.68 (s, 

1.2H) 4.61 (s, 0.8H) 3.97 (m, 2H); 13C NMR: δ (125.8 MHz, CDCl3) 157.8 (C=O), 157.5 

(C=O), 140.02, 140.0, 137.3, 137.1, 131.5, 130.4, 129.8, 129.7, 128.9, 128.9, 128.1, 

127.0, 119.9, 119.7, 98.8, 97.8, 55.2, 55.2, 53.7, 49.6, 49.6, 49.2; MS (EI+): (m/z) 370 

[M+H]+ (<1), [M]+ 369 (<1), 328 [M+-allyl] (12), 243 (11), 242 [M-I-]+ (95), 217 (42), 

86 (88), 84 (100); HRMS (EI+): calculated for C12H11F3INO [M]+ : 368.9838:, found 

368.9846; IR: νmax (Thinfilm)/cm-1 3064 (C-H), 3014(C-H), 2928 (C-H), 1697 (C=O), 

1566, 1437, 1358, 1283, 1208 (C-F), 1143 (C-F), 1015, 749. 

 

N-Allyl-N-(2-iodobenzyl)-4-methylbenzenesulfonamide (154): 

 

NaH (13 mg, 60% dispersed in mineral oil, 0.33 mmol) was added in one portion to a 

magnetically stirred solution of sulfonamide 150 (117 mg, 0.304 mmol) in DMF (2 mL) 

and stirred for 5 minutes.  The resulting mixture was treated with adding allyl bromide 

(53 L, 0.608 mmol) stirred at room temperature for a further 6h before being 

concentrated under reduced pressure. The resulting residue was subjected to column 

chromatography (1:19 EtOAc/hexane) to give aryl iodide 154 as a colourless oil (121 mg, 

0.283 mmol, 93%). Rf = 0.59 (2:8 EtOAc/hexane); 1H NMR: δ (400 MHz, CDCl3) 7.8-

7.73 (m, 3H), 7.51 (dd, J = 7.6 and 1.6 Hz, 1H), 7.37-7.31 (m, 3H), 6.96 (ddd, J = 7.6, 

7.6 and 1.6 Hz, 1H), 5.55-5.44 (m, 1H), 5.04 (m, 1H), 5.0 (dtd, J = 8.0, 2.4 and 1.2 Hz, 

1H), 4.35 (s, 2H), 3.8 (d, J = 6.8 Hz, 2H), 2.45 (s, 3H) ppm; 13C NMR: δ (100 MHz, 

CDCl3) 143.6, 139.4, 138.5, 137.1, 132.0, 130.0, 129.4, 129.3, 128.6, 127.4, 119.8, 98.2 

(Ar-CI), 55.6 (CH2), 51.1 (CH2), 21.7 (CH3) ppm; MS (EI+): (m/z) = 426.9 [M]+ (31), 

300.0 [M+-I] (41), 271.9 [M+-SO2C6H4CH3] (100).  

 

N-Benzyl-N-(2-iodobenzyl)prop-2-en-1-amine (155): 
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NaH (13 mg, 60% dispersed in mineral oil, 0.33 mmol) was added in one portion to a 

magnetically stirred solution of 2-iodobenzyl amine 148 (98 mg, 0.304 mmol) in DMF (2 

mL) and stirred for 5 minutes. The resulting mixture was treated with allyl bromide (53 

L, 0.608 mmol) and then stirred at room temperature for 6h before being concentrated 

under reduced pressure. The resulting residue was subjected to column chromatography 

(1:19 EtOAc/hexane) to give alkene 155 as a colourless oil (85 mg, 0.234 mmol, 77%). 

Rf = 0.64 (1:19 EtOAc/hexane); 1H NMR: δ (500 MHz, CDCl3) 7.83 (m, 1H, ArH)  7.62 

(m, 1H, ArH), 7.40 (m, 2H, ArH), 7.34 (m, 2H, ArH),  7.33 (m, 1H, ArH), 7.25 (m, 1H, 

ArH), 6.95 (m, 1H, ArH), 5.97 (m, 1H, CH=CH2), 5.25 (m, 1H, C=CH2), 5.19 (m, J = 

10.0 Hz, 1H, C=CH2), 3.66 (s, 4H, Ar-CH2), 3.13 (d, J = 6.0 Hz, 2H, H2C=CH-CH2); 
13C 

NMR: δ (125.8 MHz, CDCl3) 141.8, 139.5, 139.4, 135.6, 130.2, 128.9, 128.6, 128.3, 

128.2, 127.0, 117.7, 100.2 (Ar-I), 62.3, 57.9, 56.5; MS (EI+): (m/z) 364 (7) [M+H]+, 363 

(33) [M]+, 336 (29), 286 (19) 272 (35) [M+-Bn], 217 (62), 91 (100). HRMS (EI+): 

calculated for C17H18IN [M]+ : 363.0484:, found 363.0492; IR: νmax (Thinfilm)/cm-1 3061 

(C-H), 3027 (C-H), 3005 (C-H), 2976 (C-H), 2921 (C-H), 2796 (C-H), 2712 (C-H), 1698, 

1642, 1562, 1494, 1454, 1455, 1258, 1012, 749.  

 

2,2,2-Trifluoro-1-(4-methylene-3,4-dihydroisoquinolin-2(1H)-yl)ethanone (156): 

 

Pd(PPh3)4 (16 mg, 0.0135 mmol) was added to a magnetically stirred solution of Cs2CO3 

(88 mg, 0.27 mmol) and allyl amide 153 (50 mg, 0.135) in DMF (1 mL). Following this 

addition, the reaction mixture was heated to 80oC and stirred for 16h. The mixture 

concentrated under reduced pressure and the residue purified by flash chromatography 

(5% EtOAc/hexane) to give isoquinoline 156 (9 mg, 29%) as a colourless oil. Rf = 0.27 

(1:19 EtOAc/hexane) Rf = 0.27 (1:24 EtOAc/hexane); 1H NMR:‡‡ δ (500 MHz, CDCl3) 

7.66 (m, 1H, ArH), 7.31 (m, 2H, ArH), 7.19 (m, 0.6H, ArH) 7.15 (m, J = 1.0 Hz, 0.4H, 

ArH), 5.68 (m, 0.4H, =CH2) 5.66 (s, 0.6H, =CH2), 5.27 (m, J = 1.0 Hz, 0.4H, =CH2) 5.18 

(s, 0.6H, =CH2) 4.87 (s, 1.2H, CH2) 4.78 (s, 0.8H, CH2) 4.50 (s, 0.8H, CH2) 4.40 (s, 1.2H, 

CH2); 
13C NMR: δ (125.8 MHz, CDCl3) 155.9 (C=O), 155.6 (C=O), 132.5, 131.8, 131.5, 

131.6, 128.9, 128.8, 128.1, 127.6, 126.7, 126.1, 124.5, 124.4, 116.6 (q, J = 1145Hz, CF3) 

116.7 (q, J = 1145Hz, CF3), 111.4, 110.6, 50.2 (CH2), 48.1 (CH2), 48.0 (CH2), 46.2 (CH2). 

                                                 
‡‡ Amide rotamers observed in the NMR spectra with a 3:2 ratio of major vs minor rotamer. 
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MS (EI+): (m/z) 241 [M]+ (5), 219 (12), 131 (10), 86 (66), 84 (100) HRMS (EI+): 

calculated for C12H10F3NO [M]+: 241.0714:, found 241.0720; IR: νmax (Thinfilm)/cm-1 

2927 (C-H), 1694 (C=O), 1452, 1260, 1201 (C-F), 1177(C-F), 1142 (C-F), 1009. 

 

4-Methylene-2-[(4-methylphenyl)sulfonyl]-1,2,3,4-tetrahydroisoquinoline (157): 

 

Pd(PPh3)4 (26 mg, 0.023 mmol) was added to a magnetically stirred solution of Cs2CO3 

(148 mg, 0.454 mmol) and sulfonamide 154 (97 mg, 0.227 mmol) in DMF (1 mL). 

Following the addition, the reaction mixture was heated to 80°C and stirred overnight.  

The mixture concentrated under reduced pressure and the residue purified by column 

chromatography (1:4 EtOAc/hexane) to give isoquinoline 157 (31 mg, 59%) as a white 

solid. Rf = 0.38 (2:8 EtOAc/hexane);  1H NMR: δ (400 MHz, CDCl3) 7.67 (AA′ part of 

AA′ XX′ system, 2H), 7.55 (dd, J = 7.2 and 1.6 Hz, 1H), 7.33 (m, 1H), 7.24 (XX′ part of 

AA′ XX′ system, 2H), 7.19 (ddd, J = 7.2, 7.2 and 1.6 Hz, 1H), 7.05 (m, 1H), 5.59 (s, 1H), 

5.1 (s, 1H), 4.36 (s, 2H), 4.0 (s, 2H), 2.39 (s, 3H) ppm; 13C NMR: δ (100 MHz, CDCl3) 

143.8, 136.6, 133.7, 129.7, 128.5, 128.1, 127.7, 127.3, 126.7, 124.0, 110.1, 50.7 (CH2), 

48.8 (CH2), 21.7 (CH3) ppm. MS (EI+): (m/z) = 299.0 [M]+ (10), 262.0 (13), 144.0 [M+-

SO2C6H4CH3] (83), 143.0 (100); HRMS (EI+): calculated for C17H17NO2S [M]+: 

299.0980, found 299.0983; IR: νmax (KBr)/cm-1 1346 asymmetric S(=O)2, 1166 

symmetric S(=O)2, 1090.  

 

Selected Reaction Procedures for Table 2.01 

 

Entry 2: Herrmann/Beller catalyst 117 (12 mg, 0.013 mmol) was added to a magnetically 

stirred solution of Cs2CO3 (252 mg, 0.775 mmol), aryl iodide 150 (100 mg, 0.258 mmol) 

and allyl bromide (45 L, 0.516 mmol) in DMF (2 mL). The ensuing reaction mixture 

was then heated to 100oC and stirred overnight.  The mixture concentrated under reduced 

pressure and the residue purified by column chromatography (5% EtOAc/hexane→20% 

EtOAc/hexane) to give olefin 154 (53 mg, 48%) as a colourless oil. Rf = 0.18 (5% 
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EtOAc/hexane) and tetrahydroisoquinoline 157 (18 mg, 23%) as a white solid; Rf = 0.38 

(20% EtOAc/hexane). 

 

Entry 7: Pd(PPh3)4 (30 mg, 0.0258 mmol) was added to a magnetically stirred solution 

of NEt3 (108 L, 0.775 mmol), aryl iodide 117 (100 mg, 0.258 mmol) and allyl chloride 

(42 L, 0.516 mmol) in DMF (2 mL). The ensuing reaction mixture was heated to 80oC 

and stirred for 16h.  The mixture was concentrated under reduced pressure and the residue 

purified by column chromatography (5% EtOAc/hexane → 20% EtOAc/hexane) to give 

olefin 154 (53 mg, 0.124 mmol, 48%) as a colourless oil; Rf = 0.18 (1:19  EtOAc/hexane) 

and aryl iodide 150 (33 mg, 33%). 

 

Entry 8: Pd(PPh3)4 (32 mg, 0.28 mmol) was added to a magnetically stirred solution of 

triethylamine (0.05 mL, 0.7 mmol), allyl acetate (0.06 mL, 0.56 mmol) and aryl iodide 

150 (100 mg, 0.26 mmol) in DMF (3 mL). The ensuing reaction mixture was heated to 

60oC and stirred overnight. The reaction mixture was cooled to room temperature, 

extracted with EtOAc (20 mL) then washed sequentially with water (5 x 1 mL) and brine. 

The organic layer was then dried (MgSO4), concentrated under reduced pressure and 

adsorbed onto silica gel. Flash chromatography (10% EtOAc/hexane) afforded the alkene 

154 (16.4 mg, 14%) as colourless oil and isoquinoline 157 (7 mg, 9%) as a yellow solid. 

 

Selected Reaction procedures for Table 2.02 

 

Entry 1: Pd(PPh3)4 (35 mg, 0.034 mmol) was added to a magnetically stirred solution of 

Cs2CO3 (297 mg, 0.912 mmol), aryl iodide 146 (100 mg, 0.304 mmol) and allyl bromide 

(53 L, 0.608) in DMF (2 mL). The ensuing reaction mixture was heated to 80oC and 

stirred for 16h.  The resulting mixture concentrated under reduced pressure and the 

residue purified by column chromatography (1:19 EtOAc/hexanes) to give 

tetrahydroisoquinoline 156 (36 mg, 49%) as a colourless oil. Rf = 0.27 (1:19 

EtOAc/hexane). 
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Entry 5: Pd(PPh3)4 (3 mg, 0.003 mmol) was added to a magnetically stirred solution of 

Cs2CO3 (297 mg, 0.912 mmol), aryl iodide 146 (100 mg, 0.304 mmol) and allyl bromide 

(53 L, 0.608) in DMF (2 mL). Following the addition, the reaction mixture was then 

heated to 80oC and stirred for 16h.  The mixture concentrated under reduced pressure and 

the residue purified by column chromatography (1:19 EtOAc/hexane) to give alkene 153 

(13 mg, 12%) as a colourless oil; Rf = (5% EtOAc/hexane) and isoquinoline 156 (17 mg, 

23%) as a colourless oil. Rf = 0.27 (5% EtOAc/hexane). 

 

Entry 6: Pd(PPh3)4 (35 mg, 0.034 mmol) was added to a magnetically stirred solution of 

Cs2CO3 (297 mg, 0.912 mmol), aryl iodide 146 (100 mg, 0.304 mmol), PPh3 (80 mg, 

0.304 mmol) and allyl bromide (53 L, 0.608) in DMF (2 mL). The ensuing reaction 

mixture was then heated to 80oC and stirred for 16h.  The resulting mixture was 

concentrated under reduced pressure and the residue purified by column chromatography 

(5% EtOAc/hexane) to give isoquinoline 156 (38 mg, 52%) as a colourless oil Rf = 0.27 

(5% EtOAc/hexane). 

 

Selected Reaction Procedures for Table 2.03 

 

Entry 3: Herrmann/Beller catalyst 117 (15 mg, 0.015 mmol) was added to a magnetically 

stirred solution of Cs2CO3 (302 mg, 0.927 mmol), 148 (100 mg, 0.309 mmol), and allyl 

bromide (54 L, 0.618 mmol) in DMF (2 mL). The ensuing reaction mixture was then 

heated 40 oC for 1.5h and then to 80oC and stirred for 20h.  The resulting mixture 

concentrated under reduced pressure and the residue purified by column chromatography 

(1:19 EtOAc/hexane) to give tetrahydroisoquinoline 158 (15 mg, 21%) as a colourless 

oil. The spectral data for this compound is identical to that previously reported.352 

 

 

1-bromo-2-(2,2-dibromovinyl)benzene (168)  
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Modified literature procedure:167 A solution of PPh3 (9.07 g, 34.6 mmol) in CH2Cl2 (30 

mL) was added dropwise over 15 minutes to a magnetically stirred solution of CBr4 (5.73 

g, 17.3 mmol) in CH2Cl2 (30 mL) maintained 0°C.  The reaction mixture was then warmed 

to room temperature and stirred for 1 h before cooling to 0°C.  2-Bromobenzaldehyde 

(167, 1.00 mL, 8.65 mmol) in CH2Cl2 (30 mL) was added over 3 min to the yellow-brown 

reaction mixture and the ensuing solution was warmed to room temperature and stirred 

for a further 2h.  The resulting mixture was poured into hexane (400 mL) and filtered and 

the filtride washed with hexane (2 x 50 mL).  The filtrate was concentrated and purified 

by column chromatography (hexane) to afford 1-bromo-2-(2,2-dibromovinyl)benzene 

(2.69 g, 91%) as a pale yellow oil. Rf = 0.66 (hexane); 1H NMR (300 MHz, CDCl3) δ 7.60 

(m, 1H, Ar-H), 7.58 (m, 1H, Ar-H), 7.51 (s, 1H, H1’), 7.33 (m, 1H, Ar-H), 7.20 (m, 1H, 

Ar-H); 13C NMR (125.8 MHz) δ 136.7, 136.1 (C2), 132.7, 130.4, 129.9, 127.2, 123.1(C1), 

92.9 (C2'). IR (thin film, cm-1) 3067 (C-H), 3019 (C-H), 2974 (C-H), 2863 (C-H), 1605, 

1583, 1561, 1462, 2435, 1428, 1046, 1025; MS EI, m/z (%): 344(18) [M (81Br3)]
+, 342 

(54) [M (81Br2
79Br1)]

+, 340 (55) [M (81Br1
79Br2)]

+, 338 (18) [M (79Br3)]
+, 263 (49) [M+-

Br], 261 (100) [M+-Br], 259 (51) [M+-Br], 182 (72) [M+-2Br], 180 (73) [M+-2Br], 101 

(34); HRMS EI: calculated for C8H5Br3: 337.7921; found: 337.7949.   

 

1-Bromo-2-[(Z)-2-bromovinyl]benzene (126): 

 

Method A, modified literature procedure:167 n-Bu3SnH (approx. 50%, 13.6 mL, 26 

mmol) was added portion wise to a magnetically stirred solution of (Z)-1-bromo-2-(2-

bromovinyl)benzene (8.90 g, 26.1 mmol) and Pd(PPh3)4 (100 mg) in toluene (150 mL) at 

room temperature over 5h, monitoring the conversion by 1H NMR analysis.  The mixture 

was stirred at room temperature for 16 h.  The solvent was removed under reduced 

pressure and the resulting residue purified by column chromatography (silica, hexane) to 

afford the Z-dibromo styrene, 29 (4.22 g, 62%) as a colourless oil.167 
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Method B, modified literature procedure:165 Bromomethyltriphenylphosphonium 

bromide (8.28g, 19.5 mmol) was added portionwise to a magnetically stirred solution of 

t-BuOK (2.13g, 19.0 mmol) in THF (50 mL) at -78°C and the ensuing mixture stirred for 

1.5 h. To this mixture 2-bromobenzaldehyde (3.0g, 16.3 mmol) was added dropwise and 

the reaction was stirred for 16h during which time the solution was allowed to warm from 

-78⁰C to ambient temperatures. The solution was initially diluted with hexane (30 mL) 

and filtered through a small Celite pad while washing with hexane (150 mL).  The filtrate 

was concentrated under reduced pressure and the resulting colourless oil was subjected 

to flash chromatography (hexane). The fractions corresponding to the olefinic product 

126 were divided into three batches. Although the Z and E-geometrical isomers could not 

be differentiated through visualisation by TLC the early fractions (Rf = 0.4) contained a 

Z:E ratio of (9.5:1) while the latter fractions were (4.5:1). The combined mass was (3.1g, 

72%). Rf = 0.63 (hexane); 1H NMR (300MHz, CDCl3) δ 7.78 (dd, J = 8.1 and 1.8 Hz, 1H, 

H6/H3), 7.60 (dd, J = 7.8 and 0.9 Hz, 1H, H6/H3), 7.34 (‘dt’, ‘J’ = 7.8 and 1.2 Hz, 1H, 

H5/H6), 7.21 (d, J = 8.1 Hz, 1H, H1'), 7.19 (m, 1H, H5/H6), 6.59 (d, J = 8.1 Hz, 1H, H2'); 

13C NMR (100MHz, CDCl3) δ 135.3 (C2), 132.8 (ArC), 132.5 (ArC), 130.7 (ArC), 127.7 

(ArC), 127.0 (ArC), 123.9(C1), 109.5 (C1'); IR (thin film, cm-1) 3070 (C-H), 3014 (C-H), 

2921 (C-H), 1617, 1587, 1561, 1463, 1437, 1428, 1317; MS EI, m/z (%): 262 (49) [M 

(81Br1
79Br1)]

+, 260 (25) [M (79Br2)]
+, 183 (94) [M+-Br], 181 (98) [M - Br]+, 102 (81), 93 

(86), 84 (100); HRMS EI calculated for C8H6Br2: 259.8836; found: 259.8835. 

 

3-Acetyl-1-methylene-2,3-dihydro-1H-3-benzazepine (141): 

 

Pd(PPh3)4 (10 mg, 0.008 mmol) was added to a magnetically stirred solution of amide 

140 (25 mg, 0.09 mmol), K2CO3 (31 mg, 0.22 mmol) in DMF (0.5 mL). The resulting 

mixture degassed and then was heated to 120°C for 16 h. The resulting black mixture was 

diluted in ethyl acetate (5 mL) and washed with water (5 x 0.5 mL). The organic layer 

was dried (MgSO4), filtered and concentrated under reduced pressure.  The crude mixture 

was subjected to column chromatography (1:9 EtOAc/hexane) to give 3-benzazepine 141 

(13 mg, 73%) as a pale yellow oil; Rf = 0.17 (1:9 ethyl acetate/hexane); 1H NMR (500 

MHz, CDCl3) δ 7.44 (m, J = 7.0 Hz, 1H), 7.25-7.22 (m, 2H), 7.20 (m, 1H), 6.69 (d, J = 
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10.1 Hz, 1H), 5.74 (d, J = 10.1 Hz, 1H), 5.54 (s, 1H), 5.41 (s, 1H), 4.40 (s, 2H), 2.28 (s, 

3H); 13C NMR (125.8 MHz, CDCl3) δ 168.2 (C=O), 143.8 (C1), 139.4 (C1'), 132.4 (C2'), 

131.7 (C6), 128.0 (C7), 127.8 (C9), 127.3 (C4), 126.9 (C8), 117.4 (C3'), 112.6 (C5), 46.6 

(C2), 22.4 (C4'); IR (thin film, cm-1) 3059, 3010, 2925, 2853, 1732, 1674 (C=O), 1632 

(C=O), 1455, 1387, 1334, 1238; MS EI, m/z (%): 200 [M+H]+ (20), 199 (20) M+, 158 

(100); HRMS calculated for C13H13NO: 199.0997; found: 199.0997. 

 

Selected Reaction procedures for Table 2.04: 

 

Entry 2: Pd2(dba)3.CHCl3 (28 mg, 27 mmol) was added to a magnetically stirred solution 

of dibromo styrene 126 (143 mg, 0.545 mmol), allyl acetamide 138 (108 mg, 1.09 mmol), 

Cs2CO3 (592 mg, 1.63 mmol) and DavePhos (34, 10.7 mg, 27.3 µmol) in dry toluene (1 

mL) and heated to 100°C for 20h.  The resulting mixture was concentrated under reduced 

pressure and the remaining residue purified by column chromatography (1:10 

EtOAc/hexane) to afford the 3-benzazepine 141 as a yellow oil (37 mg, 34%). 

 

Entry 3: Pd2(dba)3.CHCl3 (28 mg, 27 mmol) was added to a magnetically stirred solution 

of dibromo styrene 126 (143 mg, 0.545 mmol), allyl acetamide 138 (108 mg, 1.09 mmol), 

Cs2CO3 (592 mg, 1.63 mmol) and DavePhos (34, 10.7 mg, 27.3 µmol) in dry toluene (1 

mL) and heated to 100°C for 2.5h.  The resulting mixture was concentrated under reduced 

pressure and the remaining residue purified by column chromatography (1:10 

EtOAc/hexane) to afford the intermediate di-olefinic acetamide 140 (34 mg, 34%) and 3-

benzazepine 141 as a yellow oil (3 mg, 3%). 

 

(Z)-N-allyl-3-(2-bromostyryl)acetamide (140): 

The intermediate 140 was unstable at room temperature possibly due to geometrical 

isomerism. Rf = 0.19 (10% EtOAc/Hexane);  1H NMR: δ (500 MHz, CDCl3) 7.59 (m, 1H, 

ArH), 7.32 (m, 1H, ArH), 7.26 (m, 1H, ArH), 7.14 (m, 1H, ArH), 6.39 (d, J = 9.3 Hz, 1H, 

Ar-CH=CH) 6.29 (d, J = 9.3 Hz, 1H, Ar-CH=CH) 5.73 (m, 1H, CH=CH2) 5.11 (dd, J = 

10.5 Hz, 1Hz, 1H, C=CH2) 5.01 (dd,  J = 17 Hz, 1Hz, 1H, C=CH2) 3.99 (d, J = 6.5 Hz, 

2H, CH2) 2.03 (s, 3H, CH3). 
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Entry 5: Pd2(dba)3·CHCl3 (20 mg, 19 mmol) was added to a magnetically stirred solution 

of dibromo styrene 126 (100 mg, 0.382 mmol), allyl acetamide 138 (227 mg, 2.29 mmol), 

Cs2CO3 (373 mg, 1.15 mmol) and DavePhos (34, 7.5 mg, 1.9 µmol) in dry toluene (1 mL) 

and heated to 100°C for 20h.  The resulting mixture was concentrated under reduced 

pressure and the remaining residue purified by column chromatography (1:10 

EtOAc/hexane) to afford the 3-benzazepine 141 as a yellow oil (37 mg, 34%). 

 

Entry 23:  Pd2(dba)3·CHCl3 (20 mg, 19 µmol) was added to a magnetically stirred 

solution of dibromo-styrene 126 (100 mg, 0.382 mmol), allyl acetamide 138 (76 mg, 0.76 

mmol), Cs2CO3 (375 mg, 1.15 mmol) and XantPhos (160, 22 mg, 38 µmol) in toluene (1 

mL) and heated to 100°C for 20h.  The resulting mixture was concentrated under reduced 

pressure and the remaining residue purified by column chromatography (1:10 

EtOAc/hexane) to afford the 3-benzazepine 141 as a yellow oil (62 mg, 82%). 

 

Entry 24:  Pd2(dba)3·CHCl3 (20 mg, 19 µmol) was added to a magnetically stirred 

solution of dibromo-styrene 126 (100 mg, 0.382 mmol), allyl acetamide 138 (76 mg, 0.76 

mmol), Cs2CO3 (375 mg, 1.15 mmol) and XantPhos (160, 44 mg, 76 µmol) in dry toluene 

(1 mL) and heated to 100°C for 20 h. The resulting mixture was concentrated under 

reduced pressure and the remaining residue purified by column chromatography (1:10 

EtOAc/hexane) to afford the 3-benzazepine 141 as a yellow oil (63 mg, 83%). 

 

(Z)-2,2'-(But-1-en-3-yne-1,4-diyl)bis(bromobenzene) (171) 

 

The known353 homocoupled product 171 was isolated in small amounts (5-20%) from 

reactions performed in table 2.04, 2.06 and 2.07. Rf = 0.35 (100% hexane, UV (254nm)); 

1H NMR (500 MHz, CDCl3) δ 8.54 (‘dd’, J = 7.8 Hz, 1.5 Hz, 1H), 7.59 (‘t’, J = 7 Hz, 

2H), 7.45 (‘dd’, J = 8 Hz, 1.5 Hz, 1H), 7.34 (‘t’, J = 7.0 Hz, 1H), 7.27 (‘dt’, J = 7.5 Hz, 

1.5 Hz, 1H), 7.16-7.22 (m, 2H), 7.11 (d, J = 12 Hz, 1H), 6.12 (d, J = 12 Hz, 1H); 13C 

NMR (500 MHz, CDCl3) δ 135.7, 133.8, 132.9, 132.7, 130.3, 129.9, 129.8, 127.3, 127.2, 
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125.5, 125.4, 124.4, 109.4, 94.5, 91.6. IR (thin film, cm-1) 3062 (C-H), 2924 (C-H), 2192 

(C≡C) 1586, 1556, 1472, 1462, 1433. MS EI, m/z (%): 364 (11), 362 (23), 360 (11), 202 

(100), 101 (7). HRMS EI calculated for C16H10Br2: 361.9129; found: 361.9159. 

 

5,6,11,12,17,18-Hexadehydro-tribenzo[a,e,i] cyclododecene (173) 

 

The known148,172,173,353 homocoupled product 173 was isolated in small amounts (~5-

10%) from reactions performed in table 2.04, 2.06 and 2.07. It was purified from the 

reaction mixtures by flash chromotography (silica, 100% hexane). The spectral data 

match those reported in the literature. 

Rf = 0.49 (100% hexane) 1H NMR (300 MHz, CDCl3) δ 7.61 (‘dd’, J = 7.5 Hz, 1.2 Hz, 

3H), 7.58 (‘dd’, J = 7.5 Hz, 1.2 Hz, 3H), 7.30 (‘td’, J = 7.2 Hz, 1.2 Hz, 3H), 7.23 (‘td’, J 

= 7.8Hz, 1.8 Hz, 3H). 

 

General procedure for the synthesis of N-allyl amides, carbomates and ureas, table 

2.05 

 

A solution of Acid chloride 175 or  Boc2O (14.8 mmol) in CH2Cl2 (20 mL) was cooled 

to 0°C before adding NEt3 (2.5 mL, 17.7 mmol) in one portion and allyl amine 170 (1.2 

mL, 16.3 mmol) slowly over 20 s. The reaction mixture was warmed to room temperature 

and stirred overnight. NaHCO3 (aq. sat. 30 mL) was added, the organic phase separated 

and the aquous phase extracted with CH2Cl2 (2 x 20 mL). The combined organic phases 

were washed with brine (1 x 40 mL), dried over MgSO4 and concentrated to give the N-

allyl amides, carbomate or urea 176 (94- 99%) without need for further purification. 
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N-Allylpivalamide (177) 

 

177 was prepared according to the “General procedure for the synthesis of N-allyl amides, 

carbamates and ureas” where pivaloyl chloride (1.82 mL, 0.0148 mmol) was used. The 

N-allyl amide 177 was obtained as a pale yellow oil (2.89 g, 14.2 mmol, 96%). The 

spectral data match those reported in the literature354,355; 1H NMR (500 MHz, CDCl3) δ 

5.85 (tdd, J = 5.6, 10.3, 17.2 Hz, 1H), 5.67 (bs, 1H), 5.17 (dtd, J = 1.6, 1.6, 17.2 Hz, 1H), 

5.13 (dtd, J = 1.4, 1.4, 10.2 Hz, 1H), 3.88 (ddd, J = 1.6, 1.6, 5.7 Hz, 2H), 1.21 (s, 9H). 

 

N-Allylbenzamide (179) 

 

179 was prepared according to the “General procedure for the synthesis of N-allyl amides, 

carbamates and ureas” where benzoyl chloride (1.72 mL g, 0.0148 mmol) was used. The 

N-allyl amide 179 was obtained as a pale yellow solid (14.0 mmol, 94%). The spectral 

data match those reported in the literature355,356; 1H NMR (500 MHz, CDCl3) δ 7.79-7.77 

(m, 2H), 7.52-7.49 (m, 1H), 7.45-7.42 (m, 2H), 6.20 (bs, 1H), 5.95 (ddt, J = 5.7, 10.3, 

17.1 Hz, 1H), 5.27 (dtd, J = 1.5, 1.5, 17.2 Hz, 1H), 5.19 (dtd, J = 1.3, 1.3, 10.2 Hz, 1H), 

4.10 (ddd, J = 1.5, 1.5, 5.7 Hz, 2H). 

 

N-Allyl-4-nitrobenzamide (181) 

 

181 was prepared according to the “General procedure for the synthesis of N-allyl amides, 

carbamates and ureas” where 4-nitrobenzoyl chloride (2.75 g, 0.0148 mmol) was used. 

The N-allyl amide 181 was obtained as a pale yellow solid (2.89 g, 14.0 mmol, 95%). The 

spectral data match those reported in the literature357; 1HNMR (400 MHz, CDCl3) δ 8.23 

(d, J = 8 Hz, ArH, 2H), 7.90 (d, J = 8Hz, ArH, 2H), 6.87 (broad s, NH, 1H), 5.72 (m, 

=CH, 1H), 5.30 (d, J= 8 Hz, =CH, 1H), 5.07 (m, J = 12 Hz , =CH2, 1H), 4.07 (t, J = 5 Hz, 

NCH2, 2H). 
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3-Allyl-1,1-dimethylurea (183) 

 

183 was prepared according to the “General procedure for the synthesis of N-allyl amides, 

carbamates and ureas” dimethylcarbamic chloride (1.33 mL, 0.0148 mmol) was used. 

The N-allyl amide 183 was obtained as a pale yellow oil (1.90 g, 14.8 mmol, 99%). The 

spectral data match those reported in the literature.358 

 

 

tert-Butyl allylcarbamate (185) 

 

A solution of Boc2O (3.23 g, 0.0148 mmol) in CH2Cl2 (20 mL) was cooled to 0°C before 

adding NEt3 (2.5 mL, 17.7 mmol) in one portion and allyl amine 170 (1.2 mL, 16.3 mmol) 

slowly over 20 s. The reaction mixture was warmed to room temperature and stirred 

overnight. NaHCO3 (aq. sat. 30 mL) was added, the organic phase separated and the 

aqueous phase extracted with CH2Cl2 (2 x 20 mL). The combined organic phases were 

washed with brine (1 x 40 mL), dried over MgSO4 and concentrated to give the N-allyl 

carbamate 185 (95%) without need for further purification. The spectral data match those 

reported in the literature359; 1H NMR (CDCl3, 300 MHz) δ 5.84 (m, 1H), 5.22–5.07 (m, 

2H), 4.74 (br s, 1H), 3.74 (m, 2H), 1.45 (s, 9H); 

 

5-Ethoxypyrrolidin-2-one (191) 

 

Modified literature procedure:187 NaBH4 was added in one portion to a solution of 

succinimide 190 (3.58g, 36.0 mmol) in EtOH (150 mL) at -20°C. The mixture was 

allowed to warm to -10°C and maintained at that temperature for 4 h with the addition of 

HCl (16 x 0.5 mL, 2M in EtOH:H2O, 4:1) every 15 minutes. The solution was treated 

with dilute HCl (15 mL, 2M in EtOH:H2O, 4:1) then the pH adjusted to 2-3 with HCl (3 
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mL, aq. 33%) over 30 minutes. The mixture was warmed to 0°C and stirred for 1 h before 

adjusting the pH to 9-10 with ethanolic KOH (5%, ca. 30 mL). The mixture was left to 

stir overnight, concentrated to dryness and the residue extracted with CHCl3 (3 x 75 mL) 

and filtered through Celite. The combined extracts were concentrated to give as a white 

solid mass which was taken up in ether (100 mL) and concentrated to give the desired 

ethoxypyrrolidinone 191 (4.28 g, 33.1 mmol, 92%) as a white powder. The spectral data 

match those reported in the literature187; 1H NMR (300 MHz, CDCl3) δ 7.90 (s, 1H, NH), 

5.04 – 4.86 (m, 1H, N-CH-OEt), 3.55 (ddd, J = 8.9, 7.0 Hz, 1H, CH2), 3.40 (ddd, J = 8.9, 

7.0 Hz, 1H, CH2), 2.56 – 2.44 (m, 1H, CH2), 2.34 – 2.12 (m, 2H, CH2), 2.05 (ddd, J = 

9.4, 6.2, 4.3 Hz, 1H, CH2), 1.19 (t, J = 7.0 Hz, 3H, CH3). 

 

General procedure for the attempted domino reaction table 2.05 

5-Vinylpyrrolidin-2-one (186) 

 

Modified literature procedure:187,188 Vinyl Magnesium bromide (17.0 mL, 17.0 mmol, 

1M in THF) was added over 1 minute to a solution of ethoxy pyrrolidinone 191 (1.0 g, 

7.76 mmol) in THF and the mixture slowly heated to reflux for 2 h. The reaction mixture 

was cooled to RT, quenched with NH4Cl (aq. sat. 15 mL), concentrated to dryness, stirred 

well with CHCl3 (2 x 60 mL), dried over MgSO4 and concentrated to give the vinyl 

pyrrolidinone 186 (595 mg, 5.35 mmol, 69%) as a orange-brown oil. The spectral data 

match those reported in the literature.187,188 1H NMR (300 MHz, CDCl3) δ 6.13 (s, 1H, 

NH), 5.80 (ddd, J = 17.0, 10.2, 6.8 Hz, 1H, CH=CH2), 5.22 (ddd, J = 17.1, 1.1 Hz, 1H, 

CH=CH2), 5.12 (dd, J = 10.2, 1.0 Hz, 1H, CH=CH2), 4.15 (ddd, J = 12.6, 6.6 Hz, 1H, N-

CH-C=C), 2.42 – 2.25 (m, 3H, CH2), 1.91 – 1.76 (m, 1H, CH2). 

 

5-Allylpyrrolidin-2-one (193) 

 



 

223 

Modified literature procedure189: A mixture of ethoxy pyrrolidinone 191 (1.0 g, 7.76 

mmol) and allyl bromide (2.7 mL, 31.0 mmol) in THF (3 mL) was added dropwise to a 

suspension of Zn (2.03 g, 34.9 mmol) in THF (50 mL) and slowly heated to reflux for 2 

h. NH4Cl (aq. sat. 15 mL) was added and the reaction mixture concentrated to give a 

residue which was extracted with CHCl3 (2 x 60 mL), dried over MgSO4 and concentrated 

to give allyl pyrrolidinone 193 (806 mg, 6.44 mmol, 83%) as a colourless syrup. The 

spectral data match those reported in the literature.189 1H NMR (500 MHz, CDCl3) δ 7.70 

(s, 1H, NH), 5.82 – 5.66 (m, 1H, CH=CH2), 5.23 – 5.14 (m, 2H CH=CH2), 3.95 – 3.83 

(m, 1H, N-CH), 2.66 – 2.53 (m, 2H, CH2), 2.43 – 2.16 (m, 3H, CH2), 1.81 (dddd, J = 

13.2, 9.3, 8.3, 6.1 Hz, 1H, CH2). 

 

General procedure for the attempted domino reactions of olefinic N-nucleophiles 

with dibromide 126, table 2.06. 

 

Pd2(dba)3.CHCl3 (20 mg, 19.1 µmol) was added to a magnetically stirred solution of 

dibromo styrene 126 (100 mg, 0.381 mmol), N-nucleophile (0.762 mmol), Cs2CO3 (414 

mg, 1.14 mmol) and Xantphos (160, 11 mg, 19.1 µmol) in dry toluene (1 mL) and 

heated to 100°C for 20h.  The resulting mixture was concentrated under reduced 

pressure and the remaining residue purified by column chromatography (100% hexane 

→ 30% EtOAc/hexane) to give the reaction products. 

 

Mixture of (E)-N-(Prop-1-enyl)benzamideand (Z)-N-(Prop-1-enyl)benzamide (212) 

 

 

The compounds 212 were produced from the “General procedure for the attempted 

domino reactions of olefinic N-nucleophiles with dibromide 126, table 2.06” when N-

allylbenzamide (181) was used (table 2.06, entry 2). The spectral data match those 

reported in the literature.360 1H NMR (300 MHz, CDCl3) δ 8.18 (s, 1H), 7.78 (dd, J = 5.5, 

2.9 Hz, 5H), 7.53 – 7.34 (m, 6H), 6.99 – 6.81 (m, 2H), 5.34 (m, “J” = 9.5, 6.7, 4.7 Hz, 

1H), 4.92 (dq, J = 14.3, 7.1 Hz, 1H), 1.84 – 1.53 (m, 6H). 
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Mixture of (Z)-1-Bromo-2-(2-iodovinyl)benzene (214) and (E)-1-Bromo-2-(2-

iodovinyl)benzene (215) 

 

 

Method A: Modified literature procedure: NaHMDS (8.68 mL, 8.68 mmol, 1M in 

THF) was added over 1 minute to a suspension of (iodomethyl)triphenylphosphonium 

iodide (5.00 g, 9.43 mmol) in THF (40 mL) at -78°C and stirred for 1h. 2-

Bromobenzaldehyde 167 (1.40 g, 7.54 mmol) was added dropwise over 2 minutes and 

stirred for 2 h before slowly warming to room temperature and stirring for 1 h. Hexane 

(100 mL) was added and the mixture filtered through Celite, washing with additional 

hexane (3 x 30 mL) and concentrated. The ensuing residue was purified by flash 

chromatography (silica, 100% hexane) to give a mixture of the cis and trans isomers 214 

and 215 (approx. 3:1 cis:trans, 349 mg, 1.13 mmol, 15%). The spectral data match those 

reported in the literature361. 1H NMR was too convoluted to extract all of the peaks. The 

prominent resolved peaks of the terminal olefinic protons (HC=CHI) occur at 1H NMR 

(400 MHz, CDCl3) δ 6.86 (d, J = 14.8 Hz, “1H”, HC=CHI, trans), 6.74 (d, J = 8.5 Hz, 

“3H”, HC=CHI, cis). 

 

Method B:  t-BuOK (0.93 g, 8.30 mmol) was added in one portion to a suspension of 

(iodomethyl)triphenylphophonium iodide (5.00 g, 9.43 mmol) in THF (40 mL) at -78°C 

and stirred for 1h. 2-Bromobenzaldehyde 167 (1.40 g, 7.54 mmol) was added dropwise 

over 2 minutes and stirred for 2 h before slowly warming to room temperature and stirring 

for 1 h. Hexane (100 mL) was added and the mixture filtered through celite, further 

washing with  hexane (3 x 30 mL) and concentrated. The ensuing residue was purified by 

flash chromatography (silica, hexane) to give a mixture of the cis and trans-isomers 214 

and 215 (approx. 2.4:1 cis:trans, 303 mg, 0.98 mmol, 13%). The spectral data match those 

reported in the literature.361 1H NMR was too convoluted to extract all of the peaks. The 

prominent resolved peaks of the terminal olefinic protons (HC=CHI) occur at 1H NMR 

(300 MHz, CDCl3) δ 6.86 (d, J = 14.8 Hz, “1H”, HC=CHI, trans), 6.74 (d, J = 8.5 Hz, 

“2.5H”, HC=CHI, cis). 

 



 

225 

6.3 Experimental for Chapter 3 

 

1-Hydroxy-2-iodo-8-isopropoxy-3-methylanthracene-9,10-dione (265): 

 

I2 (6.37 g, 0.0251 mol) and HIO3 (4.42 g, 0.0251 mol) were added in one portion to a 

magnetically stirred mixture of anthraquinone 280 (6.21 g, 0.0209 mol) in 1,4-dioxane 

(400 mL) and water (80 mL). The ensuing reaction mixture was heated to reflux for 18 h 

before cooling to room temperature and pouring into water (2 L). The precipitated crude 

aryl Iodide was collected by vacuum filtration and purified by column chromatography 

(silica, PhMe) to give aryl iodide 265 (7.40 g, 0.0175 mol, 84%) as an orange solid. Rf = 

0.36 (100% PhMe); mp = 227°C; 1H NMR (500 MHz, CDCl3) δ 14.20 (s, 1H, OH), 7.92 

(dd, J = 7.6 and 1.1 Hz, 1H), 7.70 (dd, J = 8.4 and 7.6 Hz, 1H), 7.65 (d, J = 0.5 Hz, 1H, 

H-4), 7.36 (d, J = 8.0 Hz, 1H), 4.74 (sept, J = 6.2 Hz, 1H, OCH(CH3)2), 2.60 (s, 3H, (C-

3)CH3), 1.49 (d, J = 6.1 Hz, 6H, (CH3)2); 
13C NMR (126 MHz, CDCl3) δ 187.8 (C=O), 

182.9 (C=O), 161.6 (C-Ar), 159.9 (C-Ar), 151.2 (CH-Ar), 135.8 (CH-Ar), 135.6 (C-Ar), 

131.7 (C-Ar), 121.9 (CH-Ar), 121.4 (C-Ar), 120.2 (CH-Ar), 119.6 (CH-Ar), 114.2 (C-

Ar), 102.0 (C-Ar), 73.0 (CH), 29.7 (CH3), 22.2 (2 x CH3); MS EI+, m/z (%): 423 (8 [M + 

H]+), 422 (30 [M]+), 380 (100), 364 (14), 139 (16). HRMS EI: calculated for C18H15O4I: 

422.0015; found: 422.0003; IR (KBr Pellet, cm-1) 2976 (C-H), 2924 (C-H), 1671 (C=O), 

1634 (C=O), 1581, 1381, 1298, 1261, 1235, 1049, 924, 750, 600.  

 

General Method for the Domino Alkyne Insertion/Carbonylation/Acylation reaction 

for preparation of compounds. 
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To a glass autoclave tube were added, sequentially, a magnetic stirrer bar, aryl Iodide 265 

(200 mg, 0.426 mmol), PhMe (10 mL), alkyne (0.94 mmol), NEt3 (165 µL, 1.18 mmol) 

and Pd(PPh3)2Cl2 (17 mg, 0.047 mmol).  The tube was placed inside the stainless-steel 

autoclave camber and sealed before purging the chamber with CO (2 x 5 bar) and then 

pressurising it with CO (20 bar). When volatile (bp < 60°C) alkynes were used they were 

added immediately after the initial 2 x 5 bar purges of CO, then sealed quickly in the 

autoclave. The autoclave was heated to 60°C with stirring for 20 h before cooling slowly 

to room temperature and carefully depressurising the system.  The reaction mixture was 

concentrated under reduced pressure and the ensuing residue was purified by column 

chromatography (silica, gradient elution, normally neat PhMe to 10-20% EtOAc/PhMe) 

to give the major isomer anthrapyran-2-one followed by the minor isomer anthrapyran-

2-one normally as orange or yellow solids. 

 

3-Hexyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-2,7,12-trione (310) 

and 4-Hexyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-2,7,12-trione 

(311):  

 

Compounds 310 and 311 were prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure, aryl Iodide 265 (100 mg, 

0.213 mmol) and 1-octyne (309, 70 µL, 0.47 mmol) were used. The major isomer, 

anthrapyran-2-one 310 was obtained as an orange solid (61 mg, 0.141 mmol, 60%). 

Anthrapyran-2-one 310: Rf = 0.30 (10% EtOAc in PhMe); Mp = 135-140°C; 1H NMR 

(500 MHz, CDCl3) δ 7.87 (d, J = 0.8 Hz, 1H), 7.77 (dd, J = 7.6, 1.1 Hz, 1H), 7.66 (t, J = 

1.0 Hz, 1H), 7.59 (dd, J = 8.4, 7.7 Hz, 1H), 7.34 – 7.29 (m, 1H), 4.71 (sept, J = 6.0 Hz, 

1H), 2.61 (s, 3H), 2.60 (t, J = 8 Hz, 2H), 1.70 – 1.60 (m, 2H), 1.60 – 1.52 (m, 1H), 1.52 

– 1.44 (d, J = 6.1 Hz, 6H), 1.44–1.34 (m, 2H), 1.34 – 1.24 (m, 3H), 0.93 – 0.83 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 183.4 (C=O), 180.2 (C=O), 160.4 (C=O), 158.5 (C-Ar), 

151.6 (C-Ar), 140.3 (C-Ar), 134.9 (C-Ar), 134.1 (CH-Ar), 134.0 (CH-Ar), 133.5 (C-Ar), 

132.6 (C-Ar), 124.5 (C-Ar), 123.6 (C-Ar), 123.1 (CH-Ar), 121.9 (CH-Ar), 121.5 (C-Ar), 

119.1 (CH-Ar), 72.6 (CH), 31.7, 31.5, 29.1, 28.1, 22.7, 22.1 (2 x CH3), 19.5, 14.2 (CH3); 
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IR (KBr Pellet, cm-1) 3434 (OH), 2930 (C-H), 2858 (C-H), 1728, 1674, 1572, 1278, 1170, 

1093, 1010; MS EI+, m/z (%): 433 (6 [M + H]+), 432 (20 [M]+), 390 (27), 320 (74), 292 

(100), 278 (47), 95 (20); HRMS EI+: calculated for C27H28O5: 432.1937; found: 432.1939. 

Crystal data for 310. C27H28O5,CH2Cl2, M = 517.42, triclinic, space group 1P , a = 

8.4824(2) Å, b = 9.5486(2) Å, c = 16.5702(4) Å, α= 73.844(2)°, β= 76.857(2)°, γ = 

82.384(2)°, V = 1251.89(5) Å3, Z = 2, Dc = 1.373 Mg/m3, µ = 0.297 mm-1, crystal: 0.75 

x 0.66 x 0.07 mm3, reflections measured = 40296, unique reflections = 12767 (Rint = 

0.0495) , R1 = 0.0579 (I > 2σ(I)), wR2 = 0.178 (all data). CCDC no. = 947919. 

 

Molecular structure of compound 310 projected onto the plane of the molecule. 

 

The minor isomer, anthrapyran-2-one 311, was obtained as an orange solid (23 mg, 0.053 

mmol, 22%). Rf = 0.17 (5% EtOAc in PhMe), mp = 101-103°C; 1H NMR (500 MHz, 

CDCl3) δ 7.88 (s, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.61 (t, J = 8.3 Hz, 1H), 7.33 (d, J = 8.4 

Hz, 1H), 6.42 (s, 1H), 4.71 (sept, J = 6.2 Hz, 1H), 2.95 (t, J = 7.9 Hz, 2H), 2.84 (s, 3H), 

1.62 (dt, J = 15.0 and 7.6 Hz, 2H), 1.48 (d, J = 6.1 Hz, 6H), 1.46 – 1.41 (m, 2H), 1.33 (d, 

J = 3.3 Hz, 4H), 0.90 (t, J = 6.7 Hz, 3H);  13C NMR (126 MHz, CDCl3) δ 183.3 (C=O), 

180.2 (C=O), 159.3 (C=O), 158.3 (C-Ar), 157.1 (C-Ar), 153.4 (C-Ar), 141.5 (C-Ar), 

134.7 (C-Ar), 133.9 (CH-Ar), 133.6 (CH-Ar), 125.8 (CH-Ar), 125.2 (CH-Ar), 124.2 (C-

Ar), 122.5 (C-Ar), 122.0 (C-Ar), 119.0 (CH=C), 117.7 (CH-Ar), 72.7 (CH), 36.4 (CH2), 

31.7 (CH2), 29.7 (CH3), 29.1 (CH2), 25.2 (CH2), 22.7 (CH2), 22.1 (2 x CH3), 14.1 (CH3);  

HRMS EI+: calculated for C27H28O5: 432.1937; found: 432.1941; IR (KBr Pellet, cm-1) 

2979 (C-H), 2954 (C-H), 2927 (C-H), 2856 (C-H), 1732 (C=O), 1676 (C=O), 1585, 1439, 

1280, 1094, 748. 
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11-Isopropoxy-5-methyl-3-propyl-1H-naphtho[2,3-h]chromene-2,7,12-trione (327) 

 

Compounds 327a and 327b were prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure aryl iodide 265 (200 mg, 

0.474 mmol) and 1-Pentyne (93 µL, 0.948 mmol) were added to the reaction flask.   

 

The major isomer, anthra-2-pyranone 327a, was obtained as a yellow solid (99 mg, 0.252 

mmol, 53 %).  Rf = 0.27 (10% EtOAc in PhMe); mp = 200-202°C; 1H NMR (600 MHz, 

CDCl3) δ 7.83 (d, J = 0.7 Hz, 1H), 7.75 (dd, J = 7.6, 1.0 Hz, 1H), 7.65 (t, J = 1.0 Hz, 1H), 

7.58 (dd, J = 8.3, 7.7 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 4.73 – 4.67 (hept, J = 6.0 Hz, 

1H), 2.59 (d, J = 0.5 Hz, 3H), 2.57 (dd, J = 7.7 Hz, 0.96 Hz, 2H), 1.72 – 1.64 (m, 2H), 

1.46 (d, J = 6.1 Hz, 6H), 0.99 (t, J = 7.3 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 183.2 

(C=O), 180.1 (C=O), 160.3 (C=O), 158.4 (C-Ar), 151.5 (C-Ar), 140.4 (C-Ar), 134.8 (C-

Ar), 134.2 (C-Ar), 1334.0 (C-Ar), 133.4 (C-Ar), 132.2 (C-Ar), 124.4 (C-Ar), 123.5 (C-

Ar), 123.1 (C-Ar), 121.8 (C-Ar), 121.3 (C-Ar), 119.1 (C-Ar), 72.5 (CH), 33.4 (CH3), 22.1 

(2 x CH3), 21.3 (CH2), 19.4 (CH3), 13.9 (CH3); HRMS  APCI: m/z calculated for 

C24H23O5 [M + H]+: 391.1545; found: 391.1553; IR (KBr Pellet, cm-1) 1730 (C=O), 1668 

(C=O), 1580, 1272, 747. 

  

The minor isomer, anthra-2-pyranone 327b, was obtained as a yellow crystalline solid 

(33 mg, 0.084 mmol, 18%).  Rf = 0.13 (10% EtOAc in PhMe); mp = 234-235°C; 1H NMR 

(500 MHz, CDCl3) δ 7.87 (s, 1H), 7.78 (dd, J = 7.6, 1.0 Hz, 1H), 7.61(t, J = 8.4 1H), 7.33 

(d, J = 8.8 Hz, 1H), 6.41 (s, 1H), 4.71 (hept, J = 6.0Hz, 1H), 2.94 (t, J = 7.8 Hz, 2H), 2.84 

(s, 3H), 1.67 (td, J = 14.9, 7.4 Hz, 2H), 1.48 (d, J = 6.1 Hz, 6H), 1.07 (t, J = 7.3 Hz, 3H); 

13C NMR (126 MHz, CDCl3) δ 183.3 (C=O), 180.2 (C=O), 159.3 (C=O), 158.3 (C-Ar), 

156.8 (C-Ar), 153.4 (C-Ar), 141.5 (C-Ar), 134.7 (C-Ar), 133.9 (C-Ar), 133.6 (C-Ar), 

125.8 (C-Ar), 125.2 (C-Ar), 124.2 (C-Ar), 122.5 (C-Ar), 122.0, 119.0 (C-Ar), 117.7 (C-

Ar), 72.7 (CH), 38.3 (CH3), 25.2 (CH2), 22.9 (CH2), 22.1 (2  x CH3), 13.8 (CH3).; HRMS  

APCI: m/z calculated for C24H23O5 [M + H]+: 391.1545; found: 391.1543; IR (KBr Pellet, 

cm-1) 1730 (C=O), 1668 (C=O), 1580, 1272, 747. 
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3-Butyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-2,7,12-trione (325a) 

and 4-Butyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-2,7,12-trione 

(325b): 

 

Compounds 325a and 325b were prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure aryl iodide 265 (200 mg, 

0.474 mmol) and 1-hexyne (109 µL, 0.948 mmol) were added to the reaction flask.  

 

The major isomer, anthra-2-pyranone 325a, was obtained as a yellow solid (97 mg, 0.242 

mmol, 51%).  Rf = 0.21 (10% EtOAc in PhMe); mp = 158-162°C; 1H NMR (500 MHz, 

CDCl3) δ 7.81 (d, J = 0.4 Hz, 1H), 7.75 – 7.71 (m, 1H), 7.63 (s, 1H), 7.57 (t, J = 8.0 Hz, 

1H), 7.29 (d, J = 8.2 Hz, 1H), 4.69 (hept, J = 6.0Hz, 1H), 2.58 (s, 3H), 2.56 (d, J = 7.6, 

2H), 1.61 (m, J = 15.4, 7.6 Hz, 2H), 1.45 (d, J = 6.1 Hz, 6H), 1.38 (m, J = 14.9, 7.5 Hz, 

2H), 0.92 (t, J = 7.4 Hz, 3H).; 13C NMR (126 MHz, CDCl3) δ 183.1 (C=O), 180.0 (C=O), 

160.3 (C=O), 158.3 (C-Ar), 151.4 (C-Ar), 140.4 (C-Ar), 134.7 (C-Ar), 134.1 (C-Ar), 

133.9 (C-Ar), 133.4 (C-Ar), 132.4 (C-Ar), 124.4 (C-Ar), 123.5 (C-Ar), 123.0 (C-Ar), 

121.8 (C-Ar), 121.2 (C-Ar), 119.0 (C-Ar), 72.5 (CH), 31.1 (CH2), 30.1 (CH2), 22.5 (CH2), 

22.0 (CH2), 19.4 (CH3), 13.9 (2 x CH3); HRMS  APCI: m/z calculated for C25H25O5 [M 

+ H]+: 405.1702; found: 405.1682; IR (neat, cm-1) 1732 (C=O), 1673 (C=O), 1438, 1258. 

 

The minor isomer, anthra-2-pyranone 325b, was obtained as a yellow crystalline solid 

(48 mg, 0.121 mmol, 25%).  Rf = 0.11  (10% EtOAc in PhMe); mp = 181-185°C; 1H 

NMR (500 MHz, CDCl3) δ 7.83 (d, J = 0.7 Hz, 1H), 7.76 (dd, J = 7.6, 1.1 Hz, 1H), 7.59 

(dd, J = 8.3, 7.7 Hz, 1H), 7.34 – 7.30 (m, 1H), 6.39 (s, 1H), 4.71 (hept, J = 6.1 Hz, 1H), 

3.00 – 2.89 (m, 2H), 2.82 (s, 3H), 1.60 (ddd, J = 12.0, 8.6, 6.6 Hz, 2H), 1.50 – 1.43 (m, 

2H), 1.46(d, J = 6.1 Hz, 6H) 0.97 (t, J = 7.3 Hz, 3H).; 13C NMR (126 MHz, CDCl3) δ 

183.17 (C=O), 180.08 (C=O), 159.23 (C-Ar), 158.26 (C-Ar), 157.11 (C-Ar), 153.36 (C-

Ar), 141.5 (C-Ar), 134.7 (C-Ar), 133.9 (C-Ar), 133.5 (C-Ar), 125.7 (C-Ar), 125.1 (C-Ar), 

124.2 (C-Ar), 122.4 (C-Ar), 121.9 (C-Ar), 119.0 (C-Ar), 117.6 (C-Ar), 72.6 (CH), 36.0 

(CH2), 31.7 (CH2), 25.2 (CH2), 22.5 (CH2), 22.1 (CH3), 13.9 (2 x CH3); HRMS  APCI: 
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m/z calculated for C25H25O5 [M + H]+: 405.1702; found: 405.1689; IR (neat, cm-1) 2961 

(C-H), 2927 (C-H), 2859 (C-H), 1728 (C=O), 1673 (C=O), 1438, 1262, 1063, 918, 748. 

 

3-tert-Butyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-2,7,12-trione 

(335) 

 

Compound 335 was prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure, aryl iodide 265 (200 mg, 

0.474 mmol) and and 3,3-dimethyl-1-butyne (117 µL, 0.948 mmol) were used. The 

anthra-2-pyranone 335 was obtained as an orange solid (54 mg, 0.133 mmol, 28%). Rf = 

0.28 (10% EtOAc in PhMe); mp = >260°C; 1H NMR (500 MHz, CDCl3) δ 7.90 (s, 1H), 

7.80 (d, J = 7.6 Hz, 1H), 7.73 (s, 1H), 7.60 (‘t’, J = 8.0 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 

4.71 (sept, J = 6.0 Hz, 1H), 2.63 (s, 3H), 1.47 (d, J = 6.0 Hz, 6H), 1.43 (s, 9H); 13C NMR 

(126 MHz, CDCl3) δ 183.5 (C=O), 180.3 (C=O), 158.5 (C=O or C=C), 158.5 (C=O or 

C=C), 151.8 (C-Ar), 140.8 (C-Ar), 139.5 (C-Ar), 134.9 (C-Ar), 134.0 (CH-Ar), 133.6 (C-

Ar), 132.2 (CH-Ar), 124.6 (C-Ar), 123.5 (C-Ar), 122.9 (CH-Ar), 122.0 (CH-Ar), 121.2 

(C-Ar), 119.2 (CH=C), 72.6 (CH), 35.7 (C), 28.6 (3 x CH3), 22.1 (2 x CH3), 19.4 (CH3); 

HRMS APCI: calculated for C25H25O5: 405.1702; found: 405.1689; IR (KBr Pellet, cm-

1) 2924 (C-H), 1725 (C=O), 1676 (C=O), 1583, 1281, 1291, 949, 745. 

 

11-Isopropoxy-5-methyl-3-phenyl-1H-naphtho[2,3-h]chromene-2,7,12-trione (331) 

 

Compound 331 was prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and phenyl acetylene (104 µL, 0.948 mmol) were added to the reaction 

flask. The anthra-2-pyranone 331 was obtained as an orange solid (40 mg, 0.095 mmol, 
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20%).   Rf = 0.23 (5% EtOAc in PhMe); mp = 128-135°C; 1H NMR (500 MHz, CDCl3) 

δ 8.01 (s, 1H), 7.97 (s, 1H), 7.86 – 7.82 (m, 1H), 7.76 (m, J = 8.0, 1.5 Hz, 2H), 7.63 (t, J 

= 8.0 Hz, 1H), 7.47 (m, J = 9.4, 7.4 Hz, 3H), 7.35 (d, J = 8.4 Hz, 1H), 4.74 (hept, J = 6.1 

Hz, 1H), 2.69 (s, 3H), 1.50 (d, J = 6.1 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 183.4 

(C=O), 180.2 (C=O), 159.2 (C=O), 158.6 (C-Ar), 152.1 (C-Ar), 141.1 (C-Ar), 135.3 (C-

Ar), 134.9 (C-Ar), 134.4 (C-Ar), 134.1(C-Ar), 134.1 (C-Ar), 130.0 (C-Ar), 129.7(C-Ar), 

128.8 (C-Ar), 128.8 (C-Ar), 124.5 (C-Ar), 123.7 (C-Ar), 123.3 (C-Ar), 121.9 (C-Ar), 

121.5 (C-Ar), 119.2 (C-Ar), 72.6 (CH), 22.2 (CH3), 19.5 (2 x CH3).; HRMS  EI: m/z 

calculated for C27H20O5 [M]+: 424.1311; found: 424.1327. 

 

3-(2-(Benzyloxy)butan-2-yl)-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-

2,7,12-trione (341) 

 

 

Compound 341 was prepared according to the domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and 3-methylpent-1-yn-3-benzyloxy (178 mg, 0.948 mmol) were added 

to the reaction flask.   The product was obtained as an orange oil (206 mg, 0.403 mmol, 

36%). Rf = 0.32 (10% EtOAc in PhMe); 1H NMR (500 MHz, CDCl3) δ 8.22 (s, 1H), 7.92 

(d, J = 0.7 Hz, 1H), 7.82 (dd, J = 7.7, 1.0 Hz, 1H), 7.62 (dd, J = 8.3, 7.7 Hz, 1H), 7.45 

(m, J = 7.0 Hz, 2H), 7.40 (m, J = 7.6 Hz, 2H), 7.33 (m, J = 8.8 Hz, 2H), 4.72 (hept, J = 

6.0 Hz, 1H), 4.58 (dd, J = 27.8, 11.6 Hz, 2H), 2.49 (s, 3H), 2.31 (m, J = 14.7, 7.4 Hz, 

1H), 2.06 (m, J = 14.6, 7.4 Hz, 1H), 1.75 (s, 3H), 1.49 (dd, J = 6.0, 1.6 Hz, 6H), 0.81 (t, 

J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 183.5 (C=O), 180.33(C=O), 183.5 (C=O), 

158.5 (C-Ar), 152.0 (C-Ar), 141.4 (C-Ar), 139.1 (C-Ar), 135.4 (C-Ar), 134.9 (C-Ar), 

134.1 (C-Ar), 133.9 (C-Ar), 128.6 (C-Ar), 127.5 (C-Ar), 126.9 (C-Ar), 124.5 (C-Ar), 

123.4 (C-Ar), 123.1 (C-Ar), 121.9 (C-Ar), 121.2 (C-Ar), 119.2 (C-Ar), 79.2 (Bn(CH2)), 

72.6 (CH), 63.7 (C-OBn), 29.3, 22.5, 22.1 (2 x CH3), 22.1, 19.2 (ArCH3), 8.3 (CH3).; 

HRMS  APCI: m / z calculated for C32H31O6 [M + H]+: 511.2121; found: 511.2126. IR 



 

232 

(KBr Pellet, cm-1) 2977 (C-H), 2931 (C-H), 1728 (C=O), 1674 (C=O), 1583, 1455, 1279, 

1206, 951, 748. 

 

3-(2-Hydroxypropan-2-yl)-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-

2,7,12-trione (343) 

 

Compound 343 was prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and 2-methyl-3-butyn-2-ol (92 µL, 0.948 mmol) were added to the 

reaction flask.   The product was obtained as a dark orange oil (170 mg, 0.417 mmol, 88 

%).  Rf = 0.17 (20% EtOAc in PhMe); 1H NMR (500 MHz, CDCl3) δ 8.01 (s, 1H), 7.92 

(d, J = 0.8 Hz, 1H), 7.80 (dd, J = 7.6, 1.1 Hz, 1H), 7.62 (t, J = 8.1, 1H), 7.33 (d, J = 8.1 

Hz, 1H), 4.72 (hept, J = 6.0 Hz, 1H), 2.62 (s, 3H), 1.68 (s, 6H), 1.48 (d, J = 6.1, 6H). 13C 

NMR (101 MHz, CDCl3) δ 183.2 (C=O), 180.1 (C=O), 159.8 (C=O), 158.5 (C-Ar), 151.7 

(C-Ar), 141.5 (C-Ar), 136.5 (C-Ar), 134.8(C-Ar), 134.2 (C-Ar), 134.0(C-Ar), 132.6 (C-

Ar), 124.3 (C-Ar), 123.3 (C-Ar), 123.2 (C-Ar), 121.9 (C-Ar), 121.3 (C-Ar), 119.2 (C-Ar), 

72.6 (CH), 71.8 (COH), 28.5 (2 x CH3), 22.1 (2 x CH3), 19.4 (ArCH3); HRMS  APCI: 

m/z calculated for C24H23O6 [M+H]+: 407.1495; found: 407.1488; IR (KBr Pellet, cm-1) 

3421 (O-H), 2976 (C-H), 2927 (C-H), 1723 (C=O), 1673 (C=O), 1583, 1212, 948. 

 

3-(1-Hydroxycyclohexyl)-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-

2,7,12-trione (345) 
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Compound 345 was prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and 1-ethynylcyclohexanol (118 mg, 0.948 mmol) were added to the 

reaction flask.  The product was obtained as an orange oil (134 mg, 0.299 mmol, 63%).  

Rf = 0.29 (20% EtOAc in PhMe); 1H NMR (400 MHz, CDCl3) δ 7.97 (s, 1H), 7.95 (d, J 

= 0.7 Hz, 1H), 7.82 (dd, J = 7.7, 1.1 Hz, 1H), 7.62 (dd, J = 8.4, 7.7 Hz, 1H), 7.36 – 7.31 

(m, 1H), 4.73 (hept, J = 6.1 Hz, 1H), 3.49 (bs, 1H), 2.65 (s, 3H), 1.91 – 1.99 (m, J = 8.5, 

3.5 Hz, 3H), 1.86 – 1.74 (m, 3H), 1.63 – 1.70 (m, J = 12.6, 3.5 Hz, 2H), 1.49 (d, J = 6.1 

Hz, 6H), 1.38 – 1.21 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 183.3 (C=O), 180.2 (C=O), 

160.0 (C=O), 158.5 (C-Ar), 151.6 (C-Ar), 141.4 (C-Ar), 136.8 (C-Ar), 134.9 (C-Ar), 

134.2 (C-Ar), 134.1 (C-Ar), 132.7 (C-Ar), 124.4 (C-Ar), 123.3 (C-Ar), 123.3 (C-Ar), 

121.9 (C-Ar), 121.3 (C-Ar), 119.2 (C-Ar), 72.6 (CH), 72.6 (COH), 35.3 (2 x CH2OH), 

25.5 (2 x CH2), 22.1 (2 x CH3), 21.6 (CH2), 19.5 (ArCH3); HRMS  APCI: m/z calculated 

for C27H27O6 [M + H]+: 447.1808; found: 447.1811; IR (neat, cm-1) 3480 (O-H), 2928 

(C-H), 1723 (C=O), 1673 (C=O), 1583, 1309, 1277, 1193, 748. 

 

3-(3-Chloropropyl)-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-2,7,12-

trione (337a) and 4-(3-Chloropropyl)-11-isopropoxy-5-methyl-1H-naphtho[2,3-

h]chromene-2,7,12-trione (337b) 

 

Compound 337a and 337b were prepared according to the domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and 5-Chloro-1-pentyne (100 µL, 0.948 mmol) were added to the 

reaction flask.   

The major isomer, anthra-2-pyranone 337a, was obtained as a yellow-orange solid (127 

mg, 0.299 mmol, 63%).  Rf = 0.4 (20% EtOAc in PhMe) ; mp = 185-187°C; 1H NMR 

(400 MHz, CDCl3) δ 7.93 (d, J = 0.7 Hz, 1H), 7.81 (dd, J = 7.6, 1.0 Hz, 1H), 7.79 (s, 1H), 

7.62 (dd, J = 8.3, 7.8 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 4.72 (hept, J = 6.1 Hz, 1H), 3.61 

(t, J = 6.2 Hz, 2H), 2.82 (t, J = 7.3 Hz, 2H), 2.64 (s, 3H), 2.22 – 2.13 (m, 2H), 1.48 (d, J 

= 6.1 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 183.3 (C=O), 180.1 (C=O), 160.3 (C=O), 
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158.5 (C-Ar), 151.9 (C-Ar), 140.7 (C-Ar), 135.7 (C-Ar), 134.9 (C-Ar), 134.1 (C-Ar), 

133.9 (C-Ar), 130.4 (C-Ar), 124.5 (C-Ar), 123.3 (C-Ar), 123.3 (C-Ar), 121.9 (C-Ar), 

121.5 (C-Ar), 119.2 (C-Ar), 72.6 (CH), 44.3 (CH2Cl), 30.4 (CCH2), 29.11 (CH2), 22.15 

(2 x CH3), 19.49 (ArCH3); HRMS  APCI: m/z calculated for C24H22O5Cl [M + H]+: 

425.1156; found: 425.1138; IR (KBr Pellet, cm-1) 2933 (C-H), 1719 (C=O), 1676 (C=O), 

1585, 1280, 1220, 1048. 

 

The minor isomer, anthra-2-pyranone 337b, was obtained as a yellow-orange solid 

(63 mg, 0.149 mmol, 31%). Rf = 0.23 (20% EtOAc in PhMe) ; mp = 226-229°C; 1H NMR 

(400 MHz, CDCl3) δ 7.90 (d, J = 0.7 Hz, 1H), 7.80 (dd, J = 7.7, 1.1 Hz, 1H), 7.62 (dd, J 

= 8.4, 7.7 Hz, 1H), 7.36 – 7.32 (m, 1H), 6.45 (s, 1H), 4.72 (hept, J = 6.1 Hz, 1H), 3.71 – 

3.66 (m, 2H), 3.22 – 3.16 (m, 2H), 2.88 (d, J = 0.5 Hz, 3H), 2.17 – 2.08 (m, 2H), 1.48 (d, 

J = 6.1 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 183.2 (C=O), 180.0 (C=O), 159.0 (C=O), 

158.4 (C-Ar), 155.4 (C-Ar), 153.5 (C-Ar), 141.3 (C-Ar), 134.7 (C-Ar), 134.0 (C-Ar), 

133.8 (C-Ar), 125.9 (C-Ar), 125.2 (C-Ar), 123.9 (C-Ar), 122.6 (C-Ar), 122.0 (C-Ar), 

119.1 (C-Ar), 118.1 (C-Ar), 72.7 (CH), 43.8 (CH2Cl), 33.4 (CH2), 31.9 (CH2), 25.4 

(ArCH3), 22.1 (2 x CH3).; HRMS  APCI: m/z calculated for C24H22O5Cl [M + H]+: 

425.1156; found: 425.1146; IR (KBr Pellet, cm-1) 2924 (C-H), 1736 (C=O), 1674 (C=O), 

1585, 1140, 1279, 1263, 1095. 

 

11-Isopropoxy-5-methyl-3-(trimethylsilyl)-2H-naphtho[2,3-h]chromene-2,7,12-

trione (335)  

 

 

Compound 335 was prepared according to the domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and trimethylsilylacetylene (135 µL, 0.948 mmol) were added to the 

reaction flask.  The product was obtained as an orange yellow solid (155 mg, 0.370 mmol, 

78%). Rf = 0.39 (10% EtOAc in PhMe); mp = 200-202°C; 1H NMR (500 MHz, CDCl3) 

δ 7.97 (s, 1H), 7.84 (s, 1H), 7.75 (d, J = 7.4 Hz, 1H), 7.58 (t, J = 8.0 Hz, 1H), 7.30 (d, J 
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= 8.3 Hz, 1H), 4.69 (hept, J = 6.1 Hz, 1H), 2.62 (s, 3H), 1.45 (d, J = 6.0 Hz, 6H), 0.33 (s, 

9H); 13C NMR (126 MHz, CDCl3) δ 183.3 (C=O), 180.1 (C=O), 161.3 (C=O), 158.3 (C-

Ar), 153.3 (C-Ar), 145.0 (C-Ar), 140.8 (C-Ar), 134.8 (C-Ar), 134.2 (C-Ar), 133.9 (C-Ar), 

132.9 (C-Ar), 124.6 (C-Ar), 122.8 (C-Ar), 122.7 (C-Ar), 122.0 (C-Ar), 121.6 (C-Ar), 

119.1 (C-Ar), 72.6 (CH), 22.0 (2 x CH3), 19.2 (ArCH3), -2.1 (3 x CH3); HRMS  APCI: 

m/z calculated for C24H25O5Si [M + H]+: 421.1471; found: 421.1479; IR (Neat, cm-1) 

1713(C=O), 1672 (C=O), 1584, 1269, 1144, 837. 

Crystal data for 335. C25H24O5Si,CH2Cl2, M = 505.45, monoclinic, space group P21/c, a 

= 10.0301(4) Å, b = 20.5258(7) Å, c = 12.6395(5) Å, β= 109.546(4)°, V = 2452.21(16) 

Å3, Z = 4, Dc = 1.369 Mg/m3, µ = 0.348 mm-1, crystal: 0.45 x 0.23 x 0.11 mm3, reflections 

measured = 29987, unique reflections = 7775 (Rint = 0.0454) , R1 = 0.0490 (I > 2σ(I)), 

wR2 = 0.1298(all data). CCDC no. = 931990.  

 
Molecular structure of compound 335 

 

(3aS,5aR,6aS,16aR,16bR)-13-isopropoxy-2,2,3a,6,6,7-hexamethyl-3a,4,5,5a,6,6a-

hexahydro-[1,3]dioxolo[4'',5'':5',6']benzo[1',2':1,4]cyclobuta[1,2-c]naphtho[2,3-

h]chromene-9,14,16(16bH)-trione (355)  

 

Compound 355 was prepared according to the domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 
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mg, 0.474 mmol) and 5-ethynyl-2,2,4-trimethyl-4-(4-methylpent-3-en-1-yl)-1,3-

dioxolane 354 (170 mg, 0.948 mmol) were added to the reaction flask.  The crude product 

was obtained after purification by flash chromatography, left for 2 days at ambient 

conditions, and purified again by flash chromatography to give the product 335 as a 

yellow crystalline solid (79 mg, 0.142 mmol, 30%).  Rf = 0.41 (10% EtOAc in PhMe); 

mp = 108-170°C; 1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 0.6 Hz, 1H), 7.79 (dd, J = 

7.7, 1.1 Hz, 1H), 7.58 (dd, J = 8.4, 7.7 Hz, 1H), 7.31 – 7.28 (m, 1H), 4.70 (hept, J = 6.0 

Hz, 1H), 4.14 (d, J = 0.9 Hz, 1H), 4.02 (s, 1H), 2.51 – 2.45 (m, 1H), 2.36 (d, J = 0.4 Hz, 

3H), 1.92 (ddd, J = 25.2, 13.3, 2.0 Hz, 1H), 1.82 (ddd, J = 13.9, 5.2, 2.1 Hz, 1H), 1.56 (s, 

3H), 1.55 (s, 3H), 1.47-1.60 (m, 2H) 1.46 (dd, J = 6.0, 1.2 Hz, 6H), 1.35 (s, 3H), 1.31 (s, 

3H), 0.87 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 183.5 (C=O), 180.9 (C=O), 170.7 (C-

Ar), 158.3 (C-Ar), 150.3 (C-Ar), 142.5 (C-Ar), 135.0 (C-Ar), 133.8 (C-Ar), 132.7 (C-Ar), 

128.1 (C-Ar), 125.0 (C-Ar), 123.9 (C-Ar), 121.9 (C-Ar), 121.7 (C-Ar), 119.0 (C-Ar), 

107.0 (C-Ar), 80.6 (C-O), 77.4 (C-O), 77.2 (C-O), 72.5 (CHO(CH3)2), 50.4, 42.8, 40.2, 

39.4, 33.7, 28.9, 27.6, 26.9, 25.7, 24.9, 22.1, 20.8, 17.6; HRMS  APCI: m/z calculated for 

C33H37O7 [M + H]+: 545.2539; found: 545.2552; IR (neat, cm-1) 2931 (C-H), 1755 (C=O), 

1676 (C=O), 1585, 1279, 1253, 1171, 751. 

Crystal data for 335. C33H36O7,CH2Cl2, M = 629.54, triclinic, space group 1P , a = 

11.0037(7) Å, b = 12.4339(6) Å, c = 12.8169(6) Å, α= 69.396(5)°, β= 76.238(5)°, γ = 

70.700(5)°, V = 1534.44(16) Å3, Z = 2, Dc = 1.363 Mg/m3, µ = 0.260 mm-1, crystal: 0.45 

x 0.37 x 0.23 mm3, reflections measured = 24943, unique reflections = 13489 (Rint = 

0.0320) , R1 = 0.0470 (I > 2σ(I)), wR2 = 0.1294 (all data). CCDC no = 931484. 

 

 

Molecular structure for compound 355 
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4-(11-Isopropoxy-5-methyl-2,7,12-trioxo-7,12-dihydro-2H-naphtho[2,3-h]chromen-

3-yl)butanenitrile (339) 

 

 

Compound 339 was prepared according to the domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure where aryl iodide 265 (200 

mg, 0.474 mmol) and 5-hexynenitrile (99 µL, 0.948 mmol) were added to the reaction 

flask.  The product was obtained as an orange solid (55 mg, 0.133 mmol, 28%).  Rf = 0.18 

(20% EtOAc in PhMe); Mp = 244-253°C; 1H NMR (400 MHz, CDCl3) δ 7.95 (s, 1H), 

7.80-7.83 (m, 2H), 7.63 (t, J = 8.0 Hz, 1H), 7.33 (d, J = 8.4 Hz, 1H), 4.73 (hept, J = 6.1 

Hz, 1H), 2.81 (t, J = 7.1 Hz, 2H), 2.65 (s, 3H), 2.47 (t, J = 6.9 Hz, 2H), 2.09 (tt, J = 14.2, 

7.0 Hz, 2H), 1.48 (d, J = 6.0 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 183.3 (C=O), 180.1 

(C=O), 160.2 (C=O), 158.5 (C-Ar), 151.9 (C-Ar), 140.8 (C-Ar), 136.1 (C-Ar), 134.8 (C-

Ar), 134.2 (C-Ar), 134.1 (C-Ar), 129.6 (C-Ar), 124.4 (C-Ar), 123.4 (C-Ar), 123.1 (C-Ar), 

121.9 (C-Ar), 121.5 (C-Ar), 119.2 (C-Ar), 72.6 (CH), 30.9 (CH2), 23.7 (CH2), 22.1 (2 x 

CH3), 19.5 (CH3), 17.0 (CH2).; HRMS  APCI: m/z calculated for C25H22NO5 [M+H]+: 

416.1498; found: 416.1489; IR (KBr Pellet, cm-1) 2976 (C-H), 1713 (C=O), 1672 (C=O), 

1584, 1269, 837, 726. 

 

3-hexyl-11-isopropoxy-2H-naphtho[2,3-h]chromene-2,7,12-trione (358) and 4-hexyl-

11-isopropoxy-2H-naphtho[2,3-h]chromene-2,7,12-trione (359): 
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Compounds 358 and 359 were prepared according to the Domino Alkyne 

Insertion/Carbonylation/Acylation reaction general procedure aryl iodide 294 (200 mg, 

0.490 mmol) and 1-hexyne (113 µL, 0.980 mmol) were added to the reaction flask.  

 

The major isomer, anthra-2-pyranone 358, was obtained as a orange solid (100 mg, 0.240 

mmol, 49%).  Rf = 0.33 (5% EtOAc in PhMe); mp = 94-100°C; 1H NMR (600 MHz, 

CDCl3) δ 8.09 (d, J = 8.0 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.62 

(t, J = 8.0 Hz, 1H), 7.50 (s, 1H), 7.33 (d, J = 8.3 Hz, 1H), 4.70 (hept, J = 6.0 Hz, 1H), 

2.60 (t, J = 7.6 Hz, 2H), 1.68 – 1.61 (m, 2H), 1.48 (d, J = 6.1 Hz, 6H), 1.42-1.35 (dd, J = 

14.2, 6.6 Hz, 2H), 1.33 – 1.28 (m, 4H), 0.88 (t, J = 6.6 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 183.1 (C=O), 180.3 (C=O), 160.6 (C=O), 158.4 (C-Ar), 151.1 (C-Ar), 137.3 

(C-Ar), 134.8 (C-Ar), 134.2 (CH-Ar), 134.1 (C-Ar), 133.2 (C-Ar), 131.3 (CH-Ar), 125.0 

(C-Ar), 124.4 (C-Ar), 123.1 (C-Ar), 122.1 (CH-Ar), 121.7 (CH-Ar), 119.1 (CH-Ar), 72.5 

(O-CH), 31.6 (CH2), 31.1 (CH2), 29.0 (CH2), 27.7 (CH2), 22.6 (CH2), 22.1 (C(CH3)2), 

14.1 (CH3). HRMS EI: m/z calculated for C26H26O5 [M]+: 418.1780; found: 418.1764; IR 

(neat, cm-1) 3079 (C-H), 2976 (C-H), 2955 (C-H), 2930 (C-H), 2855 (C-H), 1734 (C=O), 

1673 (C=O), 1583 (C=C), 1314, 1273, 983, 741. 

 

The minor isomer, anthra-2-pyranone 359, was obtained as an orange solid (47 mg, 0.11 

mmol, 23%). Rf = 0.22  (5% EtOAc in PhMe); mp = 48-50°C; 1H NMR (500 MHz, 

CDCl3) δ 8.12 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.81 (dd, J = 7.6, 1.0 Hz, 

1H), 7.65 – 7.60 (m, 1H), 7.34 (d, J = 8.2 Hz, 1H), 6.44 (s, 1H), 4.73 (hept, J = 6.1 Hz, 

1H), 2.80 (t, J = 7.8 Hz, 2H), 1.71 (tt, J = 15.3, 7.5 Hz, 2H), 1.48 (d, J = 6.1 Hz, 6H), 

1.46-1.49 (m, 2H), 1.37 – 1.28 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 183.2 (C=O), 180.3 (C=O), 159.7 (C=O), 158.4 (C-H), 155.1 (C-H), 152.1 (C-

H), 135.1 (C-H), 134.8 (C-H), 134.2 (CH-Ar), 128.4 (CH-Ar), 124.8 (C-H), 124.6 (C-H), 

123.9 (C-H), 121.8 (CH-Ar), 121.8 (C-H), 119.1 (CH-Ar), 116.2 (CH-Ar), 72.6 (O-CH), 

32.1 (CH2), 31.6 (CH2), 29.1 (CH2), 28.0 (CH2), 22.6 (CH2), 22.1 (C(CH3)2), 14.1 (CH3). 

HRMS  EI: m/z calculated for C26H226O5 [M]+: 418.1780; found: 418.1773; IR (neat, cm-

1) 2955 (C-H), 2927 (C-H), 2856 (C-H), 1736 (C=O), 1674 (C=O), 1583 (C=C), 1462, 

1315, 1276, 1110, 924, 741. 
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11-(Benzyloxy)-3-(2-hydroxybutan-2-yl)-5-methyl-1H-naphtho[2,3-h]chromene-

2,7,12-trione (300): 

 

NEt3 (84 µL, 0.635 mmol) and Pd(PPh3)2Cl2 (15 mg, 0.021 mmol) were added to a 

magnetically stirred mixture of aryliodide 275 (100 mg, 0.213 mmol) and 3-methylpent-

1-yn-3-ol (48 µL, 0.43 mmol) in PhMe (10 mL).  A balloon of CO was attached and the 

atmosphere above the stirred reagents purged with CO (x 3) by placing the vessel under 

vacuum briefly and then allowing the CO to fill the vacuum. The reaction mixture, open 

to the balloon filled with CO, was then heated to 60°C for 24 h before cooling to room 

temperature and concentrating the mixture under reduced pressure.  The ensuing residue 

was purified by column chromatography (silica, 5% EtOAc/CH2Cl2) to give the 

anthraquinone-pyran-2-one 300 (77 mg, 0.164 mmol, 77%) as a yellow solid.  Rf = 0.50 

(5% EtOAc in CH2Cl2); mp = 159-163°C; 1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H, H-

4), 7.97 (d, J = 0.8 Hz, 1H, H-6), 7.85 (dd, J = 7.7 and 1.0 Hz, 1H), 7.63 – 7.55 (m, 3H), 

7.41 (t, J = 7.6 Hz, 2H), 7.36 – 7.29 (m, 2H), 5.35 (s, 2H, OCH2Ph), 3.02 (s, 1H), 2.68 

(d, J = 0.7 Hz, 3H, CH3), 2.18 (dq, J = 14.9 and 7.4, 1H, CH2), 1.93 (dq, J = 14.9 and 7.4 

Hz, 1H, CH2), 1.64 (s, 3H, CH3), 0.89 (t, J = 7.5 Hz, 3H, CH2CH3); 
13C NMR (126 MHz, 

CDCl3) δ 183.2 (C=O), 180.3 (C=O), 159.4 (C=O or C=C), 158.8 (C=O or C=C), 151.9 

(C-Ar), 141.6 (C-Ar), 136.4 (C-Ar), 135.7 (C-Ar), 134.8 (CH-Ar), 134.1 (CH-Ar), 134.0 

(CH-Ar), 133.8 (CH-Ar), 128.9 (C-Ar), 128.1 (CH-Ar), 127.0 (CH-Ar), 124.0 (C-Ar), 

123.4 (C-Ar), 123.3 (C-Ar), 121.2 (C-Ar), 120.8 (C-Ar), 119.7 (C-Ar), 74.5 (Bn(CH2)), 

71.3 (C-OH), 33.2 (C-COH), 26.3 (C-COH), 19.5 (ArCH3), 8.5 (CH3); MS EI+ m/z (%): 

468 (12 [M]+), 450 (20), 332 (42), 91 (100); HRMS EI: calculated for C29H24O6: 

468.1573; found: 468.1572: IR (KBr Pellet, cm-1) 3367 (OH), 2966 (C-H), 2926 (C-H), 

1712 (C=O), 1672 (C=O), 1583, 1278, 976, 747. 
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(1-Hydroxy-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracen-2-

yl)(iodo)bis(triphenylphosphoranyl)palladium (314) 

 

Pd(PPh3)4 (100 mg, 0.865 mmol) was added to a suspension of aryl iodide 265 (100 mg, 

0.237 mmol) in benzene (3 mL) and stirred until the orange solution turned red and the 

aryl iodide dissolved (ca. 10 mins).  Stirring was continued for 16h.  The ensuing red 

solution was placed into vials and crystallised through slow vapour diffusion with heptane 

to give the oxidative addition product 314 (155 mg, 0.147 mmol, 62%) as orange-red 

lustrous crystals. Rf = 0.28 (5% EtOAc in PhMe); 1H NMR (600 MHz, C6D6) δ 13.42 (s, 

1H), 8.17 (dd, J = 7.6, 1.0 Hz, 1H), 7.85 (apparent q, J = 5.9 Hz, 12H), 7.27 (s, 1H), 7.08 

(t, J = 8.1 Hz, 1H), 6.92 (t, J = 7.4 Hz, 12H), 6.86 (t, J = 7.3 Hz, 6H), 6.72 (d, J = 8.1 Hz, 

1H), 4.17 (hept, J = 6.1 Hz, 1H), 2.49 (s, 3H), 1.19 (d, J = 6.0 Hz, 6H); 13C NMR (151 

MHz, C6D6) δ 188.1 (C=O), 182.8 (C=O), 168.3 (C-Ar), 168.2 (t, J = 3.6 Hz, C-Ar), 168.2 

(C-Ar), 162.8 (C-Ar), 162.8 (t, J = 2.5 Hz, C-Ar), 162.8 (C-Ar), 159.6 (C-Ar), 148.3 (C-

Ar), 148.3  (t, J = 3.0 Hz, C-Ar), 148.3 (C-Ar), 137.1 (C-Ar), 135.4 (C-Ar), 135.4 (t, J = 

6.0 Hz, P-C-C), 135.3 (C-Ar), 134.4 (C-Ar), 132.8 (C-Ar), 132.6  (t, J = 23.6 Hz, P-C x 

6), 132.5 (C-Ar), 130.2 (C-Ar), 130.0 (C-Ar), 128.6 (C-Ar), 128.3 (C-Ar), 127.8 (C-Ar), 

127.8 (C-Ar), 127.8 (C-Ar), 122.4 (C-Ar), 121.4 (C-Ar), 120.3 (C-Ar), 119.9 (C-Ar), 

113.0 (C-Ar), 72.2 (CH), 26.5 (2 x CH3), 22.1 (Ar-CH3); 
31P NMR (243 MHz, C6D6) δ 

23.51. 

Crystal data for 314. C54H45IO4P2Pd, 2(C6H6), 0.25(C7H16), M = 1234.41, triclinic, space 

group 1P , a = 12.2674(3) Å, b = 18.7530(4) Å, c = 25.0372(4) Å, α= 86.091(2)°, β= 

84.310(2)°, γ = 83.844(2)°, V = 5688.7(2) Å3, Z = 4, Dc = 1.441 Mg/m3, µ = 0.974 mm-

1, crystal: 0.25 x 0.09 x 0.09 mm3, reflections measured = 147513, unique reflections = 

44117 (Rint = 0.0532) , R1 = 0.0446 (I > 2σ(I)), wR2 = 0.0907 (all data). The heptane 

solvent molecule was modelled as being disordered about a crystallographic inversion 

centre with geometries restrained to ideal values. CCDC no. = 947920. 
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Structure of 314 projected approximately onto the coordination plane. 

 

Chloro(1-hydroxy-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracen-2-

yl)bis(triphenylphosphoranyl)palladium 315  

 

Pd(PPh3)4 (100 mg, 0.865 mmol) was added to a suspension of aryl iodide 265 (100 mg, 

0.237 mmol) in CHCl3 (3 mL) and stirred until the orange solution turns red and the aryl 

iodide dissolves (c.a. 10 mins).  Stirring was continued for 16h.  The ensuing red solution 

was placed into vials and crystallised through slow vapour diffusion with hexane to give 

the oxidative addition product 315 (125 mg, 0.130 mmol, 55%) as orange-red lustrous 

crystals.  Rf = 0.32 (5% EtOAc in PhMe); mp = 209-230°C (decomposes); 1H NMR (300 

MHz, C6D6) δ 13.41 (s, 1H), 8.16 (d, J = 4.6 Hz, 1H), 7.85 (apparent q, J = 3.6 Hz, 12H), 

7.27 (s, 1H), 7.08 (t, J = 4.8 Hz, 1H), 6.92 (t, J = 4.4 Hz, 12H), 6.86 (t, J = 4.3 Hz, 6H), 

6.72 (d, J = 4.9 Hz, 1H), 4.18 (hept, J = 6.0 Hz, 1H), 2.49 (s, 3H), 1.20 (d, J = 3.6 Hz, 

6H); 13C NMR (126 MHz, C6D6) δ 188.0 (C=O), 182.8 (C=O), 168.2 (t, J = 19.2 Hz, C-

Ar), 162.8 (t, J = 16.1 Hz, C-Ar), 159.6 (C-Ar), 148.3 (C-Ar), 137.1 (C-Ar), 135.4 (C-
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Ar), 135.4 (t, J = 6.2 Hz, C-Ar), 135.3 (C-Ar), 134.4 (C-Ar), 132.8 (C-Ar), 132.6 (t, J = 

23.6 Hz, C-Ar), 132.5 (C-Ar), 130.0 (C-Ar), 128.3 (C-Ar), 128.2 (C-Ar), 128.0 (C-Ar), 

127.8 (C-Ar), 127.8 (C-Ar), 122.4 (C-Ar), 121.4 (C-Ar), 120.3 (C-Ar), 119.9 (C-Ar), 

113.0 (C-Ar), 72.2 (CH), 26.5 (2 x CH3), 22.1 (CH3); 
31P NMR (243 MHz, C6D6) δ 23.44; 

IR (neat, cm-1) 1659 (C=O), 1614, 1433, 1232, 1092, 741, 690. 

Crystal data for 315. C54H45ClO4P2Pd,, M = 961.69, monoclinic, space group P21/n, a = 

15.070(7) Å, b = 17.101(8) Å, c = 17.6827(12)  Å, β= 99.890(14)°, V = 4489(3) Å3, Z = 

4, Dc = 1.423 Mg/m3, µ = 0.591 mm-1, crystal: 0.17 x 0.13 x 0.06 mm3, reflections 

measured = 33650, unique reflections = 9657 (Rint = 0.0998) , R1 = 0.0634 (I > 2σ(I)), 

wR2 = 0.1160 (all data). CCDC no. = 931485. 

 

Molecular structure of 315 projected approximately onto the coordination plane. 

 

1-Hydroxy-8-isopropoxy-9,10-anthraquinone (287) 
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The intermediate 1-(benzyloxy)-8-hydroxyanthracene-9,10-dione 287 was synthesised 

from an adaption of the known procedure§§ 1,8-Dihydroxyanthraquinone 283 (1.00 g, 

4.16 mmol), K2CO3 ( 0.864 g,  6.24 mmol) and BnBr (0.99 mL, 8.32 mmol) was added 

to a mixture of methyl ethyl ketone (30 mL) and DMF (10 mL) and heated to reflux for 

20h.  The reaction mixture was acidified with HCl (2M) and water (200 mL) added.  The 

solid was collected by vacuum filtration washing with water (2 x 100 mL) and air dried 

to give the crude monobenzylated product as a yellow-orange powder.  This crude 

material was then added to a mixture of DMF (20 mL), methyl ethyl ketone (20 mL), 

Cs2CO3 (4.07 g, 12.5 mmol) and iPrI (830 µL, 8.32 mmol) and heated to reflux for 2h.  

The reaction mixture was diluted with water (200 mL), acidified with HCl (2M) and 

extracted with CH2Cl2 (3 x 50 mL), dired over MgSO4 and concentrated to give the crude 

bis protected phenol 293 as a yellow powder.  This crude product was then dissolved in 

a well stirred mixture of THF (30 mL), MeOH (10 mL) and Pd/C (220 mg, 10% w/w) 

and the atmosphere purged with H2 (3 x balloon pressure).  After stirring for 16 h the 

reaction mixture was filtered through celite, concentrated and purified by column 

chromatography (silica, 100% PhMe) to give 1-hydroxy-8-isopropoxy-9,10-

anthraquinone 287 (0.622 g, 2.20 mmol, 53%) as an orange solid. Rf = 0.25 (PhMe); mp 

= 154-156°C; 1H NMR (500 MHz, CDCl3) δ 13.07 (s, 1H), 7.93 (dd, J = 7.6, 1.1 Hz, 1H), 

7.77 – 7.74 (m, 1H), 7.69 (dd, J = 8.4, 7.7 Hz, 1H), 7.60 (dd, J = 8.3, 7.6 Hz, 1H), 7.35 

(dd, J = 8.4, 0.4 Hz, 1H), 7.29 – 7.26 (m, 1H), 4.75 (hept, J = 6.0 Hz, 1H), 1.50 (d, J = 

6.1 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 188.8 (C=O), 183.0 (C=O), 162.6 (C-Ar), 

159.8 (C-Ar), 136.0 (C-Ar), 135.8 (C-Ar), 135.5 (C-Ar), 132.9 (C-Ar), 124.8 (C-Ar), 

121.9 (C-Ar), 121.7 (C-Ar), 120.2 (C-Ar), 118.8 (C-Ar), 117.3 (C-Ar), 72.9 (CH), 22.2 

(2 x CH3); HRMS  EI+: calculated for C17H14O4: 282.0892; found: 282.0888; IR (KBr 

pellet, cm-1): 3412 (OH), 2983 (C-H), 2937 (C-H), 1675 (C=O), 1646 (C=O), 1583, 1453, 

1289, 1000, 742. 

 

1-Hydroxy-2-iodo-8-isopropoxy-9,10-anthraquinone (294) 

 
                                                 
§§ Saurav J. Sarma and Paul B. Jones, Journal of Organic Chemistry,   2010 ,  vol. 75,  p. 

3806 
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1-Hydroxy-8-isopropoxy-9,10-anthraquinone 287 (0.5 g, 1.77 mmol) was added to a 

mixture of HIO3 (312 mg, 1.77 mmol), I2 (225 mg, 0.885 mmol), in H2O (5 mL) and 1,4-

dioxane (15 mL).  The mixture was heated to reflux for 6h, cooled to RT, water added 

(200 mL), extracted with CHCl3 (3 x 50 mL), dried over MgSO4 and purified by column 

chromatography (silica, 100% PhMe) to give iodoanthraquinone 294 (488 mg, mmol, 

68%) as a orange solid. Rf = 0.50 (PhMe); mp = 185-188°C; 1H NMR (500 MHz, CDCl3) 

δ 14.02 (s, 1H), 8.14 – 8.10 (m, 1H), 7.91 (dd, J = 7.6, 1.1 Hz, 1H), 7.70 (dd, J = 8.4, 7.7 

Hz, 1H), 7.50 – 7.47 (m, 1H), 7.37 – 7.33 (m, 1H), 4.75 (hept, J = 6.1 Hz, 1H), 1.49 (d, J 

= 6.1 Hz, 6H).; 13C NMR (126 MHz, CDCl3) δ 188.2 (C=O), 182.6 (C=O), 161.2 (C-Ar), 

160.0 (C-Ar), 145.4 (C-Ar), 135.9 (C-Ar), 135.8 (C-Ar), 132.8 (C-Ar), 121.8 (C-Ar), 

121.2 (C-Ar), 120.2 (C-Ar), 119.7 (C-Ar), 116.6 (C-Ar), 95.4 (C-I), 73.0 (CH), 22.2 (2 x 

CH3); HRMS  EI+: calculated for C17H13O4I: 407.9859; found: 407.9863 ; IR (KBr neat, 

cm-1): 3434 (OH), 2972 (C-H), 2926 (C-H), 1671 (C=O), 1631 (C=O), 1582, 1416, 1271, 

1102, 737. 

 

 (1-Hydroxy-8-isopropoxy-9,10-dioxo-9,10-dihydroanthracen-2-

yl)(iodo)bis(triphenylphosphoranyl)palladium (318) 

 

Pd(PPh3)4 (100 mg, 0.865 mmol) was added to a suspension of 1-hydroxy-2-iodo-8-

isopropoxy-9,10-anthraquinone (294, 35 mg, 0.086 mmol) in CHCl3 (3 mL) and stirred 

until the orange solution turns red and the aryl iodide dissolves (c.a. 10 min).  Stirring 

was continued stirring for 16h.  The ensuing red solution was crystallised through slow 

vapour diffusion with hexane to give the oxidative addition product 318 (60 mg, 0.058 

mmol, 67%) as orange-red lusterous crystals.  Mp = 165-185°C (gradual decomposition, 

decomposed material starts melting at 198°C); 1H NMR (600 MHz, C6D6) δ 13.41 (s, 

1H), 8.13 (d, J = 7.5 Hz, 1H), 7.84 (dd, J = 12.5, 5.5 Hz, 12H), 7.25 (d, J = 7.6 Hz, 1H), 

7.07 (t, J = 7.9 Hz, 1H), 6.93 (t, J = 7.4 Hz, 12H), 6.87 (t, J = 7.3 Hz, 6H), 6.70 (d, J = 

8.1 Hz, 1H), 4.17 (hept, J = 6.0 Hz, 1H), 1.20 (d, J = 6.0 Hz, 6H); 13C NMR (126 MHz, 

C6D6) δ 188.6 (C=O), 182.7  (C=O), 167.2 (t, J = 4.3 Hz, (C-Ar)), 162.9 (t, J = 2.8 Hz, 

(C-Ar)), 159.6 (C-Ar), 141.4 (t, J = 4.0 Hz, (C-Ar)), 137.0 (C-Ar), 135.5 (t, J = 6.3 Hz, 
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(C-Ar)), 135.3 (C-Ar), 134.6 (C-Ar), 132.6 (t, J = 23.8 Hz, C-P), 132.5 (C-Ar), 132.4 (C-

Ar), 131.6 (C-Ar), 130.0 (C-Ar), 129.2 (C-Ar), 128.6 (C-Ar), 128.5 (C-Ar), 128.3 (C-Ar), 

128.2 (C-Ar), 128.0 (C-Ar), 122.3 (C-Ar), 121.2 (C-Ar), 119.9 (C-Ar), 118.7 (C-Ar), 

114.8 (C-Ar), 72.2 (CH), 22.1 (2 x CH3).
*** 31P NMR (243 MHz, C6D6) δ 23.88. 

Crystal data for the anthraquinone palladium iodide 318. C54H43IO4P2Pd.CHCl3, M = 

1158.48, monoclinic, space group P21/n, a = 16.2644(2) Å, b = 15.45600(10) Å, c = 

19.4521(2) Å, β= 90.0810(10)°, V = 4889.91(8) Å3, Z = 4, Dc = 1.574 Mg/m3, µ = 1.286 

mm-1, crystal: 0.46 x 0.29 x 0.07 mm3, reflections measured = 165873, unique reflections 

= 24715 (Rint = 0.0454) , R1 = 0.0376 (I > 2σ(I)), wR2 = 0.0920 (all data). CCDC no. = 

931486. 

 

 
Molecular structure of anthraquinone palladium iodide 318 projected approximately 

onto the coordination plane. 

 

6.4 Experimental for Chapter 4 

 

1-(Benzyloxy)-2-iodo-8-isopropoxy-3-methylanthracene-9,10-dione (445) 

 
                                                 
*** Some resonances were not resolvable. 
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BnBr (200 µL, 1.66 mmol) was added to a purple-black solution of phenol 265 (350 mg, 

0.829 mmol) and freshly ground K2CO3 (1.15 g, 8.29 mmol) in DMF (15 mL) and the 

mixture was heated to 45°C until the solution became yellow-orange (c.a. 16h).  The 

reaction was cooled to room temperature, water (200 mL) was added and the resulting 

precipitate was collected by vacuum filtration. The solid was washed with water and dried 

under vacuum to give the crude product.  The product was then washed thoroughly with 

hexane to give the protected phenol 445 (388 mg, 0.754 mmol, 91%) as a yellow solid;  

Rf = 0.40 (5% EtOAc in PhMe); Mp = 166-167°C; 1H NMR (600 MHz, CDCl3) δ 7.89 

(s, 1H), 7.82 (d, J = 7.6 Hz, 1H), 7.79 (d, J = 7.2 Hz, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.43 

(t, J = 7.4 Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 5.14 (s, 2H), 4.67 

(hept, J = 6.0 Hz, 1H), 2.62 (s, 3H), 1.45 (d, J = 6.0 Hz, 6H); 13C NMR (151 MHz, CDCl3) 

δ 183.7 (C=O), 181.8  (C=O), 158.1 (C-Ar), 157.7 (C-Ar), 149.2 (C-Ar), 136.7 (C-Ar), 

135.1 (C-Ar), 134.1 (C-Ar), 133.9 (CH-Ar), 129.5 (CH-Bn), 128.5 (CH-Bn), 126.3 (C-

Ar), 125.4 (C-Ar), 123.6 (CH-Ar), 122.6 (CH-Ar), 119.4 (CH-Ar), 111.4 (C-Ar), 76.2 

(CH2) 73.0 (CH), 29.9 (CH3), 22.2 (2 x CH3); IR (KBr Pellet, cm-1) 2975 (C-H), 1760 

(C=O), 1571, 1228, 1053;   HRMS  APCI: m/z calculated for C25H22O4I [M + H]+: 

513.0563; found: 513.0554. 

 

Non-1-yn-3-one (437) 

 

The alcohol 437 was prepared according to the procedure by Braddock et al. 362 1H NMR 

(400 MHz; CDCl3) δ 4.34 (td, J = 6.6, 2.0 Hz, 1H), 2.43 (d, J = 2.0 Hz, 1H), 2.01 (br.s, 

1H), 1.73 – 1.64 (m, 2H), 1.46 – 1.38 (m, 2H), 1.31 – 1.23 (m, 6H), 0.86 (t, J = 6.7 Hz, 

3H); 

 

2-Iodo-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracen-1-yl benzoate 

(442) 
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Benzoylchloride (550 µL, 4.74 mmol) was added to a solution of anthraquionone 265 

(1.00 g, 2.37 mmol) and freshly ground K2CO3 (4.91g, 35.5 mmol) in acetone (100 mL) 

and heated to reflux for 1h. The reaction mixture was concentrated and purified by column 

chromatography (silica, 0-5% EtOAc in PhMe) to give the benzoyl protected 

anthraquinone 442 (1.06 g, 2.01 mmol, 85%) as a yellow solid. Rf = 0.40 (5% EtOAc in 

PhMe); Mp = 188-189°C; 1H NMR (400 MHz, CDCl3) δ 8.36 – 8.31 (m, 2H), 8.05 (s, 

1H), 7.87 (dd, J = 7.7, 1.1 Hz, 1H), 7.71 – 7.66 (m, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.59 – 

7.54 (m, 2H), 7.28 (dd, J = 8.3, 1.1 Hz, 1H), 4.47 (hept, J = 6.1 Hz, 1H), 2.67 (s, 3H), 

1.28 (d, J = 6.1 Hz, 3H), 1.25 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 183.2 

(C=O), 180.5 (C=O), 164.4 (C-Ar), 158.7 (C-Ar), 150.0 (C-Ar), 149.2 (C-Ar), 135.1 (C-

Ar), 134.3 (CH-Ar), 133.8 (CH-Ar), 133.5 (C-Ar), 130.8 (2 x CH-Ar), 129.8 (C-Ar), 

128.6 (2 x CH-Ar), 125.2 (C-Ar), 125.2 (CH-Ar), 124.8 (C-Ar), 124.0 (CH-Ar), 120.1 

(CH-Ar), 109.6 (C-Ar), 74.0 (CH), 29.6 (ArCH3), 22.1 (CH3), 22.1 (CH3); IR (KBr Pellet, 

cm-1) 3079 (C-H), 2978, 2920, 1741, 1670, 1583, 1439, 1388, 1326, 1230, 1081, 995, 

698; HRMS  EI+: m/z calculated for C25H19O5I [M]+: 526.0277; found: 526.0291. 

 

8-Isopropoxy-3-methyl-9,10-dioxo-2-(3-oxo-3-phenylprop-1-yn-1-yl)-9,10-

dihydroanthracen-1-yl benzoate (425) 

 

 

A mixture of anthraquinone iodide 442 (277 mg, 0.526 mmol) and (3-oxo-3-phenylprop-

1-yn-1-yl)copper (415) (152 mg, 0.786 mmol) in DMF (20 mL) was heated to reflux for 

1h. The reaction mixture was concentrated and purified by column chromatography 

(silica, 0-5% EtOAc in PhMe) to give the anthraquinone 425 (207 mg, 0.392 mmol, 75%) 

as an orange oil. Rf = 0.49 (5% EtOAc in PhMe); 1H NMR (500 MHz, CDCl3) δ 8.42 – 

8.33 (m, 2H), 8.10 (d, J = 0.7 Hz, 1H), 8.06 – 7.99 (m, 2H), 7.87 (‘dd’, J = 7.7, 1.1 Hz, 

1H), 7.70 (‘ddd’, J = 7.1, 2.6, 1.3 Hz, 1H), 7.62 (‘dd’, J = 8.3, 7.7 Hz, 1H), 7.60 – 7.53 

(m, 2H), 7.46 (‘tt’, J = 7.5, 1.3 Hz, 1H), 7.31 – 7.28 (m, 1H), 7.12 (dd, J = 8.3, 7.5 Hz, 

2H), 4.49 (hept, J = 6.1 Hz, 1H), 2.74 (d, J = 0.6 Hz, 3H), 1.28 (b‘dd’, J = 13.5, 6.4 Hz, 

6H); 13C NMR (126 MHz, CDCl3) δ 182.8 (C=O), 180.5 (C=O), 177.3 (C=O), 164.9 (C-
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Ar), 158.7 (C-Ar), 152.4 (C-Ar), 149.0 (C-Ar), 136.4 (C-Ar), 135.1 (C-Ar), 134.5 (CH-

Ar), 134.3 (C-Ar), 134.3 (CH-Ar), 133.9 (CH-Ar), 130.9 (2 x CH-Ar), 129.6 (2 x CH-

Ar), 129.5 (C-Ar), 128.7 (2 x CH-Ar), 128.5 (2 x CH-Ar), 125.5 (CH-Ar), 125.3 (C-Ar), 

124.7 (C-Ar), 123.9 (CH-Ar), 122.7 (C-Ar), 120.1 (CH-Ar), 97.2 (C≡C), 84.5 (C≡C), 

73.9 (CH), 22.0 (2 x CH3), 21.6 (CH3). IR (Neat, cm-1): 2979, 2930, 2201, 1742, 1674, 

1638, 1583, 1450, 1328, 1280, 1209, 937, 752, 696. HRMS  APCI: (m/z) calculated for 

C34H25O6 [M + H]+: 529.1651; found: 529.1663. 

 

1-(Benzyloxy)-2-(3-hydroxynon-1-yn-1-yl)-8-isopropoxy-3-methylanthracene-9,10-

dione (446) 

 

 

A warmed (60°C) and degassed solution of Na2CO3 (310 mg, 2.92 mmol) in H2O (4 mL) 

was added to a preheated well stirred mixture of aryl iodide 445 (500 mg, 0.976 mmol), 

Pd(PPh3)2Cl2 (68 mg, 0.098 mmol) and propargyl alcohol 437 (272 mg, 1.95 mmol) in 

dioxane (15 mL) at 60°C and heated to 80°C for 3h. The reaction mixture was 

concentrated and purified by column chromatography (silica, 0-10% EtOAc in PhMe) to 

give the anthraquinone 446 (207 mg, 0.392 mmol, 75%) as an orange oil. Rf = 0.36 (10% 

EtOAc in PhMe); 1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H), 7.76 (d, J = 7.6 Hz, 1H), 

7.65 (d, J = 7.1 Hz, 2H), 7.54 (t, J = 8.0 Hz, 1H), 7.35 (‘t’, J = 7.3 Hz, 2H), 7.30 (m, J = 

7.2 Hz, 1H), 7.23 (m, J = 10.1 Hz, 1H), 5.20 (s, 2H), 4.61 (hept, J = 6.1 Hz, 1H), 4.53 (bt, 

J = 6.7 Hz, 1H), 2.45 (s, 3H), 1.99 (s, 1H), 1.74 – 1.59 (m, 3H), 1.40 (m, 6H), 1.24 (d, J 

= 10.8 Hz, 8H), 0.83 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 183.6 (C=O), 

182.2 (C=O), 159.7 (C-Ar), 158.0 (C-Ar), 146.9 (C-Ar), 137.6 (CH-Ar), 135.2 (C-Ar), 

133.8 (CH-Ar), 133.0 (C-Ar), 128.6 (2 x CH-Ar), 128.4 (2 x CH-Ar), 128.1 (CH-Ar), 

127.0 (C-Ar), 125.7 (C-Ar), 125.6 (C-Ar), 123.3 (CH-Ar), 122.5 (CH-Ar), 119.5 (CH-

Ar), 103.5 (C-Ar), 79.3 (C≡C), 76.3 (C≡C), 73.1 (O-CH(CH3)2), 63.2 (Ph-CH2), 62.9 

(CH-OH), 37.8 (HO-CH2), 37.6 (HO-CH2), 31.8 (CH2), 29.1 (CH2), 29.0 (CH2), 25.3 

(CH2), 25.1 (CH2), 22.7 (CH2), 22.2 (2 x (CH3), 21.5 (Ar-CH3), 14.2 (CH3); IR (Neat, cm-
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1): 3324, 2925, 2857, 1672, 1581, 1322, 1281, 1263, 1220, 1098, 936, 749, 727, 692.  

HRMS  APCI: (m/z) calculated for C34H37O5 [M + H]+: 525.2641; found: 525.2651. 

 

1-(Benzyloxy)-2-(3-hydroxy-4-methylpent-4-en-1-yn-1-yl)-8-isopropoxy-3-

methylanthracene-9,10-dione (447) 

 

A warmed (60°C) and degassed solution of Na2CO3 (158 mg, 1.49 mmol) in H2O (3 mL) 

was added to a preheated well stirred mixture of aryl iodide 445 (255 mg, 0.498 mmol), 

Pd(PPh3)2Cl2 (36 mg, 0.050 mmol) and propargyl alcohol 439 (97 mg, 1.0 mmol) in 

dioxane (8 mL) at 60°C and heated to 80°C for 3h. The reaction mixture was concentrated 

and purified by column chromatography (silica, 0-10% EtOAc in PhMe) to give the 

anthraquinone 447 (204 mg, 0.425 mmol, 85%) as an orange oil. Rf = 0.27 (10% EtOAc 

in PhMe); 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 0.7 Hz, 1H), 7.81 (dd, J = 7.7, 1.1 

Hz, 1H), 7.73 – 7.66 (m, 2H), 7.62 – 7.58 (m, 1H), 7.41 – 7.36 (m, 3H), 7.31 (dd, J = 8.4, 

0.6 Hz, 1H), 5.24 (s, 2H), 5.03 (s, 1H), 5.00 (s, 1H), 4.97 (m, 1H), 4.65 (hept, J = 6.1 Hz, 

1H), 2.53 (d, J = 0.5 Hz, 3H), 1.88 (s, 3H), 1.46 (d, J = 6.0 Hz, 6H). 13C NMR (101 MHz, 

CDCl3) δ 183.6 (C=O), 182.2 (C=O), 160.0 (C-Ar), 158.0 (C-Ar), 147.1 (C-Ar), 143.6 

(C-Ar), 137.5 (C-Ar), 135.3 (C-Ar), 133.8 (C-Ar), 133.2 (C-Ar), 129.2 (C-Ar), 129.1 (C-

Ar), 128.9 (2 x CH-Ar), 128.7 (C-Ar), 128.4 (2 x CH-Ar), 128.4 (C-Ar), 128.2 (CH-Ar), 

127.0 (C-Ar), 125.6 (C-Ar), 125.5 (C-Ar), 123.3 (CH-Ar), 122.5 (CH-Ar), 119.5 (CH-

Ar), 113.0 (CH-Ar), 101.0 (CH-Ar), 80.4 (C≡C), 79.3 (C≡C), 76.5 (Ph-CH2), 73.1 (O-

CH(CH3)2), 67.0 (HCOH), 22.2 (2 x CH3), 21.6 (Ar-CH3), 18.4 (CH3); IR (Neat, cm-1): 

3442 (OH), 2922 (C-H), 1672 (C=O), 1580 (C=C), 1441, 1383, 1320, 1261, 1220, 1099, 

906, 750, 731, 697; HRMS  APCI: (m/z) calculated for C31H29O5 [M + H]+: 481.2015; 

found: 481.2007. 
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1-(benzyloxy)-8-isopropoxy-3-methyl-2-(3-oxooct-1-yn-1-yl)anthracene-9,10-dione 

(426) 

 

Dess-Martine Periodinane (DMP, 440) (455 mg, 1.13 mmol) was added portionwise to a 

solution of anthraquinone alcohol 446 (478 mg, 0.867 mmol) in CH2Cl2 (15 mL) and the 

ensuing mixture stirred at room temperature for 2 h. The reaction mixture was quenched 

by the simultaneous addition of Na2SO3 (1 M, 10 mL) and NaHCO3 (sat. 10 mL) and 

stirred for 30 minutes. The organic layer was collected and the aqueous layer extracted 

with CH2Cl2 (2 x 30 mL), the combined organics dried over MgSO4, concentrated and 

purified by column chromatography (silica, 0-5% EtOAc in PhMe) to give the 

anthraquinone 426 (400 mg, 0.786 mmol, 88%) as an orange oil. Rf = 0.26 (5% EtOAc 

in PhMe); 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 0.7 Hz, 1H), 7.81 (dd, J = 7.7, 1.1 

Hz, 1H), 7.71 – 7.66 (m, 2H), 7.61 (dd, J = 8.3, 7.7 Hz, 1H), 7.42 – 7.36 (m, 2H), 7.36 – 

7.30 (m, 2H), 5.25 (s, 2H), 4.67 (hept, J = 6.1 Hz, 1H), 2.58 (s, 3H), 2.56 (t, J = 7.3 Hz, 

2H), 1.63-1.69 (m, 2H), 1.46 (d, J = 6.0 Hz, 6H), 1.22-1.33 (m, 4H), 0.88 (t, J = 7.0 Hz, 

3H). 13C NMR (126 MHz, CDCl3) δ 187.8 (C=O), 183.4 (C=O), 181.8 (C=O), 161.2 (C-

Ar), 158.1 (C-Ar), 148.4 (C-Ar), 136.9 (C-Ar), 135.1 (C-Ar), 134.7 (C-Ar), 134.0 (CH-

Ar), 129.0 (2 x CH-Ar), 128.5 (2 x CH-Ar), 128.4 (CH-Ar), 126.9 (C-Ar), 125.4 (C-Ar), 

123.4 (C-Ar), 123.0 (C-Ar), 122.5 (CH-Ar), 119.5 (CH-Ar), 98.2 (C≡C), 84.1 (C≡C), 

73.0 (Ph-CH2), 45.8 (COH), 31.6 (CH2), 28.8 (CH2), 24.1 (CH2), 22.6 (CH2), 22.2 (2 x 

CH3), 21.5 (Ar-CH3), 14.1 (CH3); IR (Neat, cm-1): 2957 (C-H); 2929 (C-H), 2858 (C-H), 

2195 (C≡C), 1670 (C=O), 1582, 1262, 1091, 946, 750, 694. 

 

1-(Benzyloxy)-8-isopropoxy-3-methyl-2-(4-methyl-3-oxopent-4-en-1-yn-1-

yl)anthracene-9,10-dione (447) 
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Dess-Martine Periodinane (DMP, 440) (69 mg, 0.162 mmol) was added to a solution of 

anthraquinone alcohol 446 (60 mg, 0.125 mmol) in CH2Cl2 (20 mL) and the ensuing 

mixture stirred at room temperature for 2 h. The reaction mixture was quenched by the 

simultaneous addition of Na2SO3 (1 M, 10 mL) and NaHCO3 (sat. 10 mL) and stirred for 

30 minutes. The organic layer was collected and the aqueous layer extracted with CH2Cl2 

(2 x 30 mL), the combined organics dried over MgSO4, concentrated and purified by 

column chromatography (silica, 0-10% EtOAc in PhMe) to give the anthraquinone 447 

(42 mg, 0.088 mmol, 70%) as an orange oil. Rf = 0.19 (5% EtOAc in PhMe); 1H NMR 

(500 MHz, CDCl3) δ 7.88 (d, J = 0.7 Hz, 1H), 7.83 – 7.78 (m, 1H), 7.71 – 7.64 (m, 2H), 

7.61 (dd, J = 11.6, 4.4 Hz, 1H), 7.37 (td, J = 7.1, 1.0 Hz, 2H), 7.35 – 7.29 (m, 2H), 6.46 

(d, J = 0.5 Hz, 1H), 5.94 (d, J = 0.8 Hz, 1H), 5.23 (s, 2H), 4.67 (hept, J = 6.1 Hz, 1H), 

2.60 (s, 3H), 1.94 (d, J = 0.8 Hz, 3H), 1.46 (dd, J = 6.0, 1.1 Hz, 6H). 13C NMR (126 MHz, 

CDCl3) δ 183.3 (C=O), 181.9 (C=O), 179.8 (C=O), 161.2 (C-Ar), 158.0 (C-Ar), 148.5 

(C-Ar), 145.0 (C-Ar), 136.6 (C-Ar), 135.1 (C-Ar), 134.6 (C-Ar), 134.0 (CH-Ar), 132.1 

(CH-Ar), 129.4 (2 x CH-Ar), 128.5 (2 x CH-Ar), 128.4 (C-Ar), 126.8 (C-Ar), 125.4 (C-

Ar), 123.3 (CH-Ar), 123.1 (C-Ar), 122.4 (CH-Ar), 119.5 (CH-Ar), 96.6 (C≡C), 85.0 

(C≡C), 72.9 (Ph-CH2), 29.8 (CH), 22.2 (2 x CH3), 21.5 (Ar-CH3), 16.2 (CH3); IR (Neat, 

cm-1): 2976 (C-H), 2920 (C-H), 2851 (C-H), 2195 (C≡C), 1672 (C=O), 1637 (C=O), 1571 

(C=C), 1440, 1320, 1260, 1109, 1088, 1027, 947, 749, 696; HRMS  APCI: (m/z) 

calculated for C31H29O5 [M + H]+: 479.1834; found: 479.1833. 

 

Table 4.03: Domino acid catalysed cyclisation to anthra-4-pyranone 428 and 429 

 

Entry 2: H2SO4 (98%, 5 mL) was added to anthraquinone 425 (122 mg, 0.231 mmol) 

and slowly heated to 60°C for 1h. The mixture was poured carefully into H2O (50 mL) 

and extracted with CH2Cl2 (3 x 30 mL), dried over MgSO4, concentrated and purified by 

column chromatography (silica, 0-2% EtOAc in PhMe) to give the anthrapyranone 428 

(49 mg, 0.127 mmol, 55%) as a yellow solid and the anthraquinone diol 451 (29 mg, 

0.075 mmol, 31%) as a yellow solid; 
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11-Hydroxy-5-methyl-2-phenyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (428) 

 

 

Rf = 0.33 (2% EtOAc in PhMe); MP: > 260°C, 1H NMR (400 MHz, CDCl3) δ 12.99 (s, 

1H), 8.32 (dd, J = 6.4, 2.4 Hz, 2H), 8.11 (s, 1H), 7.84 (dt, J = 7.4, 1.0 Hz, 1H), 7.70 (t, J 

= 7.7 Hz, 1H), 7.65 – 7.58 (m, 3H), 7.41 – 7.37 (m, 1H), 6.94 (s, 1H), 3.06 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 187.6 (C=O), 182.1 (C=O) , 179.4 (C=O), 163.4 (C-Ar), 162.8 

(CH-Ar), 156.6 (C-Ar), 150.0 (C-Ar), 136.6 (CH-Ar), 136.3 (C-Ar), 132.5 (C-Ar), 132.3 

(CH-Ar), 130.8 (C-Ar), 129.4 (2 x CH-Ar), 127.1 (2 x CH-Ar), 126.9 (C-Ar), 126.1 (CH-

Ar), 125.6 (CH-Ar), 120.1 (C-Ar), 119.6 (CH-Ar), 117.0 (C-Ar), 109.1 (CH-Ar), 24.5 

(Ar-CH3). IR (KBr pellet, cm-1): 3463 (O-H), 3065 (C-H), 2924 (C-H), 2852 (C-H), 2651 

(C=O), 1636 (C=O), 1462, 1077, 773; HRMS EI+: (m/z) calculated for C24H14O5 [M]+: 

382.0841; found: 382.0844. 

 

1,8-Dihydroxy-3-methyl-2-(3-oxo-3-phenylprop-1-yn-1-yl)anthracene-9,10-dione 

(451) 

 

 

Rf = 0.44 (5% EtOAc in PhMe); MP: > 260°C; 1H NMR (400 MHz, CDCl3) δ 12.81 (s, 

1H), 11.98 (s, 1H), 8.39 – 8.31 (m, 2H), 7.86 (dd, J = 7.5, 1.2 Hz, 1H), 7.76 (d, J = 0.6 

Hz, 1H), 7.74 – 7.70 (m, 1H), 7.68 – 7.64 (m, 1H), 7.59 – 7.52 (m, 2H), 7.34 (dd, J = 8.4, 

1.2 Hz, 1H), 2.71 (d, J = 1.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 192.6 (C=O), 181.5 

(C=O), 177.8 (C=O), 165.0 (C-Ar), 162.8 (CH-Ar), 153.4 (C-Ar), 137.7 (CH-Ar), 137.0 
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(C-Ar), 134.5 (CH-Ar), 133.6 (C-Ar), 133.6 (C-Ar), 130.0 (2 x CH-Ar), 128.9 (2 x CH-

Ar), 125.2 (CH-Ar), 121.0 (CH-Ar), 120.5 (CH-Ar), 116.3 (C-Ar), 115.8 (C-Ar), 113.9 

(C-Ar), 98.4 (C≡C), 85.2 (C≡C), 22.2 (Ar-CH3); IR (KBr pellet, cm-1): 3435 (O-H), 2924 

(C-H), 2204 (C≡C), 1673, 1640 (C=O), 1623 (C=O), 1592, 1578, 1469, 1268, 1291, 995, 

695; HRMS EI+: (m/z) calculated for C24H14O5 [M]+: 382.0841; found: 382.0830. 

 

Table 4.04: Domino acid catalysed cyclisation to anthra-4-pyranone 313 

 

 

Entry 2: TsOH.H2O (91 mg, 0.478 mmol) was added to anthraquinone 426 (100 mg, 

0.161 mmol) in xylene (5 mL) and heated to reflux for 2 minutes. The mixture was 

concentrated and purified by column chromatography (silica, 0-2% EtOAc in PhMe) to 

give the anthraquinone-diol 451 (26 mg, 0.0668 mmol, 35%) as a yellow solid; 

 

Entry 5: H2SO4 (98%, 15 mL) was added to anthraquinone 426 (100 mg, 0.161 mmol) 

and stirred at room temperature for 4h. The mixture was poured carefully into H2O (50 

mL) and extracted with CH2Cl2 (3 x 30 mL), dried over MgSO4, concentrated and purified 

by column chromatography (silica, 0-2% EtOAc in PhMe) to give the anthrapyranone 

313 (25 mg, 0.063 mmol, 33%) as orange crystals and the anthraquinone diol 451 (13 mg, 

0.033 mmol, 17 %) as a yellow solid; 

 

2-Hexyl-11-hydroxy-5-methyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (313) 
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Rf = 0.30 (5% EtOAc in PhMe); mp: 174-178°C; 1H NMR (500 MHz, CDCl3) δ 12.87 (s, 

1H), 8.04 (s, 1H), 7.80 (dd, J = 7.5, 1.1 Hz, 1H), 7.68 – 7.64 (m, 1H), 7.35 (dd, J = 8.4, 

1.2 Hz, 1H), 6.25 (s, 1H), 3.01 (s, 3H), 2.74 (t, J = 7.6 Hz, 2H), 1.93 – 1.86 (m, 2H), 1.46 

(m, J = 7.2 Hz, 2H), 1.39 – 1.33 (m, 4H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 187.4 (C=O), 182.1 (C=O), 179.3 (C=O), 169.7 (C-Ar), 162.7 (C-Ar), 156.9 

(C-Ar), 149.8 (C-Ar), 136.4 (CH-Ar), 136.0 (C-Ar), 132.4 (C-Ar), 126.6 (C-Ar), 125.7 

(CH-Ar), 125.4 (CH-Ar), 119.9 (C-Ar), 119.4 (CH-Ar), 117.0 (C-Ar), 112.2 (CH-Ar), 

34.0 (CH2), 31.6 (CH2), 28.8 (CH2), 26.5 (CH2), 24.4 (Ar-CH3), 22.6 (CH2), 14.2 (CH3). 

IR (KBr pellet, cm-1): 3062 (C-H), 2954 (C-H), 2919 (C-H), 2852 (C-H), 1651 (C=O), 

1625 (C=O), 1456, 1165, 776; HRMS APCI+: (m/z) calculated for C24H23O5 [M + H]+: 

391.1545; found: 391.1596. 

 

1-Hydroxy-8-isopropoxy-3-methyl-2-(3-oxonon-1-yn-1-yl)anthracene-9,10-dione 

(444) 

 

 

Rf = 0.35 (5% EtOAc in PhMe); mp: 150-158°C; 1H NMR (500 MHz, CDCl3) δ 13.75 (s, 

1H), 7.90 (d, J = 7.6 Hz, 1H), 7.69 (dd, J = 9.6, 6.5 Hz, 1H), 7.60 (s, 1H), 7.35 (d, J = 8.5 

Hz, 1H), 4.74 (hept, J = 6.0 Hz, 1H), 2.72 (t, J = 7.4 Hz, 2H), 2.57 (s, 3H), 1.83 – 1.77 

(m, 2H), 1.50 (d, J = 6.0 Hz, 6H), 1.38 (m, J = 6.4 Hz, 2H), 1.35 – 1.30 (m, 4H), 0.90 (t, 

J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 188.2 (C=O), 188.1 (C=O), 182.6 (C=O), 

164.9 (C-Ar), 159.9 (C-Ar), 151.0 (C-Ar), 135.8 (C-Ar), 135.8 (CH-Ar), 132.8 (C-Ar), 

121.9 (CH-Ar), 121.5 (C-Ar), 120.3 (CH-Ar), 119.3 (CH-Ar), 116.0 (C-Ar), 115.0 (C-

Ar), 98.8 (C≡C), 84.0 (C≡C), 73.0 (OCH(CH3)2), 45.9 (COCH2), 31.7 (CH2), 28.9 (CH2), 

24.3 (CH2), 22.6 (CH2 or ArCH3), 22.2 (2 x CH3), 21.8 (CH2 or ArCH3), 14.2 (CH3). IR 

(neat, cm-1): 2932 (C-H), 2891 (C-H), 2853 (C-H), 2191 (C≡C), 1673 (C=O), 1622 

(C=O), 1581, 1216, 1091, 943, 751; HRMS APCI+: (m/z) calculated for C27H29O5 [M + 

H]+: 433.2015; found: 433.2010. 
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1,8-Dihydroxy-3-methyl-2-(3-oxonon-1-yn-1-yl)anthracene-9,10-dione (451) 

 

Rf = 0.35 (5% EtOAc in PhMe); MP: 150-158°C; 1H NMR (400 MHz, CDCl3) δ 12.68 

(s, 1H), 11.95 (s, 1H), 7.83 (dd, J = 7.5, 1.1 Hz, 1H), 7.74 – 7.66 (m, 2H), 7.32 (dd, J = 

8.4, 1.2 Hz, 1H), 2.73 (t, J = 7.4 Hz, 2H), 2.62 (d, J = 0.3Hz, 3H), 1.80 (dt, J = 14.9, 7.4 

Hz, 2H), 1.48 – 1.25 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

192.5 (C=O), 188.0 (C=O), 181.5 (C=O), 164.5 (C-Ar), 162.8 (C-Ar), 153.0 (C-Ar), 

137.7 (CH-Ar), 133.5 (C-Ar), 125.2 (CH-Ar), 120.9 (CH-Ar), 120.4 (CH-Ar), 116.2 (C-

Ar), 115.7 (C-Ar), 114.6 (C-Ar), 113.9 (C-Ar), 99.1 (C≡C), 82.8 (C≡C), 45.9 (COCH2), 

31.7 (CH2), 28.8 (CH2), 24.3 (CH2), 22.6 (ArCH3), 22.1 (CH2), 14.18 (CH3). IR (neat, 

cm-1): 2930 (C-H), 2851 (C-H), 2198 (C≡C), 1664 (C=O), 1616 (C=O), 1267, 1009, 789, 

750; HRMS APCI+: (m/z) calculated for C27H29O5 [M + H]+: 391.1545; found: 391.1542. 

 

Table 4.06: Hydroxycarbonylation of anthraquinone iodides 

 

Selected example entry 2: To a glass autoclave tube were added sequentially, a magnetic 

stirrer bar, aryl Iodide 265 (200 mg, 0.474 mmol), K2CO3 (327 mg, 2.37 mmol), DMF 

(20 mL), H2O (10 mL) and Pd(PPh3)2Cl2 (33 mg, 0.0474 mmol).  The tube was placed 

inside the stainless steel autoclave chamber and sealed before purging the chamber with 

CO (2 x 5 bar) and then pressurising it with CO (20 bar). The autoclave was heated to 

60°C with stirring for 20 h before cooling slowly to room temperature and carefully 

depressurising the system.  The reaction mixture was concentrated under reduced pressure 

and the ensuing residue purified by column chromatography (silica, 100% PhMe to 100% 

EtOAc (+0.5% AcOH)) to give the dehalogenated product 280 (73 mg, 52%) as an orange 
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solid, the dimethyl amide 469 (34 mg, 28%) as an orange oil, and the carboxylic acid 459 

(16 mg, 10%) as an orange solid. 

 

1-Hydroxy-8-isopropoxy-N,N,3-trimethyl-9,10-dioxo-9,10-dihydroanthracene-2-

carboxamide (469) 

 

Rf = 0.39 (50% EtOAc in PhMe); 1H NMR (400 MHz, CDCl3) δ 13.27 (s, 1H), 7.92 (d, J 

= 7.2 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.62 (s, 1H), 7.35 (d, J = 8.3 Hz, 1H), 4.74 (heptet, 

J = 6.0 Hz, 1H), 3.19 (s, 3H), 2.9 (s, 3H), 2.38 (s, 3H), 1.48 (d, J = 6.0 Hz, 6H);  

13C NMR (101 MHz, CDCl3) δ 188.3 (C=O), 182.8 (C=O), 167.2 (C-Ar), 159.8 (C-Ar), 

158.7 (C-Ar), 143.9 (C-Ar), 135.9 (C-Ar), 135.6 (CH-Ar), 132.2 (C-Ar), 121.8 (CH-Ar), 

120.4 (CH-Ar), 120.3 (CH-Ar), 115.3 (C-Ar), 72.9 (CH), 37.6 (CH3), 34.6 (CH3), 22.2 

(2x CH3), 19.9 (ArCH3). IR (neat, cm-1): 2980 (C-H), 2928 (C-H), 1626 (C=O), 1583 

(C=O), 1242, 749.; HRMS APCI+: (m/z) calculated for C21H22NO5 [M + H]+: 368.1498; 

found: 368.1503. 

 

1-Hydroxy-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracene-2-

carboxylic acid 459 

 

Rf = 0.43 (1% AcOH, 10% MeOH in PhMe); MP: 255-262°C. 1H NMR (500 MHz, 

CDCl3) δ 15.09 (s, 1H), 7.94 (dd, J = 7.6 Hz, 1.1 Hz, 1H), 7.74 (dd, J = 8.5 Hz, 7.7 Hz, 

1H), 7.68 (d, J = 0.4 Hz, 1H), 7.38 (dd, J = 7.6 Hz, 1.1 Hz, 1H) 4.78 (heptet, J = 6.0 Hz, 

1H), 2.71 (s, 3H), 1.50 (d, J = 6.0 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 188.8 (C=O), 

182.4 (C=O), 160.2 (C=O), 136.3 (C-Ar), 135.7 (C-Ar), 121.8 (C-Ar), 120.4 (CH-Ar), 

115.3 (C-Ar), 73.0 (CH), 22.2 (2 x CH3) (note: many resonances were not resolved in the 

13C NMR due to low solubility). IR (neat, cm-1): 3222 (OH), 1722, 1633, 1235, 1092, 
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946, 750; HRMS APCI+: (m/z) calculated for C19H17O6 [M + H]+: 341.1025; found: 

341.1025. 

 

Entry 5: To a glass autoclave tube were added sequentially, a magnetic stirrer bar, aryl 

Iodide 445 (200 mg, 0.390 mmol), K2CO3 (270 mg, 1.95 mmol), DMF (20 mL), H2O (10 

mL) and Pd(PPh3)2Cl2 (27 mg, 0.039 mmol).  The tube was placed inside the stainless 

steel autoclave chamber and sealed before purging the chamber with CO (2 x 5 bar) and 

then pressurising it with CO (20 bar). The autoclave was heated to 60°C with stirring for 

20 h before cooling slowly to room temperature and carefully depressurising the system.  

The reaction mixture was concentrated under reduced pressure and the ensuing residue 

purified by column chromatography (silica, PhMe→EtOAc (+0.5% AcOH)) to give the 

dehalogenated product 467 (59 mg, 59%) as an orange solid and the carboxylic acid 465 

(65 mg, 39%) as an orange solid. 

 

1-(Benzyloxy)-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracene-2-

carboxylic acid (465) 

 

 

Rf = 0.43 (1% AcOH, 10% MeOH in PhMe); MP: 175-195°C (with gas evolution). 1H 

NMR (600 MHz, CDCl3) δ 7.81-7.83 (m, 2H), 7.62 (t, J = 7.8Hz, 1H), 7.60 (d, J = 7.4 

Hz, 2H), 7.30-7.35 (m, 4H), 5.14 (s, 2H), 4.67 (heptet, J = 6.0 Hz, 1H), 2.44 (s, 3H), 1.46 

(d, J = 6.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 183.3 (C=O), 182.1 (C=O), 158.2 

(C=O), 155.6 (C-Ar), 142.3 (C-Ar), 136.5 (C-Ar), 135.0 (C-Ar), 134.9 (C-Ar), 134.2 (Ar-

H), 129.3 (2 x Ar-H), 128.5 (2 x Ar-H), 128.5 (Ar-H), 126.5 (C-Ar), 125.2 (C-Ar), 124.6 

(Ar-H), 122.4 (Ar-H), 119.6 (Ar-H), 78.1 (CH2), 73.0 (CH), 22.2 (2 x CH3), 20.1 (CH3). 

IR (neat, cm-1): 2976 (OH), 1678 (C=O), 1278, 1236, 1064, 749; HRMS APCI+: (m/z) 

calculated for C26H23O6 [M + H]+: 431.1495; found: 431.1498. 
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Methyl 1-hydroxy-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracene-2-

carboxylate (470):  

 

To the glass autoclave tube were added sequentially, a magnetic stirrer bar, aryl Iodide 

265 (500 mg, 1.18 mmol), K2CO3 (1.64 g, 11.8 mmol), DMF (30 mL), MeOH (15 mL) 

and Pd(PPh3)2Cl2 (83 mg, 0.118 mmol).  The tube was placed inside the stainless steel 

autoclave chamber and sealed before purging the chamber with CO (2 x 5 bar) and then 

pressurising with CO (20 bar). The autoclave was heated to 60°C with stirring for 20 h 

before cooling slowly to room temperature and carefully depressurising the system.  The 

reaction mixture was concentrated under reduced pressure and the ensuing residue was 

purified by column chromatography (silica, 100% PhMe to 5% EtOAc/PhMe) to give the 

methyl-ester 470 as an orange solid (326 mg, 0.920 mmol, 78%) Rf = 0.31 (5% EtOAc in 

PhMe); mp = 123-127°C; 1H NMR (600 MHz, CDCl3) δ 13.39 (s, 1H), 7.88 (d, J = 7.5 

Hz, 1H), 7.66 (t, J = 8.0 Hz, 1H), 7.56 (s, 1H), 7.33 (d, J = 8.4 Hz, 1H), 4.71 (hept, J = 

6.0 Hz, 1H), 3.97 (s, 3H), 2.40 (s, 3H), 1.47 (d, J = 6.0 Hz, 6H).; 13C NMR (151 MHz, 

CDCl3) δ 188.0 (C=O), 182.6 (C=O), 167.1 (C=O), 159.9 (C-Ar), 159.8 (C-Ar), 144.3 

(C-Ar), 135.7 (C-Ar), 135.6 (CH-Ar), 132.7 (C-Ar), 129.0 (C-Ar), 122.0 (CH-Ar), 121.8 

(C-Ar), 120.3 (CH-Ar), 120.0 (CH-Ar), 115.4 (C-Ar), 73.0 (CH), 52.7 (OCH3), 22.2 (2 x 

CH3), 20.3 (CH3); IR (Neat, cm-1) 1734 (C=O), 1673 (C=O), 1584, 1439, 1277, 1226; 

1065, 750; HRMS  APCI: (m/z) calculated for C20H19O6 [M + H]+: 355.1182; found: 

355.1180. 

 

1,12-Diisopropoxy-7,17-dimethyldianthra[1,2-b:2',3'-f][1,5]dioxocine-

5,8,11,16,18,20-hexaone (482) 
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DMF (1 drop) was added to a suspension of anthraquinone carboxylic acid 459 (200 mg, 

0.588 mmol) in SOCl2 (1.0 mL, 2.9 mmol), and stirred at room temperature for 2 h. The 

reaction mixture was concentrated to give the crude acid chloride as an orange oil. The 

crude acid chloride was dissolved in PhMe (10 mL) and 1-octyne (174 µL, 1.18 mmol), 

Pd(PPh3)2Cl2 (41 mg, 0.0588 mmol) and NEt3 (410 µL, 2.9 mmol) added sequentially. 

The mixture was stirred at 50°C for 18 h before purification of the reaction mixture by 

column chromatography gave the anthraquinone dimer 482 (188 mg, 99%) as an orange 

solid. Rf = 0.43 (5% EtOAc in PhMe); MP: >275°C; 1H NMR (500 MHz, CDCl3) δ 7.93 

(s, 2H), 7.78 (d, J = 7.6 Hz, 2H), 7.65 (dd, J = 16.2, 7.9 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 

4.69 (heptet, J = 6.0 Hz, 2H), 2.77 (s, 6H), 1.50 (d, J = 6.0 Hz, 6H), 1.47 (d, J = 6.0 Hz, 

6H). 13C NMR (126 MHz, CDCl3) δ 182.1 (C=O), 180.4 (C=O), 162.1 (C=O), 158.6 

(C=O), 148.4 (C-Ar), 144.9 (C-Ar), 134.7 (C-Ar), 134.7 (CH-Ar), 134.6 (C-Ar), 129.7 

(C-Ar), 127.9 (C-Ar), 124.7 (C-Ar), 123.7 (C-Ar), 122.5 (C-Ar) , 119.6 (CH-Ar), 73.1 

(CH), 22.1 (2 x CH3), 21.8 (2 x CH3), 19.6 (ArCH3). 

 

Molecular structure of 482. 

1-Hydroxy-8-isopropoxy-N,N,3-trimethyl-9,10-dioxo-9,10-dihydroanthracene-2-

carboxamide 469 
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DMF (1 drop) was added to a suspension of anthraquinone carboxylic acid 459 (200 mg, 

0.588 mmol) in SOCl2 (1.0 mL, 2.9 mmol), and stirred at room temperature for 2 h. The 

reaction mixture was concentrated to give the crude acid chloride as an orange oil. The 

crude acid chloride was dissolved in PhMe (10 mL) and silver-1-octyne (256 mg, 1.18 

mmol) added. The mixture was stirred at 60°C for 18 h before purification of the reaction 

mixture by column chromatography gave the anthraquinone amide 469 (69 mg, 32%) as 

an orange oil. Rf = 0.39 (50% EtOAc in PhMe); 1H NMR (400 MHz, CDCl3) δ 13.27 (s, 

1H), 7.92 (d, J = 7.2 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.62 (s, 1H), 7.35 (d, J = 8.3 Hz, 

1H), 4.74 (heptet, J = 6.0 Hz, 1H), 3.19 (s, 3H), 2.9 (s, 3H), 2.38 (s, 3H), 1.48 (d, J = 6.0 

Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 188.3 (C=O), 182.8 (C=O), 167.2 (C-Ar), 159.8 

(C-Ar), 158.7 (C-Ar), 143.9 (C-Ar), 135.9 (C-Ar), 135.6 (CH-Ar), 132.2 (C-Ar), 121.8 

(CH-Ar), 120.4 (CH-Ar), 120.3 (CH-Ar), 115.3 (C-Ar), 72.9 (CH), 37.6 (CH3), 34.6 

(CH3), 22.2 (2 x CH3), 19.9 (ArCH3). IR (neat, cm-1): 2980 (C-H), 2928 (C-H), 1626 

(C=O), 1583 (C=O), 1242, 749; HRMS APCI+: (m/z) calculated for C21H22NO5 [M + H]+: 

368.1498; found: 368.1503. 

 

Methyl 1-(benzyloxy)-8-isopropoxy-3-methyl-9,10-dioxo-9,10-dihydroanthracene-

2-carboxylate (471) 

 

To a glass autoclave tube were added sequentially, a magnetic stirrer bar, aryl Iodide 445 

(1.05 g, 2.04 mmol), K2CO3 (2.83 g, 20.4 mmol), DMF (30 mL), MeOH (15 mL) and 

Pd(PPh3)2Cl2 (143 mg, 0.204 mmol).  The tube was placed inside the stainless steel 

autoclave chamber and sealed before purging the chamber with CO (2 x 5 bar) and then 

pressurising it with CO (10 bar). The autoclave was heated to 60°C with stirring for 20 h 

before cooling slowly to room temperature and carefully depressurising the system.  The 

reaction mixture was concentrated under reduced pressure and the ensuing residue 

purified by column chromatography (silica, 100% PhMe to 5% EtOAc/PhMe) to give the 

methyl ester 471 (740 mg, 1.66 mmol, 82%) as an orange oil.  Rf = 0.31 (5% EtOAc in 

PhMe); 1H NMR (600 MHz, CDCl3) δ 7.86 (s, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.60 (t, J = 

8.2 Hz, 3H), 7.39 (t, J = 7.3 Hz, 2H), 7.32 (dd, J = 19.3 and 7.5 Hz, 2H), 5.13 (s, 2H), 
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4.66 (hept, J = 6.0 Hz, 1H), 3.81 (s, 3H), 2.40 (s, 3H), 1.44 (d, J = 6.0 Hz, 6H).; 13C NMR 

(151 MHz, CDCl3) δ 183.4 (C=O), 181.9 (C=O), 167.5 (C=O), 158.1 (C-Ar), 155.7 (C-

Ar), 141.6 (C-Ar), 136.9 (C-Ar), 136.4 (C-Ar), 135.0 (C-Ar), 134.8 (C-Ar), 134.0 (CH-

Ar), 129.0 (CH-Ar), 128.4 (CH-Ar), 128.3 (CH-Ar), 126.5 (C-Ar), 125.4 (C-Ar), 124.2 

(CH-Ar), 122.5 (CH-Ar), 119.5 (CH-Ar), 77.8 (CH2), 73.0 (CH), 52.5 (OCH3), 22.1 (2 x 

CH3), 19.7 (CH3); IR (Neat, cm-1) 1734 (C=O), 1673 (C=O), 1584, 1439, 1277, 1226; 

1065, 750; HRMS  APCI: (m/z) calculated for C27H25O6 [M + H]+: 445.1651; found: 

445.1627. 

 

Methyl 1-(benzyloxy)-8-isopropoxy-9,10-dimethoxy-3-methylanthracene-2-

carboxylate (505) 

 

A solution of Na2S2O4 (4.26 g, 24.5 mmol) in H2O (20 mL) was added in a steady stream 

over 10 seconds to a vigorously stirred solution of anthraquinone 471 (1.815 g, 4.08 

mmol) and nBu4NBr (412 mg, 1.23 mmol) in THF (50 mL) and was stirred vigorously 

for 30 minutes.  A solution of KOH (5.72 g, 0.102 mol) in H2O (12 mL) was added over 

10 seconds and stirring continued for 10 minutes upon which the yellow solution 

gradually turns deep red.  Me2SO4 (4mL, 40.8 mmol) is added slowly and the biphasic 

mixture stirred well for 16h.  CHCl3 (100 mL) and water (100 mL) were added and the 

solution extracted with CHCl3 until the extracts were colourless (c. a. 3 x 75 mL). The 

ensuing solution was washed with water (200 mL), dried over MgSO4 and concentrated. 

The residue was purified by column chromatography (silica, 100% PhMe to 5% 

EtOAc/PhMe) to give the light and heat sensitive dimethoxyanthracene 505 (1.79 g, 3.75 

mmol, 92%). Yellow-orange oil; Rf = 0.27 (5% EtOAc in PhMe);  1H NMR (500 MHz, 

CDCl3) δ 7.92 (d, J = 1.1 Hz, 1H), 7.89 (dd, J = 8.7 and 0.9 Hz, 1H), 7.66 – 7.61 (m, 2H), 

7.46 (dd, J = 10.6, 4.3 Hz, 2H), 7.43 – 7.38 (m, 2H), 6.86 (d, J = 7.3 Hz, 1H), 5.29 (bs, 

2H), 4.77 (hept, J = 6.0 Hz, 1H), 4.07 (s, 3H), 3.93 (s, 3H), 3.83 (s, 3H), 2.52 (d, J = 1.0 

Hz, 3H), 1.52 (d, J = 6.0 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 169.3 (C=O), 155.0 

(C-Ar), 152.9 (C-Ar), 150.5 (C-Ar), 147.5 (C-Ar), 138.1 (C-Ar), 132.0 (C-Ar), 129.1 (C-

Ar), 128.9 (CH-Ar), 128.7 (C-Ar), 128.4 (CH-Ar), 128.3 (C-Ar), 127.9 (CH-Ar), 127.2 
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(C-Ar), 127.0 (C-Ar), 126.3 (CH-Ar), 120.4 (C-Ar), 118.8 (C-Ar), 118.6 (CH-Ar), 115.0 

(CH-Ar), 108.9 (CH-Ar), 78.3 (CH2), 71.4 (CH), 64.2 (OCH3), 62.7 (OCH3), 52.4 

(OCH3), 22.0 (2 x CH3), 20.0 (CH3); IR (Neat, cm-1) 2933 (C-H), 1731 (C=O), 1449, 

1357, 1064, 698; HRMS  APCI: (m/z) calculated for C29H31O6 [M + H]+: 475.2121; 

found: 475.2122. 

 

 

Methyl 1-hydroxy-8-isopropoxy-9,10-dimethoxy-3-methylanthracene-2-

carboxylate (506) 

 

Pd/C (10% w/w, 0.179 g) was added to a well stirred solution of benzyl ether 505 (1.79 

g, 3.77 mmol) in THF (50 mL) and MeOH (15 mL) and the flask placed under vacuum 

briefly then backfilled with H2 (repeated 3 x with balloon pressure).  The mixture was 

stirred for 1h under H2 (balloon).  The reaction mixture was then filtered carefully through 

celite, washing with 10% MeOH in CH2Cl2, concentrated under reduced pressure and 

purified by column chromatography (silica, 100% PhMe to 5% EtOAc/PhMe) to give 

methylester 506 (1.227 g, 3.2 mmol, 85%) as an orange oil;  Rf = 0.27 (5% EtOAc in 

PhMe); 1H NMR (600 MHz, CDCl3) δ 11.38 (s, 1H), 7.83 (dd, J = 8.7, 0.8 Hz, 1H), 7.50 

(d, J = 1.1 Hz, 1H), 7.39 (dd, J = 8.7 and 7.5 Hz, 1H), 6.81 (d, J = 7.4 Hz, 1H), 4.74 (hept, 

J = 6.0 Hz, 1H), 4.02 (s, 3H), 4.00 (s, 3H), 4.00 (s, 3H), 2.51 (d, J = 1.0 Hz, 3H), 1.48 (d, 

J = 6.0 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 169.9 (C=O), 155.2 (C-Ar), 154.1 (C-

Ar), 150.7 (C-Ar), 147.6 (C-Ar), 133.7 (C-Ar), 129.0  (C-Ar), 126.6 (CH-Ar), 126.4 (C-

Ar), 118.0 (C-Ar), 115.0 (C-Ar), 114.8 (CH-Ar), 113.9 (C-Ar), 112.9 (CH-Ar), 107.9 

(CH-Ar), 71.2 (CH), 64.9 (OCH3), 62.5 (OCH3), 52.2 (CH3), 21.9 (2 x CH3), 21.4 (CH3); 

HRMS  APCI: calculated for C22H25O6 [M + H]+: 385.1651; found: 385.1650; IR (KBr 

Pellet, cm-1) 1712 (C=O), 1632 (C=O), 1582, 1437, 1281, 1228, 1066, 749;  
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1-(1-Hydroxy-8-isopropoxy-9,10-dimethoxy-3-methylanthracen-2-yl)-2-

(methylsulfinyl)ethanone (507) 

 

n-BuLi (2.5M in Hexane, 6.24 mL, 15.6 mmol) was added slowly to a magnetically stirred 

solution of i-Pr2NH (2.18 mL, 15.6 mmol) in THF (10 mL) at -78°C. The reaction mixture 

was slowly warmed to room temperature and stirred for 15 minutes before cooling again 

to -78°C.  DMSO (2.2 mL, 31 mmol) was added dropwise and the reaction mixture 

warmed to room temperature and stirred for 15 minutes.  The ensuing white suspension 

was cooled to 0°C and a solution of methyl ester 506 (1.20 g, 3.12 mmol) in THF (20 

mL) was added slowly over 2 minutes and the reaction mixture warmed to room 

temperature and stirred for 1h.  The reaction mixture was treated with NH4Cl (sat.  10 

mL), EtOAc (100 mL) and water (150 mL) was added and the mixture extracted with 

EtOAc until the extracts were colourless (c.a. 5 x 75 mL).  The combined extracts were 

dried (MgSO4), concentrated under reduced pressure and the residue purified by column 

chromatography (silica, 50% EtOAc/PhMe to 100% EtOAc) to give the light and heat 

sensitive β-keto-sulfoxide 507 (1.30, 3.03 mmol, 97%) as an orange oil. Rf = 0.50 

(EtOAc); 1H NMR (500 MHz, CDCl3) δ 11.41 (s, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.44 (s, 

1H), 7.35 (t, J = 8.1 Hz, 1H), 6.77 (d, J = 7.5 Hz, 1H), 4.72 (hept, J = 6.0 Hz, 1H), 4.61 

(d, J = 14.7 Hz, 1H), 4.45 (d, J = 14.7 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H), 2.78 (s, 3H), 

2.44 (s, 3H), 1.44 (d, J = 5.9 Hz, 6H);  13C NMR (126 MHz, CDCl3) δ 197.2 (C=O), 156.2 

(C-Ar), 153.7 (C-Ar), 150.1 (C-Ar), 147.7 (C-Ar), 134.1 (C-Ar), 129.4 (C-Ar), 126.9 

(CH-Ar), 126.2 (C-Ar), 120.0  (C-Ar), 117.6  (C-Ar), 114.6 (CH-Ar), 114.3 (C-Ar), 113.9 

(CH-Ar), 107.5 (CH-Ar), 70.9 (CH), 68.0 (CH2), 65.0 (OCH3), 62.5 (OCH3), 39.8 (CH3), 

21.7  (2 x CH3), 21.3  (CH3); HRMS  APCI: calculated for C23H27O6S [M + H]+: 

431.1528; found: 431.1529; IR (Neat, cm-1) 2977(C-H), 1674 (C=O), 1627 (C=O), 1614, 

1441, 1354, 1030, 754;  
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General procedure for the synthesis of anthra-4-pyranones via β-ketosulfoxide 507 

 

Piperidine (2 drops) was added to a solution of β-keto-sulfoxide 507 (0.6 mmol) and 

aldehyde (1.8 mmol) in toluene (5 mL).  The ensuing mixture was slowly heated to reflux 

for 2-3 h, cooled to room temperature and purified by column chromatography (silica, 

100 % PhMe to 20 % EtOAc/PhMe) to give the pyran-4-ones. 

 

2-Ethyl-11-isopropoxy-7,12-dimethoxy-5-methyl-4H-naphtho[2,3-h]chromen-4-one 

(508) 

 

Anthra-4-pyranone 508 was prepared according to the general procedure for the synthesis 

of anthra-4-pyranones via β-ketosulfoxides. β-keto-sulfoxide 507 (240 mg, 0.557 mmol) 

and propionaldehyde (120 µL, 1.67 mmol) in toluene (5 mL) were added to the reaction 

flask.   

The anthra-4-pyranone 508 was obtained as an orange-yellow solid (183 mg, 0.451 mmol, 

81%). Rf = 0.18 (10% EtOAc in PhMe); mp = 112-117°C; 1H NMR (500 MHz, CDCl3) 

δ 7.85 (dd, J = 8.6 and 1.0 Hz, 1H), 7.81 – 7.75 (m, 1H), 7.45 (dd, J = 8.6 and 7.6 Hz, 

1H), 6.86 (dd, J = 8.2 and 0.7 Hz, 1H), 6.33 (t, J = 0.7 Hz, 1H), 4.78 (hept, J = 6.0 Hz, 

1H), 4.03 (s, 3H), 3.97 (s, 3H), 2.96 (d, J = 1.2 Hz, 3H), 2.84 (q, J = 7.5 Hz, 2H), 1.52 (d, 

J = 6.0 Hz, 6H), 1.42 (t, J = 7.6 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 180.2 (C=O), 

168.5 (C=C), 157.4 (C-Ar), 155.3 (C-Ar), 152.1 (C-Ar), 146.8 (C-Ar), 134.7 (C-Ar), 

130.2 (C-Ar), 127.4 (CH-Ar), 126.2 (C-Ar), 120.3 (C-Ar), 120.0 (C-Ar), 119.7 (CH-Ar), 

115.7 (C-Ar), 114.5 (CH-Ar), 112.1 (CH-Ar), 108.0 (C=C), 71.0 (CH), 63.6 (OCH3), 62.8 

(OCH3), 27.0 (CH3), 24.1 (CH3), 22.0 (2 x  CH3), 11.0 (CH3); HRMS  APCI: calculated 
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for C25H27O5 [M + H]+: 407.1858; found: 407.1847; IR (Neat, cm-1) 2929 (C-H), 1657 

(C=O), 1624, 1608, 1431, 1357, 1033, 847.  

 

2-Ethyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-4,7,12-trione (509) 

 
HNO3 (4M, c.a. 3.5 mL) was added gradually as a steady stream into stirred mixture of 

dimethoxyanthracene  508 (110 mg, 0.271 mmol) and Ag(II)O (168 mg, 1.36 mmol) in 

1,4-dioxane (10 mL) until all of the suspended Ag(II)O dissolved.  The mixture was 

stirred for 15 minutes before H2O (20 mL) was added. The mixture was extracted with 

CH2Cl2 (3 x 30 mL), washed with H2O (100 mL), dried over MgSO4, and the combined 

organic extracts concentrated and the residue purified by column chromatography (silica, 

100% PhMe to 15% EtOAc/PhMe) to give anthraquinone 509 (80 mg, 0.21 mmol, 78%) 

as a yellow-orange solid.  Rf = 0.17 (10% EtOAc in PhMe); mp = 217-220°C; 1H NMR 

(500 MHz, CDCl3) δ 7.90 (d, J = 0.7 Hz, 1H), 7.84 (dd, J = 7.6 and 1.1 Hz, 1H), 7.63 (dd, 

J = 8.3 and 7.7 Hz, 1H), 7.38 – 7.32 (m, 1H), 6.21 (s, 1H), 4.67 (hept, J = 6.0 Hz, 1H), 

2.96 (d, J = 0.7 Hz, 3H), 2.79 (q, J = 7.5 Hz, 2H), 1.48 (d, J = 6.1 Hz, 6H), 1.41 (t, J = 

7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 183.4 (C=O), 180.6 (C=O), 179.7 (C=O), 

170.6 (C=C), 158.3 (C-Ar), 155.9 (C-Ar), 147.1 (C-Ar), 135.1 (C-Ar), 134.8 (C-Ar), 

134.1 (CH-Ar), 126.5 (C-Ar), 125.2 (C-Ar), 124.5 (CH-Ar), 123.0 (C-Ar), 122.8 (CH-

Ar), 119.7 (CH-Ar), 111.1 (C=C), 73.2 (CH), 27.3 (CH2), 24.0 (CH3), 22.2 (2 x CH3), 

10.7 (CH3); HRMS  APCI: calculated for C23H21O5 [M + H]+: 377.1389; found: 377.1384; 

IR (Neat, cm-1) 2922 (C-H), 1671 (C=O), 1656 (C=O), 1581, 1439, 1226, 923. 

 

11-isopropoxy-5-methyl-2-(prop-1-en-2-yl)-1H-naphtho[2,3-h]chromene-4,7,12-

trione (510) 
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DMAP (22 mg, 0.184 mmol) was added in one portion to a mixture of 2-ethylpyranone 

509 (138 mg, 0.367 mmol) in DMF (10 mL), pyridine (2 mL) and CH2BrCl (984 µL, 14.7 

mmol) and slowly heated to reflux for 2h. The ensuing mixture was filtered through celite, 

washing with CH2Cl2, water added and the solution extracted with CH2Cl2 (5 x 30 mL). 

The combined organic extracts were washed with H2O (2 x 100 mL), dried over MgSO4, 

concentrated under reduced pressure and the residue purified by column chromatography 

(silica, 100% PhMe to 10% EtOAc/PhMe) to give crude 2-isopropenylpyranone 510 (81 

mg, 0.209 mmol, 57%) as an orange-yellow solid.  Rf = 0.28 (10% EtOAc in PhMe); mp 

= 194-199°C; 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 0.8 Hz, 1H), 7.85 (dd, J = 7.7 

and 1.1 Hz, 1H), 7.64 (dd, J = 8.3, 7.7 Hz, 1H), 7.38 – 7.32 (m, 1H), 6.74 (s, 1H), 6.39 

(s, 1H), 5.68 (s, 1H), 4.66 (hept, J = 6.0 Hz, 1H), 2.97 (d, J = 0.7 Hz, 3H), 2.12 (d, J = 

0.6 Hz, 3H), 1.47 (d, J = 6.0 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 183.4 (C=O), 180.8 

(C=O), 180.3 (C=O), 162.9 (C=C), 158.3 (C-Ar), 155.4 (C-Ar), 147.1 (C-Ar), 135.5 (C-

Ar), 134.8 (C-Ar), 134.8 (C-Ar), 134.1 (CH-Ar), 126.3 (C-Ar), 125.4 (C-Ar), 124.5 (CH-

Ar), 123.2 (CH-Ar), 123.1 (CH-Ar), 123.0 (CH-Ar), 119.8 (CH-Ar), 109.8 (C=C), 73.4 

(CH), 23.9 (2 x CH3), 22.2 (CH3), 18.7 (CH3); HRMS  APCI [M + H]+: calculated for 

C24H21O5: 389.1389; found: 389.1381. 

 

11-Hydroxy-5-methyl-2-(prop-1-en-2-yl)-1H-naphtho[2,3-h]chromene-4,7,12-

trione (511)  

 

BCl3 (1M in heptane, 309 µL, 0.309 mmol) was added dropwise to a magnetically stirred 

solution of olefin 510 (60 mg, 0.154 mmol) in CH2Cl2 (30 mL) at -40°C.  The ensuing 

mixture was stirred for 15 mins before quenching with NaHCO3 (sat. 20 mL) and 

warming to room temperature.  The mixture was treated with water (100 mL) and the 

solution was extracted with CH2Cl2 (3 x 30 mL), dried over MgSO4, concentrated and the 

residue purified by column chromatography (silica, 100% PhMe to 10% EtOAc/PhMe) 

to give phenol 11-Hydroxy-5-methyl-2-(prop-1-en-2-yl)-1H-naphtho[2,3-h]chromene-

4,7,12-trione (511) (51 mg, 0.147 mmol, 96%) as an orange solid.  Rf = 0.31 (10% EtOAc 

in PhMe); mp = 186-190°C; 1H NMR (500 MHz, CDCl3) δ 12.79 (s, 1H), 7.96 (d, J = 0.7 
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Hz, 1H), 7.75 (dd, J = 7.5 and 1.2 Hz, 1H), 7.64 (t, J = 7.7 Hz,  1H), 7.31 (dd, J = 8.4 and 

1.2 Hz, 1H), 6.76 (s, 1H), 6.36 (s, 1H), 5.67 (s, 1H), 2.96 (d, J = 0.6 Hz, 3H), 2.10 (d, J = 

0.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 187.3 (C=O), 181.8 (C=O), 179.7 (C=O), 

162.9 (C=C), 162.7, 156.3, 149.9, 136.5, 136.2, 134.6, 132.3, 126.3, 125.7, 125.5, 123.6, 

119.7, 119.4, 116.8, 110.1 (C=C), 24.3 (CH3), 18.7 (CH3); IR (Neat, cm-1) 2923 (C-H), 

1672 (C=O), 1652 (C=O), 1637, 1454, 1258, 1016; HRMS APCI: calculated for C21H15O5 

[M + H]+: 347.0919; found: 347.0907.  

 

(±)-11-Hydroxy-5-methyl-2-(2-methyloxiran-2-yl)-1H-naphtho[2,3-h]chromene-

4,7,12-trione or ((±)-BE-26554A, 233) 

 

m-CPBA (77%, 25 mg, 0.11 mol) was added to a magnetically stirred solution of the 

aforementioned olefin above (511) (19 mg, 0.055 mmol) in CH2Cl2 (5 mL) and the 

mixture heated at reflux for 6h. The reaction mixture subjected directly to column 

chromatography (silica, 100% PhMe → 10% EtOAc/PhMe) to give epoxide 233 ((±)-BE-

26554A) (12 mg, 0.33 mmol, 60%) as a yellow solid.  Rf = 0.31 (10% EtOAc in PhMe); 

mp = 204-209°C; 1H NMR (500 MHz, CDCl3) δ 12.82 (s, 1H), 8.07 (s, 1H), 7.81 (dd, J 

= 7.5, 1.1 Hz, 1H), 7.71 – 7.65 (m, 1H), 7.36 (dd, J = 8.4, 1.1 Hz, 1H), 6.52 (s, 1H), 3.53 

(d, J = 5.6 Hz, 1H), 3.10 (d, J = 5.6 Hz, 1H), 3.00 (s, 3H), 1.87 (s, 3H); 13C NMR (126 

MHz, CDCl3) δ 187.3 (C=O), 181.9 (C=O), 179.0 (C=O), 166.4 (C=C), 162.8 (C-Ar), 

156.5 (C-Ar), 150.0 (C-Ar), 136.6 (CH-Ar), 136.3 (C-Ar), 132.4 (C-Ar), 126.6 (C-Ar), 

126.1 (CH-Ar), 125.6 (CH-Ar), 119.9 (C-Ar), 119.6 (CH-Ar), 116.9 (C-Ar), 110.9 (C=C), 

56.0 (CH2), 54.2 (C), 24.3 (CH3), 18.2 (CH3); IR (Neat, cm-1) 2982 (C-H), 1652 (C=O), 

1635 (C=O), 1581, 1449, 1349, 1209, 1110, 1057; HRMS  APCI: calculated for C21H15O6 

[M + H]+: 363.0869; found: 363.0884. 
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Molecular structure of compound 233. 

 

6.5 Experimental for Chapter 5 

 

General Method for the synthesis of cuprous acetylides:  

Example for Oct-1-ynylcopper (391) 

 

A solution of octyne (309, 1.00 mL, 6.78 mmol) in EtOH (20 mL) was added slowly over 

1 minute to a magnetically stirred solution of CuCl (805 mg, 8.13 mmol) in NH4OH (28%, 

5 mL). The mixture was stirred for 15 minutes upon which the cuprous acetylide 

precipitated. H2O (100 mL) was added and the product collected by vacuum filtration, 

washed with NH4OH (5%, 25 mL x 2) and H2O (25 mL x 2) and dried in a vacuum 

desiccator overnight to give the cuprous acetylide 391 (855 mg, 73%) as a yellow powder 

and used without need for further purification. Mp = >180° decomposes; IR (Neat, cm-1) 

2959 (C-H), 2933(C-H), 2891(C-H), 2858(C-H), 2874(C-H), 1928(C≡C), 1473, 1460, 

717; Anal. Calcd for C8H13Cu: C, 55.63; H, 7.59; N, 0.00. Found: C, 55.65; H, 7.68; N, 

0.00. 
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(3-Hydroxybut-1-ynyl)copper (573) 

 

The cuprous acetylide 573 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 3-butyne-2ol 346 (1.00 mL, 12.8 mmol) was used and the other 

reagents scaled accordingly. The product 573 (790 mg, 5.38 mmol, 42%) was obtained 

as an oxygen sensitive yellow powder and used without further purification. Mp = >180° 

decomposes; IR (Neat, cm-1) 3267 (OH), 2980 (C-H), 2973(C-H), 1914(C≡C), 1363, 

1106, 1031, 911; Anal. Calcd for C4H5CuO: C, 36.22; H, 3.80; N, 0.00. Found: C, 36.15; 

H, 3.82; N, 0.00. 

 

Pent-1-yn-1-ylcopper (575) 

 

The cuprous acetylide 326 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 1-Pentyne 326 (1.00 mL, 10.14 mmol) was used and the other 

reagents scaled accordingly. The product 575 (781 mg, 5.98 mmol, 59%) was obtained 

as an oxygen sensitive yellow powder and used without further purification. Mp = >180° 

decomposes; IR (Neat, cm-1) 2955 (C-H), 2937 (C-H), 1930 (C≡C), 715. 

 

(3-Hydroxy-3-methylbut-1-ynyl)copper (533) 

 

 

The cuprous acetylide 533 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 2-Methyl-3-butyne-2-ol 342 (1.00 mL, 10.3 mmol) was used and the 

other reagents scaled accordingly. The crude product 533 (712 mg, 4.84 mmol, 47%) was 

obtained as an oxygen sensitive yellow powder and used without further purification. Mp 

= >180° decomposes; IR (Neat, cm-1) 3272 (OH), 2980 (C-H), 1915 (C≡C), 1363, 1108, 
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1032, 913; Anal. Calcd for C5H7CuO: C, 40.95; H, 4.81; N, 0.00. Found: C, 36.15; H, 

3.82; N, 0.00. 

 

(5-Cyanopent-1-ynyl)copper (531) 

 

 

The cuprous acetylide 531 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 5-Hexynenitrile 338 (0.2 mL, 1.91 mmol) was used and the other 

reagents scaled accordingly. The product 531 (102 mg, 1.09 mmol, 57%) was obtained 

as a yellow powder and used without further purification. Mp = >180° decomposes; IR 

(Neat, cm-1) 3343 (OH), 2941 (C-H), 2247 (C≡N), 1570, 1424, 901; Anal. Calcd for 

C6H6CuN: C, 46.29; H, 3.89; N, 9.00. Found: C, 46.34; H, 3.77; N, 9.01. 

 

((1-Hydroxycyclohexyl)ethynyl)copper (535) 

 

The cuprous acetylide 535 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 1-ethynylcyclohexanol 344 (1.0 g, 8.05 mmol) was used and the other 

reagents scaled accordingly. The crude product 535 (497 mg, 2.66 mmol, 33%) was 

obtained as a very oxygen sensitive yellow powder and used without further purification. 

Mp = >180° decomposes; IR (Neat, cm-1) 3371 (OH), 2931 (C-H), 2856, 1703 (C≡C), 

1447, 1067, 964; 

 

 

(4-Bromobut-1-ynyl)copper 

 

The cuprous acetylide (4-bromobut-1-yn-1-yl)copper was prepared using the general 

procedure for the synthesis of cuprous acetylides. 4-bromo-1-butyne (0.5 mL, 5.33 mmol) 
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was used and the other reagents scaled accordingly. The product (4-bromobut-1-yn-1-

yl)copper (604 mg, 3.09 mmol, 58%) was obtained as a yellow powder and used without 

further purification. Mp = >180° decomposes; IR (Neat, cm-1) 2958 (C-H), 2933 (C-H), 

1943 (C≡C), 1433, 1210, 1200, 740, 666; Anal. Calcd for C4H4BrCu: C, 24.57; H, 2.06; 

N, 0.00. Found: C, 24.63; H, 1.95; N, 0.00. 

 

(3-(Benzyloxy)-3-methylpent-1-ynyl)copper (538) 

 

The cuprous acetylide 538 was prepared using the general procedure for the synthesis of 

cuprous acetylides but required a different work-up procedure. Alkyne 340 (300 mg, 1.59 

mmol) was used and the other reagents scaled accordingly. The aqueous layer was 

extracted with CHCl3 (3 x 25 mL) washed with NH4OH (5%, 2 x 30 mL) and H2O (2 x 

30 mL), dried over MgSO4 and concentrated to give the product 538 (308 mg, 1.23 mmol, 

77%) as a yellow oil and used without further purification. IR (Neat, cm-1) 3675, 2973 

(C-H), 2934 (C-H), 1990 (C≡C), 1700, 1497, 1454, 1380, 1065, 695; Anal. Calcd for 

C13H14CuO: C, 62.26; H, 6.03; N, 0.00. Found: C, 62.40; H, 5.90; N, 0.00. 

 

(3-Oxooct-1-ynyl)copper (433) 

 

 

The cuprous acetylide 433 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 1-Octyne-3-one 432 (233 mg, 1.88 mmol) was used and the other 

reagents scaled accordingly. The product 433 (221 mg, 1.18 mmol, 63%) was obtained 

as an orange powder and used without further purification. Mp = >180° decomposes; IR 

(Neat, cm-1) 3676, 2960 (C-H), 2935 (C-H), 2901 (C-H), 1909 (C≡C), 1639 (C=O), 1409, 

1080, 1066, 1057, 720; Anal. Calcd for C8H11CuO: C, 51.46; H, 5.94; N, 0.00. Found: C, 

51.33; H, 5.87; N, 0.00. 
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(3-Methylbut-3-en-1-ynyl)copper (524) 

 

The cuprous acetylide 524 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 2-Methyl-1-buten-3-yne 332 (0.50 mL, 5.25 mmol) was used and the 

other reagents scaled accordingly. The product 524 (277 mg, 2.15 mmol, 41%) was 

obtained as a yellow-green powder and used without further purification.  

Mp = >180° decomposes; IR (Neat, cm-1) 3575, 2969 (C-H), 1933 (C≡C), 1606 (C=C), 

1364, 1255, 874; Anal. Calcd for C5H5Cu: C, 46.68; H, 3.92; N, 0.00. Found: C, 44.62; 

H, 3.91; N, 0.00. 

 

(3-Oxo-3-phenylprop-1-ynyl)copper (415) 

 

The cuprous acetylide 415 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 1-phenyl-2-propyn-1-one 441 (264 mg, 2.03 mmol) was used and the 

other reagents scaled accordingly. The product 415 (216 mg, 1.12 mmol, 55%) was 

obtained as a red powder and used without further purification. Mp = >180° decomposes; 

IR (KBr, cm-1) 3057 (C-H), 2923 (C-H), 1932 (C≡C), 1906 (C≡C), 1611 (C=O), 1575, 

1243, 688; Anal. Calcd for C9H5CuO: C, 56.10; H, 2.62; N, 0.00. Found: C, 56.17; H, 

2.64; N, 0.00. 

 

(phenylethynyl)copper (526) 

 

The cuprous acetylide 526 was prepared using the general procedure for the synthesis of 

cuprous acetylides. Phenylacetylene 330 (1.0 mL, 9.10 mmol) was used and the other 

reagents scaled accordingly. The product 526 (824 mg, 5.05 mmol, 55%) was obtained 

as a bright yellow powder and used without further purification.  Mp = >180° 
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decomposes; IR (KBr, cm-1) 3048 (C-H), 1930 (C≡C), 1906 (C≡C), 1595, 1482, 1441, 

744, 682; Anal. Calcd for C8H5Cu: C, 58.35; H, 3.06; N, 0.00. Found: C, 58.60; H, 2.97; 

N, 0.00. 

 

(5-Chloropent-1-ynyl)copper (529) 

 

The cuprous acetylide 529 was prepared using the general procedure for the synthesis of 

cuprous acetylides. 5-Chloro-1-pentyne 336 (0.5 mL, 5.04 mmol) was used and the other 

reagents scaled accordingly. The product 529 (498 mg, 3.02 mmol, 60%) was obtained 

as a yellow powder and used without further purification. Mp = >180° decomposes; IR 

(neat, cm-1) 3576, 2954, (C-H), 1930 (C≡C), 1425, 1285, 1264, 770, 651; Anal. Calcd for 

C5H6ClCu: C, 36.37; H, 3.66; N, 0.00. Found: C, 36.31; H, 3.59; N, 0.00. 

 

General Method for the synthesis of anthrafurandiones:  

Example for 2-Hexyl-10-isopropoxy-4-methylanthra[1,2-b]furan-6,11-dione (523) 

 

A mixture of aryl iodide 265 (200 mg, 0.474 mmol), cuprous acetylide 391 (123 mg, 

0.710 mmol) and DMEDA 170, (179 µL, 1.66 mmol) in PhMe (5 mL) was heated to 90°C 

for 18h. The reaction mixture was cooled to room temperature and purified directly by 

column chromatography (silica, PhMe → 5% EtOAc/PhMe) to give the anthrafuran 523 

(163 mg, 0.403 mmol, 85%) as a yellow solid. Rf = 0.35 (5% EtOAc in PhMe); mp = 88-

92°C; 1H NMR (500 MHz, CDCl3) δ 7.92 – 7.86 (m, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.30 

(d, J = 8.4 Hz, 1H), 6.48 (d, J = 0.7 Hz, 1H), 4.73 (hept, J = 6.0Hz, 1H), 2.92 (t, J = 7.7 

Hz, 2H), 2.56 (s, 3H), 1.85 – 1.78 (m, 2H), 1.50 (d, J = 6.1 Hz, 6H), 1.40-1.47 (m, J = 

14.7, 6.9 Hz, 2H), 1.30-1.37 (m, J = 8.9, 5.4 Hz, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 183.4 (C=O), 181.8 (C=O), 165.7 (CH-Ar), 158.9 (CH-Ar), 151.5 
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(C-Ar), 136.6 (C-Ar), 135.9 (C-Ar), 135.8 (C-Ar), 134.2 (CH-Ar), 128.4 (C-Ar), 123.0 

(C-Ar), 121.6 (CH-Ar), 121.3 (CH-Ar), 119.6 (CH-Ar), 118.3 (C-Ar), 100.7 (CH-Ar), 

72.3 (OCH(CH3)2), 31.6 (Furan-CH2), 29.1, 28.9, 27.5, 22.7, 22.2 (2 x CH3), 19.2, 14.2 

(CH3). IR (Neat, cm-1) 2979 (C-H), 2920(C-H), 2850(C-H), 1663 (C=O), 1579 (C=C), 

1238, 950, 749; HRMS APCI: calculated for C26H29O4 [M + H]+: 405.2066; found: 

405.2080. 

 

4-(10-Isopropoxy-4-methyl-6,11-dioxo-6,11-dihydroanthra[1,2-b]furan-2-

yl)butanenitrile (532) 

 

The anthrafuran 532 was prepared using the general procedure for the synthesis of 

Anthrafurandiones. Aryl iodide 265 (200 mg, 0474 mmol) and Cuprous acetylide 531 

(111 mg, 0.710 mmol) were used. The anthrafuran 532 (147 mg, 0.379 mmol, 80%) was 

obtained as an orange solid. Rf = 0.15 (10% EtOAc in PhMe); mp = 118-128°C; 1H 

NMR (400 MHz, CDCl3) δ 7.93 – 7.82 (m, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.30 (d, J = 

8.3 Hz, 1H), 6.56 (s, 1H), 4.73 (hept, J = 6.0 Hz, 1H), 3.09 (t, J = 7.3 Hz, 2H), 2.54 (s, 

3H), 2.50 (t, J = 7.1 Hz, 2H), 2.22 (tt, J = 7.2 Hz, 2H), 1.49 (d, J = 6.0 Hz, 6H). 13C 

NMR (101 MHz, CDCl3) δ 183.7 (C=O), 181.5 (C=O), 161.8 (CH-Ar), 158.9 (CH-Ar), 

151.6 (C-Ar), 136.3 (C-Ar), 135.9 (C-Ar), 135.7 (C-Ar), 134.3 (CH-Ar), 128.9 (C-Ar), 

122.8 (C-Ar), 12178 (CH-Ar), 121.4 (CH-Ar), 119.6 (CH-Ar), 119.1 (C≡N), 118.4 (C-

Ar), 102.3 (CH-Ar), 72.4 (OCH(CH3)2), 27.6 (Furan-CH2), 23.6 (CH2CH2 CH2), 22.2 (2 

x CH3), 19.2 (Ar-CH3), 16.7 (N≡CCH2). IR (Neat, cm-1) 2977 (C-H), 2945 (C-H), 2247 

(C≡N), 1663 (C=O), 1581 (C=C), 1278, 1241, 969, 746; HRMS APCI: calculated for 

C24H22NO4 [M + H]+: 388.1549; found: 388.1555. 
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2-(1-Hydroxyethyl)-10-isopropoxy-4-methylanthra[1,2-b]furan-6,11-dione (574) 

 

This reaction was performed by undergraduate student James Abraham under close 

supervision. The anthrafuran 574 was prepared using the general procedure for the 

synthesis of Anthrafurans. Aryl iodide 265 (200 mg, 0.474 mmol) and cuprous acetylide 

573 (94 mg, 0.71 mmol) were used. The anthrafuran 574 (47 mg, 0.128 mmol, 27%) was 

obtained as a dark orange oil that solidified upon standing for 2 days. Rf = 0.30 (30% 

EtOAc in PhMe); 1H NMR (400 MHz, CDCl3) δ 7.90 (dd, J = 7.6, 1.1 Hz, 1H), 7.86 (d, 

J = 0.8 Hz, 1H), 7.63 (dd, J = 8.4, 7.7 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 6.65 (d, J = 0.8 

Hz, 1H), 5.19 (q, J = 6.5 Hz, 1H), 4.74 (hept, J = 6.1 Hz, 1H), 2.52 (d, J = 0.6 Hz, 3H), 

1.71 (d, J = 6.6 Hz, 3H), 1.50 (dd, J = 6.0, 0.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 

183.8 (C=O), 181.8 (C=O), 166.4 (C-Ar), 158.9 (C-Ar), 151.5 (C-Ar), 137.0 (C-Ar), 

135.8 (C-Ar), 135.7 (C-Ar), 134.5 (CH-Ar), 129.1 (C-Ar), 122.8 (C-Ar), 121.8 (CH-Ar), 

121.5 (CH-Ar), 119.8 (CH-Ar), 118.5 (C-Ar), 100.2 (CH-Ar), 72.5 (OCH(CH3)2), 64.0 

(C-OH), 22.2 (CH3), 22.2 (CH3), 21.3 (CH(OH)CH3), 19.2 (Ar-CH3); IR (Neat, cm-1) 

3430 (OH), 2976 (C-H), 2930 (C-H), 1667 (C=O), 1589 (C=C), 1239, 969; 

 

2-Hexanoyl-10-isopropoxy-4-methylanthra[1,2-b]furan-6,11-dione (443) 

 

The anthrafuran 443 was prepared using the general procedure for the synthesis of 

Anthrafurans. Aryl iodide 265 (200 mg, 0.474 mmol) and cuprous acetylide 433 (133 mg, 

0.710 mmol) were used. The anthrafuran 443 (129 mg, 0.308 mmol, 65%) was obtained 

as a yellow solid. Rf = 0.20 (5% EtOAc in PhMe); mp = 201-202°C; 1H NMR (600 MHz, 
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CDCl3) δ 7.99 (d, J = 0.7 Hz, 1H), 7.92 (dd, J = 7.6, 1.0 Hz, 1H), 7.66 (t, J = 8.0Hz, 1H), 

7.56 (s, 1H), 7.36 (d, J = 8.2 Hz, 1H), 4.76 (hept, J = 6.0 Hz, 1H), 3.18 (t, J = 7.4 Hz, 

2H), 2.67 (s, 3H), 1.86 – 1.81 (m, 2H), 1.53 (d, J = 6.1 Hz, 6H), 1.46 – 1.40 (m, 4H), 0.94 

(t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 192.5 (Furan-C=O), 183.7 (C=O), 

180.8 (C=O), 159.1 (C-Ar), 156.8 (C-Ar), 152.3 (C-Ar), 139.4 (C-Ar), 135.6 (C-Ar), 

134.5 (CH-Ar), 134.2 (C-Ar), 132.0 (C-Ar), 122.8 (C-Ar), 122.1 (CH-Ar), 121.9 (CH-

Ar), 119.9 (CH-Ar), 119.6 (C-Ar), 109.2 (CH-Ar), 72.7 (OCH(CH3)2), 39.5 (C=OCH2), 

31.5 (C=OCH2CH2), 23.6 (CH2), 22.7 (CH2), 22.2 (2 x CH3), 19.3 (Ar-CH3), 14.1 (CH3); 

IR (Neat, cm-1) 2927 (C-H), 2870 (C-H), 1687 (C=O), 1668 (C=O), 1582, 1260, 965, 746; 

HRMS APCI: calculated for C26H27O5  [M + H]+: 419.1858; found: 419.1855. 

 

2-benzoyl-10-isopropoxy-4-methylanthra[1,2-b]furan-6,11-dione (528) 

 

The anthrafuran 528 was prepared using the general procedure for the synthesis of 

anthrafurans. Aryl iodide 265 (200 mg, 0.474 mmol) and cuprous acetylide 415 (137 mg, 

0.710 mmol) were used. The anthrafuran 528 (109 mg, 0.256 mmol, 54%) was obtained 

as a red solid. Rf = 0.34 (10% EtOAc in PhMe); mp = 195-198°C; 1H NMR (400 MHz, 

CDCl3) δ 8.48 – 8.42 (m, 2H), 7.94 (d, J = 0.8 Hz, 1H), 7.89 (dd, J = 7.6, 1.1 Hz, 1H), 

7.69 – 7.65 (m, 2H), 7.57-7.65 (m, 3H), 7.33 (d, J = 7.8 Hz, 1H), 4.70 (hept, J = 6.1 Hz, 

1H), 2.66 (d, J = 0.7 Hz, 3H), 1.51 (d, J = 6.1 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 

183.5 (C=O), 182.8 (C=O), 180.4 (C=O), 158.9 (C-Ar), 156.8 (C-Ar), 152.4 (C-Ar), 

139.3 (C-Ar), 136.3 (C-Ar), 135.5 (C-Ar), 134.4 (CH-Ar), 133.7 (C-Ar), 133.6 (CH-Ar), 

132.0 (C-Ar), 130.5 (2 x Ph-H), 128.8 (2 x Ph-H), 123.0 (C-Ar), 122.6 (CH-Ar), 122.1 

(CH-Ar), 120.1 (CH-Ar), 119.5 (C-Ar), 112.9 (CH-Ar), 73.0 (OCH(CH3)2), 22.2 (2 x 

CH3), 19.3 (Ar-CH3); IR (Neat, cm-1) 3097 (C-H), 2928 (C-H), 2870 (C-H), 1687 (C=O), 

1668 (C=O), 1583 (C=C), 1260, 966, 746; HRMS APCI: calculated for C27H21O5 [M + 

H]+: 425.1389; found: 425.1391. 
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10-Isopropoxy-4-methyl-2-phenylanthra[1,2-b]furan-6,11-dione (527) 

 

The anthrafuran was prepared using the general procedure for the synthesis of 

anthrafurans. Aryl iodide 265 (200 mg, 0.474 mmol) and cuprous phenylacetylide 526 

(117 mg, 0.710 mmol) were used. The anthrafuran 527 (120 mg, 0.303 mmol, 64%) was 

obtained as a yellow solid. Rf = 0.19 (5% EtOAc in PhMe); mp = 215-218°C; 1H NMR 

(500 MHz, CDCl3) δ 8.06 – 8.00 (m, 2H), 7.90 (dd, J = 7.6, 1.1 Hz, 1H), 7.89 (d, J = 0.9 

Hz, 1H), 7.61 (dd, J = 8.3, 7.6 Hz, 1H), 7.50 – 7.45 (m, 2H), 7.42 – 7.38 (m, 1H), 7.33 – 

7.29 (m, 1H), 7.05 (s, 1H), 4.74 (hept, J = 6.1 Hz, 1H), 2.61 (d, J = 0.8 Hz, 3H), 1.54 (d, 

J = 6.1 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 183.7 (C=O), 181.3 (C=O), 160.9 (C-

Ar), 158.9 (C-Ar), 151.7 (C-Ar), 136.6 (C-Ar), 136.4 (C-Ar), 135.9 (C-Ar), 134.2 (CH-

Ar), 129.6 (CH-Ar), 129.5 (C-Ar), 129.1 (C-Ar), 128.9 (2 x Ph-H), 125.9 (2 x Ph-H), 

123.1 (C-Ar), 121.9 (C-Ar), 121.6 (CH-Ar), 119.8 (CH-Ar), 118.6 (CH-Ar), 99.7 (CH-

Ar), 72.6 (OCH(CH3)2), 22.2 (2 x CH3), 19.2 (Ar-CH3). IR (Neat, cm-1) 2968 (C-H), 2920 

(C-H), 2850 (C-H), 1664 (C=O), 1578 (C=C), 1187, 965, 742; HRMS APCI [M + H]+: 

calculated for C26H21O4: 397.1440; found: 397.1454. 

 

10-Isopropoxy-4-methyl-2-propylanthra[1,2-b]furan-6,11-dione (576) 

 

This reaction was performed by undergraduate student James Abraham under close 

supervision. The anthrafuran 576 was prepared using the general procedure for the 

synthesis of Anthrafurans. Aryl iodide 265 (300 mg, 0.710 mmol) and cuprous acetylide 

575 (111 mg, 0.853 mmol) were used. The anthrafuran 576 (179 mg, 0.494 mmol, 70%) 
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was obtained as a yellow solid. Rf = 0.27 (2.5% EtOAc in PhMe); mp = 159-162°C; 1H 

NMR (400 MHz, CDCl3) δ 7.93 – 7.84 (m, 2H), 7.60 (dd, J = 8.3, 7.7 Hz, 1H), 7.29 (d, J 

= 8.0 Hz, 1H), 6.47 (t, J = 0.9 Hz, 1H), 4.72 (hept, J = 6.0 Hz, 1H), 2.89 (t, J = 7.6 Hz, 

2H), 2.55 (d, J = 0.6 Hz, 3H), 1.90-1.80 (m, J = 15.0, 7.5 Hz, 2H), 1.49 (d, J = 6.1 Hz, 

6H), 1.04 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 183.9 (C=O), 181.7 (C=O), 

165.4 (C-Ar), 158.8 (C-Ar), 151.4 (C-Ar), 136.5 (C-Ar), 135.9 (C-Ar), 135.8 (C-Ar), 

134.1 (CH-Ar), 128.4 (C-Ar), 123.0 (C-Ar), 121.6 (CH-Ar), 121.3 (CH-Ar), 119.6 (CH-

Ar), 118.3 (C-Ar), 100.9 (CH-Ar), 72.3 (OCH(CH3)2), 30.8 (CH2CH2CH3), 22.2 (2 x 

CH3), 21.0 (CH2CH2CH3), 19.2 (Ar-CH3), 13.9 (CH3). IR (Neat, cm-1) 293 (C-H), 2932 

(C-H), 1668 (C=O), 1577 (C=C), 1243, 950, 753; 

 

2-(3-Chloropropyl)-10-isopropoxy-4-methylanthra[1,2-b]furan-6,11-dione (530) 

 

The Anthrafuran 530 was prepared using the general procedure for the synthesis of 

Anthrafurans. Aryl iodide 265 (200 mg, 0.474 mmol) and Cuprous acetylide 529 (117 

mg, 0.710 mmol) were used. The anthrafuran 530 (92 mg, 0.232 mmol, 49%) was 

obtained as an orange solid. Rf = 0.29 (5% EtOAc in PhMe); mp = 120-125°C; 1H NMR 

(500 MHz, CDCl3) δ 7.86-7.90 (m, 2H), 7.60 (dd, J = 8.4, 7.7 Hz, 1H), 7.32 – 7.27 (m, 

1H), 6.53 (t, J = 0.9 Hz, 1H), 4.73 (hept, J = 6.1 Hz, 1H), 3.64 (t, J = 6.3 Hz, 2H), 3.10 

(t, J = 7.4 Hz, 2H), 2.55 (d, J = 0.7 Hz, 3H), 2.35 – 2.27 (m, 2H), 1.49 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 183.8 (C=O), 181.6 (C=O), 163.1 (C-Ar), 158.9 (C-Ar), 

151.6 (C-Ar), 136.1 (C-Ar), 136.1 (C-Ar), 135.8 (C-Ar), 134.2 (CH-Ar), 128.7 (C-Ar), 

122.9 (C-Ar), 121.7 (CH-Ar), 121.3 (CH-Ar), 119.6 (CH-Ar), 118.3 (C-Ar), 101.8 (CH-

Ar), 72.3 (OCH(CH3)2), 44.1 (CH2Cl), 30.3 (Furan-CH2), 26.1 (CH2), 22.2 (2 x CH3), 

19.2 (Ar-CH3); IR (Neat, cm-1) 2974 (C-H), 2924 (C-H), 1667 (C=O), 1578 (C=C), 1257, 

964, 809, 639; HRMS APCI [M + H]+: calculated for C23H22O4Cl: 397.1207; found: 

397.1194. 
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2-Acetyl-10-isopropoxy-4-methylanthra[1,2-b]furan-6,11-dione (578) 

 

This reaction was performed by undergraduate student James Abraham under close 

supervision. DMP 440 (70 mg, 0.165 mmol) was added portionwise to a solution of 

Anthrafuran alcohol 574 (50 mg, 0.137 mmol) in CH2Cl2 (2 mL) and stirred for 1 h before 

adding NaHCO3 (sat. 2 mL) Na2S2O3 (2M, 2 mL) and then H2O (20 mL) and extracted 

with CH2Cl2 (20 mL x 3), dried over MgSO4 and concentrated. The residue was then 

purified by column chromatography (silica, 100% PhMe → 20% EtOAc/PhMe) to give 

the anthrafuran ketone 578 as a yellow crystalline solid. Rf = 0.26 (15% EtOAc in PhMe); 

mp = >250°C; 1H NMR (400 MHz, CDCl3) δ 8.00 (‘d’, J = 0.8 Hz, 1H), 7.93 (‘dd’, J = 

7.6, 1.1 Hz, 1H), 7.65-7.69 (m, 1H), 7.58 (s, 1H), 7.36 (‘d’, J = 7.4 Hz, 1H), 4.76 (sept, J 

= 6.0 Hz, 1H), 2.80 (s, 3H), 2.67 (d, J = 0.8 Hz, 3H), 1.53 (d, J = 6.0 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 189.7 (C=O), 183.77 (C=O), 180.8 (C=O), 159.1 (C-Ar), 156.7 (C-

Ar), 152.4 (C-Ar), 139.5 (C-Ar), 135.5 (C-Ar), 134.6 (Ar-CH), 134.2 (C-Ar), 132.2 (C-

Ar), 122.7 (C-Ar), 122.2 (Ar-CH), 121.8 (Ar-CH), 119.9 (Ar-CH), 119.6 (C-Ar), 109.4 

(Ar-CH), 72.7 (CH(CH3)2), 27.2 (C=O(CH3)), 22.2 (2 x CH3), 19.3 (Ar-CH3); IR (Neat, 

cm-1) 3096 (C-H), 2974 (C-H), 2922 (C-H), 1686 (C=O), 1669 (C=O), 1581 (C=C), 1557 

(C=C), 1324, 1287, 1246, 1176, 1114, 965, 748, 572. 

 

General procedure for the synthesis of anthra-4-pyranones via β-ketosulfoxide 507 

 

Piperidine (2 drops) was added to a solution of β-keto-sulfoxide 507 (0.6 mmol) and 

aldehyde (1.8 mmol) in toluene (5 mL).  The ensuing mixture was slowly heated to reflux 

for 2-3 h, cooled to room temperature and purified by column chromatography (silica, 

100 % PhMe to 20 % EtOAc/PhMe) to give the anthra-4-pyranones as unstable yellow-
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orange oils or solids. These compounds were stored in the freezer, under argon and in the 

dark or subjected to deprotection (oxidative demethylation) immediately. 

 

2-Ethyl-11-isopropoxy-7,12-dimethoxy-5-methyl-4H-naphtho[2,3-h]chromen-4-one 

(508) 

 
Anthra-4-pyranone 508 was prepared according to the general procedure for the synthesis 

of anthra-4-pyranones via β-ketosulfoxides. β-keto-sulfoxide 507 (240 mg, 0.557 mmol) 

and propionaldehyde (120 µL, 1.67 mmol) in toluene (5 mL) were added to the reaction 

flask. The anthra-4-pyranone 508 was obtained as an orange-yellow solid (183 mg, 0.451 

mmol, 81%). Rf = 0.18 (10% EtOAc in PhMe); mp = 112-117°C; 1H NMR (500 MHz, 

CDCl3) δ 7.85 (dd, J = 8.6 and 1.0 Hz, 1H), 7.81 – 7.75 (m, 1H), 7.45 (dd, J = 8.6 and 7.6 

Hz, 1H), 6.86 (dd, J = 8.2 and 0.7 Hz, 1H), 6.33 (t, J = 0.7 Hz, 1H), 4.78 (hept, J = 6.0 

Hz, 1H), 4.03 (s, 3H), 3.97 (s, 3H), 2.96 (d, J = 1.2 Hz, 3H), 2.84 (q, J = 7.5 Hz, 2H), 

1.52 (d, J = 6.0 Hz, 6H), 1.42 (t, J = 7.6 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 180.2 

(C=O), 168.5 (C=C), 157.4 (C-Ar), 155.3 (C-Ar), 152.1 (C-Ar), 146.8 (C-Ar), 134.7 (C-

Ar), 130.2 (C-Ar), 127.4 (CH-Ar), 126.2 (C-Ar), 120.3 (C-Ar), 120.0 (C-Ar), 119.7 (CH-

Ar), 115.7 (C-Ar), 114.5 (CH-Ar), 112.1 (CH-Ar), 108.0 (C=C), 71.0 (OCH(CH3)2), 63.6 

(OCH3), 62.8 (OCH3), 27.0 (4-pyranone-CH2), 24.1 (2 x CH3), 22.0 (Ar-CH3), 11.0 

(CH3); HRMS  APCI: calculated for C25H27O5 [M + H]+: 407.1858; found: 407.1847; IR 

(Neat, cm-1) 2929 (C-H), 1657 (C=O), 1624, 1608, 1431, 1357, 1033, 847. 

 

11-Isopropoxy-7,12-dimethoxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chromen-4-

one (544) 
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This reaction was performed by undergraduate student James Abraham under close 

supervision. Anthra-4-pyranone 544 was prepared according to the general procedure for 

the synthesis of anthra-4-pyranones via β-ketosulfoxides. β-keto-sulfoxide 508 (189 mg, 

0.513 mmol) and butyraldehyde (93 µL, 1.03 mmol) in toluene (5 mL) were added to the 

reaction flask. The anthra-4-pyranone 544 was obtained as orange-yellow crystals (153 

mg, 4.26 mmol, 83%). Rf = 0.25 (10% EtOAc in PhMe); mp: 112-117°C, 1H NMR (500 

MHz, CDCl3) δ 7.86 (dd, J = 8.6, 0.9 Hz, 1H), 7.79 (d, J = 1.2 Hz, 1H), 7.45 (dd, J = 8.6, 

7.6 Hz, 1H), 6.86 (d, J = 7.5 Hz, 1H), 6.33 (s, 1H), 4.83 – 4.72 (m, 1H), 4.03 (s, 3H), 3.96 

(s, 3H), 2.96 (d, J = 1.1 Hz, 3H), 2.77 (t, J = 7.5 Hz, 2H), 1.95 – 1.86 (m, 2H), 1.52 (d, J 

= 6.0 Hz, 6H), 1.09 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 180.1 (C=O), 

167.2 (C-Ar), 157.5 (C-Ar), 155.3 (C-Ar), 152.1 (C-Ar), 146.8 (C-Ar), 134.7 (C-Ar), 

130.2 (C-Ar), 127.4 (CH-Ar), 126.2 (C-Ar), 120.4 (C-Ar), 120.0 (C-Ar), 119.7 (CH-Ar), 

115.8 (C-Ar), 114.6 (CH-Ar), 113.1 (CH-Ar), 108.0 (CH-Ar), 71.0 (OCH(CH3)2), 63.6 

(OCH3), 62.8 (OCH3), 35.8 (4-pyranone-CH2), 24.1 (2 x CH3), 22.0 (Ar-CH3), 20.1 

(CH2), 13.7 (CH3). HRMS APCI: calculated for C28H33O5 [M + H]+: 421.2015; found: 

421.2025; IR (Neat, cm-1) 3092 (C-H), 2967 (C-H), 2935 (C-H), 1659 (C=O), 1630, 1608, 

1438, 1363, 1038, 835, 656. 

 

11-Isopropoxy-7,12-dimethoxy-5-methyl-2-pentyl-4H-naphtho[2,3-h]chromen-4-

one (546) 

 

Anthra-4-pyranone 546 was prepared according to the general procedure for the synthesis 

of anthra-4-pyranones via β-ketosulfoxides. β-keto-sulfoxide 507 (66 mg, 0.153 mmol) 

and heptanaldehyde (38 µL, 0.31 mmol) in toluene (2 mL) were added to the reaction 

flask. The anthra-4-pyranone 546 was obtained as an orange-yellow oil (63 mg, 0.14 

mmol, 93%). Rf = 0.24 (5% EtOAc in PhMe); 1H NMR (600 MHz, CDCl3) δ 7.86 (dd, J 

= 8.6, 0.9 Hz, 1H), 7.79 (d, J = 1.2 Hz, 1H), 7.46 (dd, J = 8.6, 7.6 Hz, 1H), 6.87 (d, J = 

7.4 Hz, 1H), 6.33 (s, 1H), 4.78 (hept, J = 6.0 Hz, 1H), 4.04 (s, 3H), 3.96 (s, 3H), 2.96 (d, 

J = 1.1 Hz, 3H), 2.78 (t, J = 7.6 Hz, 2H), 1.88 (dt, J = 15.3, 7.7 Hz, 2H), 1.52 (d, J = 6.0 

Hz, 6H), 1.50 – 1.37 (m, 4H), 0.94 (t, J = 7.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 
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180.1 (C=O), 167.5 (C-Ar), 157.5 (C-Ar), 155.3 (C-Ar), 152.1 (C-Ar), 146.9 (C-Ar), 

134.8 (C-Ar), 130.3 (C-Ar), 127.4 (CH-Ar), 126.2 (C-Ar), 120.4 (C-Ar), 120.0 (C-Ar), 

119.7 (CH-Ar), 115.8 (C-Ar), 114.7 (CH-Ar), 113.0 (CH-Ar), 108.2 (CH-Ar), 71.1 

(OCH(CH3)2), 63.6 (OCH3), 62.8 (OCH3), 33.9 (4-pyranone-CH2), 31.4 (CH2), 26.4 

(CH2), 24.1 (2 x CH3), 22.5 (CH2), 20.0 (Ar-CH3), 14.1 (CH3); HRMS  APCI [M + H]+: 

calculated for C28H33O5: 449.2328; found: 449.2313; IR (Neat, cm-1) 2958 (C-H), 2929, 

2860, 1654 (C=O), 1610, 1363, 1037, 765. 

 

11-Isopropoxy-7,12-dimethoxy-5-methyl-2-(3,3,3-trifluoropropyl)-4H-naphtho[2,3-

h]chromen-4-one (548) 

 

Anthra-4-pyranone 548 was prepared according to the general procedure for the synthesis 

of anthra-4-pyranones via β-ketosulfoxides. β-keto-sulfoxide 507 (216 mg, 0.502 mmol) 

and 4,4,4-trifluoro-butylaldehyde (158 µL, 1.50 mmol) in toluene (5 mL) were added to 

the reaction flask. The anthra-4-pyranone 548 was obtained as an orange-yellow oil (155 

mg, 0.451 mmol, 65%). Rf = 0.18 (10% EtOAc in PhMe); 1H NMR (500 MHz, CDCl3) δ 

7.88 (dd, J = 8.6, 0.9 Hz, 1H), 7.81 (d, J = 1.2 Hz, 1H), 7.48 (dd, J = 8.6, 7.6 Hz, 1H), 

6.90 (d, J = 7.5 Hz, 1H), 6.36 (s, 1H), 4.78 (hept, J = 6.0 Hz, 1H), 4.05 (s, 3H), 3.95 (s, 

3H), 3.09 – 3.01 (m, 2H), 2.95 (d, J = 1.1 Hz, 3H), 2.71-2.84 (m, 2H), 1.53 (d, J = 6.0 

Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 179.7 (C=O), 163.1 (C-Ar), 157.4 (C-Ar), 155.3 

(C-Ar), 152.0 (C-Ar), 147.0 (C-Ar), 134.6 (C-Ar), 130.5 (C-Ar), 127.6 (CH-Ar), 126.2 

(C-Ar), 120.5 (C-Ar), 120.2 (CH-Ar), 120.1 (C-Ar), 115.5 (C-Ar), 114.8 (CH-Ar), 113.6 

(CH-Ar), 108.7 (CH-Ar), 71.3 (OCH(CH3)2), 63.6 (OCH3), 62.9 (OCH3), 31.1 (q, J = 

29.9 Hz, CF3), 29.8 (4-pyranone-CH2), 27.0 (q, J = 2.7 Hz, CH2CF3), 24.0 (2 x CH3), 21.9 

(Ar-CH3); HRMS  APCI: calculated for C26H26O5F3 [M + H]+: 475.1732; found: 

475.1725; 
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General procedures for the oxidative demthylation of dimethoxyanthracenes to 

their respective anthraquinones: 

 

2-Ethyl-11-isopropoxy-5-methyl-1H-naphtho[2,3-h]chromene-4,7,12-trione (509) 

 

HNO3 (4M, c.a. 3.5 mL) was added gradually as a steady stream into stirred mixture of 

dimethoxyanthracene  508 (110 mg, 0.271 mmol) and Ag(II)O (168 mg, 1.36 mmol) in 

1,4-dioxane (10 mL) until all of the suspended Ag(II)O dissolved. The mixture was stirred 

for 15 minutes before H2O (20 mL) was added. The mixture was extracted with CH2Cl2 

(3 x 30 mL), washed with H2O (100 mL), dried over MgSO4, and the combined organic 

extracts concentrated and the residue purified by column chromatography (silica, 

PhMe→15% EtOAc/PhMe) to give anthraquinone 509 (80 mg, 0.21 mmol, 78%) as a 

yellow-orange solid.  Rf = 0.17 (10% EtOAc in PhMe); mp = 217-220°C; 1H NMR (500 

MHz, CDCl3) δ 7.90 (d, J = 0.7 Hz, 1H), 7.84 (dd, J = 7.6 and 1.1 Hz, 1H), 7.63 (dd, J = 

8.3 and 7.7 Hz, 1H), 7.38 – 7.32 (m, 1H), 6.21 (s, 1H), 4.67 (hept, J = 6.0 Hz, 1H), 2.96 

(d, J = 0.7 Hz, 3H), 2.79 (q, J = 7.5 Hz, 2H), 1.48 (d, J = 6.1 Hz, 6H), 1.41 (t, J = 7.5 Hz, 

3H); 13C NMR (126 MHz, CDCl3) δ 183.4 (C=O), 180.6 (C=O), 179.7 (C=O), 170.6 

(C=C), 158.3 (C-Ar), 155.9 (C-Ar), 147.1 (C-Ar), 135.1 (C-Ar), 134.8 (C-Ar), 134.1 

(CH-Ar), 126.5 (C-Ar), 125.2 (C-Ar), 124.5 (CH-Ar), 123.0 (C-Ar), 122.8 (CH-Ar), 

119.7 (CH-Ar), 111.1 (C=C), 73.2 (CH), 27.3 (CH2), 24.0 (CH3), 22.2 (2 x CH3), 10.7 

(CH3); HRMS  APCI: calculated for C23H21O5 [M + H]+: 377.1389; found: 377.1384; IR 

(Neat, cm-1) 2922 (C-H), 1671 (C=O), 1656 (C=O), 1581, 1439, 1226, 923. 

 

11-Isopropoxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (544) 
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HNO3 (4M, c.a. 3.5 mL) was added gradually as a steady stream into stirred mixture of 

dimethoxyanthracene  544 (197 mg, 0.485 mmol) and Ag(II)O (300 mg, 2.42 mmol) in 

1,4-dioxane (7 mL) until all of the suspended Ag(II)O dissolved.  The mixture was stirred 

for 15 minutes before H2O (20 mL) was added. The mixture was extracted with CH2Cl2 

(3 x 30 mL), washed with H2O (100 mL), dried over MgSO4, and the combined organic 

extracts concentrated and the residue purified by column chromatography (silica, 100% 

PhMe to 15% EtOAc/PhMe) to give anthraquinone 551 (157 mg, 0.403 mmol, 83%) as a 

yellow solid. Rf = 0.35 (10% EtOAc in PhMe); mp = 204-206°C; 1H NMR (600 MHz, 

CDCl3) δ 7.83 (d, J = 0.5 Hz, 1H), 7.79 (dd, J = 7.6, 0.9 Hz, 1H), 7.59 (t, J = 8.1 Hz 1H), 

7.31 (d, J = 8.1 Hz, 1H), 6.17 (s, 1H), 4.64 (hept, J = 6.1 Hz, 1H), 2.91 (s, 3H), 2.69 (t, J 

= 7.5 Hz, 2H), 1.93 – 1.85 (m, 2H), 1.45 (d, J = 6.1 Hz, 6H), 1.05 (t, J = 7.4 Hz, 3H). 13C 

NMR (151 MHz, CDCl3) δ 183.2 (C=O), 180.4 (C=O), 179.5 (C=O), 169.3 (C-Ar), 158.2 

(C-Ar), 155.8 (C-Ar), 146.9 (C-Ar), 135.0 (C-Ar), 134.6 (C-Ar), 134.0 (C-Ar), 126.4 (C-

Ar), 125.2 (C-Ar), 124.4 (CH-Ar), 122.9 (C-Ar), 122.8 (CH-Ar), 119.6 (CH-Ar), 111.9 

(CH-Ar), 73.2 (OCH(CH3)2), 35.8 (CH2), 23.9 (CH2), 22.1 (2 x CH3), 19.7 (CH2), 13.7 

(CH3). HRMS  APCI: calculated for C24H23O5 [M + H]+: 391.1545; found: 391.1522; IR 

(Neat, cm-1): 2970 (C-H), 2926 (C-H), 2873 (C-H), 1673 (C=O), 1656 (C=O), 1581 

(C=C), 1463, 1439, 1285, 1273, 1229, 935, 750, 597. 

 

11-Isopropoxy-5-methyl-2-(3,3,3-trifluoropropyl)-4H-naphtho[2,3-h]chromene-

4,7,12-trione (553) 

 

 

HNO3 (4M, c.a. 3 mL) was added gradually as a steady stream into stirred mixture of 

dimethoxyanthracene  548 (140 mg, 0.295 mmol) and Ag(II)O (183 mg, 1.47 mmol) in 

1,4-dioxane (7 mL) until all of the suspended Ag(II)O dissolved.  The mixture was stirred 

for 15 minutes before H2O (20 mL) was added. The mixture was extracted with CH2Cl2 

(3 x 30 mL), washed with H2O (100 mL), dried over MgSO4, and the combined organic 

extracts concentrated and the residue purified by column chromatography (silica, 100% 
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PhMe to 15% EtOAc/PhMe) to give anthraquinone 553 (113 mg, 0.254 mmol, 86%) as a 

yellow-orange solid. Rf = 0.18 (10% EtOAc in PhMe); mp = 262-263°C; 1H NMR (500 

MHz, CDCl3) δ 7.94 (d, J = 0.8 Hz, 1H), 7.86 (dd, J = 7.7, 1.1 Hz, 1H), 7.65 (dd, J = 8.3, 

7.8 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 6.27 (s, 1H), 4.68 (hept, J = 6.2 Hz, 1H), 3.01 (dd, 

J = 9.2, 6.4 Hz, 2H), 2.97 (d, J = 0.6 Hz, 3H), 2.87 (ddt, J = 18.2, 10.6, 9.0 Hz, 2H), 1.48 

(d, J = 6.1 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 183.3 (C=O), 180.6 (C=O), 179.3 

(C=O), 165.0 (C-Ar), 158.4 (C-Ar), 155.7 (C-Ar), 147.3 (C-Ar), 135.3 (C-Ar), 134.8 (C-

Ar), 134.3 (CH-Ar), 126.4 (C-Ar), 125.1 (C-Ar), 124.9 (CH-Ar), 127.8 (C-Ar), 122.94 

(CH-Ar), 122.87, 119.8 (CH-Ar), 112.5 (CH-Ar), 73.3 (OC(CH3)2), 30.4 (q, J = 29.8 Hz, 

CF3), 27.0 (q, J = 3.5 Hz, CH2CF3), 23.9 (Ar-CH3), 22.1 (2 x CH3). HRMS  APCI [M + 

H]+: calculated for C24H20O5F3: 445.1263; found: 445.1286; IR (Neat, cm-1): 3058 (C-H), 

2985 (C-H), 2932 (C-H), 1674 (C=O), 1655 (C=O), 1582, 1463, 1439, 1379, 1224, 1092, 

926, 751. 

 

General procedures for the deprotection of the isopropyl group, Method A (TsOH): 

 

 

p-TsOH.H2O (1.5 eq) was added to a solution or suspension of anthraquinone (0.02- 1.5 

mmol) in xylene (1 – 10 mL) and heated to reflux for 5-20 minutes (close TLC 

monitoring). The reaction mixture was cooled to RT, diluted with NaHCO3 (sat. aq.) and 

extracted with CH2Cl2 (x 3), dried over MgSO4 and concentrated. The residue was then 

purified by column chromatography (silica, 100% PhMe → 20% EtOAc/PhMe) to give 

the highly coloured phenols as orange to yellow crystalline solids. 

 

Method B (BCl3):  

 

BCl3 (1M in heptane, 2 eq.) was added dropwise to a solution of anthraquinone (0.02- 1.5 

mmol) in CH2Cl2 (3 mL) at -40°C and slowly warmed to -20°C and stirred for 15-30 

minutes (TLC control). The reaction mixture was quenched with NaHCO3 (sat. 10 mL), 

warmed to room temperature and extracted with CH2Cl2 (x 3), dried over MgSO4 and 

concentrated. The residue was then purified by column chromatography (silica, 100% 
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PhMe → 20% EtOAc/PhMe) to give the highly coloured phenols as orange to yellow 

crystalline solids. 

 

Anthra-2-pyranones: 

3-Hexyl-11-hydroxy-5-methyl-2H-naphtho[2,3-h]chromene-2,7,12-trione (560) 

 

Anthra-2-pyranone 560 was prepared according to the general procedure for the 

deprotection of the isopropyl group method A. Anthra-2-pyranone 310 (35 mg, 0.081 

mmol) in xylene (1.5 mL) were added to the reaction flask. The Anthra-2-pyranone 560 

was obtained as a yellow solid (30 mg, 0.070 mmol, 86%). Rf = 0.38 (5% EtOAc in 

PhMe); mp: 160-164°C, 1H NMR (600 MHz, CDCl3) δ 12.78 (s, 1H), 8.02 (s, 1H), 7.77 

(‘d’, J = 7.4 Hz, 1H), 7.70 (s, 1H), 7.65 (‘t’, J = 7.8 Hz, 1H) 7.32 (‘d’, J = 8.5 Hz, 1H), 

2.68 (s, 3H), 2.66 (t, J = 7.4 Hz, 2H), 1.66-1.71 (m, 2H), 1.39-1.43 (m, 2H), 1.31-1.36 

(m, 4H), 0.90 (t, J = 6.7 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 187.2 (C=O), 182.1 

(C=O), 162.7 (C-Ar), 160.1 (C-Ar), 152.6 (C-Ar), 142.8 (C-Ar), 136.4 (Ar-CH), 134.38 

(C-Ar), 134.0 (Ar-CH), 133.0 (C-Ar), 132.5 (C-Ar), 125.4 (Ar-CH), 124.3 (Ar-CH), 

123.8 (C-Ar), 119.3 (Ar-CH), 118.2 (C-Ar), 116.8 (C-Ar), 31.7 (CH2), 31.5 (CH2), 29.8 

(CH2), 29.1 (CH2), 28.0 (CH2), 22.7 (CH2), 19.8 (Ar-CH3), 14.2 (CH3). HRMS  APCI [M 

+ H]+: m/z calculated for C24H23O5 [M
+ H]+: 391.1545; found: 391.1548; IR (KBr Pellet, 

cm-1) 2927 (C-H), 2852 (C-H), 1734 (C=O), 1712 (C=O), 1670 (C=C), 1629, 1582, 1468, 

1452, 1310, 1293, 1272, 1212, 1160, 1034, 942, 762, 741, 688, 669. 

 

 

X-ray crystal structure of compound 560. 
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4-(11-hydroxy-5-methyl-2,7,12-trioxo-7,12-dihydro-2H-naphtho[2,3-h]chromen-3-

yl)butanenitrile (561) 

 

Anthra-2-pyranone 561 was prepared according to the general procedure for the 

deprotection of the isopropyl group method A. Anthra-2-pyranone 539 (10 mg, 0.024 

mmol) in xylene (0.5 mL) were added to the reaction flask. The Anthra-2-pyranone 561 

was obtained as yellow solid (6.2 mg, 0.017 mmol, 69%). Rf = 0.26 (20% EtOAc in 

PhMe); mp: 241-245°C, 1H NMR (500 MHz, CDCl3) δ 12.76 (s, 1H), 8.09 (s, 1H), 7.86 

(s, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.71 – 7.64 (m, 1H), 7.37 – 7.33 (m, 1H), 2.90 – 2.82 

(m, 2H), 2.71 (s, 3H), 2.48 (t, J = 6.9 Hz, 2H), 2.14 – 2.09 (m, 2H). 13C NMR (126 MHz, 

CDCl3) δ 187.1 (C=O), 182.0 (C=O), 162.8 (C-Ar), 159.9 (C-Ar), 152.9 (C-Ar), 143.2 

(C-Ar), 136.6 (Ar-CH), 136.1 (Ar-CH), 135.0 (C-Ar), 132.5 (C-Ar), 129.9 (C-Ar), 125.5 

(Ar-CH), 124.6 (Ar-CH), 123.3 (C-Ar), 119.5 (Ar-CH), 119.1 (C-Ar), 118.4 (C-Ar), 

116.8 (C-Ar), 30.9 (CH2), 23.7 (CH2), 19.8 (Ar-CH3), 17.0 (CH2). HRMS  APCI [M + 

H]+: m/z calculated for C22H16NO5 [M + H]+: 374.1028; found: 374.1018; 

 

2-Ethyl-11-hydroxy-5-methyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (554) 

 

 

Anthra-4-pyranone 554 was prepared according to the general procedure for the 

deprotection of the isopropyl group method A. Anthra-4-pyranone 509 (27 mg, 0.072 

mmol) in xylene (2 mL) were added to the reaction flask. The anthrafuran 554 was 

obtained as orange crystals (19 mg, 0.058 mmol, 81%). Rf = 0.32 (10% EtOAc in PhMe); 

mp: 227-231°C, 1H NMR (500 MHz, CDCl3) δ 12.86 (s, 1H), 8.04 (d, J = 0.7 Hz, 1H), 

7.80 (dd, J = 7.5, 1.2 Hz, 1H), 7.71 – 7.62 (m, 1H), 7.34 (dd, J = 8.4, 1.1 Hz, 1H), 6.26 

(t, J = 0.75 Hz, 1H), 3.01 (d, J = 0.7 Hz, 3H), 2.79 (dq, J = 7.5 Hz, 0.75 Hz, 2H), 1.44 (t, 

J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 187.4 (C=O), 182.1 (C=O), 179.4 (C=O), 
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170.6 (C-Ar), 162.7 (C-Ar), 156.8 (C-Ar), 149.9 (C-Ar), 136.4 (Ar-CH), 136.1 (C-Ar), 

132.4 (C-Ar), 126.6 (C-Ar), 125.7 (Ar-CH), 125.4 (Ar-CH), 119.9 (C-Ar), 119.4 (Ar-

CH), 117.0 (C-Ar), 111.4 (Ar-CH), 27.4 (CH2), 24.4 (Ar-CH3), 11.0 (CH3). HRMS APCI 

[M + H]+: calculated for C20H15O5: 335.0919; found: 335.0906; IR (Neat, cm-1) 2976 (C-

H), 1646 (C=O), 1621 (C=O), 1583 (C=C), 1464, 1456, 1314, 1300, 1262, 1220, 1645, 

907, 840, 753, 665, 603. 

 

11-Hydroxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (556) 

 
Anthra-4-pyranone 556 was prepared according to the general procedure for the 

deprotection of the isopropyl group method A. Anthra-4-pyranone 551 (32 mg, 0.082 

mmol) in xylene (3 mL) were added to the reaction flask. The Anthrafuran 556 was 

obtained as yellow crystals (26 mg, 0.074 mmol, 90%). Rf = 0.35 (10% EtOAc in PhMe); 

mp: 185-187°C, 1H NMR (400 MHz, CDCl3) δ 12.81 (s, 1H), 7.97 (s, 1H), 7.75 (d, J = 

7.3 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 6.22 (s, 1H), 2.97 (s, 3H), 

2.70 (t, J = 7.5 Hz, 2H), 1.92 (q, J = 7.4 Hz, 2H), 1.08 (t, J = 7.3 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 187.2 (C=O), 181.9 (C=O), 179.1 (C=O), 169.3 (C-Ar), 162.6 (C-Ar), 

156.7 (C-Ar), 149.8 (C-Ar), 136.4 (Ar-CH), 135.9 (C-Ar), 132.3 (C-Ar), 126.5 (Ar-CH), 

125.6 (Ar-CH), 125.4 (C-Ar), 119.7 (C-Ar), 119.3 (Ar-CH), 116.8 (C-Ar), 112.3 (Ar-

CH), 35.9 (Ar-CH2), 24.3 (Ar-CH3), 20.0 (CH2), 13.7 (CH3). HRMS APCI: calculated for 

C21H17O5 [M + H]+: 349.1076; found: 349.1070; IR (Neat, cm-1) 3073 (C-H), 2962 (C-

H), 2927 (C-H), 1663 (C=O), 1637 (C=O), 1582 (C=C), 1456, 1435, 1315, 1280, 1219, 

1167, 1001, 922, 769, 752, 715, 604. 
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11-hydroxy-5-methyl-2-(3,3,3-trifluoropropyl)-4H-naphtho[2,3-h]chromene-4,7,12-

trione (557) 

 
Anthra-4-pyranone 557 was prepared according to the general procedure for the 

deprotection of the isopropyl group method A. Anthra-4-pyranone 553 (67 mg, 0.151 

mmol) in xylene (5 mL) were added to the reaction flask. The Anthrafuran 557 was 

obtained as orange crystals (53 mg, 0.131 mmol, 87%). 

Rf = 0.27 (10% EtOAc in PhMe); mp: 248-251°C, 1H NMR (500 MHz, CDCl3) δ 12.79 

(s, 1H), 8.05 (s, 1H), 7.80 (dd, J = 7.5, 1.2 Hz, 1H), 7.69 – 7.63 (m, 1H), 7.36 (dd, J = 

8.4, 1.2 Hz, 1H), 6.31 (s, 1H), 3.05 – 2.95 (m, 2H), 3.00 (s, 3H) 2.91 – 2.78 (m, 2H). 13C 

NMR (126 MHz, CDCl3) δ 187.3 (C=O), 181.9 (C=O), 178.8 (C=O), 165.2 (C-Ar), 162.8 

(C-Ar), 156.6 (C-Ar), 150.0 (C-Ar), 136.6 (Ar-CH), 136.2 (C-Ar), 132.3 (C-Ar), 126.5 

(q, J = 277 Hz, CF3) 126.4 (C-Ar), 126.0 (Ar-CH), 125.6 (Ar-CH), 119.8 (C-Ar), 119.6 

(Ar-CH), 116.9 (C-Ar), 112.9 (Ar-CH), 30.6 (q, J = 29.9 Hz, CH2CF3), 27.1 (q, J = 3.5 

Hz, CH2CH2CF3), 24.3 (Ar-CH3). IR (Neat, cm-1) 3067 (C-H), 2925 (C-H), 2853 (C-H), 

1659 (C=O), 1636 (C=O), 1584 (C=C), 1456, 1373, 1314, 1214, 1088, 1061, 984, 757, 

714, 654. 

 

X-ray crystal structure of 557. 
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Anthrafurans: 

10-hydroxy-4-methyl-2-propylanthra[1,2-b]furan-6,11-dione (562) 

 

 

Anthrafuran 562 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 576 (43 mg, 0.119 mmol) in Xylene (3 mL) 

were added to the reaction flask. The Anthrafuran 562 was obtained as orange crystals 

(29 mg, 0.091 mmol, 77%). Rf = 0.35 (1% EtOAc in PhMe); mp: 155-162°C, 1H NMR 

(500 MHz, CDCl3) δ 12.72 (s, 1H), 7.89 (s, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.60 (t, J = 7.6 

Hz, 1H), 7.24 (d, J = 8.3 Hz, 1H), 6.48 (s, 1H), 2.89 (t, J = 7.5 Hz, 2H), 2.56 (s, 3H), 1.86 

(tq, J = 7.3Hz, 2H), 1.08 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 188.4 (C=O), 

182.7 (C=O), 165.6 (C-Ar), 162.4 (C-Ar), 151.5 (C-Ar), 138.0 (C-Ar), 136.4 (C-Ar), 

136.3 (CH-Ar), 133.5 (C-Ar), 129.4 (C-Ar), 124.3 (CH-Ar), 122.7 (CH-Ar), 119.3 (CH-

Ar), 116.4 (C-Ar), 116.0 (C-Ar), 101.0 (CH-Ar), 30.8 (Fur-CH2), 21.1 (CH2), 19.4 (Ar-

CH3), 13.9 (CH3). IR (Neat, cm-1) 2960 (C-H), 2872 (C-H), 1664 (C=O), 1634 (C=O), 

1581 (C=C), 1468, 1454, 1296, 1223, 1152, 1035, 933, 790, 669, 574. 

 

10-hydroxy-2-(1-hydroxyethyl)-4-methylanthra[1,2-b]furan-6,11-dione (567) 

 

Anthrafuran 567 was prepared according to the general procedure for the deprotection of 

the isopropyl group method B. Anthrafuran 574 (50 mg, 0.138 mmol) in CH2Cl2 (3 mL) 

were added to the reaction flask. The Anthrafuran 567 was obtained as yellow crystals 

(22 mg, 0.067 mmol, 49%). Rf = 0.32 (PhMe); mp: 178-183C°C, 1H NMR (400 MHz, 

CDCl3) δ 12.71 (s, 1H), 8.02 (s, 1H), 7.82 (d, J = 7.5 Hz, 1H), 7.65 (t, J = 7.9 Hz, 1H), 

7.30 (d, J = 8.4 Hz, 1H), 6.88 (s, 1H), 5.35 (q, J = 6.9 Hz, 1H), 2.66 (s, 3H), 2.05 (d, J = 

6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 187.9 (C=O), 182.6 (C=O), 162.6 (C-Ar), 

162.4 (C-Ar), 151.8 (C-Ar), 139.4 (C-Ar), 136.5 (CH-Ar), 135.1 (C-Ar), 133.3 (C-Ar), 
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130.8 (C-Ar), 124.6 (CH-Ar), 123.0 (CH-Ar), 119.6 (CH-Ar), 116.7 (C-Ar), 116.4 (C-

Ar), 102.4 (CH-Ar), 49.7 (HCOH), 23.3 (CH3), 19.5 (Ar-CH3). GC-HRMS EI: calculated 

for C19H13O4 [M – OH]+: 305.0808; found: 305.0805; IR (Neat, cm-1) 2924 (C-H), 1667 

(C=O), 1634 (C=O), 1587 (C=C), 1454, 1310, 1257, 1223, 1033, 790, 749, 691, 666. 

 

2-acetyl-10-hydroxy-4-methylanthra[1,2-b]furan-6,11-dione (565) 

 

Anthrafuran 565 was prepared according to the general procedure for the deprotection of 

the isopropyl group Method B. Anthrafuran 578 (50 mg, 0.0138 mmol) in CH2Cl2 (3 mL) 

were added to the reaction flask. The Anthrafuran 565 was obtained as yellow crystals 

(21 mg, 0.066 mmol, 48%). 

 

 Rf = 0.29 (5% EtOAc in PhMe); mp: >250°C, 1H NMR (400 MHz, CDCl3) δ 12.68 (s, 

1H), 8.09 (d, J = 0.8 Hz, 1H), 7.84 (dd, J = 7.5, 1.1 Hz, 1H), 7.70 – 7.65 (m, 1H), 7.61 (s, 

1H), 7.33 (dd, J = 8.4, 1.1 Hz, 1H), 2.78 (s, 3H), 2.73 (d, J = 0.8 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 188.9 (C=O), 187.5 (C=O), 182.5 (C=O), 162.6 (C-Ar), 156.6 (C-Ar), 

152.4 (C-Ar), 141.7 (C-Ar), 136.7 (CH-Ar), 134.2 (C-Ar), 133.3 (C-Ar), 133.1 (C-Ar), 

129.2 (C-Ar), 128.4 (C-Ar), 124.9 (CH-Ar), 123.2 (CH-Ar), 119.8 (CH-Ar), 117.6 (C-

Ar), 116.3 (C-Ar), 109.7 (CH-Ar), 27.0 (CH3), 19.6 (Ar-CH3). IR (Neat, cm-1) 3362 (C-

H), 3100 (C-H), 1689 (C=O), 1668 (C=O), 1591 (C=C), 1558, 1467, 1458, 1299, 1249, 

1228, 1158, 1035, 784, 661, 521. 

 

2-(3-chloropropyl)-10-hydroxy-4-methylanthra[1,2-b]furan-6,11-dione (569)

 

Anthrafuran 569 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 530 (200 mg, 0.504 mmol) in xylene (5 mL) 
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were added to the reaction flask. The Anthrafuran 569 was obtained as orange-red crystals 

(175 mg, 0.494 mmol, 98%).  

Rf = 0.39 (5% EtOAc in PhMe); mp: 181-190°C, 1H NMR (400 MHz, CDCl3) δ 12.72 (s, 

1H), 7.98 (d, J = 0.6 Hz, 1H), 7.81 (dd, J = 7.5, 1.1 Hz, 1H), 7.64 (dd, J = 8.3, 7.6 Hz, 

1H), 7.28 (dd, J = 8.4, 1.1 Hz, 1H), 6.61 (s, 1H), 3.68 (t, J = 6.3 Hz, 2H), 3.15 (t, J = 7.4 

Hz, 2H), 2.62 (s, 3H), 2.37 – 2.28 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 188.4 (C=O), 

182.8 (C=O), 163.5 (C-Ar), 162.5 (C-Ar), 151.8 (C-Ar), 138.4 (C-Ar), 136.5 (CH-Ar), 

136.2 (C-Ar), 133.5 (C-Ar), 129.8 (C-Ar), 124.5 (CH-Ar), 122.9 (CH-Ar), 119.5 (CH-

Ar), 116.5 (C-Ar), 116.2 (C-Ar), 102.0 (C-Ar), 44.0 (CH2Cl), 30.4 (Furan-CH2), 26.1 

(CH2), 19.5 (Ar-CH3). HRMS APCI: calculated for C20H16O4Cl [M + H]+: 355.0737; 

found: 355.0736; IR (Neat, cm-1) 2956 (C-H), 1662 (C=O), 1641 (C=O), 1584 (C=C), 

1308, 1078, 1006, 794, 751, 564. 

 

10-hydroxy-4-methyl-2-phenylanthra[1,2-b]furan-6,11-dione (564) 

 

Anthrafuran 564 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 527 (45 mg, 0.113 mmol) in xylene (3 mL) 

were added to the reaction flask. The Anthrafuran 564 was obtained as orange-red crystals 

(35 mg, 0.098 mmol, 87%). Rf = 0.50 (5% EtOAc in PhMe); mp: 246-250°C, 1H NMR 

(400 MHz, CDCl3) δ 12.83 (s, 1H), 8.02 – 8.04 (m, 2H), 8.00-8.02 (m, 1H), 7.82 (dd, J = 

7.5, 1.1 Hz, 1H), 7.64 (dd, J = 8.4, 7.5 Hz, 1H), 7.57 – 7.49 (m, 2H), 7.46 (d, J = 7.4 Hz, 

1H), 7.30 (dd, J = 8.4, 1.2 Hz, 1H), 7.13 (s, 1H), 2.69 (d, J = 0.7 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 188.3 (C=O), 182.8 (C=O), 162.5 (Ar), 161.2 (Ar), 151.8 (Ar), 138.5 

(Ar), 136.7 (Ar), 136.4, 133.6 (Ar), 130.1 (Ar), 130.1 (Ar), 129.3 (Ar), 129.2 (PhCH), 

129.0 (Ar), 125.8 (PhCH), 124.4 (Ar), 123.1 (Ar), 119.5 (Ar), 116.5 (Ar), 99.8 (Ar), 19.6 

(Ar-CH3). HRMS APCI: calculated for C23H15O4 [M + H]+: 355.0970; found: 355.0970; 

IR (Neat, cm-1) 3112 (C-H), 2920 (C-H), 1659 (C=O), 1639 (C=O), 1594, 1574, 1561, 

1450, 1311, 1224, 1154, 9134, 744, 683, 662. 
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2-benzoyl-10-hydroxy-4-methylanthra[1,2-b]furan-6,11-dione (566) 

 

Anthrafuran 566 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 528 (20 mg, 0.047 mmol) in xylene (2 mL) 

were added to the reaction flask. The Anthrafuran 566 was obtained as yellow solid (15 

mg, 0.039 mmol, 83%). Rf = 0.29 (5% EtOAc in PhMe); mp: 246-256°C, 

1H NMR (500 MHz, CDCl3) δ 12.73 (s, 1H), 8.41 – 8.36 (m, 2H), 8.11 (d, J = 0.8 Hz, 

1H), 7.84 (dd, J = 7.5, 1.1 Hz, 1H), 7.73 (s, 1H), 7.72 – 7.70 (m, 1H), 7.68 (dd, J = 8.3, 

7.5 Hz, 1H), 7.63 (‘t’, J = 7.6 Hz, 2H), 7.34 (dd, J = 8.4, 1.1 Hz, 1H), 2.75 (d, J = 0.8 Hz, 

3H). 13C NMR (126 MHz, CDCl3) δ 187.5 (C=O), 183.0 (C=O), 182.5 (C=O), 162.6 (Ar), 

156.9 (Ar), 152.6 (Ar), 141.6 (Ar), 136.7 (Ar), 136.3 (Ar), 133.9 (Ar), 133.9 (Ar), 133.2 

(Ar), 130.3 (PhCH), 129.0 (PhCH), 124.9 (Ar), 123.3 (Ar), 119.8 (Ar), 117.6 (Ar), 116.4 

(Ar), 113.0 (Ar), 19.7 (Ar-CH3). HRMS APCI: calculated for C24H15O5 [M + H]+: 

383.0919; found: 383.0923; IR (Neat, cm-1) 3111 (C-H), 3079 (C-H), 1667 (C=O), 1643 

(C=O), 1633 (C=O), 1591 (C=C), 1541, 1454, 1349, 1279, 1207, 1187, 1038, 975, 939, 

885, 779, 749, 709, 680, 604. 

 

4-(10-hydroxy-4-methyl-6,11-dioxo-6,11-dihydroanthra[1,2-b]furan-2-

yl)butanenitrile (568) 

 

Anthrafuran 568 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 532 (33 mg, 0.047 mmol) in xylene (2 mL) 

were added to the reaction flask. The Anthrafuran 568 was obtained as an orange solid 

(22 mg, 0.064 mmol, 75%). Rf = 0.20 (5% EtOAc in PhMe); mp: 241-243°C, 1H NMR 

(500 MHz, CDCl3) δ 12.71 (s, 1H), 8.01 (d, J = 0.8 Hz, 1H), 7.82 (dd, J = 7.5, 1.1 Hz, 

1H), 7.65 (dd, J = 8.3, 7.5 Hz, 1H), 7.29 (dd, J = 8.4, 1.1 Hz, 1H), 6.66 (s, 1H), 3.14 (t, J 

= 7.3 Hz, 2H), 2.63 (s, 3H), 2.54 (t, J = 7.0 Hz, 2H), 2.25 (t, J = 7.2 Hz, 2H). 13C NMR 
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(126 MHz, CDCl3) δ 188.4 (C=O), 182.8 (C=O), 162.5 (C-Ar), 162.2 (C-Ar), 151.8 (C-

Ar), 138.6 (C-Ar), 136.6 (Ar-CH), 135.9 (C-Ar), 133.5 (C-Ar), 130.1 (C-Ar), 124.5 (Ar-

CH), 123.1 (Ar-CH), 119.6 (Ar-CH), 119.0 (C-Ar), 116.5 (C-Ar), 116.4 (C-Ar), 102.6 

(Ar-CH), 27.6 (CH2), 23.7 (CH2), 19.5 (Ar-CH3), 16.8 (CH3). HRMS  APCI: m/z 

calculated for C21H16NO4 [M + H]+: 346.1079; found: 346.1070; IR (KBr Pellet, cm-

1)3136 (C-H), 3075 (C-H), 2915 (C-H), 25245 (C≡N), 1655 (C=O), 1636 (C=O), 1574 

(C=O), 1456, 1311, 776. 

 

2-hexyl-10-hydroxy-4-methylanthra[1,2-b]furan-6,11-dione (563) 

 

Anthrafuran 563 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 523 (34 mg, 0.084 mmol) in xylene (1 mL) 

were added to the reaction flask. The Anthrafuran 563 was obtained as an orange solid 

(18 mg, 0.050 mmol, 59%). Rf = 0.50 (2% EtOAc in PhMe); mp: 126-131°C, 1H NMR 

(500 MHz, CDCl3) δ 12.75 (s, 1H), 7.94 (d, J = 0.8 Hz, 1H), 7.78 (dd, J = 7.5, 1.1 Hz, 

1H), 7.62 (dd, J = 8.3, 7.6 Hz, 1H), 7.28 – 7.25 (m, 1H), 6.51 (t, J = 0.9 Hz, 1H), 2.93 (t, 

J = 7.7 Hz, 2H), 2.59 (d, J = 0.7 Hz, 3H), 1.83 (dt, J = 15.4, 7.6 Hz, 2H), 1.46 (dt, J = 9.5, 

7.1 Hz, 2H), 1.42 – 1.30 (m, 4H), 0.97 – 0.88 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 

188.5 (C=O), 182.8 (C=O), 166.0 (C-Ar), 162.4 (C-Ar), 151.6 (C-Ar), 138.0 (C-Ar), 

136.5 (C-Ar), 136.4 (Ar-CH), 133.5 (C-Ar), 129.4 (C-Ar), 124.4 (Ar-CH), 122.8 (Ar-

CH), 119.4 (Ar-CH), 116.5 (C-Ar), 116.1 (C-Ar), 100.9 (Ar-CH), 31.6 (CH2), 29.1 (CH2), 

28.9 (CH2), 27.6 (CH2), 22.7 (CH2), 19.5 (Ar-CH3), 14.2 (CH3). HRMS  APCI: m/z 

calculated for C23H23O4 [M + H]+: 363.1596; found: 363.1605; IR (KBr Pellet, cm-1) 2954 

(C-H), 2928 (C-H), 2849 (C-H), 1666 (C=O), 1629 (C=O), 1583 (C=C), 1449, 1256, 750. 

 

10-hydroxy-4-methyl-2-propylanthra[1,2-b]furan-6,11-dione (562) 
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Anthrafuran 562 was prepared according to the general procedure for the deprotection of 

the isopropyl group method A. Anthrafuran 576 (43 mg,0.119 mmol) in xylene (2 mL) 

were added to the reaction flask. The Anthrafuran 562 was obtained as an orange solid 

(29 mg, 0.091 mmol, 77%). Rf = 0.35 (1% EtOAc in PhMe); mp: 155-162°C, 1H NMR 

(500 MHz, CDCl3) δ 12.72 (s, 1H), 7.89 (s, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.60 (t, J = 7.6 

Hz, 1H), 7.24 (d, J = 8.3 Hz, 1H), 6.48 (s, 1H), 2.89 (t, J = 7.5 Hz, 2H), 2.56 (s, 3H), 1.91 

– 1.81 (m, 2H), 1.08 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 188.4 (C=O), 

182.7 (C=O), 165.6 (C-Ar), 162.4 (C-Ar), 151.5 (C-Ar), 138.0 (C-Ar), 136.4 (C-Ar), 

136.3 (Ar-CH), 133.5 (C-Ar), 129.4 (C-Ar), 124.3 (Ar-CH), 122.7 (Ar-CH), 119.3 (Ar-

CH), 116.4 (C-Ar), 116.0 (C-Ar), 101.0 (Ar-CH), 30.8 (Ar-CH2), 21.1 (CH2), 19.4 (Ar-

CH3), 13.9 (CH3). GC-HRMS  EI: m/z calculated for C20H16O4 [M]+: 320.1049; found: 

320.1051; IR (KBr Pellet, cm-1) 2960 (C-H), 2872 (C-H), 1664 (C=O), 1634 (C=O), 1581 

(C=C), 1468, 1454, 1296, 1223, 1152, 1035, 933, 790, 694, 574. 

 

General procedures for the methylation of the free phenol: 

 

 

MeI (2.0 eq) was added to a magnetically stirred solution of Anthraquinone (0.02- 1.5 

mmol) and K2CO3 (3 eq.) in DMF (3 – 5 mL) and heated to 40°C for 16 h. The reaction 

mixture was cooled to RT, diluted with H2O and extracted with CH2Cl2 (x 3), dried over 

MgSO4 and concentrated. The residue was then purified by column chromatography 

(silica, 100% PhMe → 30% EtOAc/PhMe) to give the methylated phenols as orange to 

yellow crystalline solids. 

 

2-(3-chloropropyl)-10-methoxy-4-methylanthra[1,2-b]furan-6,11-dione (572) 
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Anthrafuran 572 was prepared according to the general procedure for the methylation of 

the phenol group. Anthrafuran 569 (59 mg, 0.17 mmol) in DMF (4 mL) were added to 

the reaction flask. The Anthrafuran 572 was obtained as an yellow-orange solid (63 mg, 

0.17 mmol, 99%). Rf = 0.34 (20% EtOAc in PhMe); mp: 175-179°C, 1H NMR (600 MHz, 

CDCl3) δ 7.91 (‘d’, J = 7.6 Hz, 1H), 7.89 (s, 1H), 7.66 (‘t’, J = 8.3 Hz, 1H),  7.30 (d, J = 

8.3 Hz, 1H) 6.56 (d, J = 0.69 Hz, 1H) 4.30 (s, 3H), 3.64 (t, J = 6.4 Hz, 2H), 3.09 (t, J = 

7.4 Hz, 2H), 2.57 (s, 3H), 2.31 (tt, J = 7.0 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 183.8 

(C=O), 182.1 (C=O), 163.2 (C-Ar), 160.3 (C-Ar), 151.7 (C-Ar), 151.7 (C-Ar), 136.4 (C-

Ar), 135.7 (C-Ar), 134.7 (Ar-CH), 128.7 (C-Ar), 122.0 (C-Ar), 121.7 (Ar-CH), 119.7 

(Ar-CH), 118.3 (C-Ar), 118.0 (Ar-CH), 101.9 (Ar-CH), 56.6 (OCH3), 44.1 (CH2Cl), 30.4 

(CH2), 26.1 (CH2), 19.3 (Ar-CH3). HRMS  APCI: m/z calculated for C21H18O4Cl [M + 

H]+: 369.0894; found: 369.0906; IR (KBr Pellet, cm-1) 2972 (C-H), 2902 (C-H), 1663 

(C=O), 1579 (C=C), 1242, 1066, 1004, 940, 749, 565. 

 

2-ethyl-11-methoxy-5-methyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (570) 

 

Anthra-4-pyranone 570 was prepared according to the general procedure for the 

methylation of the phenol group. Anthra-4-pyranone 509 (68 mg, 0.20 mmol) in DMF (4 

mL) were added to the reaction flask. The anthrafuran 570 was obtained as a yellow-

orange solid (61 mg, 0.18 mmol, 86%). Rf = 0.38 (30% EtOAc in PhMe); mp: 220-222°C, 

1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 0.7 Hz, 1H), 7.86 (dd, J = 7.7 Hz, 1.1 Hz, 1H), 

7.68 (‘t’, J = 8.0 Hz, 1H), 7.35 (dd, J = 8.5 Hz, 0.9 Hz, 1H), 6.21 (s, 1H), 4.04 (s, 3H), 

2.96 (d, J = 0.7 Hz, 3H) 2.78 (dq, J = 7.5 Hz, 0.6 Hz, 2H), 1.41 (t, J = 7.5 Hz, 3H). 13C 

NMR (151 MHz, CDCl3) δ 183.3 (C=O), 180.8 (C=O), 179.7 (C=O), 170.8 (C-Ar), 159.8 

(C-Ar), 156.1 (C-Ar), 147.4 (C-Ar), 135.0 (C-Ar), 134.6 (Ar-CH), 126.6 (C-Ar), 124.6 

(Ar-CH), 123.5 (C-Ar), 122.6 (C-Ar), 119.4 (Ar-CH), 118.6 (Ar-CH), 111.1 (Ar-CH), 

56.8 (OCH3), 27.4 (CH2), 24.1 (Ar-CH3), 11.07 (CH3). HRMS  APCI: m/z calculated for 

C21H17O5 [M + H]+: 349.1076; found: 349.1066; IR (KBr Pellet, cm-1) 2967 (C-H), 2931 

(C-H), 2942 (C-H), 1669 (C=O), 1647 (C=O), 1584 (C=C), 1274, 1226, 952. 
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11-Methoxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chromene-4,7,12-trione (571) 

 

Anthra-4-pyranone 571 was prepared according to the general procedure for the 

methylation of the phenol group. Anthra-4-pyranone 551 (30 mg, 0.086 mmol) in DMF 

(2 mL) were added to the reaction flask. The Anthrafuran 571 was obtained as a yellow- 

solid (20 mg, 0.055 mmol, 64%). Rf = 0.26 (20% EtOAc in PhMe); mp: 214-217°C, 1H 

NMR (400 MHz, CDCl3) δ 7.93 (d, J = 0.8 Hz, 1H), 7.88 (dd, J = 7.8, 1.1 Hz, 1H), 

7.68-7.72 (m, 1H) 7.37 (dd, J = 8.5, 1.0 Hz, 1H) 6.22 (s, 1H), 4.05 (s, 3H), 2.97 (d, J = 

0.7 Hz, 3H), 2.72 (t, J = 7.4 Hz, 2H), 1.92 (dq, J = 7.4 Hz, 7.4 Hz, 2H), 1.07 (t, J = 7.4 

Hz, 3H) 13C NMR (100 MHz, CDCl3) δ 183.3 (C=O), 180.9 (C=O), 179.6 (C=O), 169.6 

(C-Ar), 159.8 (C-Ar), 156.1 (C-Ar), 147.4 (C-Ar), 135.1 (C-Ar), 134.6 (Ar-CH), 134.6 

(Ar-CH), 126.6 (C-Ar), 124.6 (Ar-CH), 123.6 (C-Ar), 122.6 (C-Ar), 119.4 (Ar-CH), 

118.6 (Ar-CH), 112.0 (Ar-CH), 56.9 (O-CH3), 36.0 (Ar-CH2), 24.1 (CH2), 20.1 (Ar-

CH3), 13.7 (CH3). HRMS  APCI: m/z calculated for C22H19O5 [M + H]+: 363.1232; 

found: 363.1245; IR (KBr Pellet, cm-1) 2927 (C-H), 2842 (C-H), 1671 (C=O), 1648 

(C=O), 1585 (C=C), 1301, 1264, 944, 754. 
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The methodological development of a series of domino or
cascade reactions affording a series of N-heterocycles is de-
scribed. The rapid formation of these ring systems is in each
case associated with the incorporation of a Heck reaction at
either an early or a late stage of the domino process. A range

Introduction

Recent developments in domino reaction chemistry have
provided more effective methods for the synthesis of a range
of complex ring systems and molecules. A domino reaction
is defined as “the execution of two or more bond-forming
transformations under identical reaction conditions, in
which the latter transformations take place at the function-
alities formed by the preceding transformation”.[1] Such
transformations are attractive to industry and research
laboratories because of their potential for saving solvents,
reagents, time and energy. Domino reactions have been use-
ful in the preparation of complex molecules including sev-
eral natural products.[2] Alternatively, one prime example of
the potential for large-scale preparation of pharmaceuticals
has been highlighted by Hayashi’s group in their prepara-
tion of the anti-influenza drug (–)-oseltamivir phosphate
(Tamiflu™).[3] In this synthesis, two single-pot domino pro-
cesses are utilised, one incorporating a Michael/Horner–
Wardsworth–Emmons reaction sequence.

In most cases the more realistic domino reactions are
those in which all transformations occur under similar reac-
tion conditions, such as domino reactions utilising two pal-
ladium-catalysed steps.
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of catalytic conditions and substrate modifications for op-
timisation of domino Tsuji–Trost/Heck, Buchwald–Hartwig/
Heck and Heck/carbopalladation reaction sequences are re-
ported.

Reactions such as these have been useful in the pro-
duction of biologically active molecules[1–2] such as scopa-
dulcic acid A,[4] manzamine A,[5] biyouyanagin A[6] and α-
tocopherol.[7] Likewise, a process in which a base-mediated
step is combined with a palladium-catalysed step might also
seem more promising, because bases are often used in con-
junction with Pd-mediated cross-coupling reactions. Such
palladium-catalysed domino reactions are becoming more
frequently published and cited in the literature.[8]

Recently, studies within our group have focussed on
domino reactions in which at least one step involves a palla-
dium-catalysed Heck reaction. Recently we reported dom-
ino Heck/aza-Michael reactions based on rapid cross-cou-
pling of the aryl halides 1 and 3 prior to any nucleophilic
attack at carbon (Scheme 1). In these instances we were able
to produce a range of tetrahydro-β-carbolines 2, isoquinol-
ines 4 and isoindolines, but not before careful consideration
of the type of catalytic system.[9] By reversing the type of
reaction order we also reported the use of a series of
domino Tsuji–Trost/Heck reactions in the synthesis
of the azepino[4,5-b]indoles 6 and 3-benzazepines 8
(Scheme 1), hence with nucleophilic addition processes in
the early stages of the reaction sequences.[10] Because these
domino reactions are assumed to go through two catalytic
cycles they have also been described as pseudo-domino re-
actions.[11] As part of the fine tuning of the Tsuji–Trost/
Heck domino reaction, a two-base system that utilises one
base for each of the individual reactions was recognised as
the most efficient. In our continuing studies we have sought
to explore other possible domino reactions in combination
with the Heck reaction to generate a new series of N-hetero-
cycles.

In this report the indole, isoquinoline, benzazepine and
azepinobenzindolizidine ring systems (Figure 1) were cho-
sen as targets because of their prevalence in both pharma-



Domino Reactions Incorporating the Heck Reaction

Scheme 1. Domino Tsuji–Trost/Heck sequences and Heck/aza-
Michael sequences in the formation of various N-heterocycles.

ceuticals and natural products. The indole ring system can
be found in biologically active natural products such as vin-
cristine and reserpine (9).[12] Likewise, laudanosine (10) is
an excellent example of an isoquinoline natural product,
but is simple in comparison with the structurally complex
antitumour agent ecteinascidin 743.[13] The 3-benzazepine
ring system is present in the cephalotaxus alkaloids[14] and
in simpler entities such as lennoxamine (11), found in Ber-
beris darwinii.[15] Efficient production of the N-heterocyclic
cores of such compounds is paramount when investigating

Figure 1. The natural products 9, 10 and 11, containing indole,
isoquinoline, and benzazepine ring systems.
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the production either of natural products for biological
evaluation or of simpler analogues on an industrial scale.
This paper investigates a range of palladium-mediated dom-
ino reactions incorporating the Heck reaction. These pro-
cesses include Tsuji–Trost/Heck reaction sequences tar-
geting indoles and tetrahydroisoquinolines, Buchwald–
Hartwig/Heck reaction sequences applied in the synthesis
of benzazepines, and Heck/carbopalladation reaction se-
quences for the synthesis of azepinobenzindolizidines.

Results and Discussion

Domino Tsuji–Trost/Heck Reaction Combinations for the
Synthesis of Indoles

The indole ring system has been prepared by numerous
approaches, beginning with the Fischer indole synthesis[16]

and followed by other comprehensive methods.[17] More re-
cent methods utilising palladium catalysis have also been
incorporated into successful synthetic programs,[18] some en
route to biologically active compounds. In order to utilise
our Tsuji–Trost/Heck domino approach towards this ring
system we first sought an efficient method for the two indi-
vidual reactions in this process. The 5-exo-trig intramolecu-
lar Heck reactions of the aryl halides 12 (Scheme 2), bear-
ing amine tethers, have been reported by several groups
with mixed success. These reactions depend on either the
halide, the groups attached to the aromatic ring or the type
of olefinic system.[19] In these reports the 5-exo-trig reac-
tions predominate to afford the olefins 14, which then nor-
mally aromatise upon further stirring or workup to form
the sought after indole ring systems 13.[20]

Scheme 2. Intramolecular Heck reactions in preparations of
indoles.

The precursor 15 (Scheme 3) for our study could be pre-
pared efficiently through simple tosylation of 2-iodoaniline.
The tosyl group was chosen to provide an NH proton
slightly more acidic than that in the trifluoroacetamide used
previously in the group.[9a] The preparations of indoles

Scheme 3. Allylation of N-tosyl-2-iodoaniline (15).
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through the initial allylation of 15 with allyl bromide was
tested with and without the assistance of a palladium cata-
lyst.[10a]

Modification of the base and solvent in each of the trial
reactions revealed the optimum reaction system with the
addition of a Pd(PPh3)4 catalyst (10 mol-%). As in our pre-
vious domino reaction methodology study with similar
amines, allylation of compound 15 in the presence of the
Pd catalyst (presumably through a π-allyl palladium inter-
mediate) occurred at a much faster rate than the simple
SN2� reaction.[10a] DMF was also found to be an effective
solvent for this Tsuji–Trost reaction, with complete conver-
sion of the aryl iodide 15 into the olefin 16 (Scheme 3)
achieved efficiently regardless of the allylating agent used.
The increase in the rate of the Tsuji–Trost reaction in DMF
might also be attributed to the role played by a high-po-
larity solvent in assisting dissociation of the bromide/chlor-
ide/acetate ion from the L2Pd(η2) intermediate to form the
reactive η3-allyl cation complex, as reported previously.[21]

Once large quantities of the allyl sulfonamide 16 were to
hand, the intramolecular Heck reaction was trialled as the
eventual proposed second step of the domino reaction. The
use of DMF as an effective solvent for the intramolecular
Heck reaction was taken into account. A series of reactions
with Pd(PPh3)4 and other common palladium-based cata-
lysts were initially chosen.[22,23] N-Tosyl-3-methylindole (17,
Scheme 4) was synthesised in a reasonable yield (71%) in
the presence of Pd(OAc)2 under phosphane-free Jeffery’s
conditions.[24] At this stage no attempts were made to inves-
tigate the Heck cyclisation reaction with more electron-rich
phosphanes, as published by the groups of Fu and Buch-
wald; instead, optimisation of the domino process was ex-
amined.[25] During the course of our initial investigations,
Beck’s group proposed an allylation/Heck cyclisation se-
quence in a separate investigation involving aryl chlorides
and use of the Buchwald ligand (up to 67 % yield).[26] Al-
though this work highlighted good process with aryl chlor-
ides in reasonable yields and with moderate turnovers, we
were wary of substrate scope and the use of the Buchwald
ligands and possible competing C–N cross-coupling.

Scheme 4. Heck cyclisation of N-allyl-N-tosyl-2-iodoaniline (16).

After the successful investigation of the individual Tsuji–
Trost and Heck reactions, the domino process was then at-
tempted under a series of reaction conditions (Table 1). In
the initial attempts, conditions leading to the formation of
the intermediate 16 were maintained over a longer period,
which led to small amounts of the domino product 17 being
isolated (Table 1, Entries 1 and 2). In an effort to accelerate
the secondary Heck reaction process, the catalytic system
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proposed by Fu [Pd2(dba)3·CHCl3, P(tBuP)3HBF4 and
Cs2CO3, Cy2NMe][25a] was studied, but in this case the only
domino product isolated was 18 (8 %, Table 1, Entry 3).
This phenomenon was attributed to a process in which an
initial intermolecular Heck reaction occurred,[27] followed
by a later CN coupling.[28] To test the possibility that there
was a halide effect playing a part in the domino process, or
more specifically the secondary Heck reaction, the allyl-
ating agent was changed to allyl chloride. (Entries 4 to 6,
Table 1). This series of reactions confirmed this allylating
agent to be superior in combination with Pd(PPh3)4

(10 mol-%) and triethylamine, but large amounts of the al-
lylated sulfonamide 16 still remained. A change of allylating
agent to allyl acetate produced moderate amounts of the
domino product (26–34%) though not enough for a viable
process. The bidentate dppf ligand was also used because
of its potential to form an active (1:1) palladium bis-ligated
precursor, but this reaction still only produced moderate
amounts of both compounds 16 and 17. In our case a
breakthrough came on treatment of the aryl iodide 15 with
the palladacycle 19 (Table 1, Entry 9) discovered by Herr-
mann and Beller.[29] This reaction showed complete con-
sumption of the allyl product 16, immediately detectable by
tlc, and directly offered a new lead in the investigation of
the domino process. The Herrmann–Beller catalyst 19 of-
fers several advantages over the other catalytic systems pre-

Table 1. Initial investigation of Tsuji–Trost/Heck domino condi-
tions with N-tosyl-2-iodoaniline (15).

X[a] Base Catalyst[c] Temp. Add. Yield [%]
reagent/

[°C] ligand 16 17 18

1 Br Cs2CO3 Pd(OAc)2 60 – 90 �0.2 –
2 Br Cs2CO3 Pd(PPh3)4 60 – 71 3 –
3 Br Cs2CO3, Pd2(dba)3· 80 P(tBu)3 81 – 8

CHCl3 HBF4

Cy2NMe
4 Cl Et3N Pd(PPh3)4 80 – �45 48 –
5 Cl Cs2CO3 Pd(PPh3)4 90–100 – �70 22 –
6 Cl Cs2CO3 Pd(PPh3)4 85–90 nBu4NCl �85 15 –
7 OAc Cs2CO3 Pd(PPh3)4 75–80 – �65 34 –
8 OAc Cs2CO3 Pd2(dba)3· 70–90 dppf 21 31 –

CHCl3
9 OAc Cy2NMe HB cat[b] 90–100 – trace 26 16

[a] In each reaction 1–2 equiv. of the allylating reagent were used.
[b] The Herrmann–Beller (HB) catalyst is trans-bis(μ-acetato)-
bis[o-(di-o-tolylphosphanyl)benzyl]dipalladium(II) (19) and was
used at 5 mol-%. [c] All catalysts were used at 10 mol-% except 19
(5 mol-%).
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viously investigated. This catalytic system allows reactions
to be carried out at high temperatures without rapid cata-
lyst decomposition and with a palladacycle considered a
slow release precatalyst (SRPC), a clear advantage in intra-
molecular cross-coupling reactions.[30]

Additionally, it has been suggested that this catalyst fol-
lows an alternative Pd(II/IV) catalytic cycle rather than the
traditional Pd(0/II) pathway, which could have distinct influ-
ences on the nature of the domino-type process in which
both steps involve Pd.[29a,31] In the initial series of reactions
conducted with the Herrmann–Beller palladacycle 19
(5 mol-%, Entries 1–4, Table 2) it is clear that the intermedi-
ate 16 was further consumed in the reaction except when
allyl chloride was used (Entry 5, Table 2). It should be men-
tioned at this stage that the choice of Cy2NMe was made
because of its higher boiling point and that to date the use
of this base in reactions in the presence of the Hermann–
Beller palladacycle 19 is otherwise unreported. A change in
the base to KOAc greatly improved the yield of the indole
17 but did not stop the formation of the isomeric product
18. A change in the allylating agent from the allyl acetate
to allyl bromide improved the yield of the desired indole 17
and almost eliminated the formation of its regioisomer 18.
This result can be attributed to allyl acetate being slightly

Table 2. Investigation of the domino reaction with N-tosyl-2-
iodoaniline (15) and the Herrmann–Beller catalyst.[a]

X[b] Base Catalyst Temp. Add. Yield [%]
[°C] ligand 16 17 18

1 OAc Cy2NMe HB[a] 90–100 – trace 26 16
2 OAc Cy2NMe HB[a] 120 – trace 33 16
3 OAc KOAc HB[a] 120 – trace 66 22
4 Br KOAc HB[a] r.t. to – 80 16 2

120
5 Cl Cs2CO3 HB[a] r.t. to – 84 15 0.7

120
6 Br Cs2CO3 HB[a] r.t. to – trace 86 –

120
7 Br KOAc Pd(OAc)2 70 P(o-tol)3 � 90 – –

[a] The Herrmann–Beller catalyst (HB) is trans-bis(μ-acetato)-bis[o-
(di-o-tolylphosphanyl)benzyl]dipalladium(II) (19) and was used at
5 mol-%. [b] In each reaction 1–2 equiv. of the allylating reagent
were used.
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more reactive in the intermolecular Heck reaction and poss-
ibly less reactive in the Tsuji–Trost reaction. The reaction
with allyl chloride was selective for the allylated intermedi-
ate 16, which is possibly attributable to the chloride ion
hindering the initial stages of the Heck catalytic cycle.

On use of Cs2CO3 in combination with the HB catalyst
(Entry 6, Table 2) an excellent yield of 86% of the desired
indole was achieved, with this process also being repeatable
on a larger scale. Additionally, to confirm that the HB cata-
lyst was the active precursor species in this process an ad-
ditional reaction was carried out with Pd(OAc)2 and the
P(o-tol)3 ligand (Entry 7, Table 2). In this case only the in-
termediate 16 was generated.

Domino Tsuji–Trost/Heck Reaction Combinations for the
Synthesis of Tetrahydroisoquinolines

The synthesis of tetrahydroisoquinolines through intra-
molecular Heck reactions has been investigated by a few
groups, but this process is in general far less reliable than
the previously discussed formation of the indole ring sys-
tem. Usually the product bearing the exocyclic double bond
formed through a 6-exo-trig cyclisation predominates.[32] In
previous reports, the second steps of our planned domino
reaction sequences, intramolecular Heck reactions of allyl-
ated amines, often produce unwanted palladacycle inter-
mediates. These intermediates, which have previously been
isolated by Broggini and Balme, ultimately hinder β-hydride
elimination and significantly lower the yields of the Heck
reactions.[32] Therefore, because this was the second step in
our proposed domino reaction sequence, we imagined that
the yields of the tetrahydroisoquinoline might be lower than
in the cases in which the indole ring system was targeted.
In this context we deemed the protecting group on the ni-
trogen to be essential for potential improvement of the
Heck reaction. To mirror the results from the earlier indole
domino reactions, we investigated both trifluoroacetate and
tosyl nitrogen-protecting groups, and hence prepared the
compounds 20 and 21 (Scheme 5). Additionally, the benzyl
protecting group was also trialled (compound 22) for its
possibly steric hindrance of the formation of stable and un-
wanted palladacycle intermediates, as observed by other
groups, as well as for its potential to improve the rate of
the allylation reaction.[32a,32b] The three protected amines
(20–22) were prepared by standard allylation procedures
(see the Exp. Section). Treatment of each of these olefins
under identical catalytic conditions (Scheme 5), suggested
that in this instance the toluenesulfonamide was the most

Scheme 5. Intramolecular Heck reactions of the olefins 20–22.
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reactive system for the intramolecular Heck reaction. Insta-
bility of compounds 20–22 was also evident in this process,
with reasonable quantities of decomposition products being
observed in these trials.

Investigations into the domino process were initiated by
application of reaction conditions similar to those that had
been successful in the indole ring formation (Entries 1 and
2, Table 3). In these cases we isolated only the allylated
compound 21, depending on the reaction time. Modifica-
tion of the base or use of allyl acetate was unsuccessful
in combination with the Hermann–Beller palladacycle (19).
This was surprising, because we were anticipating that use
of a system that would slowly release Pd0 might possibly
limit the formation of an unwanted intermediate amine pal-
ladacycle and improve the reaction yield. Interestingly in
each of these cases, the starting material was consumed.
Use of Pd(PPh3)4 (10 mol-%) as a catalyst (Table 3, En-
tries 6–9) seemed to result in rapid consumption of the
starting material without significant mass return, suggest-
ing either decomposition or precipitation of a Pd intermedi-
ate hindering the formation of tetrahydroisoquinoline 24.

Table 3. Domino Tsuji–Trost/Heck reaction sequence with the N-
tosyl-tetrahydroisoquinoline 26.

X[a] Base Catalyst Temp. Additive Add. Yield [%]
[°C] ligand 21 24

1 Br Cs2CO3 HB[b] r.t. to 120 – �90 –
2 Br Cs2CO3 HB[b] 100 – 45 22
3 OAc CsCO3 HB[b] 120 – 15 –
4 OAc KOAc HB[b] 120 – – –
5 Br Cs2CO3 HB[b] 50–90 – – –
6 Br Et3N Pd (PPh3)4 60 – 6 –
7[c] Cl Et3N Pd(PPh3)4 80 – 48 –
8 OAc Et3N Pd(PPh3)4 60 – 14 9
9[c] OAc Et3N Pd(PPh3)4 40–70[d] – – –
10[c] OAc Et3N Pd(OAc)2 40–80[d] PPh3 – –
11 OAc Et3N Pd(OAc)2 45–80[d] toluene PPh3 – –
12 OAc Cs2CO3 Pd2(dba)3· 50 4 equiv. P(tBu)3 �14 –

CHCl3 base HBF4

13 OAc Cs2CO3 Pd2(dba)3· 45–80[d] P(tBu)3 41 –
CHCl3 HBF4

14 Br Cs2CO3 Pd2(dba)3· 100 toluene XPhos – –
CHCl3

15 Br Cs2CO3 Pd2(dba)3· 100 toluene Davephos trace –
CHCl3

16 Br Cs2CO3 Pd2(dba)3· 100 toluene XantPhos – –
CHCl3

17 Br Cs2CO3 Pd2(dba)3· 100 toluene dppf – –
CHCl3

[a] All reactions were completed in DMF, with 2 equiv. of the al-
lylating agent. [b] Hermann–Beller catalyst (HB) is trans-bis(μ-acet-
ato)-bis[o-(di-o-tolylphosphanyl)benzyl]dipalladium(II) (19) and
was used at 5 mol-%. [c] In these reactions large quantities of the
starting material 26 were also reisolated. [d] Reactions were held
at the first temperature indicated for 5 h and then at the second
temperature overnight.
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At lower temperatures this catalyst seems to be much less
active and either starting material remains or decomposi-
tion occurs. Alteration of the catalytic system to Pd2(dba)3

with a range of various electron-rich phosphanes, including
Buchwald’s bis-aryl phosphanes, also failed to improve the
conversion of the sulfonamide 26 into the isoquinoline
domino product 24 (Table 3, Entries 12–16). The most ef-
ficient process for this domino reaction was thus a 22 %
yield (Entry 2, Table 3) and so we decided to take a more
drastic approach and to trial an alternative amine-protect-
ing group.

We next investigated the trifluoroacetate moiety as a pro-
tecting group, similar to that utilised earlier in the domino
reactions in the formation of 3-benzazepines and azepino-
indoles.[10a] Initially we investigated the domino reaction
under a range of reaction conditions, with use of Pd(PPh3)4

(10 mol-%) or HB catalyst (5 mol-%) (Entries 1–4, Table 4).
The best conditions for the conversion of the amide 27 into
compound 23 through a Tsuji–Trost/Heck reaction domino
process was with use of Pd(PPh3)4 (10 mol-%) in DMF
(49 %).

Table 4. Domino Tsuji–Trost/Heck reaction sequence[a] to afford
the N-trifluoroacetyl-tetrahydroisoquinoline 23.

Catalyst Base Temp. Time Solvent Yield [%]
[°C] [h] 20 23

1 Pd(PPh3)4 Cs2CO3 80 18 DMF 0 49
2 HB[b] Cs2CO3 80 18 DMF 0 19
3 Pd(PPh3)4 Cs2CO3 80 18 PhMe/ 0 27

DMF (9:1)
4 Pd(PPh3)4 Cs2CO3 45 2.5 DMF 64 trace
5 Pd(PPh3)4 1 mol-% Cs2CO3 80 48 DMF 12 23
6 Pd(PPh3)4 + PPh3 Cs2CO3 80 18 DMF 0 52

(100 mol-%)

[a] Pd (10 mol-%), solvent (2 mL) and allyl bromide (2 equiv.) un-
less stated otherwise. [b] The Hermann–Beller catalyst (HB) is
trans-bis(μ-acetato)-bis[o-(di-o-tolylphosphanyl)benzyl]dipallad-
ium(II) (19).

This yield was reasonable in view of the perceived com-
plexity of the second intramolecular Heck reaction and the
fact that it is incorporated as part of a domino process.
At lower temperatures reasonable amounts of the allylated
compound 20 were isolated in the absence of the tetra-
hydroisoquinoline 23. A reduction in catalytic loading (En-
try 5, Table 4), potentially to circumvent the rapid forma-
tion of any palladacycle intermediates, was also trialled.
Similarly, the use of phosphane in excess, as reported by
Balme’s group, for the intermolecular Heck reaction was
attempted in order to improve the yield of the domino
product.[32b] In this case this set of reaction conditions (En-
try 6, Table 4) was successful, with a yield of 52% of the
domino product tetrahydroisoquinoline 23, excellent con-
sidering the difficulty of the formation of these ring systems
in Heck-type processes.
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In the final example of this ring system we also investi-
gated the domino reaction sequence with a benzyl-protected
amine. Despite our poor result for the intramolecular Heck
reaction we were in this case able to obtain some (21 %) of
the benzyl-protected tetrahydroisoquinoline 25 with use of
the palladacycle 19. In this example it was clear that the
allyl species 22 was extremely unstable in the presence of a
range of palladium catalysts and that this was the factor
preventing reasonable conversion into the domino product.
Reducing the catalytic loading (Entries 4 and 5, Table 5)
had a dramatic effect on the initial Tsuji–Trost reaction,
with large quantities of the starting material 28 remaining
in the reaction mixtures.

Table 5. Domino Tsuji–Trost/Heck reaction sequence[a] to afford
the N-benzyl-tetrahydroisoquinoline 25.

Catalyst Temp. Time Solvent Yield [%]
[°C] [h] 22 25

1 Pd(PPh3)4 r.t. to 40–80[b] 20 DMF 23 12
2 Pd(OAc)2 r.t. to 40–80[b] 20 DMF 25 8
3 HB[c] r.t. to 40–80[b] 20 DMF 0 21
4 HB[c],[d] 80 20 PhMe 0 0
5 Pd(OAc)2

[c][d] 80 20 PhMe 0 0

[a] Allyl bromide (2 equiv.) was used in each example. [b] Room
temp. for 2 h, 40 °C for 1.5 h, 80 °C for 16 h. [c] The Hermann–
Beller catalyst (HB) is trans-bis(μ-acetato)-bis[o-(di-o-tolylphos-
phanyl)benzyl]dipalladium(II) (19). [d] Pd catalyst (0.08 mol-%),
and in these examples large amounts of the starting material 28
remained,.

Buchwald–Hartwig/Heck Reaction Sequence for the
Synthesis of 3-Benzazepines

To expand the scope of domino reaction methodology
involving Heck reactions, we also envisaged the incorpora-
tion of Buchwald–Hartwig cross-coupling reactions.[25b]

The combination of these two reactions is extremely rare in

Scheme 6. C–N cross-coupling reactions of the dibromide 29.
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the literature, possibly due to the need for ordered chemose-
lectivity for the two cross-coupling reactions, because they
both utilise aryl and vinyl halides as their starting sub-
strates. Substrate reactivity is vital, depending on whether
the C–N cross-coupling is designed to occur as the first
bond-forming process[33] or the second.[34] To construct a
substrate for this domino reaction we prepared compound
29 (Scheme 6), bearing both an aryl and vinyl bromide. This
compound has been employed in total syntheses[35] and in
other domino-type processes.[36] Many of the reported dom-
ino processes involving this compound (and its derivatives)
involve double C–N cross-coupling to afford indole N-het-
erocycles. Previously, in the case of C–C bond formation,
this compound had shown some selectivity towards the vi-
nyl bromide under palladium-catalysed reaction condi-
tions.[35,37]

The dibromide 29 was prepared by transformation of or-
tho-bromobenzaldehyde into the 1,2-dibromovinyl com-
pound, followed by nBu3SnH reduction.[35] Additionally, a
Wittig reaction process with the same starting material (or-
tho-bromobenzaldehyde) was effective in producing larger
quantities of compound 29, although a small degree of con-
tamination with the E-isomer after chromatography was
also observed.[36a,36b,38]

As part of the development of this domino reaction we
initially investigated the chemoselectivity of a Buchwald–
Hartwig reaction with the substrate 29. For the C–N cross-
coupling reaction we first sought a simple amine and so
were attracted to pyrrolidine. Several reaction attempts with
the ligands popularised by Buchwald only produced the di-
meric compound 31 (Scheme 6),[39] together with a small
amount of cyclic triyne. In this case it is assumed that com-
pound 31 was formed through initial elimination of HBr
and a subsequent Sonogashira-type reaction with a second
molecule of the vinyl bromide 29 (Scheme 6). After this re-
sult, which had shown no indication of a C–N reaction, we
required a slightly more reactive coupling partner that
would react prior to the dimerisation of compound 29. We
thus considered the corresponding amide: pyrroldinone. A
C–N cross-coupling reaction of this amide with Pd2-
(dba)3·CHCl3, DavePhos and Cs2CO3 afforded the desired
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enamide (Z)-32 (Scheme 6), in excellent yields (90%). Be-
cause the Z geometrical isomer was unstable, the light-pro-
moted conversion into the E isomer was also carried out.[40]

In this instance we were encouraged by the chemoselective
nature of this reaction for the vinyl bromide over the aryl
bromide. To investigate the copper variant of this reaction
we also trialled the Ullmann–Goldberg reaction; in this in-
stance treatment of 29 with pyrroldinone, CuI and N,N-
dimethylethylenediamine furnished the required amide (E)-
32 in 95% yield.

Given the excellent chemoselective nature of the C–N
cross-coupling of pyrrolidinone and the dibromo com-
pound 29 we explored the possibility of also incorporating
a vinyl (or olefinic) substituent in an amide of this type.
Unfortunately, the corresponding amide (5-vinylpyrrolidin-
2-one) was not commercially available and methods for the
production of this compound are quite lengthy for a meth-
odological study of this kind. In this case we decided upon
the simpler compound 33 (Table 6), containing the two
functionalities for C–N and C–C cross-coupling. Applica-
tion of the conditions used for the original Buchwald–Hart-
wig cross-coupling reaction of pyrrolidinone to the reaction
with N-allylacetamide (33) provided none of the desired
domino product 35 or of the precursor 34 (Entry 1,
Table 3). Increasing the amount of N-allylacetamide (33) to
two equivalents (DavePhos, 10 mol-%), however, initiated
the formation both of the domino product 35 and of the
C–N cross-coupling precursor 34. To test the rates of each
of these single steps in the domino process the reaction was
stopped after 2.5 hours and in this process a 35 % yield of
the C–N cross-coupling product 34 was obtained (Entry 3,
Table 6), with only trace amounts of the domino product
35. Increasing the amount of amide from 2 to 4 or 6 equiv.
also improved the overall yield of the domino product 35
(Entries 4 and 5, Table 6). Under the last set of conditions
a 50 % yield of the domino product was achieved (Entry 5),
but because of the impractical nature of using several equiv-
alents of the amide an improved series of catalytic condi-
tions were sought. Changing the base, solvent and Pd-to-
ligand ratio (10 mol-% catalyst) also failed to have any sig-
nificant influence on the reaction.

Modification of the biaryl ligand system was also investi-
gated and in the case of SPhos (Entry 16, Table 6), contain-
ing two methoxy groups, the reaction proceeded in similar
manner to when DavePhos was applied, with a 12% yield
of the domino product 35. Other Buchwald ligands
(JohnPhos, XPhos, cyclohexyl JohnPhos and tert-butyl
XPhos) unfortunately failed to initiate the domino process
or to form any of the single C–N cross-coupling product,
possibly indicating the need for an electron-donating group
on the lower ring of the phosphane ligand. The key to im-
provement of the domino process was the use of an alterna-
tive ligand scaffold.[41] With a low Pd-to-ligand ratio (1:1
or 1:2) and the application of XantPhos (10 mol-%) this
domino reaction was exceptional, with yields of the benza-
zepine 35 of 82 and 83%, respectively (Entries 23 and 24,
Table 6). In our analysis the clear difference in yields with
this ligand could be attributed to the wide bite angle of
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Table 6. Investigations into domino Buchwald–Hartwig/Heck reac-
tion sequences[a].

Base Amide Ligand Solvent Pd Pd/ Yield
L

(equiv.) [mol-%] ratio 34 35

1 Cs2CO3 1 DavePhos PhMe 10 2:1 0 0
2 Cs2CO3 2 DavePhos PhMe 10 2:1 11 33
3[b] Cs2CO3 2 DavePhos PhMe 10 2:1 35 trace
4 Cs2CO3 4 DavePhos PhMe 10 2:1 0 46
5 Cs2CO3 6 DavePhos PhMe 10 2:1 0 50
6 K3PO4 2 DavePhos PhMe 10 2:1 13 9
7[c] tBuOK 2 DavePhos PhMe 10 2:1 0 0
8 Cs2CO3 2 DavePhos DMF 10 2:1 0 0
9 Cs2CO3 2 DavePhos 1,4- di- 10 2:1 0 17

oxane
10 Cs2CO3 2 DavePhos PhMe 10 1:2 trace trace
11 Cs2CO3 2 DavePhos PhMe 10 1:1 trace trace
12 Cs2CO3 2 DavePhos PhMe 10 4:1 trace 19
13 Cs2CO3 2 DavePhos PhMe 20 2:1 0 15
14 Cs2CO3 2 DavePhos PhMe 5 2:1 7 9
15 Cs2CO3 2 JohnPhos PhMe 10 2:1 0 0
16 Cs2CO3 2 SPhos PhMe 10 2:1 15 12
17 Cs2CO3 2 XPhos PhMe 10 2:1 trace trace
18 Cs2CO3 2 cyclo- PhMe 10 2:1 0 0

hexyl
JohnPhos

19 Cs2CO3 2 tert-butyl PhMe 10 2:1 0 0
XPhos

20 Cs2CO3 2 o-tol PhMe 10 2:1 0 0
21 Cs2CO3 2 DavePhos PhMe 10 2:1 0 0
22 Cs2CO3 2 XantPhos PhMe 10 2:1 0 33
23 Cs2CO3 2 XantPhos PhMe 10 1:1 0 82
24 Cs2CO3 2 XantPhos PhMe 10 1:2 0 83

[a] All reactions were carried out at 100 °C with Pd2(dba)3·CHCl3
and the specified ligand. [b] Reaction was carried out for 2.5 h.
[c] Reaction produced only the elimination product 2-bromoethyn-
ylbenzene.

XantPhos in relation to other ligands used for C–N cross-
coupling.[42] In earlier studies by Hartwig, ligands with
slightly smaller bite angles are proposed to be more reactive
for aryl bromides.[43] Given that many of the studied reac-
tions either go to completion or there is only a small
amount of the allyl amide 34 remaining, it is assumed that
the Heck reaction has the lower activation energy barrier
of the two single-step processes. This was apparent when
the olefin 34 was treated with Pd(PPh3)4 (10 mol-%) under
standard Heck reaction conditions to afford a 73 % yield of
the desired 3-benzazepine 35.

Domino Heck/Heck Carbopalladation to
Azepinobenzindolizines

The original classification of a “Zipper” palladium-cata-
lysed domino reaction is one of several general modes of
domino carbopalladation, which has been described by sev-
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Table 7. Domino Heck/carbopalladation reaction sequence to afford the tetracycle 39.

Entry Catalyst[a] Base (equiv.) Concentration Solvent Time Ratio 37/39 Isolated yields

1 Pd(PPh3)4 K2CO3 (1) 55 mmolL–1 DMF 3 h 1:1 37:39 49%; 38 40%
2 Pd(PPh3)4 K2CO3 (8) 97 mmolL–1 DMF 5 h 1.00:0.88 37:39 52%; 38 27%
3 Pd(PPh3)4 NBu4OAc (2) 54 mmolL–1 DMF 3 h 1.00:0.21 37:39 73%; 38 0%
4 Pd(PPh3)4 NBu4OAc (2) 56 mmolL–1 DMF/PhMe 1:1 3 h 1.00:0.17 37:39 68 %; 38 0%
5 Pd(PPh3)4 NEt3 (3) 80 mmolL–1 DMF 21 h 1.00:1.18 37:39 57%; 38 14%
6 Pd(PPh3)4 DBU (3) 89 mmolL–1 DMF 24 h 1.00:0.41 37:39 43%; 38 0%

[a] Pd(PPh3)4 was used at 10 mol-% loading for all reactions.

eral groups.[44] In 2009 we described a similar domino pro-
cess for the bis-allyl compound 36 (Table 7), in which an
initial Heck reaction of the allylacetamide group at the in-
dole C2 position first produces the azepine ring, and a sub-
sequent second Heck carbopalladation could occur with the
indole allyl group to afford the azepino-benzindolizine ring
system 39. Unusually, the other possible reaction pathway
involving the indole allyl group and the 2-bromoindole
functionality forming the formation of a five-membered
ring was not followed, possibly due to the more strained
ring configuration.

In our original report of the reaction behaviour of the
bisallylated indole 36 we isolated three compounds: the N-
allylazepinoindole 37, the azepino-indole 38 and the azep-
ino-benzindolizidine 39 (Table 7). The products 37 and 39
presumably arise from a similar Pd intermediate, with the
indoleazepine 37 resulting from immediate β-hydride elimi-
nation and the tetracycle 39 from additional carbopallad-
ation. The last compound 38, formed through deallylation,
is the major obstacle in the production of the domino prod-
uct 39. Because the original reaction conditions had pro-
duced this mixture of three interesting compounds it
seemed a useful method with which to probe the relative
productiveness of the two different pathways leading to
these compounds under a range of conditions. The N-het-
erocyclic ring system contained in compound 39 is of cur-
rent interest because alkaloids with the same 6–5–7–6-mem-
bered ring system have been reported in the literature. Al-
though this ring system is relativity rare, notable examples
can be found; they include the chippiine indole alkaloids,
the prototype compound of which, chippiine, was extracted
from the African species Tabernaemontana chippi.[45] We
were interested to see whether or not variation of the type
of base would lead to changes in the 37/39 ratio, because
the base is involved in the reductive elimination of the intra-
molecular Heck reaction.

Additionally, any base that would hinder the formation
of the deallylated compound 36 would also be advan-
tageous. Changes to the catalyst were not considered be-

Eur. J. Org. Chem. 2012, 544–558 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 551

cause of the high overall yields already obtained with
Pd(PPh3)4. The original conditions (Entry 1, Table 7) gave
a 1:1 ratio of the indoleazepine 37 and the tetracycle 39,
and with an increase in the equivalents of K2CO3 (Entry 2,
Table 7) only a small change in the ratio of these two prod-
ucts was observed. The low solubility of K2CO3 in DMF,
even at 100 °C, could explain why this excess base would
have little effect on the reaction ratio outcome. To solve
this problem we used NBu4OAc, a more DMF-soluble base,
(Entry 3, Table 7). Under these conditions none of the deal-
lylated product was formed and furthermore the ratio was
changed significantly in favour of the simpler azepinoindole
37. This result, culminating in a 73% yield of the two de-
sired compounds (37 and 39) was significant in view of the
complexity of the process. Changing the solvent polarity
(Entry 4, Table 7) again increased the ratio slightly in favour
of the allyl azepinoindole 37. Use of the organic base trieth-
ylamine (Entry 5, Table 7) gave the opposite result to
NBu4OAc, with the ratio changing slightly in favour of the
tetracycle 39, although some of the de-allylated product 38
was also produced. The stronger organic base DBU was
also trialled, favouring the formation of the azepinoindole
37. Unfortunately, we were not able to control the Heck
reaction to give either 39 or 37 exclusively. It seems that
the type of base had a distinctive influence on the reaction
pathway, but there seems to be no distinction from inor-
ganic to organic bases. It can be said from these trials, how-
ever, that more soluble bases lead either to less or to no
formation of the deallylated product, which at least simpli-
fied the transformation to some degree.

The formation of 39 is unique amongst these reactions
because in most cases the substrates are tailored to elimin-
ate the possibility of premature β-hydride elimination.[46]

The literature reports several other examples of palladium-
catalysed domino reactions in which additional carbopal-
ladation steps have occurred instead of β-hydride elimi-
nation.[47] In some cases deliberate efforts to control or sup-
press β-hydride elimination have been made, although these
are still generally limited to isolated examples.[48]
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Conclusions

We have designed a range of domino reactions incorpo-
rating the Heck reaction as one of the synthetic steps.
Through these reactions we have efficiently produced a
series of N-heterocycles including indoles, tetrahydroisoqui-
nolines, 3-benzazepines and azepinobinzindolizidines.
Through optimisation of the various reaction parameters
for each of these domino reactions we have been able to
achieve good to excellent yields in each of the domino pro-
cesses by changing either the substrate or the catalytic sys-
tem. These reaction examples represent a sound guide for
use in production of the discussed N-heterocycles in more
complex and highly functionalised systems.

Experimental Section
General Protocol: Starting materials and reagents were obtained
from Sigma–Aldrich or Merck chemical companies. trans-Bis(μ-
acetato)-bis[o-(di-o-tolylphosphanyl)benzyl]dipalladium(II) (HB
catalyst, 19) was prepared and purified by the procedure of Herr-
mann et al.[49] N-Methyldicyclohexylamine was distilled under re-
duced pressure and stored under argon. Pd2(dba)3·CHCl3[50] and
Pd(PPh3)4

[51] were prepared as described previously. Allyl chloride
was distilled over CaCl2 prior to use. All reactions were performed
under argon and at ambient temperature unless stated otherwise.
All solvents used in reactions were anhydrous unless noted other-
wise. Anhydrous solvents were distilled from the appropriate drying
agent[52] or acquired from a Pure Solv 5-Mid Solvent Purification
System (Innovative Technology Inc.). 1H and 13C NMR spectra
were acquired with Varian 300, Varian 400, Bruker AV 500 or
Bruker AV 600 spectrometers and all signals (δ) are reported in
parts per million (ppm). 1H and 13C assignments were made with
the aid of DEPT, COSY, HSQC and HMBC sequences where ap-
propriate. Chemical shifts were referenced to the residual (partially)
undeuterated solvents and are reported in parts per million (ppm).
Infrared spectra samples were prepared by the KBr disc method
and samples were acquired with a Perkin–Elmer Spectrum One
spectrometer at 2 cm–1 resolution. Melting points were recorded
with a Reichart heated-stage microscope. The reported retention
factors (Rf) were acquired by TLC performed on Merck silica gel
(60 F254) precoated aluminium sheets. Column chromatography
was performed with silica gel 60 (0.04–0.063) supplied by Merck.
Chromatography solvents were distilled prior to use. HPLC was
performed with a Grace–Apollo 250�10 mm, 5 micron, C18 semi-
preparative column coupled to a UV detector. The trifluoroacetam-
ide 27 and the benzylamine 28 were prepared by standard literature
procedures,[53] except that compound 28 was purified by column
chromatography (EtOAc/hexane 1:19).

N-Tosyl-2-iodoaniline (15): N-Tosyl-2-iodoaniline (15) was synthe-
sised by a modification of the procedure of Larock and Zenner.[54]

2-Iodoaniline (1.98 g, 9.0 mmol) was added in one portion at ambi-
ent temperature to a magnetically stirred solution of p-toluenesulf-
onyl chloride (1.86 g, 9.8 mmol) in pyridine (5 mL). The resulting
brown mixture was heated to 70 °C for 3 h and then allowed to
cool to ambient temperature. Excess pyridine was removed under
reduced pressure to give a brown solid. The solid was dissolved in
CH2Cl2 (25 mL) and washed with water (3�5 mL), CuSO4

(10 mL, 0.1 m in water) and brine (5 mL). The organic layer was
dried (MgSO4) and concentrated under reduced pressure to give a
yellow solid. Flash column chromatography (EtOAc/hexane 1:9)
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afforded the protected aniline 15 (2.26 g, 67%) as a colourless solid.
1H NMR and 13C NMR spectroscopic data were consistent with
those described in the literature.[54–55] Rf = 0.27 (EtOAc/hexane
1:9). 1H NMR (400 MHz, CDCl3): δ = 7.66–7.61 (m, 4 H), 7.30
(ddd, J = 8.0, 8.0, 1.6 Hz, 1 H), 7.21 (XX� part of AA� XX� system,
2 H), 6.82 (ddd, J = 8.0, 8.0, 1.6 Hz, 1 H), 6.80 (br s, 1 H), 2.38 (s,
3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 144.4, 139.2, 137.6,
136.0, 129.8, 129.6, 127.6, 127.0, 122.6, 92.4, 21.7 (CH3) ppm. IR:
ν̃max = (KBr) 3286 (N–H), 1474 [asymmetric S(=O)2], 1394, 1330,
1158 [symmetric S(=O)2] cm–1. MS (EI): m/z (%) = 372.9 (79)
[M]+, 217.9 (41) [M – C7H7SO2]+, 155.0 (35) [M – C6H5IN]+, 139.0
(25) [M – C6H5INO]+, 91.0 (100) [M C6H5INSO2]+.

N-Allyl-N-tosyl-2-iodoaniline (16)

Method A: K2CO3 (40 mg, 0.3 mmol) was added in one portion to
a magnetically stirred solution of allyl bromide (0.1 mL, 1.2 mmol)
and the aryl iodide 12 (109 mg, 0.3 mmol) in THF (2 mL). After
this addition, the reaction mixture was heated to 50 °C for 4 h and
then allowed to cool to room temperature. The resulting mixture
was concentrated under reduced pressure, quenched with water
(5 mL) and extracted with Et2O (3 �15 mL). The combined or-
ganic layers were dried (MgSO4) and concentrated under reduced
pressure to give a yellow oil. Flash chromatography (EtOAc/hexane
1:9) afforded the alkene 16 (81 mg, 67%) as a colourless oil.

Method B: Pd(PPh3)4 (31 mg, 0.03 mmol) was added to a magneti-
cally stirred mixture of Cs2CO3 (187 mg, 0.57 mmol), nBu4NHSO4

(12 mg, 0.035 mmol), allyl bromide (0.05 mL, 0.6 mmol) and the
aryl iodide 15 (101 mg, 0.27 mmol) in toluene/DMF (10:1,
1.65 mL). The resulting mixture was then heated to 60 °C for 18 h.
The reaction mixture was concentrated under reduced pressure and
the resulting crude oil was fused to silica gel. Flash chromatography
(EtOAc/hexane 2:8) afforded the alkene 16 (104 mg, 93%) as a
colourless oil. The spectroscopic data for this sample were consis-
tent with those described in the literature.[23a] Rf = 0.34 (EtOAc/
hexane 1:9). 1H NMR (400 MHz, CDCl3): δ = 7.89 (dd, J = 8.0,
1.6 Hz, 1 H), 7.66 (AA� part of AA� XX� system, 2 H), 7.29 (XX�

part of AA� XX� system, 2 H), 7.25 (ddd, J = 8.0, 8.0, 1.6 Hz, 1
H), 7.01 (ddd, J = 8.0, 8.0, 1.6 Hz, 1 H), 6.92 (dd, J = 8.0, 1.6 Hz,
1 H), 5.86 (m, 1 H), 5.03 (dtd, J = 8.9, 1.8, 1.2 Hz, 1 H), 4.97 (dtd,
J = 17.2, 1.8, 1.2 Hz, 1 H), 4.22–4.08 (m, 2 H), 2.44 (s, 3 H) ppm.
13C NMR (100 MHz, CDCl3): δ = 143.9, 141.3, 140.5, 136.6, 132.5,
131.1, 130.0, 129.7, 128.7, 128.3, 119.8 (CH=CH2), 103.3
(CH=CH2), 54.7 (CH2), 21.7 (CH3) ppm. IR (neat): ν̃max = 3062
(C–H), 2922 (C–H), 2864 (C–H), 1595, 1465, 1353 [asymmetric
S(=O)2], 1164 [symmetric S(=O)2] cm–1. MS (EI+): m/z (%) = 412.9
(20) [M]+, 286 (42) [M – I]+, 155 (39) [M – C6H4INC3H5]+, 130
(100), 91 (48) [M – C6H4INC3H5SO2]+.

3-Methyl-N-tosylindole (17): Pd(OAc)2 (8 mg, 0.036 mmol) was
added to a stirred solution of Cs2CO3 (295 mg, 0.97 mmol), PPh3

(9 mg, 0.036 mmol) and the alkene 16 (150 mg, 0.36 mmol) in
DMF (1.5 mL). The reaction mixture was then heated to 40 °C for
12 h. The resulting mixture was allowed to cool to room tempera-
ture and extracted with EtOAc (100 mL). The organic layer was
washed with water (5�5 mL), dried (MgSO4) and concentrated
under reduced pressure to give a brown oil. Flash chromatography
(EtOAc/hexane 1:19) afforded the indole 17 as a light brown solid
(71%). Rf = 0.6 (EtOAc/hexane 2:8). 1H NMR (400 MHz, CDCl3):
δ = 7.98 (m, 1 H), 7.74 (AA� part of AA� XX� system, 2 H), 7.45
(m, 1 H), 7.30 (m, 2 H), 7.23 (ddd, J = 8.0, 8.0, 0.8 Hz, 1 H), 7.19
(XX� part of AA� XX� system, 2 H), 2.32 (s, 3 H), 2.24 (d, J =
1.6 Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 144.8, 135.6,
135.4, 131.9, 129.9, 126.9, 124.7, 123.2, 123.1, 119.5, 118.7, 113.8,
21.7 (CH3), 9.8 (CH3) ppm. IR (KBr): ν̃max = 1445, 1364 [asymmet-
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ric S(=O)2], 1173 [symmetric S(=O)2] cm–1. MS (EI+): m/z (%) =
285 (52) [M]+, 130 (100) [M – SO2C6H4CH3]+, 91 (18) [M –
C9H8NSO2]. Spectroscopic data for this sample were consistent
with those described in the literature.[56]

Selected Reaction Procedures for Table 1. 3-Methyl-N-tosylindole
(17)

Entry 1: Pd(OAc)2 (11 mg, 0.049 mmol) was added to a magneti-
cally stirred solution of Cs2CO3 (346 mg, 1.06 mmol), allyl bromide
(0.05 mL, 0.7 mmol) and 15 (132 mg, 0.35 mmol) in DMF (2 mL).
After this addition, the reaction mixture was stirred at room tem-
perature for 16 h and then stirred at 60 °C for a further 5 h. The
resulting mixture was allowed to cool to room temperature, diluted
with EtOAc and then washed sequentially with water (5�1 mL)
and brine. The organic layer was then dried (MgSO4), concentrated
under reduced pressure and fused to silica gel. Flash chromatog-
raphy (EtOAc/hexane 1:19) afforded the alkene 16 (132 mg, 90%)
and the indole 17 (2.2 mg, 0.2%).

Entry 3: Pd2(dba3)·CHCl3 (17 mg, 0.016 mmol) was added to a
magnetically stirred solution of Cs2CO3 (114 mg, 0.35 mmol),
Cy2NMe (0.08 mL, 0.38 mmol), P(tBu)3HBF (10 mg, 0.034 mmol),
allyl bromide (0.06 mL, 0.7 mmol) and the aryl iodide 15 (119 mg,
0.32 mmol) in DMF (1 mL). The reaction mixture was stirred for
1 h at room temperature, heated to 80 °C over 30 min and then
stirred at this temperature for 16 h. The resulting mixture was al-
lowed to cool to room temperature, diluted with EtOAc and then
washed sequentially with water (5�1 mL) and brine. The organic
layer was then dried (MgSO4), concentrated under reduced pres-
sure and fused to silica gel. Flash chromatography (EtOAc/hexane
1:19) afforded the alkene 16 (107 mg, 81 %) and the indole 18
(4 mg, 8%).

2-Methyl-N-tosylindole (18): 1H NMR (300 MHz, CDCl3): δ = 8.16
(m, 1 H), 7.66 (AA� part of AA� XX� system, 2 H), 7.52 (m, 1 H),
7.4 (m, 1 H), 7.29 (m, 1 H), 7.2 (XX� part of AA� XX� system, 2
H), 6.34 (s, 1 H), 2.6 (s, 3 H), 2.35 (s, 3 H) ppm. Spectroscopic
data for this sample were consistent with those described in the
literature.[57]

Entry 4: Pd(PPh3)4 (32 mg, 0.028 mmol) was added to a magneti-
cally stirred solution of triethylamine (0.06 mL, 0.83 mmol), allyl
chloride (0.04 mL, 0.49 mmol) and the aryl iodide 15 (91.8 mg,
0.25 mmol) in DMF (3 mL). After this addition, the reaction mix-
ture was degassed and stirred at room temperature for 1 h. Further
allyl chloride (0.04 mL, 0.49 mmol) was added, after which the re-
action mixture was heated to 80 °C and stirred for 16 h. The reac-
tion mixture was allowed to cool to room temperature, diluted with
EtOAc (20 mL) and then washed sequentially with water
(5�1 mL) and brine. The organic layer was then dried (MgSO4),
concentrated under reduced pressure and fused to silica gel. Flash
chromatography (EtOAc/hexane 1:19) afforded the alkene 16
(82 mg, 45%) and the indole 17 (34 mg, 48%).

Selected Reaction Procedures for Table 2

Entry 1: The Herrmann–Beller catalyst 19 (24 mg, 0.026 mmol) was
added to a magnetically stirred solution of Cy2NMe (0.14 mL,
0.66 mmol), allyl acetate (0.06 mL, 0.56 mmol) and the aryl iodide
15 (96.4 mg, 0.26 mmol) in DMF (4 mL). The reaction mixture was
degassed and was then immediately heated to 100 °C and stirred at
this temperature for 16 h. The reaction mixture was allowed to cool
to room temperature, diluted with EtOAc (20 mL) and then washed
sequentially with water (5�1 mL) and brine. The organic layer was
then dried (MgSO4), concentrated under reduced pressure and
fused to silica gel. Flash chromatography (EtOAc/hexane 1:19) af-
forded the indoles 17 (19 mg, 26%) and 18 (16 mg, 16%).
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Entry 2: The Herrmann–Beller catalyst 19 (54 mg, 0.058 mmol) was
added to a magnetically stirred solution of Cy2NMe (0.4 mL,
1.9 mmol) and 15 (201 mg, 0.54 mmol) in DMF (4 mL). The reac-
tion mixture was degassed, allyl acetate (0.06 mL, 0.56 mmol) was
added, and the mixture was immediately heated to 120 °C and
stirred at this temperature for 16 h. The reaction mixture was al-
lowed to cool to room temperature, diluted with EtOAc and then
washed sequentially with water (5�1 mL) and brine (1 mL). The
organic layer was then dried (MgSO4), concentrated under reduced
pressure and fused to silica gel. Flash chromatography (EtOAc/
hexane 1:19) afforded the indoles 17 (50 mg, 33 %) and 18 (24 mg,
16%).

Entry 6: The Herrmann–Beller catalyst 19 (52 mg, 0.055 mmol) was
added to a magnetically stirred solution of Cs2CO3 (855 mg,
2.6 mmol) and the aryl iodide 15 (355 mg, 0.95 mmol) in DMF
(10 mL). The reaction mixture was degassed and then treated with
allyl bromide (0.125 mL, 1.43 mmol). After the addition, the reac-
tion mixture was heated to 70 °C over 30 min and then stirred at
120 °C for 12 h. The resulting mixture was allowed to cool to room
temperature, extracted with EtOAc (200 mL) and washed with
water (5�5 mL) and brine (15 mL). The organic layer was dried
(MgSO4) and concentrated under reduced pressure and the re-
sulting oil was fused to silica gel. Flash chromatography (EtOAc/
hexane 1:19) afforded the indole 17 (234 mg, 86%) as a colourless
solid.

N-Allyl-2,2,2-trifluoro-N-(2-iodobenzyl)acetamide (20): NaH
(13 mg, 60% dispersed in mineral oil, 0.33 mmol) was added on
one portion to a magnetically stirred solution of the trifluoroaceta-
mide 27 (100 mg, 0.304 mmol) in DMF (2 mL). The mixture was
stirred for 5 min before addition of allyl bromide (53 μL,
0.608 mmol). The resulting mixture was stirred at room tempera-
ture for 6 h before being concentrated under reduced pressure. The
resulting residue was subjected to column chromatography (EtOAc/
hexane 1:19) to give the alkene 20 as a colourless oil (98 mg,
0.265 mmol, 87%). Rf = 0.36 (EtOAc/hexane 1:19). 1H NMR
(500 MHz, CDCl3): δ = 7.87 (m, 1 H) 7.38 (m, 0.4 H) 7.34 (m, 0.6
H) 7.08 (m, 1 H) 7.01 (m, 1 H) 5.78 (m, 1 H) 5.31 (m, J = 10 Hz,
0.4 H) 5.28 (m, J = 10 Hz, 0.6 H) 5.25 (m, J = 18 Hz, 0.6 H) 5.18
(m, J = 18 Hz, 0.4 H) 4.68 (s, 0.6 H) 4.61 (s, 0.4 H) 3.97 (m, 2
H) ppm. 13C NMR: δ = (125.8 MHz, CDCl3) 157.8 (C=O), 157.5
(C=O), 140.02, 140.0, 137.3, 137.1, 131.5, 130.4, 129.8, 129.7,
128.9, 128.9, 128.1, 127.0, 119.9, 119.7, 98.8, 97.8, 55.2, 55.2, 53.7,
49.6, 49.6, 49.2 ppm. IR (thin film): ν̃max = 3064 (C–H), 3014 (C–
H), 2928 (C–H), 1697 (C=O), 1566, 1437, 1358, 1283, 1208 (C–F),
1143 (C–F), 1015, 749 cm–1. MS (EI+): m/z (%) = 370 (�1) [M +
H]+, 369 (�1) [M]+, 328 (12) [M – allyl]+, 243 (11), 242 (95) [M –
I–]+, 217 (42), 86 (88), 84 (100). HRMS (EI+): calcd. 368.9838
[M]+; found 368.9846.

N-Allyl-N-(2-iodobenzyl)-4-methylbenzenesulfonamide (21): NaH
(13 mg, 60% dispersed in mineral oil, 0.33 mmol) was added in one
portion to a magnetically stirred solution of the sulfonamide 26
(117 mg, 0.304 mmol) in DMF (2 mL). The resulting mixture was
stirred for 5 min, treated with allyl bromide (53 μL, 0.608 mmol)
and stirred at room temperature for a further 6 h, before being
concentrated under reduced pressure. The resulting residue was
subjected to column chromatography (EtOAc/hexane 1:19) to give
the aryl iodide 21 as a colourless oil (121 mg, 0.283 mmol, 93%).
Rf = 0.59 (EtOAc/hexane 2:8). 1H NMR (400 MHz, CDCl3): δ =
7.8–7.73 (m, 3 H), 7.51 (dd, J = 7.6, 1.6 Hz, 1 H), 7.37–7.31 (m, 3
H), 6.96 (ddd, J = 7.6, 7.6, 1.6 Hz, 1 H), 5.55–5.44 (m, 1 H), 5.04
(m, 1 H), 5.0 (dtd, J = 8.0, 2.4, 1.2 Hz, 1 H), 4.35 (s, 2 H), 3.8 (d,
J = 6.8 Hz, 2 H), 2.45 (s, 3 H) ppm. 13C NMR (100 MHz, CDCl3):
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δ = 143.6, 139.4, 138.5, 137.1, 132.0, 130.0, 129.4, 129.3, 128.6,
127.4, 119.8, 98.2 (Ar-CI), 55.6 (CH2), 51.1 (CH2), 21.7
(CH3) ppm. MS (EI+): m/z (%) = 426.9 (31) [M]+, 300.0 (41) [M –
I]+, 271.9 (100) [M – SO2C6H4CH3].

N-Benzyl-N-(2-iodobenzyl)prop-2-en-1-amine (22): NaH (13 mg,
60% dispersed in mineral oil, 0.33 mmol) was added in one portion
to a magnetically stirred solution of the benzylamine 28 (98 mg,
0.304 mmol) in DMF (2 mL). The resulting mixture was stirred
for 5 min, treated with allyl bromide (53 μL, 0.608 mmol) and then
stirred at room temperature for 6 h, before being concentrated un-
der reduced pressure. The resulting residue was subjected to col-
umn chromatography (EtOAc/hexane 1:19) to give the alkene 22 as
a colourless oil (85 mg, 0.234 mmol, 77%). Rf = 0.64 (EtOAc/hex-
ane 1:19). 1H NMR (500 MHz, CDCl3): δ = 7.83 (m, 1 H, ArH)
7.62 (m, 1 H, ArH), 7.40 (m, 2 H, ArH), 7.34 (m, 2 H, ArH), 7.33
(m, 1 H, ArH), 7.25 (m, 1 H, ArH), 6.95 (m, 1 H, ArH), 5.97 (m,
1 H, CH=CH2), 5.25 (m, 1 H, C=CH2), 5.19 (m, J = 10.0 Hz, 1
H, C=CH2), 3.66 (s, 4 H, Ar-CH2), 3.13 (d, J = 6.0 Hz, H2C=CH-
CH2) ppm. 13C NMR: δ = (125.8 MHz, CDCl3) 141.8, 139.5, 139.4,
135.6, 130.2, 128.9, 128.6, 128.3, 128.2, 127.0, 117.7, 100.2 (Ar-I),
62.3, 57.9, 56.5 ppm. IR (thin film): ν̃max = 3061 (C–H), 3027 (C–
H), 3005 (C–H), 2976 (C–H), 2921 (C–H), 2796 (C–H), 2712 (C–
H), 1698, 1642, 1562, 1494, 1454, 1455, 1258, 1012, 749 cm–1. MS
(EI+): m/z (%) = 364 (7) [M + H]+, 363 (33) [M]+, 336 (29), 286
(19) 272 (35) [M – Bn]+, 217 (62), 91 (100). HRMS (EI+): calcd.
363.0484 [M]+; found 363.0492.

2,2,2-Trifluoro-1-[4-methylene-3,4-dihydroisoquinolin-2(1H)-yl]-
ethanone (23): Pd(PPh3)4 (16 mg, 0.0135 mmol) was added to a
magnetically stirred solution of Cs2CO3 (88 mg, 0.27 mmol) and
the allyl amide 20 (50 mg, 0.135) in DMF (1 mL). After this ad-
dition, the reaction mixture was heated to 80 °C and stirred for
16 h. The mixture was concentrated under reduced pressure and
the residue was purified by flash chromatography (EtOAc/hexane
1:19) to give the isoquinoline 23 (9 mg, 29%) as a colourless oil.
Rf = 0.27 (EtOAc/hexane 1:19), Rf = 0.27 (EtOAc/hexane 1:24). 1H
NMR (500 MHz, CDCl3): δ = 7.66 (m, 1 H, ArH), 7.31 (m, 2 H,
ArH), 7.19 (m, 0.6 H, ArH) 7.15 (m, J = 1.0 Hz, 0.4 H, ArH), 5.68
(m, 0.4 H, =CH2) 5.66 (s, 0.6 H, =CH2), 5.27 (m, J = 1.0 Hz, 0.4
H, =CH2), 5.18 (s, 0.6 H, =CH2), 4.87 (s, 1.2 H, CH2), 4.78 (s, 0.8
H, CH2), 4.50 (s, 0.8 H, CH2), 4.40 (s, 1.2 H, CH2) ppm. 13C NMR:
δ = (125.8 MHz, CDCl3), 155.9 (C=O), 155.6 (C=O), 132.5, 131.8,
131.5, 131.6, 128.9, 128.8, 128.1, 127.6, 126.7, 126.1, 124.5, 124.4,
116.6 (q, J = 1145 Hz, CF3), 116.7 (q, J = 1145 Hz, CF3), 111.4,
110.6, 50.2 (CH2), 48.1 (CH2), 48.0 (CH2), 46.2 (CH2) ppm. IR
(thin film): ν̃max = 2927 (C–H), 1694 (C=O), 1452, 1260, 1201 (C–
F), 1177 (C–F), 1142 (C–F), 1009 cm–1. MS (EI+): m/z (%) = 241
(5) [M]+, 219 (12), 131 (10), 86 (66). 84 (100). HRMS (EI+): calcd.
241.0714 [M]+; found 241.0720.

4-Methylene-2-[(4-methylphenyl)sulfonyl]-1,2,3,4-tetrahydroiso-
quinoline (24): Pd(PPh3)4 (26 mg, 0.023 mmol) was added to a mag-
netically stirred solution of Cs2CO3 (148 mg, 0.454 mmol) and the
sulfonamide 21 (97 mg, 0.227 mmol) in DMF (1 mL). After the
addition, the reaction mixture was heated to 80 °C and stirred over-
night. The mixture was concentrated under reduced pressure and
the residue was purified by column chromatography (EtOAc/hex-
ane 1:4) to give the isoquinoline 24 (31 mg, 59%) as a white solid.
Rf = 0.38 (EtOAc/hexane 2:8). 1H NMR (400 MHz, CDCl3): δ =
7.67 (AA� part of AA� XX� system, 2 H), 7.55 (dd, J = 7.2, 1.6 Hz,
1 H), 7.33 (m, 1 H), 7.24 (XX� part of AA� XX� system, 2 H), 7.19
(ddd, J = 7.2, 7.2, 1.6 Hz, 1 H), 7.05 (m, 1 H), 5.59 (s, 1 H), 5.1 (s,
1 H), 4.36 (s, 2 H), 4.0 (s, 2 H), 2.39 (s, 3 H) ppm. 13C NMR
(100 MHz, CDCl3): δ = 143.8, 136.6, 133.7, 129.7, 128.5, 128.1,
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127.3, 126.7, 124.0, 110.1, 50.7 (CH2), 48.8 (CH2), 21.7 (CH3) ppm.
IR (KBr): ν̃max = 1346 [asymmetric S(=O)2], 1166 [symmetric
S(=O)2], 1090 cm–1. MS (EI+): m/z (%) = 299.0 (10) [M]+, 262.0
(13), 144.0 (83) [M – SO2C6H4CH3]+, 143.0 (100). HRMS (EI+):
calcd. for C17H17NO2S [M]+ 299.0980; found 299.0983.

Selected Reaction Procedures for Table 3

Entry 2: The Herrmann–Beller catalyst 19 (12 mg, 0.013 mmol) was
added to a magnetically stirred solution of Cs2CO3 (252 mg,
0.775 mmol), the aryl iodide 26 (100 mg, 0.258 mmol) and allyl
bromide (45 μL, 0.516 mmol) in DMF (2 mL). The resulting reac-
tion mixture was then heated to 100 °C and stirred overnight. The
mixture was concentrated under reduced pressure and the residue
was purified by column chromatography (EtOAc/hexane 1:19 �
EtOAc/hexane 1:4) to give the olefin 21 (53 mg, 48 %) as a colour-
less oil [Rf = 0.18 (EtOAc/hexane 1:19)] and the tetrahydroisoquin-
oline 24 (18 mg, 23%) as a white solid [Rf = 0.38 (EtOAc/hexane
1:4)].

Entry 7: Pd(PPh3)4 (30 mg, 0.0258 mmol) was added to a magneti-
cally stirred solution of NEt3 (108 μL, 0.775 mmol), the aryl iodide
26 (100 mg, 0.258 mmol) and allyl chloride (42 μL, 0.516 mmol) in
DMF (2 mL). The resulting reaction mixture was heated to 80 °C
and stirred for 16 h. The mixture was concentrated under reduced
pressure and the residue was purified by column chromatography
(EtOAc/hexane 1:19 � EtOAc/hexane 1:4) to give the olefin 21
(53 mg, 0.124 mmol, 48%) as a colourless oil [Rf = 0.18 (EtOAc/
hexane 1:19)] and the aryl iodide 26 (33 mg, 33%).

Entry 8: Pd(PPh3)4 (32 mg, 0.28 mmol) was added to a magneti-
cally stirred solution of triethylamine (0.05 mL, 0.7 mmol), allyl
acetate (0.06 mL, 0.56 mmol) and the aryl iodide 26 (100 mg,
0.26 mmol) in DMF (3 mL). The resulting reaction mixture was
heated to 60 °C and stirred overnight. The reaction mixture was
allowed to cool to room temperature, extracted with EtOAc
(20 mL) and then washed sequentially with water (5�1 mL) and
brine. The organic layer was then dried (MgSO4), concentrated un-
der reduced pressure and fused to silica gel. Flash chromatography
(EtOAc/hexane 1:9) afforded the alkene 21 (16.4 mg, 14%) as a
colourless oil and the isoquinoline 24 (7 mg, 9%) as a yellow solid.

Selected Reaction Procedures for Table 4

Entry 1: Pd(PPh3)4 (35 mg, 0.034 mmol) was added to a magneti-
cally stirred solution of Cs2CO3 (297 mg, 0.912 mmol), the aryl io-
dide 27 (100 mg, 0.304 mmol) and allyl bromide (53 μL, 0.608) in
DMF (2 mL). The resulting reaction mixture was heated to 80 °C
and stirred for 16 h. The resulting mixture was concentrated under
reduced pressure and the residue was purified by column
chromatography (EtOAc/hexane 1:19) to give the tetrahydroiso-
quinoline 23 (36 mg, 49%) as a colourless oil. Rf = 0.27 (EtOAc/
hexane 1:19).

Entry 5: Pd(PPh3)4 (3 mg, 0.003 mmol) was added to a magneti-
cally stirred solution of Cs2CO3 (297 mg, 0.912 mmol), the aryl io-
dide 27 (100 mg, 0.304 mmol) and allyl bromide (53 μL, 0.608) in
DMF (2 mL). After the addition, the reaction mixture was then
heated to 80 °C and stirred for 16 h. The mixture was concentrated
under reduced pressure and the residue was purified by column
chromatography (EtOAc/hexane 1:19) to give alkene 20 (13 mg,
12%) as a colourless oil [Rf = (EtOAc/hexane 1:19)] and the iso-
quinoline 23 (17 mg, 23%) as a colourless oil [Rf = 0.27 (EtOAc/
hexane 5%)].

Entry 6: Pd(PPh3)4 (35 mg, 0.034 mmol) was added to a magneti-
cally stirred solution of Cs2CO3 (297 mg, 0.912 mmol), the aryl io-
dide 27 (100 mg, 0.304 mmol), PPh3 (80 mg, 0.304 mmol) and allyl
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bromide (53 μL, 0.608) in DMF (2 mL). The resulting reaction
mixture was then heated to 80 °C and stirred for 16 h. The resulting
mixture was concentrated under reduced pressure and the residue
was purified by column chromatography (EtOAc/hexane 1:19) to
give the isoquinoline 23 (38 mg, 52 %) as a colourless oil [Rf = 0.27
(EtOAc/hexane 1:19)].

Selected Reaction Procedures for Table 5

Entry 3: The Herrmann–Beller catalyst 19 (15 mg, 0.015 mmol) was
added to a magnetically stirred solution of Cs2CO3 (302 mg,
0.927 mmol), 28 (100 mg, 0.309 mmol) and allyl bromide (54 μL,
0.618 mmol) in DMF (2 mL). The resulting reaction mixture was
then heated at 40 °C for 1.5 h and then to 80 °C and stirred for
16 h. The resulting mixture was concentrated under reduced pres-
sure and the residue was purified by column chromatography
(EtOAc/hexane 1:19) to give the tetrahydroisoquinoline 25 (15 mg,
21%) as a colourless oil. The spectroscopic data for this compound
were identical to those previously reported.[58]

1-Bromo-2-[(Z)-2-bromovinyl]benzene (29)

Method A: A solution of PPh3 (9.07 g, 34.6 mmol) in CH2Cl2
(30 mL) was added dropwise over 15 min to a magnetically stirred
solution of CBr4 (5.73 g, 17.3 mmol) in CH2Cl2 (30 mL), main-
tained at 0 °C. The reaction mixture was then allowed to warm to
room temperature and stirred for 1 h before cooling to 0 °C. 2-
Bromobenzaldehyde (1.00 mL, 8.65 mmol) in CH2Cl2 (30 mL) was
added to the yellow-brown reaction mixture over 3 min and the
resulting solution was allowed to warm to room temperature and
stirred for a further 2 h. The resulting mixture was poured into
hexane (400 mL) and filtered, and the residue was washed with
hexane (2�50 mL). The filtrate was concentrated and purified by
column chromatography (hexane) to afford 1-bromo-2-(2,2-dibro-
movinyl)benzene (2.69 g, 91%) as a pale yellow oil.[35] Rf = 0.66
(100% hexane). 1H NMR (300 MHz, CDCl3): δ = 7.60 (m, 1 H,
Ar-H), 7.58 (m, 1 H, Ar-H), 7.51 (s, 1 H, 1�-H), 7.33 (m, 1 H, Ar-
H), 7.20 (m, 1 H, Ar-H) ppm. 13C NMR (125.8 MHz): δ = 136.7,
136.1 (C-2), 132.7, 130.4, 129.9, 127.2, 123.1 (C-1), 92.9 (C-
2�) ppm. IR (thin film): ν̃ = 3067 (C–H), 3019 (C–H), 2974 (C–H),
2863 (C–H), 1605, 1583, 1561, 1462, 2435, 1428, 1046, 1025 cm–1.
MS EI: m/z (%) = 344 (18) [M(81Br3)]+, 342 (54) [M(81Br2

79Br1)]+,
340 (55) [M(81Br1

79Br2)]+, 338 (18) [M(79Br3)]+, 263 (49)
[M – Br]+, 261 (100) [M – Br]+, 259 (51) [M – Br]+, 182 (72) [M –
2Br]+, 180 (73) [M – 2Br]+, 101 (34). HRMS EI: calculated for
C8H5Br3: 337.7941, found 337.7949.

nBu3SnH (approx. 50%, 13.6 mL, 26 mmol) was added portionwise
at room temperature over 5 h to a magnetically stirred solution
of (Z)-1-bromo-2-(2-bromovinyl)benzene (8.90 g, 26.1 mmol) and
Pd(PPh3)4 in toluene (150 mL), with monitoring of conversion by
1H NMR. The mixture was stirred at room temperature for 16 h.
The solvent was removed under reduced pressure and the resulting
residue was purified by column chromatography (silica, hexane) to
afford the (Z)-dibromostyrene 29 (4.22 g, 62%) as a colourless
oil.[59] Rf = 0.63 (hexane). 1H NMR (300 MHz, CDCl3): δ = 7.78
(dd, J = 8.1, 1.8 Hz, 1 H, 6-H/3-H), 7.60 (dd, J = 7.8, 0.9 Hz, 1 H,
6-H/3-H), 7.34 (“dt”, “J” = 7.8, 1.2 Hz, 1 H, 5-H/6-H), 7.21 (d, J

= 8.1 Hz, 1 H, 1�-H), 7.19 (m, 1 H, 5-H/6-H), 6.59 (d, J = 8.1 Hz,
1 H, 2�-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 135.3 (C-2),
132.8 (ArC), 132.5 (ArC), 130.7 (ArC), 127.7 (ArC), 127.0 (ArC),
123.9 (C-1), 109.5 (C-1�) ppm. IR (thin film): ν̃ = 3070 (C–H), 3014
(C–H), 2921 (C–H), 1617, 1587, 1561, 1463, 1437, 1428, 1317 cm–1.
MS EI: m/z (%) = 262 (49) [M(81Br1

79Br1)]+, 260 (25) [M(79Br2)]+,
183 (94) [M – Br]+, 181 (98) [M – Br]+, 102 (81), 93 (86), 84 (100).
HRMS (EI) calculated for C8H6Br2: 259.8836, found 259.8835.
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Method B: (Bromomethyl)triphenylphosphonium bromide (8.28 g,
19.5 mmol) was added portionwise at –78 °C to a magnetically
stirred solution of tBuOK (2.13 g, 19.0 mmol) in THF (50 mL) and
the resulting mixture was stirred for 1.5 h. 2-Bromobenzaldehyde
(3.0 g, 16.3 mmol) was added dropwise and the reaction mixture
was stirred for 16 h, during which time the solution was allowed to
warm from –78 °C to ambient temperature. The solution was di-
luted with hexane (30 mL) and filtered through a small celite pad
with washing with hexane (150 mL). The filtrate was concentrated
under reduced pressure and the resulting colourless oil was sub-
jected to flash chromatography (hexane). The fractions correspond-
ing to the olefinic product 29 were divided into three batches. Al-
though the Z and E geometrical isomers could not be differentiated
through visualisation by tlc the early fractions (Rf = 0.4) contained
a Z/E ratio of 9.5:1 whereas the worst ratio fractions were 4.5:1.
The combined mass was 3.1 g (72%). This method was a modifica-
tion of the original procedure reported by Willis.[36a]

1-[(Z)-2-(2-Bromophenyl)vinyl]pyrrolidin-2-one [(Z)-32]: DavePhos
(7.5 mg, 19 μmol) and Pd2(dba)3·CHCl3 (20 mg, 19 μmol) were
added in a single portion to a magnetically stirred solution of the
dibromostyrene 29 (100 mg, 0.382 mmol), Cs2CO3 (414 mg,
1.14 mmol) and pyrrolidin-2-one (87 μL, 1.14 mmol) in toluene
(0.4 mL). The resulting mixture was heated at 100 °C for 20 h. The
resulting mixture was concentrated under reduced pressure and the
residue was purified by column chromatography (EtOAc/hexane
1:4) to afford the Z-enamine 32 (92 mg, 90%) as a pale brown
solid. Rf = 0.2 (ethyl acetate/hexane 20%). 1H NMR (300 MHz,
CDCl3): δ = 7.55 (m, 1 H, 3-H/6-H), 7.29 (m, 1 H, 3-H/4-4/5-H/6-
H), 7.18 (m, 1 H, 3-H/4-H/5-H/6-H), 7.11 (m, 1 H, 4-H/5-H), 6.93
(d, J = 9.9 Hz, 1 H, 2�-H), 5.83 (d, J = 9.9 Hz, 1 H, 1�-H), 3.08 (t,
J = 7.2 Hz, 2 H, 5��-H), 2.39 (t, J = 8.1 Hz, 2 H, 3��-H), 1.91 (m,
2 H, 4��-H) ppm. Further characterisation was not achieved due to
rapid isomerisation to the E isomer 32 under ambient light; see
next procedure.

1-[(E)-2-(2-Bromophenyl)vinyl]pyrrolidin-2-one [(E)-32]: A solution
of 1-[(Z)-2-(2-bromophenyl)vinyl]pyrrolidin-2-one [(Z)-32, 92 mg,
0.34 mmol] in CDCl3 was left under ambient light and temperature
for approximately 20 h. The solvent was removed under reduced
pressure to afford (E)-32 as a colourless solid, Rf = 0.16 (EtOAc/
hexane 1:4). 1H NMR (400 MHz, CDCl3): δ = 7.49 (d, J = 14.8 Hz,
1 H, 2��-H), 7.47 (m, 1 H, 3-H/6-H), 7.45 (m, 1 H, 3-H/6-H), 7.17
(“dt”, J = 8.6, 1.2 Hz, 1 H, 4-H/5-H), 6.97 (“dt”, J = 8.0, 1.6 Hz,
1 H, 4-H/5-H), 6.13 (d, J = 14.8 Hz, 1 H, 2��-H), 3.64 (t, J = 7.6 Hz,
2 H, 5-H�), 2.49 (t, J = 8 Hz, 2 H, 3�-H), 2.10 (“tt”, J = 7.2 Hz, 2
H, 4�-H) ppm. 13C NMR (125.8 MHz, CDCl3): δ = 173.7 (C-2�),
136.3, 133.0, 128.0, 127.7, 126.0, 125.6, 123.4, 110.6 (C-1��), 45.4
(C-5�), 31.3 (C-3�), 17.5 (C-4�) ppm. IR (KBr): ν̃ = 3074 (C–H),
2962 (C–H), 2930 (C–H), 2891 (C–H), 1700, 1637 (C=O),
1399 cm–1. MS AP-CI: m/z (%) = 309 (90) [M(81Br) + H +
CH3CN]+, 307 (94) [M(79Br) + H + CH3CN]+, (97) [M + H]+, 268
(98) [M(81Br) + H]+, 266 (100) [M(81Br) + H]. 187 (70) [M – Br]+.
HRMS FAB calculated for C12H12N1O1Br1: 265.0102, found
265.0102.

3-Acetyl-1-methylene-2,3-dihydro-1H-3-benzazepine (35): Pd(PPh3)4

(10 mg, 0.008 mmol) was added to a magnetically stirred solution
of the amide 34 (25 mg, 0.09 mmol) and K2CO3 (31 mg,
0.22 mmol) in DMF (0.5 mL). The resulting mixture was degassed
and was then heated at 120 °C for 16 h. The resulting black mixture
was diluted in ethyl acetate (5 mL) and washed with water
(5 �0.5 mL). The organic layer was dried (MgSO4), filtered and
concentrated under reduced pressure. The crude mixture was sub-
jected to column chromatography (EtOAc/hexane 1:9) to give the
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3-benzazepine 35 (13 mg, 73%) as a pale yellow oil; Rf = 0.17 (ethyl
acetate/hexane 1:9). 1H NMR (500 MHz, CDCl3): δ = 7.44 (m, J

= 7.0 Hz, 1 H, H9), 7.25–7.22 (m, 2 H, 6-H, 7-H), 7.20 (m, 1 H,
8-H), 6.69 (d, J = 10.1 Hz, 1 H, 4-H), 5.74 (d, J = 10.1 Hz, 1 H,
5-H), 5.54 (s, 1 H, 3�-H), 5.41 (s, 1 H, 3�-H), 4.40 (s, 2 H, 2-H),
2.28 (s, 3 H, 4�-H) ppm. 13C NMR (125.8 MHz, CDCl3): δ = 168.2
(C=O), 143.8 (C-1), 139.4 (C-1�), 132.4 (C-2�), 131.7 (C6), 128.0
(C7), 127.8 (C9), 127.3 (C4), 126.9 (C8), 117.4 (C-3�), 112.6 (C5),
46.6 (C-2), 22.4 (C-4�) ppm. IR (thin film): ν̃ = 3059, 3010, 2925,
2853, 1732, 1674 (C=O), 1632 (C=O), 1455, 1387, 1334, 1238 cm–1.
MS (EI): m/z (%) = 200 (20) [M + H]+, 199 (20) [M]+, 158 (100).
HRMS calculated for C13H13NO: 199.0997, found 199.0997.

Selected Reaction Procedures for Table 6

3-Acetyl-1-methylene-2,3-dihydro-1H-3-benzazepine (35)

Entry 2: Pd2(dba)3·CHCl3 (28 mg, 27 mmol) was added to a mag-
netically stirred solution of the dibromostyrene 29 (143 mg,
0.545 mmol), the allyl acetamide 33 (108 mg, 1.09 mmol), Cs2CO3

(592 mg, 1.63 mmol) and DavePhos (10.7 mg, 27.3 μmol) in dry
toluene (1 mL), and the mixture was heated at 100 °C for 20 h. The
resulting mixture was concentrated under reduced pressure and the
remaining residue was purified by column chromatography
(EtOAc/hexane 1:10) to afford the 3-benzazepine 35 as a yellow oil
(37 mg, 34%).

Entry 5: Pd2(dba)3·CHCl3 (20 mg, 19 mmol) was added to a mag-
netically stirred solution of the dibromostyrene 29 (100 mg,
0.382 mmol), the allyl acetamide 33 (227 mg, 2.29 mmol), Cs2CO3

(373 mg, 1.15 mmol) and DavePhos (7.5 mg, 1.9 μmol) in dry tolu-
ene (1 mL), and the mixture was heated at 100 °C for 20 h. The
resulting mixture was concentrated under reduced pressure and the
remaining residue was purified by column chromatography
(EtOAc/hexane 1:10) to afford the 3-benzazepine 35 as a yellow oil
(37 mg, 34%).

Entry 23: Pd2(dba)3·CHCl3 (20 mg, 19 μmol) was added to a mag-
netically stirred solution of the dibromostyrene 29 (100 mg,
0.382 mmol), the allyl acetamide 33 (76 mg, 0.76 mmol), Cs2CO3

(375 mg, 1.15 mmol) and XantPhos (22 mg, 38 μmol) in toluene
(1 mL), and the mixture was heated at 100 °C for 20 h. The re-
sulting mixture was concentrated under reduced pressure and the
remaining residue was purified by column chromatography
(EtOAc/hexane 1:10) to afford the 3-benzazepine 35 as a yellow oil
(62 mg, 82%).

Entry 24: Pd2(dba)3·CHCl3 (20 mg, 19 μmol) was added to a mag-
netically stirred solution of the dibromostyrene 29 (100 mg,
0.382 mmol), the allyl acetamide 33 (76 mg, 0.76 mmol), Cs2CO3

(375 mg, 1.15 mmol) and XantPhos (44 mg, 76 μmol) in dry tolu-
ene (1 mL), and the mixture was heated at 100 °C for 20 h. The
resulting mixture was concentrated under reduced pressure and the
remaining residue was purified by column chromatography
(EtOAc/hexane 1:10) to afford the 3-benzazepine 35 as a yellow oil
(63 mg, 83%).

(Z)-N-Allyl-3-(2-bromostyryl)acetamide (34): The intermediate 34
was highly unstable at room temperature, possibly due to geometri-
cal isomerism. Rf = 0.19 (EtOAc/hexane 10%). 1H NMR
(500 MHz, CDCl3): δ = 7.59 (m, 1 H, ArH), 7.32 (m, 1 H, ArH),
7.26 (m, 1 H, ArH), 7.14 (m, 1 H, ArH), 6.39 (d, J = 9.3 Hz, 1 H,
Ar-CH=CH), 6.29 (d, J = 9.3 Hz, 1 H, Ar-CH=CH), 5.73 (m, 1
H, CH=CH2), 5.11 (dd, J = 10.5, 1 Hz, 1 H, C=CH2), 5.01 (dd, J

= 17, 1 Hz, 1 H, C=CH2), 3.99 (d, J = 6.5 Hz, 1 H, CH2), 2.03 (s,
3 H, CH3) ppm.

Selected Reaction Procedures for Table 7
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6-Allyl-5-methylene-3-(trifluoroacetyl)-1,2,3,4,5,6-hexahydro-
azepino[4,5-b]indole (37), 6-Methylene-3-(trifluoroacetyl)-2,3,4,
4a,5,6-hexahydroazepino[3,4,5-hi]benz[b]indolizine (39), and 5-Meth-
ylene-3-(trifluoroacetyl)-1,2,3,4,5,6-hexahydroazepino[4,5-b]indole
(38)

Entry 3: The aryl bromide 36 (112 mg, 0.27 mmol) was placed in a
flask fitted with a reflux condenser and containing a stirrer bar.
NBu4OAc (162 mg, 0.54 mmol) and Pd(PPh3)4 (31 mg,
0.027 mmol, 10 mol-%) were added and the flask was backfilled
thrice with argon. DMF (5 mL) was added and the mixture was
heated at 100 °C for 3 h, allowed to cool to room temperature and
concentrated under reduced pressure. The crude material was sub-
jected to flash chromatography (toluene/hexane 1:1� toluene).
First to elute was an otherwise pure (1:0.21 by 1H NMR) mixture
of compounds 37 and 39 (66 mg, 73% combined, Rf = 0.6 in ace-
tone/toluene 1:19). The mixture of the tricycle 37 and the tetracycle
39 could be separated by semipreparative HLPC (MeOH/H2O 4:1,
4 mLmin–1) to give pure samples of both compounds.[10a]

Entry 5: The aryl bromide 36 (100 mg, 0.24 mmol) was placed in a
flask fitted with a reflux condenser and containing a stirrer bar.
Pd(PPh3)4 (28 mg, 0.024 mmol, 10 mol-%) was added and the flask
was backfilled thrice with argon. DMF (3 mL) was followed by
NEt3 (101 mg, 3 equiv. mmol–1) and the mixture was heated to
100 °C for 3 h. The reaction mixture was allowed to cool to room
temperature and concentrated under reduced pressure. The crude
material was subjected to flash chromatography (toluene/hexane
1:1 � toluene). First to elute was an otherwise pure (1:1.18 by 1H
NMR) mixture of compounds 37 and 39 (46 mg, 57% combined),
Rf 0.6 (acetone/toluene 1:19). Second to elute was a sample of the
indoleazepine 38 (10 mg, 14%). The mixture of the tricycle 37 and
the tetracycle 39 could be separated by semipreparative HLPC
(MeOH/H2O 4:1, 4 mLmin–1) to give pure samples of both com-
pounds.[10a]

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR, 13C NMR data for compouds 20–24, 32 and 35.
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ABSTRACT

A domino alkyne addition/CO insertion/Nu acylation reaction to a series of novel anthrapyran-2-ones in good to excellent yields is described. In
addition, an efficient synthetic sequence involving carbonylation, formation of a β-keto-sulfoxide, and cyclization is presented en route to the
antibiotic and antitumor compound (()-BE-26554A.

Domino reactions have providedmore efficientmethods
for the synthesis of a range of complex ring systems in
industry and academia.1 The discovery and optimization
of domino reactions also provides efficient access to a
variety of new compounds, sometimes having interesting
pharmacological properties.2,3 In this regard, the structur-
al class of anthrapyranones have a remarkable range of
biological activity mainly as antibacterial agents or anti-
tumor compounds. Some examples in this family of com-
pounds are pluramycin A, kidamycin, and the antibiotic

saptomycin E.4,5 In 1994, the related compound BE-
26554A (1)6 has been isolated from Streptomyces A26554
cultures by the Banyu Pharma group. This anthrapyran-4-
one and the C2-functionalized analogues have an excellent
range of IC50 values of 0.017�0.0007μMinP388 leukemia
cells. Given this evaluation of 1 and its derivatives, these
compounds provide excellent synthetic targets to enable
further biological evaluation.
The synthesis of natural product anthrapyranones has

seen several different approaches from various groups.7

Originally, we conceived the application of a domino CO
insertion/Sonogashira/6-exo-dig cyclization of aryl halides
as a possible alternative, offering a rapid approach to the
construction of the D-ring found in such natural products.
This approach has been used for the production of various
heterocycles8 including chromones as well as flavones

†The School of Chemistry and Biochemistry, The University of Western
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‡Centre forMicroscopy, Characterisation andAnalysis, TheUniversity of
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§Bayer Pharma AG.
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(Scheme 1, 2 to 3).9 For our purposes, previously estab-
lished carbonylative Sonogashira reaction conditions
couldbe used as a guide formore complicated substrates.9d

In this context, CO insertion into a Pd�aryl bond was
found tobe challenging in a sterically hinderedortho,ortho-
disubstituted position.10 For the application of this dom-
ino reactionwe required the halogenated anthraquinone 6,
where methodology, described earlier for the protonated
variant 5, was available (Scheme 2).11,7a Iodination of 5,
using iodic acid and iodine, furnished the domino precur-
sor aryl iodide 6 in excellent yield (84%).

Unlike the previously discussed work preparing the
simpler chromones,9 but similar to the early carbonylative
cross coupling work in the anthraquinone series of the
Martin group,7b under standard conditions we were also
unable to produce the anthrapyran-4-one ring system 7.
However, when 1-octyne and aryl iodide 6 were reacted
the anthrapyran-2-one ring regioisomers 8 and 9 were
isolated in excellent yields (82%), signifying a late-stage

carbonylation process.12 In rare instances (and often with
lower yields/different regioselectivity), such reactions have
been demonstrated in the formation of simpler coumarins
with terminal alkynes.13,14 Reactions with internal alkynes
have been reported by Larock, suggesting a similar type of
mechanism.15 In order to optimize the conditions for the
production of 8 and 9 we carried out a series of reactions
under various catalytic conditions (Table 1).

Modifications of the Pd(PPh)3Cl2-catalyzed reaction,
such as changing the solvent system and using a copper
additive, were less effective. Interestingly, increasing the
pressure of CO (entry 2) still resulted in production of the
2-pyranone derivatives, but in a lower yield, while a
decrease of pressure dramatically improved the regioselec-
tivity (ca. 6:1 for 8:9, entry 5). We propose that an alkyne
Pdprecomplexation equilibriumprocess at lower pressures
is a dominant factor in this result. In order to produce
intermediates withmore electron density on the palladium,
the electron-rich phosphine systems (entries 6�9) were
tested. However, these were also less efficient; the back-
donation to the carbonyl ligand possibly slowed down the
initial CO insertion step.16 Pd(dppf), [(cinnamyl)PdCl]2,
and the bis-adamantyl n-butyl phosphine (cataCXium,17,18

all failed to deliver any pyranone ring containing products.

Scheme 1. BE-26554A (1) and a Domino CO Insertion/
Sonogashira/6-Exo-DigCyclization toChromones andFlavones

Scheme 2. Domino CO Insertion Reaction Resulting in Isomers
8 and 9

Table 1. Methodological Development of Domino Alkyne
Insertion/Carbonylation/Nu-Acylation Reaction

entry catalytic conditions

temp (�C)/CO
pressure (bar)

yield (%)

(ratio 8:9)

1 Pd(PPh3)2Cl2 60/20 82 (2.7:1)

2 Pd(PPh3)2Cl2 60/60 53 (2:1)

3 Pd(PPh3)2Cl2, CuI 60/20 0a

4 Pd(PPh3)2Cl2 (5:1 dioxane/H2O) 60/20 0

5 Pd(PPh3)2Cl2 60/1 67 (6.4:1)

6 Pd2(dba)3 3CHCl3, Xantphos 60/20 0a

7 Pd2(dba)3 3CHCl3, t-Bu3P 60/20 30

8 Pd2(dba)3 3CHCl3, XPhos 60/20 43b

9 Pd(OAc)2, Ad2Pn-Bu 60/20 0a

10 PEPPSI-iPr 60/20 28 (2.5:1)b

11 Pd(dppf)Cl2 60/20 NR

12 [(cinnamyl)PdCl]2 60/20 NR

aReaction resulted in complexmixture of products. b In each of these
cases a large amount of product resulting fromprotonation of 6 resulted.
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A. B. Tet. Lett. 1990, 31, 4073. (e) Torii, S.; Okumoto, H.; Xu, L. H.;
Sadakane,M.; Shostakovsky,M.V.; Ponomaryov, A. B.;Kalinin, V.N.
Tetrahedron 1993, 49, 6773. (f) Ma, W.; Li, X.; Yang, J.; Liu, Z.; Chen,
B.; Pan, X. Synthesis 2006, 2489.
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des-methyl compound can be found in the Supporting Information
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Previous reports of reactivity in carbonylative reactions
involving ortho,ortho-disubstituted aryl halides prompt-
ed the choice of the PEPPSI-iPr ligand (entry 10);10,19

however, none of the pyran-4-one ring system was
observed.20 Interestingly, the main byproduct of this
reaction, especially when using palladium(0) catalysts,
was the dehalogenated compound (see the Supporting
Information). Once the optimum conditions for the dom-
ino process were established we investigated a series of
alkynes to provide insight into the tolerance and scope of
this reaction (Table 2). Alkynes containing alkyl groups
performwell in the domino process with consistently high
yields (entries 1�3). However, the reaction of phenylace-
tylene was less productive (20%). A range of protected
and unprotected alcohols also performed very well in this
transformation. High yields resulted in the synthesis of
the alkyl chloride 10i and the vinyl silane 10j, allowing
for two excellent functionalities for further synthetic
transformations. Interestingly, the complex alkyne, bear-
ing an olefin, underwent an additional [2þ 2] visible light
promoted cycloaddition followingworkup to produce the
heptacycle 10k. Nitriles and some protected amines were
not as high yielding under the general conditions proposed
previously and may require additional optimization.
In order to investigate the reasons why no pyran-4-one

ring system was formed, we examined a stepwise reaction
process. Here we attempted the isolation of the Pd(II)
putative catalytic precursor and its subsequent reaction
with CO (Scheme 3), reasoning that the early CO insertion
was a key step. Treatment of anthraquinone iodide 6 with
1 equiv of Pd(PPh3)4 in benzene provided isolable crystals
of the iodinated oxidative addition product 12 (Figure 1).
Treating this iodide (12) or the chloride (13) under car-
bonlyative conditions (CO, 20 bar) resulted in recovery
of only the organometallic starting materials with no
evidence of acyl complex formation.16 The electronegativ-
ity of the halide appears to play no role in the reactivity of
the proposed oxidative addition species to carbonylation
or the occurrence of a reversible CO insertion exits. The
des-methyl variant of 12was also prepared to examine the
hypothesis that carbonylationwas affected by the sterics of
the ortho,ortho-disubstitution;10 however, carbonylation
was again ineffective, suggesting that the electronics of
the anthraquinone systemplay a large role in this proposed
domino process. We provide a more expansive discussion
of the possible mechanism in the Supporting Information.
As an alternative pathway to the synthesis of the pyran-

4-one ring system of 1 we were attracted to a new method
for pyran-4-one formation through β-keto-sulfoxides as
annulation precursors (Scheme 4).21

Table 2. Methodological Evaluation of Various Alkynes
DominoAlkyne Insertion/Carbonylation/Nu-AcylationReaction

aReaction run under a balloon of CO. b In this example, a significant
amount of Sonogoshira product was observed. cAn additional [2 þ 2]
reaction was observed to afford 10k; see the Supporting Information.

(16) (a) Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115.
(b)Korsager, S.; Taaning,R.H.; Skrydstrup, T. J. Am.Chem. Soc. 2013,
135, 2891–2894. (c) Ben-David, Y.; Portnoy, M.; Milstein, D. J. Am.
Chem. Soc. 1989, 111, 8742–8744.

(17) Neumann, H.; Brennf€uhrer, A.; Beller,M.Chem.;Eur. J. 2008,
14, 3645.

(18) Schareina, T.; Zapf, A.; Cott�e, A.; Gotta, M.; Beller, M. Adv.
Synth. Catal. 2010, 352, 1205.

(19) O’Keefe, B. M.; Mans, D. M.; Kaelin, D. E., Jr.; Martin, S. F.
Tetrahedron 2011, 67, 6524.

(20) O’Keefe,B.M.; Simmons,N.;Martin, S.F.Org.Lett.2008,10, 5301.
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Treatment of the phenol 6 with carbon monoxide, base,
and methanol resulted in the formation of the methyl ester
in variable yields. Given that alkoxycarbonylation of
phenols has been reported,22 we accordingly benzyl pro-
tected this functionality. Alkoxycarbonylation of deriva-
tive 15 resulted in efficient conversion to the ester 16 in
reproducible yields (ca. 82%). Both protection of the
B-ring within compound 16 to the dimethoxyanthracene
derivative 17 and subsequent benzyl deprotection pro-
ceeded in high yields. The resulting hydrogenolysis prod-
uct, ester 18, was treated with lithium methylsulfinyl-
methide to furnish the β-ketosulfoxide 19 in an excellent
yield.21c Formation of the pyran-4-one ring system was
achieved through reaction of 19with propionaldehyde and
catalytic amounts of piperidine. Oxidative demethylation
established the anthraquinone core revealing compound
21. Following the Augustine olefination procedure,23

treating the pyranone 21 with a bis(pyridinium) cation
species generated from BrClCH2 and pyridine in DMF
gave the desired alkene (isolated crude) in 57% yield.7c

Smooth cleavage of the isopropyl group from the A-ring,
revealing phenol 22, was achieved by treatment with BCl3.
Final epoxidation withm-CPBA allowed for the synthesis

of the natural product (1). The 1Hand 13C spectral data for
compound 3 matched those in the early report published
by the Banyu Pharma group.
In summary, we have demonstrated a straightforward

approach to a new series of anthrapyran-2-ones. Further-
more, the first total synthesis of the bioactive natural
product (()-BE-26554A (1) was developed utilizing an
efficient β-keto-sulfoxide�annulation procedure for the
construction of the pyran-4-one moiety. We intend to use
this methodology for the synthesis of the other series of
BE-compounds reported and carry out further investiga-
tions into their biological activity.
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a b s t r a c t

An efficient and divergent methodology for the synthesis of new anthracenone-pyranones and anthra-
cenone-furans is described. Key reactions discussed in these syntheses include an aldehyde promoted
annulation with a b-keto-sulfoxide, a domino alkyne insertion/carbonylation/Nu-acylation and a
DMEDA promoted Castro–Stephens reaction. We also report the in vitro growth inhibition of these com-
pounds in a range of human cancer cells. The natural product BE-26554A displayed good cell growth
activity on BE2-C neuroblastoma and SMA glioblastoma cell lines at 0.17 and 0.16 lM (GI50), respectively.
Of note, were a CF3 functionalised anthracenone 4-pyranone (chromone) derivative 22, and an anthra-
cenone-furan derivative 54 which displayed 0.20 lM and 0.38 lM growth inhibition, respectively, in
the BE2-C neuroblastoma cell line.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The structural class of anthrapyranones have a remarkable
range of biological activity mainly as anti-bacterial agents, anti-tu-
mour and anti-fungal compounds. Some examples in this family of
compounds include pluramycin A (1), kidamycin, altromycin B,
hedamycin topopyronone C (2), k-indomycinone1 and the antibi-
otic saptomycin E (3) (Fig. 1). Generally, the molecular mode of
action of this class compounds is thought to go through an interca-
lation with the major groove of DNA along with covalent bonding
with N7 of guanine. The effectiveness of this mode of action, is reli-
ant on substituents at the C5, C8 and C10 positions (mostly carbo-
hydrates) and the C2 epoxide moiety for the guanine alkylation
process.2–4 In one early study an altromycin B-DNA adduct was
investigated using two-dimensional 1H–15N HMBC experiments
to identify the epoxide alkylation position in DNA. Interestingly,
neopluramycin, which differs from pluramycin (1) in that it has a
single olefin in place of the epoxide, also has anti-tumour activity

(leukemia L-1210),5 however this compound shows little, if any,
DNA sequence selectivity compared to pluramycin (1).6

Simple epoxide-anthrapyranones have also been isolated, for
example, in 1994, the Banyu Pharma group isolated the natural
product BE-26554A (4) from Streptomyces A26554 cultures.7 In this
early report and brief study, the natural product epoxide (4) was
described to have an IC50 value of 0.001 lM (or 10 nM) against
P338 Leukaemia cells. Unfortunately, any indication of the epoxide
stereochemistry was not identified in this isolation study. Aside
from the anthrapyranones, the 4-pyranone ring system alone has
also been reported to effect murine leukaemia cell (L1210)
growth.8

Several groups have developed syntheses of anthrapyranones,
most commonly through various approaches to the 4-pyranone
ring system D ring. These key reactions include; the Baker–
Venkataraman rearrangement with cyclisation,9,10 a 6-endo-dig
cyclisation of alkyne ketones,11–15 a Friedel–Crafts acylation16

and cyclisation of b-diketones17,18 among others.19,20 In 2013, we
described a racemic synthesis of anthrapyranones through the
annulation of a b-keto-sulfoxide and an aldehyde.21 Interestingly,
a recent report on a non-metal mediated synthetic ring forming
processes on simple chromones has come to light22 along with
the oxidative alkylation of these ring systems.23

http://dx.doi.org/10.1016/j.bmc.2015.04.032
0968-0896/� 2015 Elsevier Ltd. All rights reserved.
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The varying biological activity of the pluramycin class of com-
pounds, with different substitution at C2, reflects the importance
of this region of the molecule. As part of furthering our investiga-
tions into this class of compounds we were interested in develop-
ing efficient syntheses of the anthracenone ring system with
varying D-rings, as well as investigating the role which this ring
system plays in the biological activity. In our synthetic studies sev-
eral approaches to the 4-pyranone core of the anthrapyranones
were developed. Initially, an approach using an acid induced ring
closure of anthraquinone-yne-ones was conceived (Scheme 1a).
This tactic has been pursued by several groups including that of
Shvartsberg.24,25 The anthraquinone-yne-one could be prepared

either using a Castro–Stevens reaction or the related Sonogashira
palladium catalysed process. Thus treatment of benzoyl protected
phenol 5 with phenyl copper acetylene 6 provided the yne-one 7 in
excellent yield (95%).24 Subjection of compound 7 to sulphuric acid
provided the phenyl 4-pyranone 8 in 55% yield through hydration
of the alkyne and cyclisation through a phenoxide. Alternatively,
hydration using p-TsOH provided a crude mixture of the iso-
propyl-ether 4-pyranone and phenol-4-pyranone 8 (1:3.7 by
NMR analysis of the crude product).26

As we required an alkyl, or alkenyl, substituent at the C2 posi-
tion to begin SAR studies, an alkyl substituted alkyne was incorpo-
rated into the initial C–C bond forming process. Following several
unsuccessful reaction trails with the benzoyl protected derivative
5 the corresponding benzyl protected phenol 9 was used
(Scheme 1b). Treating compound 9 with the alkyne alcohol 10 gave
the desired alkyne in excellent yield (91%). Oxidation of this pro-
duct with Dess–Martin periodinane furnished yne-one 11, in 88%
yield. Unfortunately, treatment with p-TsOH did not provide any
pyranone compound 26, however revisiting the previously used
sulfuric acid conditions only resulted in 33% of the desired alkyl
anthrapyranone 12. As this annulation process was low yielding
we decided to pursue a more efficient synthetic route.
Unfortunately, following the piperidine and aminovinyl ketone
method devised by the Shvartsberg group,24 only afforded a com-
plex mixture of products.

A synthetic route through key b-keto sulfoxide 13 was ulti-
mately successful in the efficient preparation of the 4-pyranone
ring system bearing an alkyl side chain.21,27–29 Eventually this
intermediate 13 was also used en route to the natural product
(±)-BE-26554A (4) (Scheme 2).21 The b-keto-sulfoxide-annulation
procedure with propionaldehyde was especially high yielding
(81%) which provided the impetus to expand this reaction to other
aldehydes. Coupled with the Augustine olefination procedure by
Krohn et al., this sequence could provide a range of substituted
4-pyranone derivatives.10,30

We next examined this first group of compounds (4, 8 and 12,
14 and 16) for in vitro cell growth inhibition against a panel of nine
human cancer cell lines including: HT29 (colorectal carcinoma);
MCF-7 (breast adenocarcinoma); A2780 (ovarian carcinoma);
H460 (lung carcinoma); A431 (epidermoid carcinoma); DU145
(prostate carcinoma); BE2-C (neuroblastoma); SJG2 (glioblas-
toma); MIA (pancreatic carcinoma) and SMA (glioblastoma). As in
previous investigations,31–33 an initial screen was carried out
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treating each of the cell lines at a compound concentration of
25 lM. If, in this preliminary assay, the compound was considered
potent with a high percentage inhibition (>90% across all cell lines
evaluated or >100% against more than two cell lines) and suitably
soluble (in the DMSO/water solution), then a more detailed dose
response evaluation was conducted. This allowed determination
of the compound GI50 and these values are presented in Table 1.

Unfortunately, the C2 hexyl and phenyl substituted anthrapyra-
none compounds (8 and 12, respectively) were not potent as cell
growth inhibitors in any of the cancer cell lines tested. The racemic
mixture of the natural product (±)-4 however was highly growth
inhibitory across the range of the cancer cell lines. Of particular
note was the effect against BE2-C, SMA and A2780 cell lines, at
0.17, 0.16 and 0.29 lM, respectively. Compound 14 disclosed mod-
erate cytotoxicity with the exception of only having weak potency
on the SJ-G2 cell line. The alkene precursor 16 was mainly three
times more potent across the range of cell lines tested. It is clear
that in most of the cell lines the epoxide (±)-4 is more active than
the precursor alkene 16, however at this stage it is impossible to
gauge if the epoxide moiety is directly playing a role in the mode
of action of (±)-BE-26554A (4).

A slight modification of the original synthetic pathway
(Scheme 2) facilitated access to additional anthrapyranone
derivatives (Fig. 2). Condensation of alternate aldehydes with the
b-keto-sulfoxide 13, were also successful in producing alterna-
tively C2-alkyl substituted 4-pyranones (65–83% yield). As in the
original synthetic scheme these products could be subjected to a
silver oxide Ag(II)O oxidation with or without subsequent iso-
propyl deprotection (BCl3) to prepare compounds 18, 21 and 22
(ESI�). The methyl ethers 19 and 20 were accessed through treat-
ment of the parent phenols with CH3I. These modifications allowed
exploration of the A ring alkyl ether and the length of the C2 side
chain as well as the effect of a metabolically stable CF3 group with
21 and 22 on the observed cytotoxicity.34,35

Phenol 18 with GI50 values of 1.4–3.2 lM was nearly equipotent
with 16, and the methyl ethers 19 and 20 showed a slight drop in
activity relative to 4 with GI50 values ranging from 4.1 to 14 and
5.3 to 7.1 lM, respectively.

These data suggest that the phenol-OH moiety is not pivotal to
activity. The combination of O-methylation and introduction of a –

CF3 moiety rendered 21 insoluble in the assay medium, however
the phenol 22 demonstrated enhanced cytotoxicity across the
panel of cell lines examined with GI50 values of 0.2–2.9 lM, with
the highest level of activity noted with the BE2-C cell line.

Following the promising results of the anthrapyranone com-
pounds (4-pyranone D-ring, Table 1) we investigated a series of
D-ring 2-pyranones to determine if this isomer had an effect on
the biological activity. This series of compounds were prepared
through a domino alkyne insertion/carbonylation/Nu-acylation
reaction, described in our earlier publication (Scheme 3).21 We
have found in previous investigations approached using palladium
mediated domino reactions to be effective for rapid ring formation
and sub-structural diversity.36–40

In most cases under our reaction conditions the regioisomer 24
predominated in favour of compound 25. Moreover, in many of our
reactions involving various alkynes, the regioisomer 25 was not
observed. For example, the specific formation of regioisomer 41,
confirmed by X-ray crystallographic studies (Fig. 3), is the sole pro-
duct of the reaction with TMS–acetylene.

The simple n-hexyl derivatives 26 and 27 displayed poor
growth inhibition, neither of these analogues progressing to a full
dose response evaluation. The nitrile derivative 29 displayed only
moderate cytotoxicity (GI50 3.2–22 lM), however the isopropyl
derivative 28 was relatively inactive (Table 2).

In most of the remaining 2-pyranone cases (Table 2) the activity
was weak to moderate at ca. 10–40 lM. These systems also
seemed not to indicate a clear difference in activity depending on
the position of the R group (i.e., if the isomer 24 or 25 was tested)
as shown in derivatives 34–37. The exception to the observed
moderate activity in these 2-pyranone examples was found in
the slight improvement in potency of the A ring benzylated deriva-
tive 33. We believe this may simply be driven by the higher
lipophilicity of the OBn derivative compared to the OiPr potentially
leading to greater cell permeability.

Given the D ring 2-pyranone system overall resulted in no
potency enhancements, we sought an alternative ring system to
confirm if the earlier evaluated 4-pyranone ring system was essen-
tial for potent biological activity. In this regard our attention turned
to the installation of a furan moiety to an anthracenone core. From a
synthetic standpoint, these analogues were also of interest as they

Table 1
Growth inhibition (GI50, lM) of several anthrapyran-4-one derivatives against a panel of cancer cell linesa

Compdb HT29c U87d MCF-7e A2780f H460g A431h Du145i BE2-Cj SJ-G2d MIAk SMAl

4 2.0 ± 0.38 0.99 ± 0.13 1.3 ± 0.20 0.29 ± 0.01 2.1 ± 0.31 0.95 ± 0.12 0.84 ± 0.17 0.17 ± 0.04 0.8 ± 0.25 0.9 ± 0.16 0.16 ± 0.05
8 — — — — — — — — — — —
12 — — — — — — — — — — —
14 4.8 ± 0.62 8.7 ± 3.7 4.3 ± 0.88 5.8 ± 1.5 6.9 ± 2.5 5.7 ± 0.77 1.9 ± 0.000 2.2 ± 0.15 16 ± 7.3 3.4 ± 0.36 3.9 ± 1.9
16 1.6 ± 0.12 3.4 ± 0.12 1.4 ± 0.07 1.6 ± 0.23 3.9 ± 0.20 1.8 ± 0.07 1.5 ± 0.06 5.9 ± 0.21 4.7 ± 0.99 2.0 ± 0.34 1.7 ± 0.20
17 Insoluble
18 3.2 ± 0.94 2.8 ± 0.72 1.8 ± 0.06 2.4 ± 0.22 1.4 ± 0.27 1.6 ± 0.10 1.2 ± 0.15 1.8 ± 0.26 1.7 ± 0.13 1.7 ± 0.15 1.5 ± 0.19
19 4.5 ± 0.25 14 ± 4.7 4.1 ± 0.20 5.3 ± 0.23 4.8 ± 0.18 5.7 ± 0.35 4.8 ± 0.34 4.1 ± 0.033 4.3 ± 0.15 5.4 ± 0.32 6.5 ± 1.3
20 5.5 ± 0.058 6.4 ± 0.42 6.4 ± 0.33 6.4 ± 0.20 5.3 ± 0.31 6.6 ± 0.15 5.3 ± 0.56 6.1 ± 0.000 5.3 ± 0.17 7.1 ± 0.32 6.0 ± 0.36
21 Insoluble
22 0.94 ± 0.18 2.9 ± 0.85 0.28 ± 0.035 0.34 ± 0.027 0.87 ± 0.46 0.51 ± 0.20 0.29 ± 0.012 0.20 ± 0.018 0.49 ± 0.007 0.28 ± 0.000 0.48 ± 0.17

a All compounds were initially assayed at 25 lM in each cell line for growth inhibition and if potent a full dose response analysis was conducted from which the GI50, lM
value was calculated. This value is the concentration of compound that induces 50% growth inhibition after 72 h exposure. (—) indicates the compound had low growth
inhibition level in the initial assay.

b All assays were completed in triplicate with the standard error indicated.
c Colon carcinoma.
d Glioblastoma.
e Breast carcinoma.
f Ovarian carcinoma.
g Lung carcinoma.
h Skin carcinoma.
i Prostate carcinoma.
j Neuroblastoma.
k Pancreatic carcinoma.
l Spontaneous murine astrocytoma.
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are poorly represented in the literature.41,42 Additionally, the furan
oxygen atom would be in a similar position to the previous ana-
logues and it was believed that C2 group on the furan would occupy
a similar region of space as the C2 position of the 4-pyranone. We
envisaged these compounds could be prepared through a Castro–
Stephens protocol.43–46 In several examples ortho-substituted

halides had previously been used in heterocycle synthesis including
both furans and isocoumarins, while in situ quenching of these
reactions have been reported to produce pyrazoles.24,47–50

Initially, a range of copper acetylides were prepared simply by
treating an alcoholic solution of the terminal alkynes with a mix-
ture of excess CuCl in NH4OH (28%) in EtOH. Given the inherent
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poor solubility of cuprous acetylides these species were analysed by
elemental analysis and used without further purification (ESI�).

Following the original Castro–Stevens protocol we trailed reac-
tions in pyridine at high temperatures in order to solubilise the
copper acetylide. Unfortunately, in each of these examples a large
amount of decomposition was also observed. Given this concern
we attempted to carry out these reactions at a lower temperature
by first improving the solubility of the copper acetylide through
the addition of dimethylethylenediamine (DMEDA), a ligand com-
monly used in the copper catalysed Ullmann–Goldberg
condensation.51

The result from this reaction modification led to a collection of
furans containing electron withdrawing and donating groups being
formed in a range of yields (Table 3 and Fig. 4). The aliphatic,
ketone and nitrile copper acetylides performed most optimally in
the reaction (85–54% yield).

As expected using the alkyl alcohol and the alkyl chloride as
coupling partners resulted in a lower yield of the furan.
Following the preparation of compound 56 a simple oxidation with
Dess–Martin periodinane allowed for the synthesis of the corre-
sponding ketone 58. As previously described both of these com-
pounds could be deprotected using either BCl3 or p-TsOH to the
phenols 57 and 59 (ESI�).

Through the coupling partner diversity of the previously
described reaction (Table 3) we prepared the anthracenefurans
containing a C2 position hydrogen bond donor or acceptor groups,
as well as aliphatic tethers. Anthracenefurans 43, 45, 47 (C2 phenyl
substitution confirmed by X-ray crystallographic studies, Fig. 5)
and 48 displayed low levels of cytotoxicity (Table 4).

The other analogues were effective as cell growth inhibition
agents throughout the various cell lines with a few exceptions.
The simple 2-alkyl substituted furans, as the free phenols, had
moderate (44, GI50 values of 9.3–32 lM) and good (46, GI50 values
of 0.86–6.6 lM) cell growth inhibition, but were essentially

inactive as the corresponding isopropyl ethers 43 and 45.
Shortening of the alkyl chain improved the activity given the n-
propyl 45 displayed good sub-micromolar activity against BE2-C
(0.88 lM) and Du145 (0.86 lM) cell lines. Surprisingly, the benzoyl
derivative 49 (Fig. 5), also containing an isopropoxy group on the
A-ring, was potent and the phenol 50 was not. Possibly the
increase in lipophilicity of derivative 49 has an influence on the
activity of this compound. This substrate is particularly interesting
given its potency in the BE2-C and Du145 cell lines at 0.95 and
0.83 lM respectively.

The butanyl-nitrile and the n-propyl chloride derivatives, 52
and 54, both bearing an A-ring phenol had modest to high activity
across the cell lines evaluated with GI50 values of 0.46–32 and
0.59–23 lM, respectively. The cyano-substituted compound 52
showed strong growth inhibition against Du145 cells of 0.46 lM.
The C2 alkyl chloride moiety (in 53 and 54) was chosen as a mimic
similar to the electrophilic ability of epoxide moiety contained
within pluramycin A (1).

Thus, this was expected to undergo a similar alkylation reaction
with the base guanine. In most of the cell lines, 54 had an improved
activity (GI50 values of 0.38–1.9 lM, on exclusion of SJ-G2 cell line
with GI50 = 37 lM) compared to the simple alkyl derivative 46
(GI50 values of 0.86–6.6 lM). Again the growth inhibition activity
of anthracenefuran 54 in BE2-C was excellent at 0.38 lM. Of the
ketone containing compounds (55, 58 and 59) the derivative 55
was the most effective at inhibiting cell growth with GI50 values
of 0.75–6.8 lM. Compounds 56 and 57, having a hydrogen-bond
donor in the side-chain, exhibited moderate GI50 values of 14–35
and 7.3–28 lM, respectively.

2. Conclusions

In this study we have designed new synthetic pathways to three
anthracenone-pyranones and anthracenone-furans from related

Table 2
Growth inhibition (GI50, lM) of the various anthrapyran-2-ones in a panel of human cancer cell linesa

Compdb HT29c U87d MCF-7e A2780f H460g A431h Du145i BE2-Cj SJ-G2d MIAk SMAl

26 — — — — — — — — — — —
27 — — — — — — — — — — —
28 — — — — — — — — — — —
29 14 ± 2.7 11 ± 3.5 12 ± 3.4 10 ± 1.7 9.0 ± 1.6 12 ± 0.33 3.2 ± 0.52 11 ± 4.3 22 ± 9.5 15 ± 6.7 9.8 ± 6.2
30 — — — — — — — — — — —
31 11 ± 0.29 25 ± 2.2 16 ± 0.67 19 ± 0.33 16 ± 0.33 15 ± 0.00 26 ± 1.3 22 ± 2.1 9.0 ± 1.8 14 ± 1.2 23 ± 1.2
32 — — — — — — — — — — —
33 5.6 ± 0.10 14 ± 1.9 5.3 ± 0.70 7.0 ± 0.13 5.1 ± 0.13 4.0 ± 0.29 8.8 ± 0.31 6.7 ± 0.40 3.9 ± 0.57 3.9 ± 0.41 6.1 ± 0.07
34 — — — — — — — — — — —
35 18 ± 1.3 14 ± 3.8 15 ± 1.7 9.5 ± 1.5 19 ± 1.5 20 ± 1.0 11 ± 1.5 13 ± 3.3 13 ± 2.9 13 ± 2.0 12 ± 3.6
36 15 ± 2.0 16 ± 0.88 19 ± 4.3 21 ± 1.8 19 ± 1.5 17 ± 2.0 20 ± 1.2 33 ± 6.6 15 ± 3.4 20 ± 4.3 19 ± 1.3
37 24 ± 2.6 12 ± 2.7 8.8 ± 1.6 12 ± 3.2 25 ± 2.6 12 ± 3.8 24 ± 2.7 27 ± 2.7 27 ± 4.7 17 ± 4.0 16 ± 3.6
38 13 ± 0.88 17 ± 0.88 14 ± 1.3 12 ± 0.33 20 ± 1.5 17 ± 0.58 29 ± 6.1 33 ± 2.4 12 ± 2.0 12 ± 0.33 12 ± 0.33
39 30 ± 0.58 30 ± 0.58 20 ± 1.2 28 ± 1.7 22 ± 2.3 19 ± 1.2 40 ± 3.8 27 ± 3.9 14 ± 1.2 23 ± 3.2 30 ± 0.58
40 — — — — — — — — — — —
41 11 ± 0.44 19 ± 1.7 13 ± 1.3 13 ± 1.2 21 ± 1.2 19 ± 0.67 27 ± 1.7 28 ± 5.8 14 ± 3.4 11 ± 0.44 11 ± 0.00

a All compounds were initially assayed at 25 lM in each cell line for growth inhibition and if potent a full dose response analysis was conducted from which the GI50, lM
value was calculated. This value is the concentration of compound that induces 50% growth inhibition after 72 h exposure. (—) indicates the compound had a low growth
inhibition level in the initial assay.

b All assays were completed in triplicate with the standard error indicated.
c Colon carcinoma.
d Glioblastoma.
e Breast carcinoma.
f Ovarian carcinoma.
g Lung carcinoma.
h Skin carcinoma.
i Prostate carcinoma.
j Neuroblastoma.
k Pancreatic carcinoma.
l Spontaneous murine astrocytoma.

3556 J. E. Rixson et al. / Bioorg. Med. Chem. 23 (2015) 3552–3565



aryl iodide precursors. These procedures provided a series of
anthracenone containing compounds exhibiting good to modest
growth inhibition in a range of cancer cell lines. Given these
results, it is evident that the type of D-ring O-heterocycle influ-
ences the cytotoxic effects of these normally DNA-interchelating
class of compounds. Among the forty four compounds tested, those
which displayed potent activity against a variety of tumour cells,
were the natural product BE-26554A (4) and its alkene precursor
16. Other derivatives of note were the potent CF3-alkyl anthra-
cenone-pyranone 22, and the anthracenone-furan derivative 54
showing 0.20 lM and 0.38 lM growth inhibition respectively in
the BE2-C neuroblastoma cell line.

3. Experimental

3.1. General protocol

Starting materials and reagents were available from Sigma–
Aldrich or Merck chemical companies. All reactions were per-
formed under argon and at ambient temperature unless stated
otherwise. All solvents used in reactions were anhydrous unless
noted otherwise. Anhydrous solvents were distilled over the
appropriate drying agent or acquired from a Pure Solv 5-Mid
Solvent Purification System (Innovative Technology Inc.). 1H and
13C Nuclear Magnetic Resonance (NMR) spectra were acquired on
a Varian 300, Varian 400 or a Bruker AV500 Bruker AV600 spec-
trometer and all signals d are reported in parts per million
(ppm). 1H and 13C assignments were made with the aid of DEPT,
COSY, HSQC and HMBC sequences where appropriate. Chemical
shifts were referenced to the residual (partially) undeuterated sol-
vents and reported in parts per million (ppm). Infrared spectra
samples were prepared using the KBr disc method or measured
directly with an ATR adapter and acquired on a Perkin Elmer
Spectrum One spectrometer at 2 cm�1 resolution. Melting points
were recorded on a Reichart heated-stage microscope. The
reported retention factors (Rf) were acquired via Thin Layer
Chromatography (TLC) performed on Merck silica gel 60 F254
pre-coated aluminium sheets. Column chromatography was per-
formed using silica gel 60 (0.04–0.063) supplied by Merck.
Chromatography solvents were distilled prior to use. High pressure
reactions were carried out in a high-pressure laboratory autoclave
Model I from Carl Roth. DMEDA is N,N0-dimethylethylenediamine.
Compounds 4, 9, 13–16, 23, 26–41 have been prepared and charac-
terised previously.21 Non-1-yn-3-one (10) was prepared according
to the procedure by Braddock et al.52

3.1.1. General procedure for the deprotection of the isopropyl
group; Method A

TsOH�H2O (1.5 equiv) was added to a magnetically stirred solu-
tion or suspension of isopropylether–anthrapyranone in xylene
(0.01–0.04 mM) and heated to reflux for 5–20 min monitoring

Table 3
Synthesis of anthracene-furans through a Castro–Stephens reaction
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a Aryl iodide 23, copper acetylide (1.1–1.5 equiv) and DMEDA, (3.5 equiv),
toluene (5 mL), 90 �C, 18 h.
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Figure 4. Prepared novel anthracenone-furan derivatives.
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every 5 min by tlc (10% EtOAc/PhMe). The reaction mixture was
cooled to room temperature, diluted with NaHCO3 (satd aq) and
extracted with CH2Cl2 (20 mL � 3), dried over MgSO4 and concen-
trated under reduced pressure. The residue was then purified by
column chromatography (silica, 100% PhMe ? 20% EtOAc/PhMe)
to give the highly coloured phenol as orange to yellow crystalline
solids.

3.1.2. General procedure for the deprotection of the isopropyl
group, Method B

BCl3 (1 M in heptane, 2 equiv) was added dropwise to a magnet-
ically stirred solution of the isopropyl ether (1 equiv) in CH2Cl2 at
�40 �C. The ensuing mixture was stirred for 15 min before quench-
ing with NaHCO3 (sats 20 mL) and warming to room temperature.
The mixture was treated with water and the solution was
extracted with CH2Cl2, dried over MgSO4, concentrated and the
residue purified by column chromatography.

3.1.3. General procedure for the methylation of phenols
MeI (2.0 equiv) was added to a magnetically stirred solution of

phenol–anthraquinone and K2CO3 (3 equiv) in DMF (0.01–
0.04 mM) and heated to 40 �C for 16 h. The reaction mixture was
cooled to room temperature, diluted with H2O and extracted with
CH2Cl2 (20 mL � 3), dried over MgSO4 and concentrated under
reduced pressure. The resulting residue was then purified by col-
umn chromatography (silica, 100% PhMe ? 30% EtOAc/PhMe) to
give the methylated phenol.

3.1.3.1. 8-Isopropoxy-3-methyl-9,10-dioxo-2-(3-oxo-3-phenyl-
prop-1-yn-1-yl)-9,10-dihydroanthracen-1-yl benzoate
(7). A mixture of anthraquinone iodide 5 (277 mg,
0.526 mmol) and (3-oxo-3-phenylprop-1-yn-1-yl)copper (6)
(152 mg, 0.786 mmol) in DMF (20 mL) was heated to reflux for
1 h. The reaction mixture was concentrated and purified by column
chromatography (silica, 0–5% EtOAc in PhMe) to give the

Figure 5. Structures of the compounds 47 (molecule 1 only) (CCDC No. 1032509) and 49 (CCDC No. 1032511).

Table 4
Growth inhibition (GI50, lM) of the various anthrafuranones in a panel of human cancer cell lines

Compdb HT29c U87d MCF-7e A2780f H460g A431h Du145i BE2-Cj SJ-G2d MIAk SMAl

43 — — — — — — — — — — —
44 17 ± 1.5 25 ± 2.6 15 ± 2.5 12 ± 2.2 17 ± 1.2 18 ± 0.58 25 ± 2.0 21 ± 1.9 32 ± 3.4 13 ± 2.4 9.3 ± 1.8
45 — — — — — — — — — — —
46 1.2 ± 0.62 6.6 ± 1.7 2.2 ± 0.21 1.5 ± 0.15 3.1 ± 0.63 2.3 ± 0.09 0.86 ± 0.032 0.88 ± 0.035 1.0 ± 0.065 1.7 ± 0.49 1.3 ± 0.17
47 — — — — — — — — — — —
48 — — — — — — — — — — —
49 1.4 ± 0.13 2.3 ± 0.49 1.1 ± 0.26 2.1 ± 0.44 2.9 ± 0.57 1.77 ± 0.09 0.95 ± 0.13 0.83 ± 0.14 36 ± 1.7 1.7 ± 0.31 2.2 ± 0.12
50 — — — — — — — — — — —
51 11 ± 3.5 6.1 ± 0.10 5.9 ± 2.3 6.4 ± 0.83 9.4 ± 0.83 9.8 ± 1.1 7.7 ± 1.0 23 ± 4.7 8.4 ± 1.3 10 ± 1.4 10 ± 1.7
52 1.9 ± 0.09 11 ± 3.55 4.7 ± 0.82 6.5 ± 2.40 15 ± 3.2 13 ± 0.67 0.46 ± 0.10 0.99 ± 0.11 32 ± 6.6 2.6 ± 1.1 5.4 ± 3.0
53 18 ± 0.88 18 ± 1.0 13 ± 1.9 11 ± 0.33 27 ± 2.2 23 ± 3.8 25 ± 5.0 43 ± 5.1 25 ± 3.8 34 ± 2.7 22 ± 2.5
54 1.9 ± 0.05 0.97 ± 0.24 0.66 ± 0.02 0.45 ± 0.009 1.9 ± 0.82 0.59 ± 0.03 0.44 ± 0.02 0.38 ± 0.02 37 ± 2.6 0.55 ± 0.003 0.69 ± 0.08
55 0.88 ± 0.003 4.2 ± 1.2 2.0 ± 0.07 2.3 ± 1.4 6.8 ± 2.5 1.4 ± 0.09 0.85 ± 0.03 0.75 ± 0.13 4.2 ± 0.89 1.1 ± 0.16 1.8 ± 0.48
56 24 ± 3.5 35 ± 2.8 24 ± 2.7 16 ± 1.0 17 ± 1.7 19 ± 1.0 28 ± 3.2 20 ± 1.0 14 ± 0.67 19 ± 0.58 29 ± 2.8
57 13 ± 1.7 20 ± 2.3 21 ± 1.5 7.3 ± 0.33 17 ± 3.4 9.0 ± 2.1 28 ± 5.7 19 ± 4.6 17 ± 2.4 15 ± 2.3 12 ± 2.3
58 9.7 ± 0.67 8.4 ± 1.3 3.5 ± 0.27 5.0 ± 0.50 17 ± 0.67 5.8 ± 1.1 1.9 ± 0.13 4.6 ± 0.78 2.2 ± 0.058 9.7 ± 0.88 2.3 ± 0.29
59 4.7 ± 0.95 5.5 ± 1.8 2.1 ± 0.13 2.0 ± 0.067 9.6 ± 1.2 4.8 ± 1.5 2.0 ± 0.17 2.9 ± 0.43 1.8 ± 0.033 9.5 ± 0.29 1.5 ± 0.21

a All compounds were initially assayed at 25 lM in each cell line for growth inhibition and if potent a full dose response analysis was conducted from which the GI50, lM value
was calculated. This value is the concentration of compound that induces 50% growth inhibition after 72 h exposure. (—) indicates the compound had a low cytotoxicity level
in the initial assay.

b All assays were completed in triplicate with the standard error indicated.
c Colon carcinoma.
d Glioblastoma.
e Breast carcinoma.
f Ovarian carcinoma.
g Lung carcinoma.
h Skin carcinoma.
i Prostate carcinoma.
j Neuroblastoma.
k Pancreatic carcinoma.
l Spontaneous murine astrocytoma.
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anthraquinone 7 (207 mg, 0.392 mmol, 75%) as an orange oil.
Rf = 0.49 (5% EtOAc in PhMe). 1H NMR (500 MHz, CDCl3) d 8.42–
8.33 (m, 2H), 8.10 (d, J = 0.7 Hz, 1H), 8.06–7.99 (m, 2H), 7.87
(‘dd’, J = 7.7, 1.1 Hz, 1H), 7.70 (‘ddd’, J = 7.1, 2.6, 1.3 Hz, 1H), 7.62
(‘dd’, J = 8.3, 7.7 Hz, 1H), 7.60–7.53 (m, 2H), 7.46 (‘tt’, J = 7.5,
1.3 Hz, 1H), 7.31–7.28 (m, 1H), 7.12 (dd, J = 8.3, 7.5 Hz, 2H), 4.49
(hept, J = 6.1 Hz, 1H), 2.74 (d, J = 0.6 Hz, 3H), 1.28 (b‘dd’, J = 13.5,
6.4 Hz, 6H). 13C NMR (126 MHz, CDCl3) d 182.8 (C@O), 180.5
(C@O), 177.3 (C@O), 164.9 (C-Ar), 158.7 (C-Ar), 152.4 (C-Ar),
149.0 (C-Ar), 136.4 (C-Ar), 135.1 (C-Ar), 134.5 (CH-Ar), 134.3 (C-
Ar), 134.3 (CH-Ar), 133.9 (CH-Ar), 130.9 (2 � CH-Ar), 129.6
(2 � CH-Ar), 129.5 (C-Ar), 128.7 (2 � CH-Ar), 128.5 (2 � CH-Ar),
125.5 (CH-Ar), 125.3 (C-Ar), 124.7 (C-Ar), 123.9 (CH-Ar), 122.7
(C-Ar), 120.1 (CH-Ar), 97.2 (C„C), 84.5 (C„C), 73.9 (CH), 22.0
(2 � CH3), 21.6 (CH3). IR (Neat, cm�1): 2979 (C-H), 2930 (C-H),
2201 (C„C), 1742 (C@O), 1674 (C@O), 1638, 1583, 1450. HRMS
APCI: (m/z) calculated for C34H25O6 [M+H]+: 529.1651; found:
529.1663.

3.1.3.2. 11-Hydroxy-5-methyl-2-phenyl-4H-naphtho[2,3-
h]chromene-4,7,12-trione (8). H2SO4 (98%, 5 mL) was added
to anthraquinone 7 (122 mg, 0.231 mmol) and slowly heated to
60 �C for 1 h. The mixture was poured carefully into H2O (50 mL)
and extracted with CH2Cl2 (3 � 30 mL), dried (MgSO4), concen-
trated and purified by column chromatography (silica, 0–2%
EtOAc in PhMe) to give the anthrapyranone 8 (49 mg, 0.127 mmol,
55%) as a yellow solid. Rf = 0.33 (2% EtOAc in PhMe). Mp P260 �C.
1H NMR (400 MHz, CDCl3) d 12.99 (s, 1H), 8.32 (dd, J = 6.4, 2.4 Hz,
2H), 8.11 (s, 1H), 7.84 (dt, J = 7.4, 1.0 Hz, 1H), 7.70 (t, J = 7.7 Hz, 1H),
7.65–7.58 (m, 3H), 7.41–7.37 (m, 1H), 6.94 (s, 1H), 3.06 (s, 3H). 13C
NMR (126 MHz, CDCl3) d 187.6 (C@O), 182.1 (C@O), 179.4 (C@O),
163.4 (C-Ar), 162.8 (CH-Ar), 156.6 (C-Ar), 150.0 (C-Ar), 136.6
(CH-Ar), 136.3 (C-Ar), 132.5 (C-Ar), 132.3 (CH-Ar), 130.8 (C-Ar),
129.4 (2 � CH-Ar), 127.1 (2 � CH-Ar), 126.9 (C-Ar), 126.1 (CH-Ar),
125.6 (CH-Ar), 120.1 (C-Ar), 119.6 (CH-Ar), 117.0 (C-Ar), 109.1
(CH-Ar), 24.4 (Ar-CH3). IR (KBr pellet, cm�1): 3463 (O-H), 3065
(C-H), 2924 (C-H), 2852 (C-H), 2651 (C@O), 1636 (C@O), 1462.
HRMS EI+: (m/z) calculated for C24H14O5 [M+H]+: 382.0841; found:
382.0844.

3.1.3.3. 1-(Benzyloxy)-8-isopropoxy-3-methyl-2-(3-oxooct-1-
yn-1-yl)anthracene-9,10-dione (11) through 1-(benzyloxy)-2-
(3-hydroxynon-1-yn-1-yl)-8-isopropoxy-3-methylanthracene-
9,10-dione. A warmed (60 �C) degassed solution of Na2CO3

(310 mg, 2.92 mmol) in H2O (4 mL) was added to a preheated well
stirred mixture of aryl iodide 9 (500 mg, 0.976 mmol), Pd(PPh3)2Cl2

(68 mg, 0.098 mmol) and propargyl alcohol 10 (272 mg,
1.95 mmol) in dioxane (15 mL). The ensuing solution was then
heated to 80 �C for 3 h. The reaction mixture was concentrated
and purified by column chromatography (silica, 0 ? 10% EtOAc in
PhMe) to give the title anthraquinone alcohol (207 mg,
0.392 mmol, 75%) as an orange oil. Rf = 0.36 (10% EtOAc in PhMe).
1H NMR (400 MHz, CDCl3) d 7.79 (s, 1H), 7.76 (d, J = 7.6 Hz, 1H),
7.65 (d, J = 7.1 Hz, 2H), 7.54 (t, J = 8.0 Hz, 1H), 7.35 (‘t’, J = 7.3 Hz,
2H), 7.30 (m, J = 7.2 Hz, 1H), 7.23 (m, J = 10.1 Hz, 1H), 5.20 (s,
2H), 4.61 (hept, J = 6.1 Hz, 1H), 4.53 (bt, J = 6.7 Hz, 1H), 2.45 (s,
3H), 1.99 (s, 1H), 1.74–1.59 (m, 3H), 1.40 (m, 6H), 1.24 (d,
J = 10.8 Hz, 8H), 0.83 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz,
CDCl3) d 183.6 (C@O), 182.2 (C@O), 159.7 (C-Ar), 158.0 (C-Ar),
146.9 (C-Ar), 137.6 (CH-Ar), 135.2 (C-Ar), 133.8 (CH-Ar), 133.0
(C-Ar), 128.6 (2 � CH-Ar), 128.4 (2 � CH-Ar), 128.1 (CH-Ar), 127.0
(C-Ar), 125.7 (C-Ar), 125.6 (C-Ar), 123.3 (CH-Ar), 122.5 (CH-Ar),
119.5 (CH-Ar), 103.5 (C-Ar), 79.3 (C„C), 76.3 (C„C), 73.1 (O-
CH(CH3)2), 63.2 (Ph-CH2), 62.9 (CH-OH), 37.8 (HO-CH2), 37.6
(HO-CH2), 31.8 (CH2), 29.1 (CH2), 29.0 (CH2), 25.3 (CH2), 25.1
(CH2), 22.7 (CH2), 22.2 (2 � CH3), 21.5 (Ar-CH3), 14.2 (CH3); IR

(Neat, cm�1): 3324 (O-H), 2925 (C-H), 2857 (C-H), 1672 (C@O),
1581 (C@O), 1322, 1281. HRMS APCI: (m/z) calculated for
C34H37O5 [M+H]+: 525.2641; found: 525.2651.

Dess–Martine Periodinane (455 mg, 1.13 mmol) was added por-
tion-wise to a solution of anthraquinone alcohol (478 mg,
0.867 mmol) in CH2Cl2 (15 mL) and the mixture stirred at room
temperature for 2 h. The resulting mixture was quenched by the
simultaneous addition of Na2S2O3 (1 M, 10 mL) and NaHCO3 (satd
10 mL) and stirred for 30 min. The organic layer was separated
and the aqueous layer extracted with CH2Cl2 (2 � 30 mL). The com-
bined organic layers were dried over MgSO4, concentrated and
purified by column chromatography (silica, 0 ? 5% EtOAc in
PhMe) to give the anthraquinone 11 (400 mg, 0.786 mmol, 88%)
as an orange oil. Rf = 0.26 (5% EtOAc in PhMe). 1H NMR
(500 MHz, CDCl3) d 7.88 (d, J = 0.7 Hz, 1H), 7.81 (dd, J = 7.7,
1.1 Hz, 1H), 7.71–7.66 (m, 2H), 7.61 (dd, J = 8.3, 7.7 Hz, 1H), 7.42–
7.36 (m, 2H), 7.36–7.30 (m, 2H), 5.25 (s, 2H), 4.67 (hept,
J = 6.1 Hz, 1H), 2.58 (s, 3H), 2.56 (t, J = 7.3 Hz, 2H), 1.63–1.69 (m,
2H), 1.46 (d, J = 6.0 Hz, 6H), 1.22–1.33 (m, 6H), 0.88 (t, J = 7.0 Hz,
3H). 13C NMR (126 MHz, CDCl3) d 187.8 (C@O), 183.4 (C@O),
181.8 (C@O), 161.2 (C-Ar), 158.1 (C-Ar), 148.4 (C-Ar), 136.9 (C-
Ar), 135.1 (C-Ar), 134.7 (C-Ar), 134.0 (CH-Ar), 129.0 (2 � CH-Ar),
128.5 (2 � CH-Ar), 128.4 (CH-Ar), 126.9 (C-Ar), 125.4 (C-Ar),
123.4 (C-Ar), 123.0 (C-Ar), 122.5 (CH-Ar), 119.5 (CH-Ar), 98.2
(C„C), 84.1 (C„C), 73.0 (Ph-CH2), 45.8 (COH), 31.6 (CH2), 28.8
(CH2), 24.1 (CH2), 22.6 (CH2), 22.2 (2 � CH3), 21.5 (Ar-CH3), 14.13
(CH3). IR (Neat, cm�1): 2957 (C-H); 2929 (C-H), 2858 (C-H), 2195
(C„C), 1670 (C@O), 1582, 1262. HRMS APCI: (m/z) calculated for
C34H37O5 [M+H]+: 525.2641; found: 525.2665.

3.1.3.4. 11-Hydroxy-5-methyl-2-hexyl-4H-naphtho[2,3-h]chro-
mene-4,7,12-trione (12). H2SO4 (98%, 5 mL) was added to
anthraquinone 7 (100 mg, 0.236 mmol) and slowly stirred at room
temperature for 4 h. The mixture was poured carefully into H2O
(50 mL) and extracted with CH2Cl2 (3 � 30 mL), dried (MgSO4),
concentrated and purified by column chromatography (silica,
0 ? 2% EtOAc in PhMe) to give the anthrapyranone 12 (30 mg,
0.078 mmol, 33%) as a yellow solid. Rf = 0.33 (2% EtOAc in PhMe).
Mp = 175–178 �C. 1H NMR (500 MHz, CDCl3) d 12.87 (s, 1H), 8.04
(s, 1H), 7.80 (dd, J = 7.5, 1.1 Hz, 1H), 7.68–7.64 (m, 1H), 7.35 (dd,
J = 8.4, 1.2 Hz, 1H), 6.25 (s, 1H), 3.01 (s, 3H), 2.74 (t, J = 7.6 Hz,
2H), 1.93–1.86 (m, 2H), 1.46 (d, J = 7.2 Hz, 2H), 1.39–1.33 (m,
4H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) d 187.4
(C@O), 182.1 (C@O), 179.3 (C@O), 169.7 (C-Ar), 162.7 (C-Ar),
156.9 (C-Ar), 149.8 (C-Ar), 136.4 (Ar-CH), 136.0 (C-Ar), 132.4 (C-
Ar), 126.6 (C-Ar), 125.7 (Ar-CH), 125.4 (Ar-CH), 119.9 (C-Ar),
119.4 (Ar-CH), 117.0 (C-Ar), 112.2 (Ar-CH), 34.0 (CH2), 31.6 (CH2),
28.8 (CH2), 26.5 (CH2), 24.4 (CH2), 22.6 (Ar-CH3), 14.2 (CH3).
HRMS APCI: m/z calculated for C24H23O5 [M+H]+: 391.1545; found:
391.1596. IR (Neat, cm�1) 3062 (C-H), 2954 (C-H), 2919 (C-H),
2852 (C-H), 1669 (C@O), 1651 (C@O), 1625 (C@O), 1583 (C@C),
1456, 1269, 776.

3.1.3.5. 2-Ethyl-11-hydroxy-5-methyl-4H-naphtho[2,3-h]chro-
mene-4,7,12-trione (17). Anthra-4-pyranone 17 was pre-
pared according to the general procedure for the deprotection of
the isopropyl group, Method A, using the anthra-4-pyranone 14
(67 mg, 0.151 mmol) in xylene (5 mL). The anthrafuran 17 was
obtained as orange crystals (53 mg, 0.131 mmol, 87%). Rf = 0.27
(10% EtOAc in PhMe); mp = 248–251 �C. 1H NMR (500 MHz,
CDCl3) d 12.86 (s, 1H), 8.05 (s, 1H), 7.80 (dd, J = 7.5, 1.2 Hz, 1H),
7.69–7.63 (m, 1H), 7.35 (dd, J = 8.4, 1.2 Hz, 1H), 6.26 (s, 1H),
3.05–2.95 (m, 2H), 3.00 (s, 3H) 2.80 (q, J = 5.0 Hz, 2H), 1.44 (t,
J = 5.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) d 187.4 (C@O), 182.1
(C@O), 179.4 (C@O), 170.6 (C-Ar), 162.7 (C-Ar), 156.8 (C-Ar),
149.9 (C-Ar), 136.4 (Ar-CH), 136.1 (C-Ar), 132.4 (C-Ar), 126.6 (C-
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Ar), 125.7 (Ar-CH), 125.4 (Ar-CH), 119.9 (C-Ar), 119.4 (Ar-CH),
117.0 (C-Ar), 111.4 (Ar-CH), 27.4 (CH2), 24.4 (Ar-CH3), 11.0 (CH3).
HRMS APCI: calculated for C20H15O5 [M+H]+: 335.0919; found:
335.0906. IR (Neat, cm�1) 2976 (C-H), 1646 (C@O), 1621 (C@O),
1262, 907.

3.1.4. General method for the synthesis of anthra-4-pyranones
via b-ketosulfoxides

Piperidine (catalytic) was added to a solution of b-keto-sulfox-
ide (1 equiv) and aldehyde (2.0 equiv) in toluene (5 mL). The ensu-
ing mixture was slowly heated to reflux for 2–3 h, cooled to room
temperature and purified by column chromatography (silica,
PhMe ? ca. 10–20% EtOAc/PhMe) to give the product pyran-4-
one generally as an orange-yellow solid.21

3.1.4.1. 11-Hydroxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chro-
mene-4,7,12-trione (18): Three steps through 11-isopropoxy-
7,12-dimethoxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chro-
men-4-one. Anthra-4-pyranone 18 was prepared according
to the general procedure for the synthesis of anthra-4-pyranones
via b-ketosulfoxides. b-Keto-sulfoxide 13 (189 mg, 0.513 mmol)
and butyraldehyde (93 lL, 1.03 mmol) in toluene (5 mL) were
added to the reaction flask. The anthra-4-pyranone dimethoxy
anthracene was obtained as orange-yellow crystals (153 mg,
4.26 mmol, 83%). Rf = 0.25 (10% EtOAc in PhMe). Mp = 112–
117 �C. 1H NMR (500 MHz, CDCl3) d 7.86 (dd, J = 8.6, 0.9 Hz, 1H),
7.79 (d, J = 1.2 Hz, 1H), 7.45 (dd, J = 8.6, 7.6 Hz, 1H), 6.86 (d,
J = 7.5 Hz, 1H), 6.33 (s, 1H), 4.83–4.72 (m, 1H), 4.03 (s, 3H), 3.96
(s, 3H), 2.96 (d, J = 1.1 Hz, 3H), 2.77 (t, J = 7.5 Hz, 2H), 1.95–1.86
(m, 2H), 1.52 (d, J = 6.0 Hz, 6H), 1.09 (t, J = 7.4 Hz, 3H). 13C NMR
(126 MHz, CDCl3) d 180.1 (C@O), 167.2 (C-Ar), 157.5 (C-Ar), 155.3
(C-Ar), 152.1 (C-Ar), 146.8 (C-Ar), 134.7 (C-Ar), 130.2 (C-Ar),
127.4 (CH-Ar), 126.2 (C-Ar), 120.4 (C-Ar), 120.0 (C-Ar), 119.7
(CH-Ar), 115.8 (C-Ar), 114.6 (CH-Ar), 113.1 (CH-Ar), 108.0 (CH-
Ar), 71.0 (OCH(CH3)2), 63.6 (OCH3), 62.8 (OCH3), 35.8 (CH2), 24.1
(2 � CH3), 22.0 (Ar-CH3), 20.1 (CH2), 13.75 (CH3). HRMS APCI: cal-
culated for C26H28O5, [M+H]+; 421.2015; found: 421.2025. IR (Neat,
cm�1) 3092 (C-H), 2967 (C-H), 2935 (C-H), 1659 (C@O), 1630,
1363, 656.

3.1.4.2. 11-Isopropoxy-5-methyl-2-propyl-4H-naphtho[2,3-
h]chromene-4,7,12-trione. HNO3 (4 M, ca. 3.5 mL) was
added gradually as a steady stream into stirred mixture of
anthra-4-pyranone dimethoxy anthracene (197 mg, 0.485 mmol)
and Ag(II)O (300 mg, 2.42 mmol) in 1,4-dioxane (7 mL) until all
of the suspended Ag(II)O dissolved. The mixture was stirred for
15 min before H2O (20 mL) was added. The mixture was extracted
with CH2Cl2 (3 � 30 mL), washed with H2O (100 mL), dried over
MgSO4, and the combined organic extracts concentrated and the
residue purified by column chromatography (silica, 100%
PhMe ? 15% EtOAc/PhMe) to give the anthraquinone (157 mg,
0.403 mmol, 83%) as a yellow solid. Rf = 0.35 (10% EtOAc in
PhMe). Mp = 204–206 �C. 1H NMR (600 MHz, CDCl3) d 7.83 (d,
J = 0.5 Hz, 1H), 7.79 (dd, J = 7.6, 0.9 Hz, 1H), 7.59 (t, J = 8.1 Hz 1H),
7.31 (d, J = 8.1 Hz, 1H), 6.17 (s, 1H), 4.64 (hept, J = 6.1 Hz, 1H),
2.91 (s, 3H), 2.69 (t, J = 7.5 Hz, 2H), 1.93–1.85 (m, 2H), 1.45 (d,
J = 6.1 Hz, 6H), 1.05 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3)
d 183.2 (C@O), 180.4 (C@O), 179.5 (C@O), 169.3 (C-Ar), 158.22
(C-Ar), 155.8 (C-Ar), 146.9 (C-Ar), 135.0 (C-Ar), 134.6 (C-Ar),
134.0 (C-Ar), 126.4 (C-Ar), 125.2 (C-Ar), 124.4 (CH-Ar), 122.9 (C-
Ar), 122.8 (CH-Ar), 119.6 (CH-Ar), 111.9 (CH-Ar), 73.2
(OCH(CH3)2), 35.8 (CH2), 23.9 (CH2), 22.1 (2 � CH3), 19.7 (CH2),
13.7 (CH3). HRMS APCI: calculated for C24H23O5 [M+H]+:
391.1545; found: 391.1522. IR (Neat, cm�1): 2970 (C-H), 2926
(C-H), 2873 (C-H), 1673 (C@O), 1656 (C@O), 1581 (C@C), 1463,
1285, 750.

3.1.4.3. 11-Hydroxy-5-methyl-2-propyl-4H-naphtho[2,3-h]chro-
mene-4,7,12-trione (18). Anthra-4-pyranone 18 was pre-
pared according to the general procedure for the deprotection of
the isopropyl group, Method A. Isopropyl anthra-4-pyranone
(32 mg, 0.082 mmol) in xylene (3 mL) were added to the reaction
flask. The anthrapyranone 18 was obtained as yellow crystals
(26 mg, 0.074 mmol, 90%). Rf = 0.35 (10% EtOAc in PhMe).
Mp = 185–187 �C. 1H NMR (400 MHz, CDCl3) d 12.81 (s, 1H), 7.97
(s, 1H), 7.75 (d, J = 7.3 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 7.31 (d,
J = 8.3 Hz, 1H), 6.22 (s, 1H), 2.97 (s, 3H), 2.70 (t, J = 7.5 Hz, 2H),
1.92 (d, J = 7.4 Hz, 2H), 1.08 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz,
CDCl3) d 187.2 (C@O), 181.9 (C@O), 179.1 (C-Ar), 169.3 (C-Ar),
162.6 (C-Ar), 156.7 (C-Ar), 149.8 (C-Ar), 136.4 (Ar-CH), 135.9 (C-
Ar), 132.3 (C-Ar), 126.5 (C-Ar), 125.6 (Ar-CH), 125.4 (Ar-CH),
119.7 (C-Ar), 119.3 (Ar-CH), 116.8 (C-Ar), 112.3 (Ar-CH), 35.9
(CH2), 24.3 (CH2), 20.0 (Ar-CH3), 13.7 (CH3). HRMS APCI: m/z calcu-
lated for C21H17O5 [M+H]+: 349.1076; found: 349.1070. IR (Neat,
cm�1) 3073 (C-H), 2962 (C-H), 2927 (C-H), 1663 (C@O), 1637
(C@O), 1582 (C@C), 1456, 1280, 671.

3.1.4.4. 2-Ethyl-11-methoxy-5-methyl-4H-naphtho[2,3-h]chro-
mene-4,7,12-trione (19). Anthra-4-pyranone 19 was pre-
pared according to the general procedure for the methylation of
the phenol group using anthra-4-pyranone 17 (68 mg, 0.20 mmol).
The anthrapyranone 19 was obtained as a yellow-orange solid
(61 mg, 0.18 mmol, 86%). Rf = 0.38 (30% EtOAc in PhMe).
Mp = 220–222 �C. 1H NMR (400 MHz, CDCl3) d 7.91 (d, J = 0.7 Hz,
1H), 7.86 (dd, J = 7.7 Hz, 1.1 Hz), 7.68 (‘t’, J = 8.0 Hz, 1H), 7.35 (dd,
J = 8.5 Hz, 0.9 Hz, 1H), 6.21 (s, 1H), 4.04 (s, 3H), 2.96 (d, J = 0.7 Hz,
3H), 2.78 (dq, J = 7.5 Hz, 0.6 Hz, 2H), 1.41 (t, J = 7.5 Hz, 3H). 13C
NMR (151 MHz, CDCl3) d 183.3 (C@O), 180.8 (C@O), 179.7 (C@O),
170.8 (C-Ar), 159.8 (C-Ar), 156.1 (C-Ar), 147.4 (C-Ar), 135.0 (C-
Ar), 134.6 (Ar-CH), 126.6 (C-Ar), 124.6 (Ar-CH), 123.5 (C-Ar),
122.6 (C-Ar), 119.4 (Ar-CH), 118.6 (Ar-CH), 111.1 (Ar-CH), 56.8
(OCH3), 27.4, 24.1 (Ar-CH3), 11.1. HRMS APCI: m/z calculated for
C21H17O5 [M+H]+: 349.1076; found: 349.1066. IR (KBr Pellet,
cm�1) 2967 (C-H), 2931 (C-H), 2942 (C-H), 1669 (C@O), 1647
(C@O), 1584 (C@C), 1274, 1226, 952.

3.1.4.5. 11-Methoxy-5-methyl-2-propyl-4H-naphtho[2,3-
h]chromene-4,7,12-trione (20). Anthra-4-pyranone 20 was
prepared according to the general procedure for the methylation
of the phenol group using anthra-4-pyranone 18 (30 mg,
0.086 mmol). The anthrapyranone 20 was obtained as a yellow
solid (20 mg, 0.055 mmol, 64%). Rf = 0.26 (20% EtOAc in PhMe);
mp = 214–217 �C. 1H NMR (400 MHz, CDCl3) d 7.93 (d, J = 0.8 Hz,
1H), 7.88 (dd, J = 7.8, 1.1 Hz, 1H), 7.68–7.72 (m, 1H) 7.37 (dd,
J = 8.5, 1.0 Hz, 1H), 6.22 (s, 1H), 4.05 (s, 3H), 2.97 (d, J = 0.7 Hz,
3H), 2.72 (t, J = 7.4 Hz, 2H), 1.92 (dq, 7.4 Hz, 7.4 Hz, 2H), 1.07 (t,
J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) d 183.3 (C@O), 180.9
(C@O), 179.6 (C@O), 169.6 (C-Ar), 159.8 (C-Ar), 156.1 (C-Ar),
147.4 (C-Ar), 135.1 (C-Ar), 134.6 (Ar-CH), 134.6 (Ar-CH), 126.6
(C-Ar), 124.6 (Ar-CH), 123.6 (C-Ar), 122.6 (C-Ar), 119.4 (Ar-CH),
118.6 (Ar-CH), 112.0 (Ar-CH), 56.9 (O-CH3), 36.0 (Ar-CH2), 24.1
(CH2), 20.1 (Ar-CH3), 13.7 (CH3). HRMS APCI: m/z calculated for
C22H19O5 [M+H]+: 363.1232; found: 363.1245. IR (KBr Pellet,
cm�1) 2927 (C-H), 2842 (C-H), 1671 (C@O), 1648 (C@O), 1585
(C@C), 1301, 1264, 944, 754.

3.1.4.6. 11-Isopropoxy-5-methyl-2-(3,3,3-trifluoropropyl)-4H-
naphtho[2,3-h]chromene-4,7,12-trione (21). HNO3 (4 M,
ca. 3 mL) was added gradually as a steady stream into stirred mix-
ture of dimethoxy anthracene (140 mg, 0.295 mmol) and Ag(II)O
(183 mg, 1.47 mmol) in 1,4-dioxane (7 mL) until all of the sus-
pended Ag(II)O dissolved. The mixture was stirred for 15 min
before H2O (20 mL) was added. The mixture was extracted with
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CH2Cl2 (3 � 30 mL), washed with H2O (100 mL), dried (MgSO4),
and the combined organic extracts concentrated. The resulting
residue was purified by column chromatography (silica,
PhMe ? 15% EtOAc/PhMe) to give anthraquinone 21 (113 mg,
0.254 mmol, 86%) as a yellow-orange solid. Rf = 0.18 (10% EtOAc
in PhMe). Mp = 262–263 �C. 1H NMR (500 MHz, CDCl3) d 7.94 (d,
J = 0.8 Hz, 1H), 7.86 (dd, J = 7.7, 1.1 Hz, 1H), 7.65 (dd, J = 8.3,
7.8 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 6.27 (s, 1H), 4.68 (hept,
J = 6.2 Hz, 1H), 3.01 (dd, J = 9.2, 6.4 Hz, 2H), 2.97 (d, J = 0.6 Hz,
3H), 2.87 (ddt, J = 18.2, 10.6, 9.0 Hz, 2H), 1.48 (d, J = 6.1 Hz, 6H).
13C NMR (126 MHz, CDCl3) d 183.3 (C@O), 180.6 (C@O), 179.3
(C@O), 165.0 (C-Ar), 158.4 (C-Ar), 155.7 (C-Ar), 147.3 (C-Ar),
135.3 (C-Ar), 134.8 (C-Ar), 134.3 (CH-Ar), 126.4 (C-Ar), 125.1 (C-
Ar), 124.9 (CH-Ar), 122.9 (CH-Ar), 122.9, 119.8 (CH-Ar), 112.5
(CH-Ar), 73.3 (OC(CH3)2), 30.4 (q, J = 29.8 Hz, CF3), 27.0 (q,
J = 3.5 Hz, CH2CF3), 23.9 (Ar-CH3), 22.1 (2 � CH3). HRMS APCI: cal-
culated for C24H20O5F3: 445.1263; found: 445.1286. IR (Neat,
cm�1): 3058 (C-H), 2985 (C-H), 2932 (C-H), 1674 (C@O), 1655
(C@O), 1582 (C@C).

3.1.4.7. 11-Hydroxy-5-methyl-2-(3,3,3-trifluoropropyl)-4H-
naphtho[2,3-h]chromene-4,7,12-trione (22). Anthra-4-
pyranone 22 was prepared according to the general procedure
for the deprotection of the isopropyl group, Method A, using
anthra-4-pyranone 21 (67 mg, 0.151 mmol). The anthrapyranone
22 was obtained as orange crystals (53 mg, 0.131 mmol, 87%).
Rf = 0.27 (10% EtOAc in PhMe). Mp = 248–251 �C. 1H NMR
(500 MHz, CDCl3) d 12.79 (s, 1H), 8.05 (s, 1H), 7.80 (dd, J = 7.5,
1.2 Hz, 1H), 7.69–7.63 (m, 1H), 7.36 (dd, J = 8.4, 1.2 Hz, 1H), 6.31
(s, 1H), 3.05–2.95 (m, 2H), 3.00 (s, 3H) 2.91–2.78 (m, 2H). 13C
NMR (126 MHz, CDCl3) d 187.3 (C@O), 181.9 (C@O), 178.8 (C-Ar),
165.2 (C-Ar), 162.8 (C-Ar), 156.6 (C-Ar), 150.0 (C-Ar), 136.6 (Ar-
CH), 136.2 (C-Ar), 132.3 (C-Ar), 127.6 (C-Ar), 126.4 (C-Ar), 126.0
(Ar-CH), 125.6 (Ar-CH), 125.4 (C-Ar), 119.8 (C-Ar), 119.6 (Ar-CH),
116.9 (C-Ar), 112.9 (Ar-CH), 30.6 (q, JC-F = 29.9 Hz, CF3), 27.1 (q,
J = 3.5 Hz, CH2CF3), 24.3 (Ar-CH3). HRMS APCI: m/z calculated for
C21H13F3O5: 402.0715; found: 402.0716. IR (Neat, cm�1) 3067 (C-
H), 2925 (C-H), 2853 (C-H), 1659 (C@O), 1636 (C@O), 1584
(C@C), 1456, 1373, 1088, 654.

3.1.5. General method for the synthesis of cuprous acetylide
(Table 3)

A solution of alkyne (1 equiv) in EtOH (0.3 M) was added slowly
over 1 min to a magnetically stirred solution of CuCl (1.2 equiv) in
NH4OH (28%, 1.6 M). The mixture was stirred for 15 min upon
which time the cuprous acetylide precipitated. H2O (100 mL per
1 mL of alkyne) is added and the precipitate collected by vacuum
filtration, washed with NH4OH (5%, 25 mL per 100 mL of
alkyne � 2) plus H2O (25 mL per 1 mL of alkyne � 2) and dried in
a vacuum desiccator overnight to give the cuprous acetylide as a
coloured powder and which was used without need for further
purification.

3.1.5.1. Oct-1-ynylcopper 42a. Prepared using the general
procedure for the synthesis of cuprous acetylides using n-octyne
(1.00 mL, 6.78 mmol). The resulting cuprous acetylide 42a
(725 mg, 4.20 mmol, 62%) was isolated as a yellow powder and
used without need for further purification. Mp P180 �C decom-
poses. IR (Neat, cm�1) 2959 (C-H), 2933 (C-H), 2891 (C-H), 2858
(C-H), 2874 (C-H), 1928 (C„C), 1473, 1460, 717. Anal. Calcd for
C8H13Cu: C, 55.63; H, 7.59; N, 0.00. Found: C, 55.65; H, 7.68; N,
0.00.

3.1.5.2. Pent-1-ynylcopper 42b. Prepared using the general
procedure for the synthesis of cuprous acetylides using n-pentyne
(1.00 mL, 10.14 mmol). The resulting cuprous acetylide 42b

(781 mg, 5.98 mmol, 59%) was isolated as a yellow powder and
used without need for further purification. Mp P180 �C decom-
poses. IR (Neat, cm�1) 2955 (C-H), 2937 (C-H), 1930 (C„C), 715.

3.1.5.3. (Phenylethynyl)copper 42d. Prepared using the gen-
eral procedure for the synthesis of cuprous acetylides using pheny-
lacetylene (1.0 mL, 9.10 mmol). Phenylethynyl-copper 42d
(824 mg, 5.05 mmol, 55%) was obtained as a bright yellow powder
and used without further purification. Mp P180 �C decomposes; IR
(KBr, cm�1) 3048 (C-H), 1930 (C„C), 1906 (C„C), 1595, 1482,
1441, 744, 682. Anal. Calcd for C8H5Cu: C, 58.35; H, 3.06; N, 0.00.
Found: C, 58.60; H, 2.97; N, 0.00.

3.1.5.4. (3-Oxo-3-phenylprop-1-ynyl)copper 6. Prepared
using the general procedure for the synthesis of cuprous acetylides
using 1-phenyl-2-propyn-1-one (264 mg, 2.03 mmol). 3-Oxo-3-
phenylprop-1-ynyl-copper 6 (216 mg, 1.12 mmol, 55%) was
obtained as a red powder and used without further purification.
Mp P180 �C decomposes; IR (KBr, cm�1) 3057 (C-H), 2923 (C-H),
1932 (C„C), 1906 (C„C), 1611 (C@O), 1575, 1243, 688. Anal.
Calcd for C9H5CuO: C, 56.10; H, 2.62; N, 0.00. Found: C, 56.17; H,
2.64; N, 0.00.

3.1.5.5. (5-Cyanopent-1-ynyl)copper 42e. Prepared using the
general procedure for the synthesis of cuprous acetylides using 5-
hexynenitrile (0.2 mL, 1.91 mmol). 5-Cyanopent-1-ynyl-copper
42e (102 mg, 1.09 mmol, 57%) was obtained as a yellow powder
and used without further purification. Mp P180 �C decomposes.
IR (Neat, cm�1) 3343 (OH), 2941 (C-H), 2247 (C„N), 1570, 1424,
901. Anal. Calcd for C6H6NCu: C, 46.29; H, 3.89; N, 9.00. Found:
C, 46.34; H, 3.77; N, 9.01.

3.1.5.6. (5-Chloropent-1-ynyl)copper 42f. Prepared using
the general procedure for the synthesis of cuprous acetylides using
5-chloro-1-pentyne (0.5 mL, 5.04 mmol). 5-Chloropent-1-ynyl-
copper 42f (498 mg, 3.02 mmol, 60%) was obtained as a yellow
powder and used without further purification. Mp P180 �C
decomposes. IR (neat, cm�1) 3576, 2954, (C-H), 1930 (C„C),
1425, 1264, 770, 651; Anal. Calcd for C5H6ClCu: C, 36.37; H, 3.66;
N, 0.00. Found: C, 36.31; H, 3.59; N, 0.00.

3.1.5.7. (3-Oxooct-1-ynyl)copper 42g. Prepared using the
general procedure for the synthesis of cuprous acetylides using 1-
octyne-3-one (233 mg, 1.88 mmol). The 3-oxooct-1-ynyl-copper
42g (221 mg, 1.18 mmol, 63%) was obtained as an orange powder
and used without further purification. Mp P180 �C decomposes;
IR (Neat, cm�1) 3676, 2960 (C-H), 2935 (C-H), 2901 (C-H), 1909
(C„C), 1639 (C@O), 1409, 1080, 1066, 1057, 720; Anal. Calcd for
C8H11OCu: C, 51.46; H, 5.94; N, 0.00. Found: C, 51.33; H, 5.87; N, 0.00.

3.1.5.8. ((1-Hydroxycyclohexyl)ethynyl)copper 42i. Prepared
using the general procedure for the synthesis of cuprous acetylides
using 1-ethynylcyclohexanol (1.0 g, 8.05 mmol). ((1-
Hydroxycyclohexyl)ethynyl)copper 42i (497 mg, 2.66 mmol, 33%)
was obtained as a yellow powder. Mp @ >180 �C decomposes. IR
(Neat, cm�1) 3371 (OH), 2931 (C-H), 2856, 1703 (C„C), 1447,
1067, 964. This copper acetylide was extremely sensitive to the
atmosphere and used without further purification.

3.1.6. General method for the synthesis of anthrafuranones
A mixture of aryl iodide 5 (200–300 mg, 1 equiv), cuprous acet-

ylide (1.1–1.5 equiv) and DMEDA, (3.5 equiv) in toluene (5 mL) was
heated to 90 �C for 18 h. The reaction mixture was cooled to room
temperature and purified directly by column chromatography (sil-
ica, ca. 100% PhMe ? 20% EtOAc/PhMe) to give the anthrafurans
usually as yellow to orange solids.
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3.1.6.1. 2-Hexyl-10-isopropoxy-4-methylanthra[1,2-b]furan-
6,11-dione (43). Anthrafuranone 43 was prepared according
to the general method for the synthesis of anthrafuranones using
aryl iodide 5 (200 mg, 0.474 mmol), oct-1-ynylcopper 42a
(123 mg, 0.710 mmol) and N,N0-dimethylethylenediamine,
(179 lL, 1.66 mmol). The reaction mixture was cooled to room
temperature and purified directly by column chromatography (sil-
ica, 100% PhMe ? 5% EtOAc/PhMe) to give the anthrafuran 43
(163 mg, 0.403 mmol, 85%) as a yellow solid. Rf = 0.35 (5% EtOAc
in PhMe). Mp = 88–92 �C. 1H NMR (500 MHz, CDCl3) d 7.92–7.86
(m, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 6.48 (d,
J = 0.7 Hz, 1H), 4.73 (hept, J = 6.0 Hz, 1H), 2.92 (t, J = 7.7 Hz, 2H),
2.56 (s, 3H), 1.85–1.78 (m, 2H), 1.50 (d, J = 6.1 Hz, 6H), 1.40–1.47
(m, J = 14.7, 6.9 Hz, 3H), 1.30–1.37 (m, J = 8.9, 5.4 Hz, 5H), 0.90 (t,
J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) d 184.0 (C@O), 181.8
(C@O), 165.7 (CH-Ar), 158.9 (CH-Ar), 151.5 (C-Ar), 136.6 (C-Ar),
135.9 (C-Ar), 135.8 (C-Ar), 134.2 (CH-Ar), 128.4 (C-Ar), 123.0 (C-
Ar), 121.6 (CH-Ar), 121.3 (CH-Ar), 119.6 (CH-Ar), 118.3 (C-Ar),
100.7 (CH-Ar), 72.3 (OCH(CH3)2), 31.6 (CH2), 29.1, 28.9, 27.5,
22.7, 22.2 (2 � CH3), 19.2, 14.2 (CH3). HRMS APCI: m/z calculated
for C26H29O4: 405.2066; found: 405.2080. IR (Neat, cm�1) 2979
(C-H), 2920 (C-H), 2850 (C-H), 1663 (C@O), 1579 (C@C), 1238,
950, 749.

3.1.6.2. 2-Hexyl-10-hydroxy-4-methylanthra[1,2-b]furan-6,11-
dione (44). Anthrafuran 44 was prepared according to the
general procedure for the deprotection of the isopropyl group,
Method A, using anthrafuran 43 (34 mg, 0.084 mmol). The anthra-
furan 44 was obtained as an orange solid (18 mg, 0.050 mmol,
59%). Rf = 0.50 (2% EtOAc in PhMe). Mp = 126–131 �C. 1H NMR
(500 MHz, CDCl3) d 12.75 (s, 1H), 7.94 (d, J = 0.8 Hz, 1H), 7.78
(dd, J = 7.5, 1.1 Hz, 1H), 7.62 (dd, J = 8.3, 7.6 Hz, 1H), 7.28–7.25
(m, 1H), 6.51 (t, J = 0.9 Hz, 1H), 2.93 (t, J = 7.7 Hz, 2H), 2.59 (d,
J = 0.7 Hz, 3H), 1.83 (dt, J = 15.4, 7.6 Hz, 2H), 1.46 (dt, J = 9.5,
7.1 Hz, 2H), 1.42–1.30 (m, 4H), 0.97–0.88 (m, 3H); 13C NMR
(126 MHz, CDCl3) d 188.5 (C@O), 182.8 (C@O), 166.0 (C-Ar),
162.4 (C-Ar), 151.6 (C-Ar), 138.0 (C-Ar), 136.5 (C-Ar), 136.4 (Ar-
CH), 133.5 (C-Ar), 129.4, 124.4 (Ar-CH), 122.8 (Ar-CH), 119.4 (Ar-
CH), 116.5 (C-Ar), 116.1 (C-Ar), 100.9 (Ar-CH), 31.6 (CH2), 29.1
(CH2), 28.9 (CH2), 27.6 (CH2), 22.7 (CH2), 19.5 (Ar-CH3), 14.2
(CH3). HRMS APCI: m/z calculated for C23H23O4 [M+H]+:
363.1596; found: 363.1605. IR (KBr Pellet, cm�1) 2954 (C-H),
2928 (C-H), 2849 (C-H), 1666 (C@O), 1629 (C@O), 1583 (C@C),
1449, 1256, 750.

3.1.6.3. 10-Isopropoxy-4-methyl-2-propylanthra[1,2-b]furan-
6,11-dione (45). The anthrafuran 45 was prepared applying
the general procedure for the synthesis of anthrafurans using aryl
iodide 5 (300 mg, 0.710 mmol) and cuprous acetylide 42b (111 mg,
0.853 mmol). The anthrafuran 45 (179 mg, 0.494 mmol, 70%) was
obtained as a yellow solid. Rf = 0.27 (2.5% EtOAc in PhMe).
Mp = 159–162 �C. 1H NMR (400 MHz, CDCl3) d 7.93–7.84 (m, 2H),
7.60 (dd, J = 8.3, 7.7 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 6.47 (t,
J = 0.9 Hz, 1H), 4.72 (hept, J = 6.0 Hz, 1H), 2.89 (t, J = 7.6 Hz, 2H),
2.55 (d, J = 0.6 Hz, 3H), 1.90–1.80 (m, J = 15.0, 7.5 Hz, 2H), 1.49 (d,
J = 6.1 Hz, 6H), 1.04 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3)
d 183.9 (C@O), 181.7 (C@O), 165.4 (C-Ar), 158.8 (C-Ar), 151.4 (C-
Ar), 136.5 (C-Ar), 135.9 (C-Ar), 135.8 (C-Ar), 134.1 (CH-Ar), 128.4
(C-Ar), 123.0 (C-Ar), 121.6 (CH-Ar), 121.3 (CH-Ar), 119.6 (CH-Ar),
118.3 (C-Ar), 100.9 (CH-Ar), 72.3 (OCH(CH3)2), 30.8 (CH2CH2CH3),
22.2 (2 � CH3), 21.0 (CH2CH2CH3), 19.2 (Ar-CH3), 13.9 (CH3).
HRMS EI: calculated for C23H22O4: 362.1518; found 362.1520. IR
(Neat, cm�1) 2930 (C-H), 2932 (C-H), 1668 (C@O), 1577 (C@C),
1243, 950, 753.

3.1.6.4. 10-Hydroxy-4-methyl-2-propylanthra[1,2-b]furan-6,11-
dione (46). Anthrafuran 46 was prepared according to the
general procedure for the deprotection of the isopropyl group,
Method A, using anthrafuran 45 (43 mg, 0.119 mmol). The anthra-
furan 46 was obtained as an orange solid (29 mg, 0.091 mmol,
77%). Rf = 0.35 (1% EtOAc in PhMe). Mp = 155–162 �C. 1H NMR
(500 MHz, CDCl3) d 12.72 (s, 1H), 7.89 (s, 1H), 7.76 (d, J = 7.5 Hz,
1H), 7.60 (t, J = 7.6 Hz, 1H), 7.24 (d, J = 8.3 Hz, 1H), 6.48 (s, 1H),
2.89 (t, J = 7.5 Hz, 2H), 2.56 (s, 3H), 1.91–1.81 (m, 2H), 1.08 (t,
J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) d 188.4 (C@O), 182.7
(C@O), 165.6 (C-Ar), 162.4 (C-Ar), 151.5 (C-Ar), 138.0 (C-Ar),
136.4 (C-Ar), 136.3 (Ar-CH), 133.5 (C-Ar), 129.4 (C-Ar), 124.3 (Ar-
CH), 122.7 (Ar-CH), 119.3 (Ar-CH), 116.4 (C-Ar), 116.0 (C-Ar),
101.0 (Ar-CH), 30.8 (CH2CH2CH3), 21.1 (CH2CH2CH3), 19.4
(ArCH3), 13.9 (CH3). HRMS EI: m/z calculated for C20H16O4:
320.1049; found: 320.1051. IR (KBr Pellet, cm�1) 2960 (C-H),
2872 (C-H), 1664 (C@O), 1634 (C@O), 1581 (C@C), 1468, 790, 694.

3.1.6.5. 10-Isopropoxy-4-methyl-2-phenylanthra[1,2-b]furan-
6,11-dione (47). The anthrafuran 47 was prepared applying
the general procedure for the synthesis of anthrafurans using aryl
iodide 5 (200 mg, 0.474 mmol) and cuprous phenylacetylide 42d
(117 mg, 0.710 mmol). The anthrafuran 47 (120 mg, 0.303 mmol,
64%) was obtained as a yellow solid. Rf = 0.19 (5% EtOAc in
PhMe). Mp = 215–218 �C. 1H NMR (500 MHz, CDCl3) d 8.06–8.00
(m, 2H), 7.90 (dd, J = 7.6, 1.1 Hz, 1H), 7.89 (d, J = 0.9 Hz, 1H), 7.61
(dd, J = 8.3, 7.6 Hz, 1H), 7.50–7.45 (m, 2H), 7.42–7.38 (m, 1H),
7.33–7.29 (m, 1H), 7.05 (s, 1H), 4.74 (hept, J = 6.1 Hz, 1H), 2.61
(d, J = 0.8 Hz, 3H), 1.54 (d, J = 6.1 Hz, 6H). 13C NMR (126 MHz,
CDCl3) d 183.7 (C@O), 181.3 (C@O), 160.9 (C-Ar), 158.9 (C-Ar),
151.7 (C-Ar), 136.6 (C-Ar), 136.4 (C-Ar), 135.9 (C-Ar), 134.2 (CH-
Ar), 129.6 (CH-Ar), 129.5 (C-Ar), 129.1 (C-Ar), 128.9 (2 � Ph-H),
125.9 (2 � Ph-H), 123.1 (C-Ar), 121.9 (C-Ar), 121.6 (CH-Ar), 119.8
(CH-Ar), 118.6 (CH-Ar), 99.7 (CH-Ar), 72.6 (OCH(CH3)2), 22.2
(2 � CH3), 19.2 (Ar-CH3). HRMS APCI: m/z calculated for
C26H21O4: 397.1440; found: 397.1454. IR (Neat, cm�1) 2968 (C-
H), 2920 (C-H), 2850 (C-H), 1664 (C@O), 1578 (C@C), 1187, 965,
742.

3.1.6.6. 10-Hydroxy-4-methyl-2-phenylanthra[1,2-b]furan-6,11-
dione (48). Anthrafuran 48 was prepared according to the
general procedure for the deprotection of the isopropyl group
Method A using anthrafuran 47 (45 mg, 0.113 mmol). The anthra-
furan 48 was obtained as orange-red crystals (35 mg, 0.098 mmol,
87%). Rf = 0.50 (5% EtOAc in PhMe). Mp = 246–250 �C. 1H NMR
(400 MHz, CDCl3) d 12.83 (s, 1H), 8.04–8.00 (m, 2H), 7.82 (dd,
J = 7.5, 1.1 Hz, 1H), 7.64 (dd, J = 8.4, 7.5 Hz, 1H), 7.57–7.49 (m,
2H), 7.46 (d, J = 7.4 Hz, 1H), 7.30 (dd, J = 8.4, 1.2 Hz, 1H), 7.13 (s,
1H), 2.69 (d, J = 0.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 188.3
(C@O), 182.8 (C@O), 162.5 (Ar), 161.2 (Ar), 151.8 (Ar), 138.5 (Ar),
136.7 (Ar), 136.4, 133.5 (Ar), 130.1 (Ar), 130.1 (Ar), 129.3 (Ar),
129.2 (PhCH), 129.0 (Ar), 125.8 (PhCH), 124.4 (Ar), 123.1 (Ar),
119.5 (Ar), 116.6 (Ar), 116.5 (Ar), 99.8 (Ar), 19.6 (Ar-CH3). HRMS
APCI: m/z calculated for C23H15O4: 355.0970; found: 355.0970. IR
(Neat, cm�1) 3112 (C-H), 2920 (C-H), 1659 (C@O), 1639 (C@O),
1594, 1574, 744.

3.1.6.7. 2-Benzoyl-10-isopropoxy-4-methylanthra[1,2-b]furan-
6,11-dione (49). The anthrafuran 49 was prepared applying
the general procedure for the synthesis of anthrafurans using aryl
iodide 5 (200 mg, 0.474 mmol) and (3-oxo-3-phenylprop-1-ynyl)-
copper 6 (137 mg, 0.710 mmol). The anthrafuran 49 (109 mg,
0.256 mmol, 54%) was obtained as a red solid. Rf = 0.34 (10%
EtOAc in PhMe). Mp = 195–198 �C. 1H NMR (400 MHz, CDCl3) d
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8.48–8.42 (m, 2H), 7.94 (d, J = 0.8 Hz, 1H), 7.89 (dd, J = 7.6, 1.1 Hz,
1H), 7.69–7.65 (m, 2H), 7.57–7.65 (m, 3H), 7.33 (d, J = 7.8 Hz,
1H), 4.70 (hept, J = 6.1 Hz, 1H), 2.66 (d, J = 0.7 Hz, 3H), 1.51 (d,
J = 6.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) d 183.5 (C@O), 182.8
(C@O), 180.4 (C@O), 158.9 (C-Ar), 156.8 (C-Ar), 152.4 (C-Ar),
139.3 (C-Ar), 136.3 (C-Ar), 135.5 (C-Ar), 134.4 (CH-Ar), 133.7 (C-
Ar), 133.6 (CH-Ar), 132.0 (C-Ar), 130.5 (2 � Ar-H), 128.8 (2 � Ar-
H), 123.0 (C-Ar), 122.6 (CH-Ar), 122.1 (CH-Ar), 120.1 (CH-Ar),
119.4 (C-Ar), 112.9 (CH-Ar), 73.0 (OCH(CH3)2), 22.2 (2 � CH3),
19.3 (Ar-CH3). HRMS APCI: calculated for C27H21O5: 425.1389;
found: 425.1391; IR (Neat, cm�1) 3097 (C-H), 2928 (C-H), 2870
(C-H), 1687 (C@O), 1668 (C@O), 1583 (C@C), 1260, 966, 746.

3.1.6.8. 2-Benzoyl-10-hydroxy-4-methylanthra[1,2-b]furan-
6,11-dione (50). Anthrafuran 50 was prepared according to
the general procedure for the deprotection of the isopropyl group
Method A using anthrafuran 49 (20 mg, 0.047 mmol). The anthra-
furan 50 was obtained as yellow solid (15 mg, 0.039 mmol, 83%).
Rf = 0.29 (5% EtOAc in PhMe). Mp = 246–256 �C. 1H NMR
(500 MHz, CDCl3) d 12.73 (s, 1H), 8.41–8.36 (m, 2H), 8.11 (d,
J = 0.8 Hz, 1H), 7.84 (dd, J = 7.5, 1.1 Hz, 1H), 7.73 (s, 1H), 7.72–
7.70 (m, 1H), 7.68 (dd, J = 8.3, 7.5 Hz, 1H), 7.63 (‘t’, J = 7.6 Hz, 2H),
7.34 (dd, J = 8.4, 1.1 Hz, 1H), 2.75 (d, J = 0.8 Hz, 3H). 13C NMR
(126 MHz, CDCl3) d 187.5 (C@O), 183.0 (C@O), 182.5 (C@O),
162.6 (Ar), 156.9 (Ar), 152.6 (Ar), 141.6 (Ar), 136.7 (Ar), 136.3
(Ar), 133.9 (Ar), 133.9 (Ar), 133.2 (Ar), 130.3 (ArCH), 129.0
(ArCH), 124.9 (Ar), 123.3 (Ar), 119.8 (Ar), 117.6 (Ar), 116.4 (Ar),
113.0 (Ar), 19.7 (Ar-CH3). HRMS APCI: m/z calculated for
C24H15O5: 383.0919; found: 383.0923. IR (Neat, cm�1) 3111 (C-
H), 3079 (C-H), 1667 (C@O), 1643 (C@O), 1633 (C@O), 1591
(C@C), 1541, 749.

3.1.6.9. 4-(10-Isopropoxy-4-methyl-6,11-dioxo-6,11-dihydroan-
thra[1,2-b]furan-2-yl)butanenitrile (51). The anthrafuran
51 was prepared using the general procedure for the synthesis of
anthrafurans using aryl iodide 5 (200 mg, 0474 mmol) and 5-cya-
nopent-1-ynyl-copper 42e (111 mg, 0.710 mmol). The anthrafuran
51 (147 mg, 0.379 mmol, 80%) was obtained as an orange solid.
Rf = 0.15 (10% EtOAc in PhMe). Mp = 118–128 �C. 1H NMR
(400 MHz, CDCl3) d 7.93–7.82 (m, 2H), 7.61 (t, J = 8.0 Hz, 1H),
7.30 (d, J = 8.3 Hz, 1H), 6.56 (s, 1H), 4.73 (hept, J = 6.0 Hz, 1H),
3.09 (t, J = 7.3 Hz, 2H), 2.54 (s, 3H), 2.50 (t, J = 7.1 Hz, 2H), 2.22
(tt, J = 7.2 Hz, 2H), 1.49 (d, J = 6.0 Hz, 6H). 13C NMR (101 MHz,
CDCl3) d 183.7 (C@O), 181.5 (C@O), 161.8 (CH-Ar), 158.9 (CH-Ar),
151.6 (C-Ar), 136.3 (C-Ar), 135.9 (C-Ar), 135.7 (C-Ar), 134.3 (CH-
Ar), 128.9 (C-Ar), 122.8 (C-Ar), 121.8 (CH-Ar), 121.4 (CH-Ar),
119.6 (CH-Ar), 119.1 (C„N), 118.4 (C-Ar), 102.3 (CH-Ar), 72.4
(OCH(CH3)2), 27.6 (Furan-CH2), 23.6 (CH2CH2CH2), 22.2 (2 � CH3),
19.2 (Ar-CH3), 16.7 (N„CCH2). HRMS APCI: m/z calculated for
C24H22NO4: 388.1549; found: 388.1555. IR (Neat, cm�1) 2977 (C-
H), 2945 (C-H), 2247 (C„N), 1663 (C@O), 1581 (C@C), 1278,
1241, 969, 746.

3.1.6.10. 4-(10-Hydroxy-4-methyl-6,11-dioxo-6,11-dihydroan-
thra[1,2-b]furan-2-yl)butanenitrile (52). Anthrafuran 52
was prepared according to the general procedure for the deprotec-
tion of the isopropyl group Method A using anthrafuran 51 (33 mg,
0.047 mmol). The anthrafuran 52 was obtained as an orange solid
(22 mg, 0.064 mmol, 75%). Rf = 0.20 (5% EtOAc in PhMe). Mp = 241–
243 �C. 1H NMR (500 MHz, CDCl3) d 12.71 (s, 1H), 8.01 (d, J = 0.8 Hz,
1H), 7.82 (dd, J = 7.5, 1.1 Hz, 1H), 7.65 (dd, J = 8.3, 7.5 Hz, 1H), 7.29
(dd, J = 8.4, 1.1 Hz, 1H), 6.66 (s, 1H), 3.14 (t, J = 7.3 Hz, 2H), 2.63 (s,
3H), 2.54 (t, J = 7.0 Hz, 2H), 2.25 (t, J = 7.2 Hz, 2H). 13C NMR
(126 MHz, CDCl3) d 188.4 (C@O), 182.8 (C@O), 162.5 (C-Ar),
162.2 (C-Ar), 151.8 (C-Ar), 138.6 (C-Ar), 136.6 (Ar-CH), 135.9 (C-
Ar), 133.5 (C-Ar), 130.1 (C-Ar), 124.5 (Ar-CH), 123.1 (Ar-CH),

119.6 (Ar-CH), 119.0 (C-Ar), 116.5 (C-Ar), 116.4 (C-Ar), 102.6 (Ar-
CH), 27.6 (CH2), 23.7 (CH2), 19.5 (Ar-CH3), 16.8 (CH3). HRMS
APCI: m/z calculated for C21H16NO4 [M+H]+: 346.1079; found:
346.1070. IR (KBr Pellet, cm�1) 3136 (C-H), 3075 (C-H), 2915 (C-
H), 2245 (C„N), 1655 (C@O), 1636 (C@O), 1574 (C@O), 1456,
1311, 776.

3.1.6.11. 2-(3-Chloropropyl)-10-isopropoxy-4-methylan-
thra[1,2-b]furan-6,11-dione (53). The anthrafuran 53 was
prepared using the general procedure for the synthesis of anthrafu-
rans. Aryl iodide 5 (200 mg, 0.474 mmol) and (5-chloropent-1-
ynyl)copper 42f (117 mg, 0.710 mmol) were used. The anthrafuran
53 (92 mg, 0.232 mmol, 49%) was obtained as an orange solid.
Rf = 0.29 (5% EtOAc in PhMe). Mp = 120–125 �C; 1H NMR
(500 MHz, CDCl3) d 7.86–7.90 (m, 2H), 7.60 (dd, J = 8.4, 7.7 Hz,
1H), 7.32–7.27 (m, 1H), 4.73 (hept, J = 6.1 Hz, 1H), 3.64 (t,
J = 6.3 Hz, 2H), 3.10 (t, J = 7.4 Hz, 2H), 2.55 (d, J = 0.7 Hz, 3H),
2.35–2.27 (m, 2H), 1.49 (d, J = 6.1 Hz, 6H); 13C NMR (126 MHz,
CDCl3) d 183.8 (C@O), 181.6 (C@O), 163.1 (C-Ar), 158.9 (C-Ar),
151.6 (C-Ar), 136.1 (C-Ar), 136.1 (C-Ar), 135.8 (C-Ar), 134.2 (CH-
Ar), 128.7 (C-Ar), 122.9 (C-Ar), 121.7 (CH-Ar), 121.3 (CH-Ar),
119.6 (CH-Ar), 118.3 (C-Ar), 101.8 (CH-Ar), 72.3 (OCH(CH3)2),
44.1 (CH2Cl), 30.3 (Furan-CH2), 26.1 (CH2), 22.2 (2 � CH3), 19.2
(Ar-CH3). IR (Neat, cm�1) 2974 (C-H), 2924 (C-H), 1667 (C@O),
1578 (C@C), 1257, 964, 809, 639. HRMS APCI: m/z calculated for
C23H22O4Cl: 397.1207; found: 397.1194.

3.1.6.12. 2-(3-Chloropropyl)-10-hydroxy-4-methylanthra[1,2-
b]furan-6,11-dione (54). Anthrafuran 54 was prepared
according to the general procedure for the deprotection of the iso-
propyl group Method A using anthrafuran 53 (200 mg,
0.504 mmol). The anthrafuran 54 was obtained as orange-red crys-
tals (175 mg, 0.494 mmol, 98%). Rf = 0.39 (5% EtOAc in PhMe).
Mp = 181–190 �C. 1H NMR (400 MHz, CDCl3) d 12.72 (s, 1H), 7.98
(d, J = 0.6 Hz, 1H), 7.81 (dd, J = 7.5, 1.1 Hz, 1H), 7.64 (dd, J = 8.3,
7.6 Hz, 1H), 7.28 (dd, J = 8.4, 1.1 Hz, 1H), 6.61 (s, 1H), 3.68 (t,
J = 6.3 Hz, 2H), 3.15 (t, J = 7.4 Hz, 2H), 2.62 (s, 3H), 2.37–2.28 (m,
2H). 13C NMR (101 MHz, CDCl3) d 188.4 (C@O), 182.8 (C@O),
163.5 (C-Ar), 162.5 (C-Ar), 151.8 (C-Ar), 138.4 (C-Ar), 136.5 (CH-
Ar), 136.2 (C-Ar), 133.5 (C-Ar), 129.8 (C-Ar), 124.5 (CH-Ar), 122.9
(CH-Ar), 119.5 (CH-Ar), 116.5 (C-Ar), 116.2 (C-Ar), 102.0 (C-Ar),
44.0 (CH2Cl), 30.4 (CH2), 26.1 (CH2), 19.5 (Ar-CH3). HRMS APCI:
m/z calculated for C20H16O4Cl: 355.0737; found: 355.0736. IR
(Neat, cm�1) 2956 (C-H), 1662 (C@O), 1641 (C@O), 1584 (C@C),
1308, 1078, 1006, 794, 751, 564.

3.1.6.13. 2-Hexanoyl-10-isopropoxy-4-methylanthra[1,2-b]fu-
ran-6,11-dione (55). The anthrafuran 55 was prepared using
the general procedure for the synthesis of anthrafurans using aryl
iodide 5 (200 mg, 0.474 mmol) and 3-oxooct-1-ynyl-copper 42g
(133 mg, 0.710 mmol). The anthrafuran 55 (129 mg, 0.308 mmol,
65%) was obtained as a yellow solid. Rf = 0.20 (5% EtOAc in
PhMe). Mp = 201–202 �C. 1H NMR (600 MHz, CDCl3) d 7.99 (d,
J = 0.7 Hz, 1H), 7.92 (dd, J = 7.6, 1.0 Hz, 1H), 7.66 (t, J = 8.0 Hz,
1H), 7.56 (s, 1H), 7.36 (d, J = 8.2 Hz, 1H), 4.76 (hept, J = 6.0 Hz,
1H), 3.18 (t, J = 7.4 Hz, 2H), 2.67 (s, 3H), 1.86–1.81 (m, 2H), 1.53
(d, J = 6.1 Hz, 6H), 1.46–1.40 (m, 4H), 0.94 (t, J = 7.1 Hz, 3H). 13C
NMR (151 MHz, CDCl3) d 192.5 (Furan-C@O), 183.7 (C@O), 180.8
(C@O), 159.1 (C-Ar), 156.8 (C-Ar), 152.3 (C-Ar), 139.4 (C-Ar),
135.6 (C-Ar), 134.5 (CH-Ar), 134.2 (C-Ar), 132.0 (C-Ar), 122.8 (C-
Ar), 122.1 (CH-Ar), 122.0 (CH-Ar), 119.9 (CH-Ar), 119.6 (C-Ar),
109.2 (CH-Ar), 72.7 (OCH(CH3)2), 39.5 (C@OCH2), 31.5
(C@OCH2CH2), 23.6 (CH2), 22.7 (CH2), 22.2 (2 � CH3), 19.3 (Ar-
CH3), 14.1 (CH3). HRMS APCI: calculated for C26H27O5: 419.1858;
found: 419.1855. IR (Neat, cm�1) 2927 (C-H), 2870 (C-H), 1687
(C@O), 1668 (C@O), 1582, 1260, 746.
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3.1.6.14. 2-(1-Hydroxyethyl)-10-isopropoxy-4-methylan-
thra[1,2-b]furan-6,11-dione (56). The anthrafuran 56 was
prepared using the general procedure for the synthesis of
anthrafurans using aryl iodide 5 (200 mg, 0.474 mmol) and
(3-hydroxy-3-methylbut-1-ynyl)copper 42h (94 mg, 0.71 mmol).
The anthrafuran 56 (47 mg, 0.128 mmol, 27%) was obtained as a
dark orange oil that formed an amorphous solid mass upon stand-
ing for 2 days under nitrogen. Rf = 0.30 (30% EtOAc in PhMe). 1H
NMR (400 MHz, CDCl3) d 7.90 (dd, J = 7.6, 1.1 Hz, 1H), 7.86 (d,
J = 0.8 Hz, 1H), 7.63 (dd, J = 8.4, 7.7 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H),
6.65 (d, J = 0.8 Hz, 1H), 5.19 (q, J = 6.5 Hz, 1H), 4.74 (hept,
J = 6.1 Hz, 1H), 2.52 (d, J = 0.6 Hz, 3H), 1.71 (d, J = 6.6 Hz, 3H), 1.50
(dd, J = 6.0, 0.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) d 183.8 (C@O),
181.8 (C@O), 166.4 (C-Ar), 158.9 (C-Ar), 151.5 (C-Ar), 137.0
(C-Ar), 135.8 (C-Ar), 135.7 (C-Ar), 134.5 (CH-Ar), 129.1 (C-Ar),
122.8 (C-Ar), 121.8 (CH-Ar), 121.5 (CH-Ar), 119.8 (CH-Ar), 118.5
(C-Ar), 100.2 (CH-Ar), 72.5 (OCH(CH3)2), 64.0 (C-OH), 22.2
(2 � CH3), 22.2 (2 � CH3), 21.3 (CH(OH)CH3), 19.2 (Ar-CH3). HRMS
EI: m/z calculated for C22H20O5: 364.1311; found: 364.1316; IR
(Neat, cm�1) 3430 (OH), 2976 (C-H), 2930 (C-H), 1667 (C@O),
1589 (C@C), 1239, 969.

3.1.6.15. 10-Hydroxy-2-(1-hydroxyethyl)-4-methylanthra[1,2-
b]furan-6,11-dione (57). Anthrafuran 57 was prepared
according to the general procedure for the deprotection of the iso-
propyl group, Method B, using anthrafuran 56 (50 mg,
0.138 mmol). The anthrafuran 57 was obtained as yellow crystals
(22 mg, 0.067 mmol, 49%). Rf = 0.32 (PhMe). Mp = 178–183 �C. 1H
NMR (400 MHz, CDCl3) d 12.71 (s, 1H), 8.02 (s, 1H), 7.82 (d,
J = 7.5 Hz, 1H), 7.65 (t, J = 7.9 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 6.88
(s, 1H), 5.35 (q, J = 6.9 Hz, 1H), 2.66 (s, 3H), 2.05 (d, J = 6.9 Hz,
3H), 1.56 (s, 3H). 13C NMR (101 MHz, CDCl3) d 188.0 (C@O),
182.6 (C@O), 162.6 (C-Ar), 162.4 (C-Ar), 151.8 (C-Ar), 139.4 (C-
Ar), 136.5 (CH-Ar), 135.1 (C-Ar), 133.3 (C-Ar), 130.8 (C-Ar), 124.6
(CH-Ar), 123.0 (CH-Ar), 119.5 (CH-Ar), 116.7 (C-Ar), 116.4 (C-Ar),
102.4 (CH-Ar), 49.7 (HCOH), 23.3 (CH3), 19.5 (Ar-CH3). IR (Neat,
cm�1) 2924 (C-H), 1667 (C@O), 1634 (C@O), 1587 (C@C), 1454,
749.

3.1.6.16. 2-Acetyl-10-isopropoxy-4-methylanthra[1,2-b]furan-
6,11-dione (58). Dess–Martin periodinane (70 mg,
0.165 mmol) was added portionwise to a magnetically stirred solu-
tion of anthrafuran alcohol 56 (50 mg, 0.137 mmol) in CH2Cl2

(2 mL). Stirring continued for 1 h before the solution was treated
with NaHCO3 (satd 2 mL) Na2S2O3 (2 M, 2 mL), H2O (20 mL) and
stirred for a further 1 h. The resulting mixture was extracted with
CH2Cl2 (20 mL � 3), the combine organic layers were dried over
MgSO4 and concentrated under reduced pressure. The residue
was then purified by column chromatography (silica, 100%
PhMe ? 20% EtOAc/PhMe) to give the anthrafuran ketone 58 a yel-
low crystalline solid. Rf = 0.26 (15% EtOAc in PhMe); mp P250 �C.
1H NMR (400 MHz, CDCl3) d 8.00 (‘d’, J = 0.8 Hz, 1H), 7.93 (‘dd’,
J = 7.6, 1.1 Hz, 1H), 7.65–7.69 (m, 1H), 7.58 (s, 1H), 7.36 (‘d’,
J = 7.4 Hz, 1H), 4.76 (sept, J = 6.0 Hz, 1H), 2.80 (s, 3H), 2.67 (d,
J = 0.8 Hz, 3H), 1.53 (d, J = 6.0 Hz, 6H). 13C NMR (101 MHz, CDCl3)
d 189.7 (C@O), 183.7 (C@O), 180.8 (C@O), 159.1 (C-Ar), 156.7 (C-
Ar), 152.4 (C-Ar), 139.5 (C-Ar), 134.6 (Ar-CH), 132.2 (C-Ar), 122.7
(C-Ar), 122.2 (Ar-CH), 121.8 (Ar-CH), 119.9 (Ar-CH), 119.7 (C-Ar),
109.4 (Ar-CH), 72.7 (CH(CH3)2), 27.2 (C@O(CH3)), 22.2 ((CH3)2),
19.3 (Ar-CH3). C22H18O5 [M+H]+: 362.1154; found: 362.1155. IR
(Neat, cm�1) 3096 (C-H), 2974 (C-H), 2922 (C-H), 1686 (C@O),
1669 (C@O), 1581 (C@C), 1557 (C@C), 1324, 748.

3.1.6.17. 2-Acetyl-10-hydroxy-4-methylanthra[1,2-b]furan-
6,11-dione (59). Anthrafuran 59 was prepared according to
the general procedure for the deprotection of the isopropyl group

Method B using anthrafuran 58 (50 mg, 0.0138 mmol). The anthra-
furan 59 was obtained as yellow crystals (21 mg, 0.066 mmol,
48%). Rf = 0.29 (5% EtOAc in PhMe); mp P250 �C, 1H NMR
(400 MHz, CDCl3) d 12.68 (s, 1H), 8.09 (d, J = 0.8 Hz, 1H), 7.84
(dd, J = 7.5, 1.1 Hz, 1H), 7.70–7.65 (m, 1H), 7.61 (s, 1H), 7.33 (dd,
J = 8.4, 1.1 Hz, 1H), 2.78 (s, 3H), 2.73 (d, J = 0.8 Hz, 3H). 13C NMR
(126 MHz, CDCl3) d 188.9 (C@O), 187.5 (C@O), 182.5 (C@O),
162.6 (C-Ar), 156.6 (C-Ar), 152.4 (C-Ar), 141.7 (C-Ar), 136.7 (CH-
Ar), 134.2 (C-Ar), 133.3 (C-Ar), 133.1 (C-Ar), 129.2 (C-Ar), 128.4
(C-Ar), 124.9 (CH-Ar), 123.2 (CH-Ar), 119.8 (CH-Ar), 117.6 (C-Ar),
116.3 (C-Ar), 109.7 (CH-Ar), 27.0 (CH3), 19.6 (Ar-CH3). HRMS
APCI: m/z calculated for C19H13O5: 321.0755; found: 321.0764. IR
(Neat, cm�1) 3362 (C-H), 3100 (C-H), 1689 (C@O), 1668 (C@O),
1591 (C@C), 1558, 1467, 784, 661.

3.2. Cell culture and stock solutions

Stock solutions were prepared as follows and stored at 20 �C:
analogues were prepared as 20 mM solutions in DMSO. All cell
lines were cultured at 37 �C, under 5% CO2 in air, and were main-
tained in Dulbecco’s modified Eagle’s medium (Trace Biosciences,
Australia) supplemented with 10% foetal bovine serum, 10 mM
sodium bicarbonate penicillin (100 IU/mL), streptomycin
(100 lg/ml) and glutamine (4 mM).

3.3. MTT in vitro growth inhibition assay

Cells in logarithmic growth were transferred to 96-well plates.
Growth inhibition was determined by plating cells in duplicate in
100 ll medium at a density of 2500–4000 cells/well. On day 0
(24 h after plating) when the cells were in logarithmic growth,
100 ll medium with or without the test agent was added to each
well. After 72-h drug exposure growth inhibitory effects were eval-
uated using the MTT (3-[4,5-dimethyltriazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) assay and absorbance read at 540 nm.
Percentage growth inhibition was determined at a fixed drug con-
centration of 25 lM. A value of 100% is indicative of total cell
growth inhibition. If the percentage inhibition was >90% across
all cell lines evaluated or >100% against more than two cell lines
and suitably soluble (in the DMSO/water solution), then a more
detailed dose–response evaluation was conducted, allowing for
the calculation of a GI50 value. This value is the drug concentration
at which cell growth is inhibited by 50% based on the difference
between the optical density values on day 0 and those at the end
of drug exposure.
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