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Abstract 

Chromanones, particularly those containing the 2-γ-butyrolactone unit, are an emerging class of 

heterocycles that constitute the core of numerous pharmaceutically relevant natural products bearing 

both monomeric and dimeric frameworks. This thesis describes a full account of the evolution of a 

convergent total synthesis of gonytolide C (30a), as a representative member of the 

2-γ-butyrolactone-substituted chromanone natural products, with the view that the methodology 

established will be applicable to the synthesise of other members of the natural chromanone family 

including the more complex dimers. 

 

Two synthetic strategies were explored in this work to access the 2-γ-butyrolactone-substituted 

chromanone core 266 of gonytolide C (30a).  

 

The initial approach hinged on carbon-carbon bond formation through intermolecular conjugate 

addition of a furan-based nucleophile (e.g. 132 or 241) to a chromone substrate 147. Both conventional 

catalysis using chiral copper(II)-complexes and the more recently developed rhodium-catalysed 

asymmetric 1,4-addition of boron nucleophiles (e.g. 241) were investigated. Considerable efforts were 

devoted to effect the desired conjugate addition, however, all attempted reactions proved inefficient 
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and this intermolecular conjugate addition strategy was considered particularly challenging with the 

combination of chromone Michael acceptors and furan nucleophiles as substrates. 

An alternative strategy to synthesise the 2-γ-butyrolactone core 266 that involved carbon-heteroatom 

bond formation through intramolecular oxa-Michael addition of a hydroxyenone substrate was also 

attempted. Several hydroxyenone substrates (e.g. 287 and 288) were constructed and used to examine 

the subsequent oxa-Michael cyclisation in order to develop a viable synthetic route towards gonytolide 

C (30a).  

A convergent and flexible synthesis of the natural product together with its C-2 epimer was eventually 

achieved in 12 steps (longest linear sequence) from readily available commercial materials. The 

assembly of the core of gonytolide C (30a) relied on an Horner-Wadsworth-Emmons (HWE) 

olefination followed by the efficient intramolecular oxa-Michael addition. Robust and highly efficient 

preparations of both the phosphonate 301 and ketone coupling partner 331 for the HWE reaction were 

established. The spectroscopic data (NMR, HRMS, IR) and specific rotation of synthetic gonytolide C 

(30a) were in full agreement with those reported for the natural product. 

 

This synthetic study enabled further investigation of an asymmetric oxa-Michael cyclisation to 

synthesise enantioenriched 2-γ-butyrolactone chromanones and thus established a sound platform for 

future endeavours to achieve a stereoselective synthesis of the more complicated, chiral dimeric natural 

products.  
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1.1 Chromanone Natural Products – an Overview 

The benzopyran scaffold 1 is widespread in nature and is found in a variety of forms that belong to an 

important class of heterocycles including chromans 2, chromanols 3 and chromones 4 (Figure 1.1). 

These structures constitute the core of numerous natural products and synthetic analogues displaying 

an extensive array of biological activities.1  

 

Figure 1.1. Benzopyran and related structures commonly observed in natural products. 

Among naturally occurring benzopyrans, chromones 4, also known as 1-benzopyran-4-ones or 

4H-chromenones, and their derivatives are the structural fragments most frequently encountered.2,3 

Many of the isolated chromone derivatives possess a C-2 substitution pattern with saturation of the 

alkene component between C-2 and C-3 of the chromone skeleton, in which C-2 becomes a stereogenic 

centre. These compounds can be divided into two main categories according to their C-2 substituents: 

the flavanones 5, where the substituents are aromatic, and chromanones 6, where the substituents are 

aliphatic (Figure 1.1). 

1.1.1 C-2 Aromatic Chromanones: Flavanones 

Flavanones also comprise an important subdivision of the flavanoids that generally refer to a broad 

collection of natural products including a phenylbenzopyran functionality 7 (Figure 1.2).4 These 

compounds are ubiquitously found in the plant kingdom and are therefore present in representative 

amounts in a normal human diet.4 The great majority of isolated flavanones are found to be 

laevorotatory (−)- or (2S)-flavanones 8 and possess an extremely wide range of biological activities.4,5 
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Figure 1.2. Flavanoid and flavanone core structures. 

One of the well-known natural flavanones is naringenin (9), a dietary antioxidant commonly found in 

citrus fruits and tomatoes (Figure 1.3).6 The naturally occurring 8-prenyl derivative 10 of naringenin 

(9), also known as sophoraflavanone B, is currently the strongest phytoestrogen known and displays 

potent antifungal activity as well.7 The less oxygenated pinostrobin (11) has been isolated from 

multiple natural sources8-10 and  was shown to possess a variety of significant biological properties 

including antiviral,11 antiaromatase,12 antileukemic13 and antioxidant14 activities.  

 

Figure 1.3. Examples of natural bioactive flavanones. 

One rather complex example is silymarin, a milk thistle (Silybum marianum) extract that has been used 

for centuries for the treatment of liver disorders and as a hepatoprotective herbal medicine. Silymarin 

contains a 1:1 diastereomeric mixture of silybins A (12) and B (13) as its major active components.15 
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1.1.2 C-2 Aliphatic Chromanones 

The isolation and identification of C-2 aliphatic chromanones 6 from natural resources are less 

documented in the literature. An early example is the antibiotic LL-D253α (14) (Figure 1.4), a fungal 

metabolite isolated in the early 1970s from the mycotoxin-producing strains of the genus Phoma by a 

group at Lederle.16 LL-D253α was originally assigned the structure 15 on the basis of spectroscopic 

studies, but this was soon questioned by Takahashi et al. following their isolation of the same 

metabolite also from a Phoma strain.17 The revised assignment was eventually confirmed by 

Simpson et al., who synthesised both proposed structures 14 and 15 in racemic form.18 More recent 

examples of 2-methyl chromanones are phomochromones A (16) and B (17), which were isolated from 

the endophytic fungus Phomopsis sp. and exhibited good antifungal, antibacterial and antialgal 

properties towards a range of organisms.19 

 

Figure 1.4. Examples of C-2 aliphatic chromanone natural products. 

Aposphaerins A (18) and B (19), with undefined stereochemistry at the C-2 position, were isolated 

from the fungus Aposphaeria sp.20 Although these natural products proved to be biologically inactive, 
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the related 2-alkenyl chromanone 20, which was isolated from deep-sea fungus Aspergillus sydowi 

YH11-2, exhibited strong cytotoxicity (IC50 0.14 μM) against the murine leukemia P388 cell line.21 

Additional medicinal investigations of 2-vinyl analogues of chromanone 20 with shorter C-2 alkyl 

chains also revealed remarkable antimicrobial activity against several human pathogenic bacteria and 

yeast.22,23 

1.1.3 2-γ-Butyrolactone-substituted Chromanones 

Among the 2-substituted chromanones are a group of recently isolated compounds containing the core 

framework 21 with a γ-butyrolactone unit substituted at the C-2 position (Figure 1.5). An additional 

alkyl substituent is also often observed that is connected to the C-2 of the chromanone unit. The core 

structure 21 of this group of natural chromanones therefore includes two contiguous stereogenic 

centres from the γ-butyrolactone unit and the quaternary C-2 position in the chromanone ring. 

 

Figure 1.5. Core structure of 2-γ-butyrolactone-substituted chromanones. 

The first members of this group to be discovered were lachnones C-E (22a-24) (Figure 1.6), isolated 

from the filamentous fungus Lachnum sp. BCC 2424 in 2006.24 These compounds were inactive in 

antimalarial, antifungal and cytotoxicity assays,24 however, their distinctive 2-γ-butyrolactone 

substituted motif has attracted considerable interest from both isolation and synthetic chemists. The 

related fungal metabolite microdiplodiasone (25) was found to be biologically active, exhibiting weak 

antibacterial activity against Legionella pneumophila.25  

Paecilin B (26) possesses a methyl ester substituent at C-2 of its chromanone core, the stereochemistry 

of which was initially undefined at the time of its isolation from the mangrove endophytic fungus 

Paecilomyces sp. in 2007.26 The absolute configuration was not determined until 2012 following the 

isolation of the same metabolite by another group in Thailand.27 The blennolides D-F (27-29) differ 

from paecilin B (26) by an additional hydroxyl substituent at the 4-position of the γ-butyrolactone. 
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Preliminary studies revealed strong antifungal and antibacterial activities of these compounds against 

Microbotryum violaceum and Bacillus megaterium, respectively.28 

 

Figure 1.6. Examples of monomeric 2-γ-butyrolactone-substituted chromanone natural products. 

Two of the most recently isolated 2-γ-butyrolactone chromanones are gonytolides C (30a)29 and 

G (31),30 which were identified in 2011 and 2012, respectively, from a research programme aimed at 

isolating natural compounds that regulate immune responses towards infectious diseases and cancer. 

Interestingly, a number of dimeric 2-γ-butyrolactone chromanones have also been isolated from a 

variety of sources, together with their corresponding monomeric chromanones (Figure 1.7 and 1.8). 

Although some of the abovementioned monomers were themselves not biologically significant, 

gonytolide C (30a),29 paecilin B (26)26 and the blennolides D-F (27-29)28 are all monomers of bioactive 

dimers, in either homodimeric or heterodimeric arrangements. 
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Figure 1.7. Examples of homodimeric 2-γ-butyrolactone-substituted chromanone natural products. 

Paecilin A (32), the stereochemistry of which is undefined, was suggested to be likely a homodimer of 

paecilin B (26) with a para-para biaryl connection.26 Although no significant biological activities were 

claimed for paecilin A (32) at the time of its isolation in 2007, it was the first known example of a 

chromanone dimer.26 Phomopsis-H76 A (33) also possesses a dimeric structure with the 

2-γ-butyrolactone chromanone monomers connected in an ortho-ortho manner rather than the 

para-para linkage in Paecilin A (32).31 Primary bioassays revealed that phomopsis-H76 A (33) 

significantly accelerates the growth of subintestinal vessel plexus branches and was therefore suggested 

as a potential lead in the search for novel neovascularisation agents for tissue implantation therapy.31,32 

Gonytolides A (34) and B (35) were isolated from the fungus Gonytrichum sp. in 2011 by Kikuchi 

et al.29 Both of these homodimers contain the same monomeric unit gonytolide C (30a) but differ in 

their biaryl connection patterns of para-para and ortho-para in gonytolide A (34) and gonytolide B 

(35), respectively. Gonytolides A-C (34, 35 and 30a) were all assessed for potential promotion of 

innate immunity, but only gonytolide A (34) was confirmed to increase TNF-α-stimulated production 

of IL-8 in human umbilical vein endothelial cells, representing a lead compound for novel 

immunostimulating agents against bacterial infections and tumors.29 Further biological evaluation of 
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these compounds was precluded due to the limited quantities that could be obtained from the natural 

source.33 

In addition to chromanone homodimers, heterodimeric natural products containing a 2-γ-butyrolactone 

chromanone core have also been reported recently (Figure 1.8). Most of these naturally occurring 

heterodimers were isolated from fungal fermentations and fall within one of three structural classes: 

chromanone-chromanone heterodimers formed from two different monomers (e.g. 36 and 37), 

xanthone-chromanone heterodimers (e.g. 38 and 39) and xanthoquinodin-type heterodimers (e.g. 40 

and 41). 

 

Figure 1.8. Examples of heterodimeric 2-γ-butyrolactone-substituted chromanone natural products. 

Noduliprevenone (36), isolated in 2008 from marine fungus Nodulisporium sp., is a heterodimeric 

chromanone reported to act as a cancer chemopreventive agent via inhibition of cytochrome P450 1A 

activity.34 It contains gonytolide C (30a) as one of the monomeric units whilst the other monomer has 
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its 2-γ-butyrolactone ring opened to give an ester side chain. Monodictyochrome B (37) was also 

indicated with potent cancer chemopreventive potential35 and is formed from two chromanone 

monomers that differ mainly in their substitution at the 3-position of the γ-butyrolactone. 

Blennolide G (38)28 and versixanthone D (39)36 are both xanthone-chromanone dimers. In these 

heterodimeric structures the chromanone unit is commonly connected through a biaryl linkage to a 

tetrahydroxanthone subunit that itself is isomerically related to the 2-γ-butyrolactone chromanone core. 

Both blennolide G (38) and versixanthone D (39) possess the same planar structures, however were 

demonstrated as diastereoisomers by their distinct chemical shifts for all of the stereogenic centres.36 

Versixanthone D (39) exhibited strong cytotoxicities against all seven tested cancer cell lines with 

low-micromolar IC50 values (3-14 μM), whilst blennolide G (38) was inactive in all biological 

studies.36 

The anticoccidial antibiotics xanthoquinodin A3 (40) and A4 (41) both contain the monomeric unit 

gonytolide C (30a), while xanthoquinodin A4 (41) exhibits an additional reduction at the 5-ketone 

position.37 Different from the previous examples, these xanthoquinodin-type heterodimers typically 

consist of an anthraquinone-like monomer which is fused to the other 2-γ-butyrolactone chromanone 

unit to form the dimeric structure instead of having a biaryl connection. Preliminary cytotoxicity tests 

against a range of cancer cell lines (IC50 ranges from 4-16 μM) have also indicated the potent antitumor 

activity of xanthoquinodin A3 (40).38 
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1.2 Methods for the Asymmetric Synthesis of 2-Substituted Chromanones 

The enantioselective synthesis of 2-substituted chromanones, particularly the asymmetric installation 

of the C-2 stereocentre of the chromanone core 42 (Scheme 1.1), has attracted significant attention 

from the synthetic community owing both to the broad spectrum of biological properties exhibited by 

these natural metabolites as well as their utility in the synthesis of many related benzopyran-containing 

natural products. A variety of methods have therefore been developed for construction of 

enantioenriched flavanones and their C-2 aliphatic counterparts.5 The approaches most commonly 

applied to the asymmetric synthesis of 2-substituted chromanones fall into four categories 

(Scheme 1.1): 1) asymmetric hydrogenation of the parent 2-substituted chromone 43, 2) resolution of a 

racemic chromanone (±)-42, 3) intermolecular conjugate addition of a metal nucleophile to the 

chromone core 4 and 4) intramolecular cyclisation through oxa-Michael addition of enone 44 or 

Mitsunobu inversion of β-hydroxyketone substrate 45. 

 

Scheme 1.1. General methods for the asymmetric synthesis of 2-substituted chromanones. 

Among these strategies, asymmetric hydrogenation and chiral resolution were the two earliest methods 

for accessing enantioenriched chromanones, due to the fact that many achiral chromones and racemic 

chromanones are commercially available. Recent work has focused extensively on catalytic inter- and 
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intramolecular conjugate additions to form the 2-substituted chromanone core, while the alternative 

intramolecular Mitsunobu strategy has been reported less frequently in the literature. 

1.2.1 Asymmetric Reduction 

The asymmetric reduction of natural and commercial 2-substituted chromones 43 is one of the most 

expedient ways to synthesise chromanones. However, this approach has not been widely used due to 

the high tendency of the parent chromone 43 to undergo over-reduction to the chromanol 3 and 

chroman 2 skeletons.39,40 To date, there have been only two reports of the use of catalytic 

hydrogenation of chromones 43 to afford chromanones 42 that have proceeded with high levels of 

enantioselectivity (> 85% e.e.).41,42  

In 2003, Bokel et al. reported the first example of asymmetric hydrogenation of chromone 46 to afford 

2-alkyl chromanone 47 (Scheme 1.2) during their investigation of the chromanone scaffold and related 

intermediates for the treatment of central nervous system disorders.41 Although a yield was not reported, 

high enantioselectivity in the reduction of chromone 46 was eventually achieved after extensive 

optimisation of pressure, solvent, chiral ligand and the metal counterion for their rhodium-catalysed 

system. 

 

Reagents and conditions: a) [Rh(cod)Cl]2, (R)-BINAP, H2 (80 bar), PhMe-MeOH (5:1), 50 °C, 2 h. 

Scheme 1.2. Asymmetric hydrogenation of chromone 46.41 

Surprisingly, there were no examples of asymmetric hydrogenation to access flavanones until a recent 

report in 2013.42 Glorius et al. developed a general and efficient method for the preparation of both 

flavanones and 2-alkyl chromanones through catalytic hydrogenation of chromones 48 in the presence 

of a chiral ruthenium-NHC (N-heterocyclic carbene 49) complex (Scheme 1.3).42 Although the 

over-reduced chromanol products 50 were formed as a mixture of cis and trans diastereoisomers, the 

subsequent selective oxidation in the presence of pyridinium chlorochromate (PCC) generally 
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delivered chromanone products 51 in excellent yields with up to 91% e.e., without compromising the 

integrity of the newly formed C-2 stereocentre. 

 

Reagents and conditions: a) [Ru(cod)(2-methylallyl)2] (1.5 mol%), 49 (3 mol%), KOtBu, nhexane, H2, r.t., 

16 h; b) PCC, CH2Cl2, r.t., 10 min. 

Scheme 1.3. Asymmetric hydrogenation of chromones 48 by Glorius et al.42 
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1.2.2 Chiral Resolution 

Resolution of racemic 2-substituted chromanones (±)-42 (Scheme 1.1), including both chemical and 

kinetic processes, is a commonly reported strategy for practically accessing chiral bioactive 

chromanones and has been investigated extensively in early synthetic studies towards these compounds. 

In 1962, Corey and Mitra illustrated the applicability of (+)-2,3-butanedithiol (52) to the resolution of 

racemic ketones by the synthesis of flavanone 8 in both enantiomeric forms (Scheme 1.4).43 Racemic 

flavanone (±)-8 was treated with dithiol 52 to generate a mixture of diastereomeric ketals 53a and 53b, 

which were easily separated by recrystallisation. Hydrolysis of the individual isomers 53a and 53b then 

afforded optically pure flavanones (R)-8 and (S)-8, respectively. 

 

Reagents and conditions: a) BF3·OEt2, CHCl3, r.t., 45 min, 35% 53a, 23% 53b; b) HgCl2, HgO, 

MeOH-H2O, reflux, 4 h, 90% for both (R)-8 and (S)-8. 

Scheme 1.4. Chemical resolution of racemic flavanone (±)-8 by Corey and Mitra.43 
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Alternatively, kinetic resolution using enzymes for the synthesis and purification of optically pure 

chromanones was particularly popular due to the simplicity of reaction set up and high 

enantioselectivities generally obtained. Among the many reported examples, resolution of the racemic 

chromanols proved to be the most difficult.44  

In 2004, Ramadas and Krupadanam described an effective enzymatic transesterification of racemic cis 

flavanols (±)-cis-54 with lipase Candida cylindracea (CCL) to afford the enantioenriched flavanol 

acetates (R,R)-55 and flavanols (S,S)-54 with complete conversions and moderate to excellent 

enantioselectivies (Scheme 1.5).45 Oxidation of flavanols (S,S)-54 with manganese dioxide led to the 

formation of enantiopure flavanones (S)-56. 

 

Reagents and conditions: a) lipase CCL, vinylacetate, PhMe-DME (2:1), r.t., 12-24 h; b) MnO2, CHCl3, r.t., 

24 h, 65-95%. 

Scheme 1.5. Lipase-catalysed kinetic resolution of racemic flavanol (±)-cis-54.45 
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Recently in 2013, Metz et al. reported the first and only example of a non-enzymatic kinetic resolution 

procedure to produce enantiomerically pure flavanones, in particular prenylated representatives 

(Scheme 1.6).46 The kinetic separation of racemic flavanones (±)-57 was enabled via a transfer 

hydrogenation method with chiral rhodium(III) complex 58 in a mixture of formic acid and 

triethylamine, producing enantioenriched flavanones (S)-57 and flavanols (R,R)-59 in high yields and 

with excellent enantioselectivities. The procedure was applied in a practical enantioselective synthesis 

of bioactive flavanones sophoraflavanone B (10) and glabrol (60), which could subsequently be 

supplied for further bioassays. 

 

Reagents and conditions: a) 58, HCOOH, Et3N, EtOAc, r.t., 2 h. 

Scheme 1.6. Non-enzymatic kinetic resolution of racemic flavanones (±)-57 by Metz et al.46 
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1.2.3 Intermolecular Conjugate Addition 

Chromones 4 (Scheme 1.1) can be considered as α,β-unsaturated ketones and therefore introduction of 

substituents at the C-2 position of the chromone ring through conjugate addition of a nucleophilic 

metal-carbon species provides a convergent approach to 2-substituted chromanones. The required 

asymmetric induction of the conjugate addition process generally arises from installation of a chiral 

auxiliary onto the chromone substrate 4 or more efficiently, using a catalytic system with suitable 

transition metals and chiral ligands. 

A. Diastereoselective Addition 

In 1986, Wallace and Saengchantara reported the first diastereoselective conjugate addition to 

chromone 61 containing a sulfoxide auxiliary (Scheme 1.7).47 The enantioenriched chromone 61 was 

treated with lithium dimethylcuprate to afford a diastereomeric mixture of chromanones 62 that 

favoured formation of (S)-stereochemistry at C-2. Mechanistically, lithium chelation of the ketone and 

sulfoxide oxygen atoms of chromone 61 blocks the front face of the molecule with the tolyl substituent 

and as a result the incoming methyl group tends to approach from the less hindered back face of 

chromone 61.48  

 

Reagents and conditions: a) Me2CuLi, Et2O-THF, −78 °C → 0 °C, 87% yield, 50% d.e.; b) Al-Hg, 

THF-H2O, 0 °C → r.t.; c) PDC, CH2Cl2, r.t., 59% over two steps; d) PhMgBr, CuBr·SMe2, Et2O-THF, 

−78 °C → 0 °C, 58%. 

Scheme 1.7. Diastereoselective conjugate addition to sulfinyl chromone 61.47 

After desulfurisation and partial reduction of the carbonyl group in chromanone 62 with aluminium 

amalgam, pyridinium dichromate (PDC) oxidation afforded (S)-2-methylchromanone (63). However, 
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direct application of this method to effect the conjugate addition of a phenyl nucleophile to generate the 

flavanone skeleton was unsuccessful. Facile elimination of the sulfoxide auxiliary occurred after the 

addition to reform the chromone structure 64 instead (Scheme 1.7).49 This issue was later resolved by 

Solladié et al. by adding phenylmagnesium bromide in the presence of a catalytic amount of lithium 

tetrachlorocuprate (Scheme 1.8).50 Using this improved procedure, flavanone 65 was synthesised 

confirming that the natural product leridol did not possess the originally proposed structure 65.50 

 

Reagents and conditions: a) PhMgBr, Li2CuCl4, THF, −72 °C, 1 h; b) flash chromatography, 45% over two 

steps; c) Al-Hg, THF-H2O, 0 °C, 35 min, 45%. 

Scheme 1.8. Synthesis of the proposed structure 65 of leridol by Solladié et al.50 

B. Copper-catalysed Addition 

In 2005, Hoveyda et al. reported an effective and general method for the copper-catalysed asymmetric 

conjugate addition of dialkylzinc reagents to furanones and pyranones, in which the first example of an 

optically active 2-alkylchromanone was prepared employing such a method. (Scheme 1.9).51 

 

Reagents and conditions:  a) (CuOTf)2·PhH (4 mol%), 66 (10 mol%), PhCHO, PhMe, −30 °C, 24 h; 

b) K2CO3, PhMe, 120 °C, 1 h, alkyl = Et, 92%; alkyl = iPr, 84%. 

Scheme 1.9. Copper-catalysed asymmetric conjugate addition of dialkylzinc reagents to chromone 4 by 

Hoveyda et al.51 



Introduction 
 

 

19 

 

These highly enantioselective addition reactions proceeded in the presence of optically pure amino 

acid-based phosphine ligand 66 to afford the desired products in good isolated yields. However, to 

obtain better conversion, benzaldehyde must be added during the reaction to capture the newly formed 

zinc enolate and avoid undesired β-elimination or further intermolecular Michael additions from taking 

place. The optimised procedure was applied to chromone 4, a notoriously unreactive substrate due to 

the induction effect of an electron-donating group at the γ-position of the molecule, producing 

β-hydroxychromanones 67 in moderate yields but with excellent enantioselectivities (Scheme 1.9). The 

corresponding enantiopure 2-alkyl chromanones 6a were subsequently obtained by a retro-aldol 

process. 

There was no further development of this copper-catalysed addition until 2013, when Feringa et al. 

described a direct enantioselective synthesis of 2-alkyl chromanones 68 via copper-catalysed 

1,4-addition of alkyl Grignard reagents to chromones 69 using the ferrocenyl-based biphosphine 

ligand 70 (Scheme 1.10).52 

 

Reagents and conditions: a) CuBr·SMe2 (2.5 mol%), 70 (3 mol%), CH2Cl2, −80 °C, 18 h. 

Scheme 1.10. Copper-catalysed asymmetric conjugate addition of alkyl Grignard reagents to chromones 69 

by Feringa et al.52 

Taking advantage of the reduced reactivity of the resulting magnesium enolates, the addition of an 

aldehyde to trap the newly formed enolates during the reaction was rendered unnecessary. The use of 

both long linear and secondary alkyl Grignard reagents as well as a range of substituted chromones 

bearing both electron-withdrawing and electron-donating groups were well tolerated in the catalytic 

system, affording the corresponding products 68 in moderate to good yields and with excellent 

enantioselectivities up to 98% e.e. 
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Building on the interest in enantioselective 1,4-addition to chromones, Schmalz et al. later devised a 

novel strategy towards α-tocopherol (71), the most prominent member of the vitamin E family 

(Scheme 1.11).53 The synthesis involved the asymmetric addition of trimethylaluminium as a 

methyl-anion reagent to chromone 72, in the presence of a chiral copper(I)-phosphoramidite (Cu(I)-73) 

complex. Initial attempts using the ferrocenyl-based biphosphine ligand 70 that had been previously 

employed by Feringa et al.52 were unsuccessful, with no significant levels of conversion or 

enantioselectivity. Extensive variation of the reaction conditions including solvent, temperature, copper 

source as well as a screen of 35 phosphoramidite ligands eventually led to the formation of 

chromanone 74 with the required (2R)-configuration in 94% e.e., after removal of the methyl ester 

under Krapcho decarboxylation conditions. Further reduction and methyl cleavage of chromanone 74 

completed the synthesis of α-tocopherol (71). 

 

Reagents and conditions: a) (CuOTf)2·PhH (5 mol%), 73 (12 mol%), AlMe3, Et2O, −50 °C, 18 h; b) LiCl, 

H2O, DMSO, 150 °C, 5 h, 83% over two steps (gram scale), 94% e.e.; c) Pd/C, H2 (balloon), AcOH, 60 °C, 

96 h; d) AlCl3, BF3·OEt2, MeCN, r.t., 6 h, 79% over two steps. 

Scheme 1.11. Synthesis of α-tocopherol (71) via a copper-catalysed asymmetric conjugate addition by 

Schmalz et al.53 

It is important to note that a quaternary centre at C-2 of chromanone 74 was stereoselectively generated 

from the activated substrate 72 with an additional methyl ester substituent at C-3 of the chromone core. 

The enhanced reactivity of chromone 72 during the 1,4-addition revealed the successful use of the C-3 

ester substituent, however a suitable preparation of the requisite 3-methyl ester chromone 72 proved to 

be problematic in Schmalz’s synthesis (Scheme 1.12).53 The presence of an ester functionality at C-3 

was known to significantly reduce the efficiency of cyclisation to form 3-ester-substituted chromones 
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from an intermediate diketone 75 by conventional protocols.54-56 As a result, this strategy proved 

unsuccessful due to facile formation of the more thermodynamically stable 3-acylcoumarin 76 (route A, 

Scheme 1.12).57 Also, attempts to introduce the methyl ester group via alkoxycarbonylation58 of 

chromone 77 or its 3-bromo derivatives led to no formation of the required substrate 72 (route B, 

Scheme 1.12). 

 

Reagents and conditions: a) CO(OMe)2, NaH/KH, THF, reflux, 4 h, 95%; b) ClCOOMe, MgCl2, pyridine, 

CH2Cl2, r.t., 3 d, 97%; c) Tf2O, Et3N, 3 h; d) Et3N, CH2Cl2, r.t., 5 d; e) P4O10 (7.7 wt% in MeSO3H), 55 °C, 

1 h, 67%. 

Scheme 1.12. Preparation of activated chromone 72 by Schmalz et al.53  

Schmalz et al. finally achieved their synthesis of the activated chromone 72 by vinyl ether formation 

and subsequent Friedel-Crafts-type cyclisation of intermediate 78, starting from previously established 

ketone 79 (Scheme 1.12).53 However, preparation of the related chromone substrate with a different 

unbranched side chain following the same procedure resulted in a dramatic decrease in the isolated 
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yield, representing a significant limitation of this strategy for the preparation of 3-ester-substituted 

chromones. This problem limited their use in conjugate additions as a general method to access 

optically active 2-substituted chromanones. 

C. Rhodium- and Palladium-catalysed Addition 

In recent years, a number of chiral rhodium complexes have been developed as an efficient alternative 

to the conventional copper-catalysed system for the enantioselective conjugate addition of organic 

boron nucleophiles to a wide variety of electron-poor olefins under mild reaction conditions.59 These 

advances have stimulated interest in asymmetric rhodium-catalysed 1,4-additions to chromones with 

the hope that synthesis of chiral 2-substituted chromanones can be achieved with both high conversions 

and good enantioselectivities. 

In 2010, Liao et al. developed a novel and readily prepared C2-symmetric chiral bis-sulfoxide ligand 80 

and successfully applied it in rhodium-catalysed asymmetric conjugate additions to chromones 69 as a 

general route to enantioenriched flavanones (R)-56 (Scheme 1.13).60 This was the first report of a 

1,4-addition of boronic reagents to chromone substrates, which had previously remained elusive. Such 

a transformation was found to be highly promoted with sodium tetraarylborates 81 instead of 

arylboronic acids. Under optimal conditions, the desired addition products (R)-56 were obtained in 

moderate yields and with excellent enantioselectivities. 

 

Reagents and conditions: a) [RhOH(cod)]2 (5 mol%), 80 (6 mol%), CH2Cl2-H2O (15:1), 40 °C, 24 h. 

Scheme 1.13. Rhodium-catalysed asymmetric conjugate addition of sodium tetraarylborates 81 to 

chromones 69 by Liao et al.60 

Continuing their investigations, Liao et al. modified the bis-sulfoxide ligand to a new class of 

benzene-based chiral heterodisulfoxide ligand 82, which proved to be more efficient in the 
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rhodium-catalysed conjugate addition variant of the less reactive arylboronic acids to chromones 69 

(Scheme 1.13).61 These additions proceeded smoothly to produce the same flavanones (R)-56 with 

excellent enantioselectivities and up to 70% yield.  

Shortly after Liao’s report in 2011, Korenaga et al. described a similar conjugate addition reaction 

using arylboronic acids 83 and chromones 69 in the presence of a rhodium catalyst and a highly 

electron-deficient chiral diphosphine ligand 84 (Scheme 1.14).62 The desired flavanones (S)-56 were 

also obtained with excellent enantioselectivities, but with improved conversion up to 95% yield by 

using a lower catalyst loading (3 mol% Rh) compared to Liao’s conditions (5 mol% Rh). However, the 

efficiency of these additions were found to be highly substrate-dependent and each of these reactions 

required additional optimisation to supress the formation of by-products 85 from a further 1,2-addition. 

 

Reagents and conditions: a) [RhOH(cod)]2 (3 mol%), 84 (3 mol%), CH2Cl2-H2O, 0 °C → 40 °C, 0.7-3 h. 

Scheme 1.14. Rhodium-catalysed asymmetric conjugate addition of arylboronic acids 83 to chromones 69 

by Korenaga et al.62 
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Mino et al. also reported the synthesis of the simplest flavanone (S)-8 with excellent enantioselectivity, 

however in a rather poor 31% yield, in the presence of a chiral dihydrobenzofuran-based diphosphine 

86 that has been successfully employed in their rhodium-catalysed 1,4-addition to cyclic enones 

(Scheme 1.15).63 

 

Reagents and conditions: a) [Rh(acac)(C2H4)2] (3 mol%), 86 (3.3 mol%), dioxane-H2O (10:1), 100 °C, 5 h. 

Scheme 1.15. Synthesis of flavanone (S)-8 via rhodium-catalysed asymmetric conjugate addition 

by Mino et al.63 

Inspired by these earlier reports, Wang et al. designed a chiral diene ligand 87 that can efficiently 

participate in the rhodium-catalysed addition of arylboronic acids 83 to chromones 69 in 2015 (Scheme 

1.16).64 Although their system required a relatively high catalyst loading (10% Rh), a wide range of 

arylboronic acids 83 including sterically hindered examples were well tolerated, generating flavanone 

adducts (R)-56 in high yields and with excellent enantioselectivities.  

 

Reagents and conditions: a) [RhCl(C2H4)2] (10 mol%), 87 (11 mol%), KOH, dioxane-H2O (9:1), 90 °C, 

22 h. 

Scheme 1.16. Rhodium-catalysed asymmetric conjugate addition of arylboronic acids 83 to chromones 69 

by Wang et al.64 

In addition to the well-established rhodium system, chiral palladium complexes have also emerged as 

an alternative option for enantioselective conjugate addition to α,β-unsaturated systems. To date, the 

only example of a palladium-catalysed addition to access 2-substituted chromanones was reported by 

Stoltz et al. in 2013.65 They achieved the same conjugate additions (as shown in Scheme 1.16) of 
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arylboronic acids 83 to chromone substrates 69 to afford flavanone products (R)-56 (29 examples) in 

satisfactory yields and with excellent enantioselectivities, by employing a chiral palladium catalyst 

prepared from pyridinooxazoline ligand 88 (as shown in Scheme 1.17). 

Applying their catalytic system further, Stoltz et al. also compared the reactivity of the more hindered 

2-methylchromone (89) to chromone 4 with only hydrogen at the β-position (Scheme 1.17). 

2-methylchromone (89) reacted poorly to generate the quaternary C-2 stereocentre with only trace 

adduct 90 detected by 1H NMR spectroscopy, whereas addition to unsubstituted chromone 4 proceeded 

with excellent yield and enantioselectivity. 

 

Reagents and conditions: a) Pd(TFA)2 (5 mol%), 88 (6 mol%), NH4PF6, H2O, ClCH2CH2Cl, 60 °C, 12 h. 

Scheme 1.17. Comparison of palladium-catalysed asymmetric conjugate addition to chromones 4 and 89 by 

Stoltz et al.65 
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1.2.4 Intramolecular Cyclisation 

The strategy of intramolecular cyclisation to access the enantioenriched 2-substituted chromanone 

core 42 is generally based either on an oxa-Michael addition of a 2-hydroxyenone 44 or on the 

Mitsunobu inversion of a β-hydroxyketone 45 (Scheme 1.18). The former method requires the use of a 

chiral catalyst for the asymmetric induction at the C-2 centre and the latter involves the installation of 

an enantiopure aldol adduct 45, where the appropriate configuration of the alcohol determines the 

stereochemistry at C-2 of the cyclised chromanone core 42. 

 

Scheme 1.18. Asymmetric synthesis of 2-substituted chromanones 42 via intramolecular cyclisation. 

A. Oxa-Michael Addition 

Although C-2 aliphatic chromanones occur naturally in both (2S)- and (2R)-configurations, nearly all 

flavanones isolated from plants, fungi, moulds as well as bacteria exhibit the (2S)-configuration. 

Investigations into flavanoid biosynthesis have revealed that the enzyme chalcone isomerase is 

responsible for the intramolecular cyclisation of chalcone 91 into (2S)-flavanone 8 (Scheme 1.19).66,67  

 

Scheme 1.19. Biosynthesis of flavanone (S)-8 and cyclisation of enones 44 to chromanones (±)-42. 

Synthetically racemic 2-substituted chromanones (±)-42 can also be generated via both acid- and base-

mediated cyclisation of 2-hydroxyenones 44 (Scheme 1.19).40 Basic conditions are generally preferred 
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in synthesis as only stable chromanones can be obtained by boiling of the respective 2-hydroxyenones 

in fairly concentrated mineral acids.40 Although the cyclisation proceeds faster under basic conditions, 

use of concentrated alkali often results in reversible ring opening and shifts the equilibrium towards the 

starting 2-hydroxyenones 44.39 Asymmetric generation of 2-substituted chromanones therefore requires 

an efficient chiral base mediator together with mild reaction conditions to minimise possible C-2 

racemisation.  

The first example of an enantioselective intramolecular oxa-Michael addition to construct a 

chromanone core was reported in 1999 by Ishikawa et al. en route to the synthesis of calanolide A 

(92),68 a chromanol natural product with potent anti-HIV activity (Scheme 1.20).69,70 The initial 

racemic study involved an intramolecular conjugate addition of o-triloylphenol 93 in the presence of 

triethylamine as the key step. When the base was replaced by the cinchona alkaloid quinine (94), 

effective asymmetric induction was achieved in the cyclisation to afford a mixture of cis and trans 

chromanones cis-95 and (±)-trans-95, in which chromanone cis-95 was obtained in 80% yield and with 

98% e.e. MgI2-mediated isomerisation of chromanone cis-95 into the trans isomer proceeded without a 

significant erosion of enantiomeric excess and the subsequent carbonyl reduction afforded calanolide A 

(92). 

 

Reagents and conditions: a) 94 (2 equiv.), PhCl, 4 °C, 23 h; b) MgI2·6H2O, PhH, reflux, 2.5 h, 50%, 90% 

e.e.; c) LiAl(OtBu)3H, THF, –15 °C, 2 h, 41%. 

Scheme 1.20. Synthesis of calanolide A (92) via quinine-catalysed cyclisation of o-triloylphenol 93.69 



Chapter 1 
 

 

28 

 

A recent breakthrough was achieved by Scheidt et al. in 2007, who reported the first general catalytic 

enantioselective synthesis of 2-substituted chromanones ent-51 from the corresponding α-carboxy- 

substituted enone substrates 96 (Scheme 1.21).71 

 

Reagents and conditions: a) piperidine, PhH, Dean Stark, 110 °C, then 99, AcOH, PhMe, 4 h, 20-83%; b) 

97 (10 mol%), PhMe, –25 °C, 24-120 h; c) pTsOH, PhMe, 80 °C, 2-50 h. 

Scheme 1.21. Catalytic asymmetric cyclisation of activated enones 96 by Scheidt et al.71 

A quinine-derived chiral thiourea catalyst 97 was utilised for these asymmetric intramolecular 

oxa-Michael addition reactions. The strategy involved incorporation of a tert-butyl ester group on the 

Michael acceptor that would enhance the reactivity, minimise the reversible formation of starting 

enones 96 and also provide a second potential Lewis basic site for association with the catalyst. These 

activated enone substrates 96 were accessed via Knoevenagel condensation of β-ketoester 98 and the 

corresponding aldehydes 99. After cyclisation, the 3-carboxy group was removed upon treatment with 

para-toluenesulfonic acid with minimal impact on the C-2 stereochemistry, affording the optically 

active chromanones ent-51 in satisfactory yields and with excellent enantioselectivities up to 94% e.e. 
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By applying this strategy, Scheidt et al. also synthesised natural 2-alkyl chromanone 100 as well as the 

anti-cancer flavanone family abyssinone I-IV (101-104).71,72  

Scheidt et al. have noted that accessing the requisite enone substrates 96 for asymmetric cyclisation can 

be challenging when using aldehydes 99 that possess complex aromatic or alkyl substitutions.72 Despite 

this, a wide variety of optically active flavanones and simple 2-alkyl chromanones can be readily 

prepared by employing this method. A number of asymmetric variants based on Scheidt’s cyclisation 

system have therefore been developed since their report as a general route to synthesise the 

enantioenriched 2-substituted chromanones, in particular flavanones (Scheme 1.22).73-75  

 

Reagents and conditions: a) Feng et al.: [Ni(105)(Tfacac)2]·2H2O (5 mol%), PhOMe, 30 °C, 12 h; b) 

You et al.: 106 (10 mol%), CCl4, 60 °C; c) Zhao et al.: 107 (20 mol%), PhCF3, r.t., 16-120 h; d) pTsOH, 

80 °C, 2 h. 

Scheme 1.22. Catalytic asymmetric cyclisation of activated enones 96 to chromanones 51.73-75  

In 2008, Feng et al. developed a highly efficient method to access the same chromanones ent-51 using 

activated enones 96 in the presence of a chiral nickel(II)-105 complex (Scheme 1.22).73 The process 

was generally high-yielding, however a dramatic decrease in the enantioselectivity was observed when 

using enone substrate 96 bearing an electron-withdrawing group (when R1 = Cl).  
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You et al. also reported an analogous reaction to generate chiral flavanones 51 with the opposite C-2 

stereochemistry using chiral N-triflyl phosphoramide catalyst 106.74 Although the study was limited to 

flavanone examples, enones bearing different ester groups were compared and the best result regarding 

both yield and enantioselectivity was still obtained with the bulkier tert-butyl ester substituent. In 2011, 

Zhao et al. introduced another efficient variant of the asymmetric oxa-Michael addition of 

α-substituted enones 96, in which excellent yields and enantioselectivities were achieved for both 

flavanones and simple 2-alkyl chromanones in the presence of a quinidine-derived cinchona alkaloid 

107 (Scheme 1.22).75   
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In the same year of Scheidt’s report in 2007, Hintermann et al. also performed a thorough investigation 

of the asymmetric cyclisation of the unactivated 2-hydroxychalcone 91 without an α-carboxy 

substituent to deliver flavanone 8 using both chiral Brønsted acid and bases (Scheme 1.23).76 A wide 

range of catalytic conditions using camphorsulfonic acid (CSA) to cyclise 2-hydroxychalcone 91 gave 

limited activity with only racemic product detected by HPLC analysis. Inspired by the earlier work of 

Ishikawa et al.,69 Hintermann et al. also employed cinchona alkaloids as chiral base catalysts to 

generate enantioenriched flavanone 8. However, cyclisation of 2-hydroxychalcone 91 was not 

catalysed to any relevant degree and only use of 2,6-dihydroxychalcone 108, which is more reactive 

than its monohydroxy counterparts due to the enhanced electophilicity by a hydrogen bond to the 

carbonyl group, was able to furnish the corresponding flavanone 109 with up to 64% e.e. in the 

presence of quinine (94).  

 

Reagents and conditions: a) CSA or cinchona alkaloids, see ref 76; b) 94 (50 mol%), PhCl, r.t., 70 h. 

Scheme 1.23. Asymmetric cyclisation of 2-hydroxychalcone 91 and 2,6-dihydroxychalcone 108 to 

flavanones 8 and 109 by Hintermann et al.76 

The reaction was therefore not widely applicable due to the fact that the kinetic barrier in the way of 

catalysis must be overcome by either introducing a more reactive substrate, which has been 

well-established by Scheidt et al., or employing a more active catalyst. The latter challenge of 

achieving the direct asymmetric cyclisation of unactivated 2-hydroxychalcones (e.g. 91) was not 

successfully addressed until 2012 (Scheme 1.24).77 Hintermann et al. employed a combination of the 

cinchonine-derived quaternary ammonium salt 110 with co-catalytic sodium hydride as the base to 

catalyse the oxa-Michael addition of unactivated 2-hydroxychalcones 111. The corresponding 
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flavanones (R)-5 were generated with up to 85% conversion by HPLC analysis and enantioselectivities 

of 70-85% e.e. However, it was realised that prolonged reaction duration led to racemisation of the 

product as a result of the reversible ring opening reaction and a compromise between the yield and 

enantioselectivity was required.  

 

Reagents and conditions: a) 110 (5-10 mol%), NaH (5-10 mol%), cymene-CHCl3 (3:1), r.t., 1-18 h. 

Scheme 1.24. Catalytic asymmetric cyclisation of unactivated chalcones 111 by Hintermann et al.77 

Later in 2014, Wang and Zhang developed a new family of organocatalysts (e.g. 112) based on 

aminoquinoline and pyrrolidine, which facilitated the direct asymmetric oxa-Michael addition of 

2-hydroxychalcones 113 with significant improvement in both efficiency and enantioselectivity 

(Scheme 1.25).78 The cyclisation was performed under mild conditions and tolerated a range of 

substrates 113 bearing both electron-withdrawing and -donating substituents, affording the desired 

flavanones (S)-56 in satisfactory isolated yields with excellent enantioselectivities up to 99% e.e. 

 

Reagents and conditions: a) 112 (10 mol%), pClPhCOOH (10 mol%), PhMe, r.t., 72 h. 

Scheme 1.25. Catalytic asymmetric cyclisation of unactivated 2-hydroxychalcones 113 to flavanones (S)-56 

by Wang and Zhang.78 
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B. Mitsunobu Strategy 

In 1994, Rao et al. employed a Houben-Hoesch reaction, whereby aromatic ketones can be prepared by 

the reaction of phenols with organic nitriles in the presence of a Lewis acid catalyst, to synthesise 

chiral chromanone (S)-114 as a model substrate for the anti-HIV natural compound calanolide A (92) 

(Scheme 1.26).79 

 

Reagents and conditions: a) ZnCl2, HCl (g), Et2O, r.t., then H2O, reflux, 25%; b) MeI, K2CO3, acetone, 

reflux, 90%; c) PPh3, DEAD, THF, r.t., 60%; d) LiAlH4, THF, r.t., 93%; e) PPh3, I2, imidazole, 

Et2O-CH3CN (9:1), 0 °C, 55%; f) KCN, DMF, r.t., 80%; g) ZnCl2, HCl (g), Et2O, r.t., then H2O, reflux, 

89%. 

Scheme 1.26. Synthesis of chiral chromanones (S)-117 and (R)-117 by Rao et al.79 

Butyronitrile 115 was utilised as a chiral building block and was treated with phloroglucinol (116) 

under Houben-Hoesch conditions to afford chromanone (S)-114 which was later methylated for 

analytical purposes. Despite the low 25% yield, the optically active chromanone core was efficiently 

constructed in one step. The intramolecular version of this reaction was also performed using a 

stereochemically predictable route to establish the absolute stereochemistry of the methylated 

chromanone (S)-117. Mitsunobu reaction of phenol 118 and chiral alcohol 119 provided the 
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stereospecific aryl ether 120. After homologation to the butyronitrile 121, the intramolecular 

Houben-Hoesch reaction generated chromanone (R)-117 with the opposite C-2 configuration.  

In 2001, Hodgetts achieved the first asymmetric synthesis of biologically active pinostrobin (11) via an 

intramolecular Mitsunobu cyclisation (Scheme 1.27).80 Commercially available chiral alcohol 122 was 

converted to the key Weinreb amide 123 that was then treated with the aryl anion of protected 

phloroglucinol 124 to afford ketone 125. Removal of the silyl and methoxy methyl (MOM) ether 

groups gave the required β-hydroxyketone 126, which was then subjected to the Mitsunobu inversion 

and subsequent methyl deprotection to deliver the desired pinostrobin (11). 

 

Reagents and conditions: a) TBSCl, imidazole, CH2Cl2, r.t., 94%; b) MeONHMe·HCl, AlMe3, CH2Cl2, 0 

°C → r.t., 82%; c) tBuLi, PhMe, then 124, −78 °C → r.t., 72%; d) pTsOH, THF-H2O (9:1), 55 °C, 86%; e) 

PPh3, DEAD, THF, 0 °C, 88%; f) AlCl3, CH3CN, reflux, 79%. 

Scheme 1.27. Synthesis of pinostrobin (11) by Hodgetts.80 
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Later in 2002, Noda and Watanabe demonstrated an efficient synthesis of both chiral flavanone (R)-8 

and 2-methylchromanone ((S)-63) employing a Mitsunobu-based strategy (Scheme 1.28).81 

 

Reagents and conditions: a) nBuLi, 128, THF, −18 °C, R = Ph, 52%, R = Me, 72%; b) PPh3, DEAD, THF, 

r.t., R = Ph, 68% yield, 95% e.e., R = Me, 85% yield, 97% e.e.; c) HgCl2, CaCO3, CH3CN-H2O, r.t., R = Ph, 

70%, R = Me, 62%. 

Scheme 1.28. Synthesis of flavanone (R)-8 and chromanone (S)-63 by Noda and Watanabe.81 

In their synthesis, a dithiane derivative 127 was generated and treated with optically active epoxide 128 

to afford diol 129. Mitsunobu cyclisation and subsequent dithiane hydrolysis provided the 

enantioenriched chromanones (R)-8 and (S)-63. Treatment of dithiane 127 with the enantiomer of 

epoxide 128 would also lead to the chromanones with opposite C-2 stereochemistry. 

C. Wacker-type Oxidative Cyclisation 

Aside from previously discussed strategies, 2-methylchromanone (63) was also enantioselectively 

synthesised via a palladium-catalysed Wacker-type oxidative cyclisation by Wang et al. (Scheme 

1.29).82 Although asymmetric construction of the chromanone core was generally limited to the 

2-methyl members, excellent chirality transfer was achieved for the chiral alcohol substrates 130 

during cyclisation. 

 

Reagents and conditions: a) Pd(OAc)2 (10 mol%), K2CO3, O2 (1 atm), EtOH-H2O (2:1), 35 °C, 24 h, 67%. 

Scheme 1.29. Synthesis of chiral 2-methylchromanone (63) via Wacker-type oxidative cyclisation.82 



Chapter 1 
 

 

36 

 

1.2.5 Summary 

Over the last decade, significant progress has been made on the synthesis of biologically relevant 

2-substituted chromanones through asymmetric control at the C-2 position of the chromanone core 42 

(Scheme 1.30). 

 

Scheme 1.30. Summary of key synthetic routes to access C-2 enantioenriched chromanones 42. 

Straightforward methods including asymmetric reduction and resolution are based on manipulation of 

the parent chromone or chromanone core. Asymmetric hydrogenation of chromones 43 has not been 

widely explored and is limited to C-2 monosubstituted chromanone products due to the nature of the 

unsaturated chromone substrates as well as the potential formation of over-reduced products. 

Operational simplicity has made the resolution of racemic chromanones (±)-42 a popular approach in 

this field. However, despite the generally high enantioselectivities achieved, the resolution strategy 

remains inherently inefficient due to a maximum 50% theoretical yield for the reaction. 

Carbon-carbon bond formation through asymmetric conjugate addition to chromones 4 has been 

revealed as the most convergent approach to access enantioenriched 2-substituted chromanones. 
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Conventional copper catalysis for the addition of alkyl nucleophiles has enabled the successful 

preparation of a range of simple C-2 aliphatic chromanone members. The alternative 

rhodium-catalysed additions to chromone substrates 4 have been developed in the last five years to 

deliver a great variety of flavanones with excellent enantioselective control. However, the more 

efficient rhodium catalysis has been mostly limited to use of arylboronic nucleophiles and the more 

challenging boron species, especially heteroarylboron nucleophiles that can be readily converted to 

useful fragments present in pharmacologically active compounds, have yet to be investigated for 

chromone substrates. 

Asymmetric synthesis of chromanones via intramolecular carbon-heteroatom bond formation has also 

been extensively studied. Mitsunobu inversion was one of the earliest recognised routes to prepare 

chiral chromanones, however a lack of reported examples83,84 for stereoselective aldol reactions to 

efficiently prepare the required β-hydroxyketones 45 has limited this approach to simple flavanones 

and 2-methyl chromanones. Successful enantioselective cyclisation through oxa-Michael addition of 

2-hydroxyenones has generally required strongly activated substrates such as α-carboxy-substituted 

enones 131. Recent developments for the direct cyclisation of unactivated enones 111 have revealed 

the possibility to employ this biomimetic approach to efficiently access optically active C-2 substituted 

chromanones. 

Despite these important advances, no general, asymmetric method to synthesise enantioenriched 

chromanones with a disubstituted C-2 quaternary centre has emerged. An efficient enantioselective 

route based on the above-mentioned strategies to construct the more complicated natural chromanone 

members, such as 2-γ-butyrolactone-substituted chromanones, still remains elusive. 
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1.3 Previous Syntheses of 2-γ-Butyrolactone-substituted Chromanones 

2-γ-Butyrolactone-substituted chromanones occupy a privileged position among chromanone natural 

products owing to the presence of an additional chiral butyrolactone subunit and a quaternary C-2 

centre in the chromanone core. A convenient approach to synthesise this kind of scaffold can be 

achieved through conjugate addition of a γ-butenolide equivalent 132 to a chromone substrate 43 with 

appropriate C-2 substitution (Scheme 1.31). Activation of the chromone acceptor 43 employing a 

suitable Lewis acid (LA) is commonly required to improve the efficiency of the reaction and it is 

therefore reasonable to envisage that an asymmetric version of this process will allow the 

enantioselective construction of the corresponding chiral 2-γ-butyrolactone chromanone natural 

compounds. 

 

Scheme 1.31. General approach to access 2-γ-butyrolactone-substituted chromanone (±)-21. 
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1.3.1 Racemic Syntheses via Conjugate Addition  

A. Porco et al. 

In 2011, Porco et al. described a racemic vinylogous addition of 2-trimethylsilyloxyfuran (132) as a 

butenolide γ-anion equivalent to a benzopyrilium salt that was generated from 2-carboxymethyl 

substituted chromone 133 (Scheme 1.32).85 

 

Reagents and conditions: a) 2,6-lutidine, iPr2Si(OTf)2, CH2Cl2, r.t., 30 min; b) 132, −78 °C, 1 h, then 

3HF·Et3N, −78 °C, 30 min, 93% over two steps, d.r. = 15:1. 

Scheme 1.32. Conjugate addition of silyloxyfuran 132 to benzopyrylium salt 134.85 

In their study, activation of chromone 133 utilising diisopropylsilyl ditriflate afforded the reactive 

benzopyrylium salt 134, which was then treated with silyloxyfuran 132 to afford the racemic 

butenolides (±)-135. Excellent diastereoslectivity (d.r. = 15:1) was achieved when the reaction was 

conducted at low temperature and crystallisation of the isolated product facilitated structural analysis of 

the major diastereoisomer (±)-135. Elevation of the reaction temperature, however, led to a significant 

loss of diastereoselectivity in the chromanone adduct (±)-135, perhaps due to the C-2ʹ epimerisation 

resulting from enolisation of the butenolide. 

Using this key conjugate addition, Porco et al. developed a concise approach to the racemic natural 

tetrahydroxanthone (±)-blennolide C (136a) (Scheme 1.33). Racemic syntheses of (±)-gonytolide 

C (30a) and its epimer (±)-30b were also reported during their synthesis before the gonytolides were in 

fact isolated as natural products.  
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Reagents and conditions: a) 2,6-lutidine, iPr2Si(OTf)2, 132, CH2Cl2, 0 °C, 3 h, (±)-138a/(±)-138b = 2:1; b) 

NiCl2·6H2O, NaBH4, THF-MeOH (3:1), 0 °C, 30 min, 61% over two steps, (±)-30a/(±)-30b = 2:1; c) NaH, 

THF, 60 °C, 16 h, 37% (±)-136a, 30% (±)-136b. 

Scheme 1.33. Synthesis of (±)-gonytolide C (30a) and (±)-blennolide C (136a) by Porco et al.85 

Silyl triflate activation of chromone 137 followed by the addition with silyloxyfuran 132 provided a 

2:1 diastereomeric mixture of chromanone butenolides (±)-138a and (±)-138b at elevated temperature. 

Conjugate reduction of the butenolides furnished (±)-gonytolide C (30a) and epimer (±)-30b, which 

underwent Dieckmann cyclisation to afford their respective tetrahydroxanthones (±)-blennolide C 

(136a) and its epimer (±)-136b. Development of an asymmetric variant of this conjugate addition step 

therefore would not only lead to the efficient construction of enantioenriched 2-γ-butyrolactone 

chromanones, but also provide an expedient approach to the related tetrahydroxanthone family, 

preparation of which often requires long linear synthetic sequences.86 
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B. Brimble et al. 

Shortly after the synthesis by Porco et al., Brimble et al. also reported their study of the conjugate 

addition of silyl enol ethers 139 including silyloxyfuran 132 to a variety of chromones 140 

(Scheme 1.34).87  

 

Reagents and conditions: a) 139, TMSOTf, CH2Cl2, −78 °C → r.t., 4 h, 10-99%, d.r. could not be 

determined when applicable due to signal overlapping in the 1H NMR spectra; b) 143-146 (20 mol%), 

Cu(OTf)2 (20 mol%), CH2Cl2, r.t., 4 h, <10% - 20%, racemic; c) 132, TMSOTf, CH2Cl2, −78 °C → r.t., 2 h, 

9-77%, d.r. = 1.5:1 to 3:1. 

Scheme 1.34. Conjugate addition of silyl enol ethers 139 and 132 to chromones 140 by Brimble et al.87 

In most cases the corresponding chromanone adducts (±)-141 and (±)-142 were obtained in good yields 

in the presence of trimethylsilyl trifluoromethanesulfonate (TMSOTf), but only moderate 

diastereoselectivities (d.r. = 1.5:1 to 3:1 when applicable) could be achieved at low temperature. It was 

also realised that the presence of an electron-withdrawing substituent at C-3 of chromones 140 (when 
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R3 = Ac, CO2tBu) did not increase the reactivity of the Michael acceptor towards conjugate addition, 

with a similar efficiency observed for the reaction of the C-3 unsubstituted chromones 140 (when R3 = 

H). In contrast to the 2-carboxymethyl chromone (e.g. 133) employed in the study by Porco et al., 

2-methyl substitution on chromone 140 (when R2 = Me) resulted in a rather poor yield of only 9% for 

the desired adduct. 

An enantioselective version of the Mukaiyama-Michael addition of silyl ketene acetal 139 (when R4 = 

OEt) to chromones 140 was also attempted in the presence of several chiral copper complexes derived 

from different bis(oxazoline) and pyridine bis(oxazoline) ligands 143-146. Unfortunately, no 

asymmetric induction was detected during these addition reactions, with only racemic adducts (±)-141 

produced in poor yields. Use of these chiral copper complexes to effect the 1,4-addition of 

silyloxyfuran 132 to chromones 140 to construct the corresponding chiral chromanone skeletons, 

however, has not been explored. 

C. Li et al. 

Recently in 2015, Li et al. described the same type of conjugate addition to generate 2-γ-butyrolactone 

chromanones utilising iodotrimethylsilane (TMSI) as the Lewis acid catalyst (Scheme 1.35).88 The 

TMSI-catalysed conditions at room temperature effected the addition of silyloxyfuran 132 to 

chromones 147, including the less reactive 2-methyl-substituted acceptor (when R1 = Me), affording 

the corresponding chromanone adducts (±)-148 in significantly improved yields of 55-94%. 
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Reagents and conditions: a) TMSI, 132, CH2Cl2, r.t.. 

Scheme 1.35. TMSI-Promoted conjugate addition of silyloxyfuran 132 to chromones 147 by Li et al.88 

Despite additional steric hindrance on the substrate, 2-carboxymethyl chromones 147 (when R1 = 

CO2Me) proved more active towards the conjugate addition than the corresponding 2-unsubstituted 

chromones 147 (when R1 = H). The authors also reported that acetyl protection of the hydroxyl groups 

of chromone substrates 147 (when R2/R3 = OAc) resulted in a remarkable increase in the 

diastereoselectivity of the reaction, giving a diastereomeric ratio of up to 20:1 for the required 

chromanone adducts (±)-148. Although these 1,4-additions were not enantioselective, the applicability 

of this optimised protocol was demonstrated by the efficient racemic preparations of several natural 

2-γ-butyrolactone chromanones such as (±)-lachnone (22a), (±)-microdiplodiasone (25), (±)-gonytolide 

C (30a) and (±)-gonytolide G (31). 
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1.3.2 Enantioselective Syntheses 

The racemic synthesis of 2-γ-butyrolactone chromanones has been successfully achieved via conjugate 

addition of silyloxyfuran nucleophiles to appropriately activated 2-substituted chromones. However, an 

asymmetric version of these additions to construct the desired enantioenriched chromanone skeleton 

has yet to be investigated. To date, preparation of optically active natural 2-γ-butyrolactone 

chromanones has been reported by three different research groups, and two of these syntheses were 

published over the course of the current work.89-91 

A. Total Syntheses of 2′-epi-Lachnone C (22b) and Lachnone C (22a) by Bräse et al. 

The first total synthesis of a natural 2-γ-butyrolactone chromanone was disclosed by Bräse et al. in 

2011.89 Their synthetic strategy hinged on a domino vinylogous aldol-oxa-Michael sequence to 

construct the C-2 stereogenic centre of the key intermediate lactol 149 (Scheme 1.36).  

 

Reagents and conditions: a) 150 (30 mol%), PhCOOH, PhMe, then 152, r.t., 72 h, 63% yield, 99% e.e. 

Scheme 1.36. Synthesis of lactol 149 via a domino reaction by Bräse et al.89  

In the presence of Jørgensen’s proline-derived catalyst 150, the substituted salicylaldehyde 151 and 

prenal (152) underwent an asymmetric vinylogous aldol reaction to afford iminium 153. Subsequent 

cyclisation via oxa-Michael addition yielded chromanol 154, which was then isolated in its lactol form 

(149) in 63% yield and 99% e.e. 



Introduction 
 

 

45 

 

The enantiopure lactol 149 was then ustilised to synthesise 2′-epi-lachnone C (22b) and its natural 

epimer 22a (Scheme 1.37). Dehydration of lactol 149 generated alkene 155, which then underwent 

cis-dihydroxylation to provide a diastereomeric mixture of diols 156a and 156b. Treatment of the 

major diol 156a with stabilised ylide 157 furnished olefin 158, which was then subjected to 

hydrogenation and lactonisation to yield a mixture of ether 159 and the required lactone 160. 

Fortunately, both products 159 and 160 could be oxidised to the desired chromanone 161, final 

deprotection of which afforded 2′-epi-lachnone C (22b). Modification of the minor diol 156b 

employing the same synthetic sequence delivered the natural chromanone lachnone C (22a). 
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Reagents and conditions: a) MsCl, NEt3, THF, 0 °C → r.t., 3 h, 90%; b) NMO, OsO4, acetone-H2O (9:1), 

r.t., 4 d, 86%, 156a/156b = 4.4:1; c) 157, THF, 60 °C, 85%; d) Pd (5 wt%) in BaSO4 (5 mol%), H2 (1 bar), 

EtOAc, r.t., 1 h, 90%; e) pTsOH (10 mol%), THF, r.t., 24 h, 81%, 159/160 = 1.1:1; f) PCC, CH2Cl2, 3.5 h, 

98%; g) pTsOH (5 mol%), PhH, reflux, 16 h, 90%; h) Pd (5 wt%) in BaSO4 (5 mol%), H2 (1 bar), EtOAc, 

r.t., 1 h, 95%; i) Mn(OAc)3, tBuOOH, 3 Å mol. seives, EtOAc, r.t., 4 d, 83%; j) Mg, I2, PhH-Et2O (2:1), 

then 161, reflux, 16 h, 98%; k) TBAF, THF, r.t., 1 h, 57%. 

Scheme 1.37. Synthesis of 2′-epi-lachnone C (22b) and lachnone C (22a) by Bräse et al.89 
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B. Total Syntheses of (−)-Gonytolide C (ent-30a) and (−)-Paecilin B (ent-26) by Tietze et al. 

In 2014, Tietze et al. reported their total synthesis of (−)-gonytolide C (ent-30a).90 Key to the synthesis 

was the formation of chroman ester 162 with concomitant introduction of the C-2 quaternary 

stereocentre utilising a domino Wacker-carbonylation-methoxylation reaction using a binaphthyl-based 

bis(oxazoline) ligand 163 (Scheme 1.38).  

 

Reagents and conditions: a) Me2SO4, K2CO3, acetone, 60 °C, 24 h, 96%; b) nBuLi, TMEDA, Et2O, 0 °C → 

45 °C, 3 h, then DMF, r.t., 3 h, 92%; c) 1-(benzyloxy)-3-(triphenylphosphoranylidene)propan-2-one, PhMe, 

120 °C, 19.5 h, 89%; d) PtO2 (4 mol%), H2 (1 atm), EtOAc, r.t., 2 h; e) IBX, CH3CN, 80 °C, 1 h, 91% over 

two steps; f) Ph3PCH3Br, nBuLi, THF, r.t., 4 h, 93%; g) NaSEt, DMF, 120 °C, 21 h, 87%; h) Pd(TFA)2 

(5 mol%), 163 (20 mol%), pbenzoquinone, CO, MeOH, r.t., 24 h, 68% yield, 99% e.e.; i) LiAlH4, Et2O, 

0 °C → r.t., 2 h, quant.; j) nBu3P, oNO2C6H4SeCN, THF, 0 °C, 4 h; k) mCPBA, Na2HPO4·2H2O, CH2Cl2, 

−40 °C, 1 h, then iPr2NH, −40 °C → r.t., 15 h, 90% over two steps. 

Scheme 1.38. Synthesis of vinyl chroman 167 by Tietze et al.90 

Phenol alkene 164 was prepared over 7 steps from commercially available orcinol (165). Enantiofacial 

coordination of alkene 164 with a chiral palladium complex allowed the asymmetric formation of the 
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intermediate chroman 166, which then reacted with carbon monoxide followed by methoxylation to 

afford the enantiospecific chroman ester 162 in 68% yield and 99% e.e. Reduction and subsequent 

elimination provided the vinyl chroman 167. 

The stereocentre of the γ-butyrolactone unit present in structure ent-30a was then established by 

diastereoselective Sharpless dihydroxylation of the vinyl chroman 167 (Scheme 1.39). The major diol 

168a was converted to aldehyde 169 followed by chain elongation and subsequent oxidation to afford 

the 2-carboxymethyl chroman 170. The resultant chroman 170 was then subjected to a 3-step oxidation 

procedure to establish the required chromanone skeleton 171. Further deprotection and in situ lactone 

formation completed the synthesis of the enantiomer of gonytolide C (ent-30a) in a total of 24 steps. 

Modification of the intermediate chromanone 171 using a previously established procedure by 

Porco et al.85 also led to the synthesis of related tetrahydroxanthone (−)-blennolide C (ent-136a). 
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Reagents and conditions: a) K2OsO2(OH)2 (5 mol%), (DHQ)2AQN (10 mol%), K2CO3, K3[Fe(CN)6], 

MeSO2NH2, tBuOH-H2O (1:1), r.t., 3 d, 77%, 168a/168b = 13.7:1; b) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 

2.5 h, 96%; c) HF·pyridine, THF-pyridine (5:1), r.t., 24 h, 85%; d) DMP, CH2Cl2, 0 °C → r.t., 2 h, 96%; e) 

NaH, (MeO)2P(O)CH2CO2Me, THF, 0 °C, 30 min, then 169, THF, 0 °C → r.t., 2 h; f) Pd/C (10 mol%), H2 

(4 bar), MeOH, 2 d, 90% over two steps; g) DMP, CH2Cl2, 0 °C → r.t., 2 h, 92%; h) KOH, I2, MeOH, 0 °C 

→ r.t., 9 h, quant.; i) DDQ, PhH, reflux, 3 h, 87%; j) [Mn(dpm)3] (30 mol%), PhSiH3, O2 (1 atm), MeOH, 

50 °C, 24 h; k) TPAP (20 mol%), NMO, CH2Cl2-CH3CN (3:1), 4 Å mol. seives, 24 h, 92% over two steps; 

l) 3HF·Et3N, dioxane, 60 °C, 6 d, 87%; m) BBr3, CH2Cl2, −78 °C, 2 h, 77%; n) Ti(OiPr)Cl3, Et3N, CH2Cl2, 

0 °C, 1 h, 84%, 172a/172b = 9.5:1; o) aq. H2SiF6, DMF, 50 °C, 6 d, 56%, anti/syn = 10.5:1; p) BBr3, 

CH2Cl2, r.t., 1 h, 60%. 

Scheme 1.39. Synthesis of (−)-gonytolide C (ent-30a) and (−)-blennolide C (ent-136a) by Tietze et al.90 

Although successful, both Bräse’s and Tietze’s syntheses are highly linear, requiring multiple 

consecutive reactions that involved a late-stage installation of the required γ-butyrolactone present in 

the chromanone natural product. Tietze et al. later demonstrated that a third stereocentre could be 

introduced at C-3ʹ during such late-stage γ-butyrolactone installation and subsequently reported the 

total synthesis of (−)-paecilin B (ent-26) (Scheme 1.40).92 
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Reagents and conditions: a) AD-mix-α, CH3SO2NH2, tBuOH-H2O (1:1), r.t., 4 d, 95%, 174a/174b = 2.4:1; 

b) CuBr·Me2S, MeLi, TMSCl, THF, −35 °C, 1 h, 91%. 

Scheme 1.40. Synthesis of (−)-paecilin B (ent-26) by Tietze et al.92 

Analogous to their previous synthesis of (−)-gonytolide C (ent-30a), vinyl chroman 173 was prepared 

over 7 steps and submitted to diastereoselective Sharpless dihydroxylation to yield the major diol 174a 

which was further converted to α,β-unsaturated ester 175. Asymmetric methylation was believed to 

proceed via a Felkin-Ahn transition state 176 without any chelation control to furnish the Michael 

adduct 177 as the exclusive diastereoisomer. Further transformation of chroman 177 completed the 

synthesis of (−)-paecilin B (ent-26). 

C. Total Syntheses of Gonytolide C (30a) and Lachnone C (22a) by Sudhakar et al. 

Shortly after Tietze’s work in 2014, Sudhakar et al. also demonstrated their stereoselective synthesis of 

gonytolide C (30a) together with 2-epi-gonytolide C (30b) via an intramolecular cyclisation of aldol 

intermediates 178a and 178b (Scheme 1.41).91  
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Reagents and conditions: a) NaNO2, conc. HCl, H2O, r.t., 20 h, 30%; b) Ph3PCHCN, EDCl, DMAP, 

CH2Cl2, r.t., 15 h, 65%; c) O3, CH2Cl2-MeOH (7:3), −78 °C, 70%, 179/180 = 1:1 (gram scale); d) TiCl4, 

DIPEA, CH2Cl2, −78 °C, 3 h, 49%, 178a/178b = 2.5:1; e) SOCl2, pyridine, PhMe, 110 °C, 3 h, 51%, 

30a/30b = 18:1. 

Scheme 1.41. Total synthesis of gonytolide C (30a) and its C-2 epimer 30b by Sudhakar et al.91 

In their synthesis, an enantiospecific γ-butyrolactone ketone was generated as a 1:1 mixture of α-keto 

ester 179 and its dihydroxy derivative 180, employing L-glutamic acid (181) as the chiral building 

block. Initial attempts to perform an aldol condensation between the mixture (179 and 180) and 

acetophenone 182 to yield an enone-type intermediate for the intramolecular oxa-Michael addition 

failed under several reaction conditions. Instead, an aldol reaction was eventually achieved to afford a 

2.5:1 diastereomeric mixture of 178a and 178b in a combined 49% yield. Extensive experimentation 

led to the desired cyclisation of aldol intermediates 178a and 178b, producing a diastereomeric mixture 

of gonytolide C (30a) and 2-epimer 30b in 51% yield. The reaction conducted at high temperature 

(110 °C) was found to result in a reversible ring opening process and significantly facilitated the 

epimerisation of 30b to the more thermostable gonytolide C (30a) (d.r. = 18:1). 

An analogous procedure was also employed to synthesise lachnone C (22a) (Scheme 1.42). However, 

only the conditions of neat trifluoroacetic acid at 80 °C were found to effect the required cyclisation of 

aldol adducts 183a and 183b, producing a 1:1 separable mixture of chromanone 184a and 184b. 
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Further modification of these diastereoisomers delivered natural products lachnone C (22a) and the 

related tetrahydroxanthone diversonol (185). 

 

Reagents and conditions: a) TiCl4, DIPEA, CH2Cl2, −25 °C, 3 h, 67%, 183a/183b = 1:1; b) TFA (neat), 

80 °C, 72%, 184a/184b = 1:1; c) Ac2O, pyridine, DMAP, CH2Cl2, r.t., 4 h, 96%; d) AIBN, NBS, CCl4, 

80 °C, 6 h; e) CaCO3, dioxane-H2O (1:1), 80 °C, 16 h, 18% over two steps; f) MeOH-Et3N (3:1), r.t., 5 h 

70%. 

Scheme 1.42. Synthesis of lachnone C (22a) by Sudhakar et al.91 

Although the cyclisation step appeared to be substrate dependent and require individual optimisation 

for the respective aldol intermediates, the intramolecular cyclisation employed by Sudhakar et al. 

provided an efficient alternative to access 2-γ-butyrolactone chromanones compared to the earlier 

syntheses by Bräse et al. and Tietze et al. However, in order to achieve the enantioselective formation 

of the corresponding chiral natural chromanones, a general and effective stereoselective aldol reaction 

to prepare the required β-hydroxyketone substrates as well as a more robust cyclisation procedure have 

to be established. 
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1.3.3 Construction of Dimeric 2-γ-Butyrolactone Chromanones 

Dimeric 2-γ-butyrolactone-substituted chromanones possess increasingly complex and interesting 

structures and in many cases have very specific and selective biological properties. In 2011, 

Kikuchi et al. reported the isolation of dimeric gonytolide A (34) (Scheme 1.43) as a novel innate 

immune stimulating agent, however biological studies of this compound were limited by the low 

naturally available quantities.29 Later in 2016, they published a follow-up to the biological evaluation 

of this natural dimer 34 by synthesising simplified chromone derivatives 186 and 187 without 

installation of the chiral centres (Scheme 1.43).33  

 

Reagents and conditions: a) FeCl3 on silica gel, 40 °C, 48 h, 32%. 

Scheme 1.43. Synthesis of simplified chromone derivatives 186 and 187 of gonytolide A (34).33 

The chromone derivatives 186 and 187 were easily obtained via an early oxidative dimerisation of 

phenol 188 followed by the rapid construction of the chromone core using conventional procedures.93 

Both bischromones 186 and 187 promoted the mammalian TNF-α signalling pathway and Drosophila 

innate immunity, although natural gonytolide A (34) exhibited the strongest biological effect. Synthesis 

of the more complicated natural dimer 34 by this approach, however, would be impractical due to the 

required installation of four stereocentres after the dimerisation step. 

In 2014, Tietze et al. described their synthetic studies towards the dimeric paecilin A (32) to establish 

its undefined stereochemistry after the successful preparation of (−)-paecilin B (ent-26), which was 

suggested to be the monomeric unit of the natural dimer 32 (Scheme 1.44).92  
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Reagents and conditions: a) nBu4NBr3, THF-H2O (1:1), r.t., 22 h, 83% for 190a, 91% for 190b; b) 

Pd(OAc)2 (10 mol%), SPhos (25 mol%), (Bpin)2, Cs2CO3, H2O, THF, 50 °C, 21 h, 32%; c) NEt3·3HF, 

dioxane, 60 °C, 7 d, 98%; d) BBr3, CH2Cl2, −78 °C, 30 min, 67%. 

Scheme 1.44. Synthesis of chromanone dimer 32a by Tietze et al.92 

Initial halogenation of (−)-paecilin B (ent-26) to prepare a suitable coupling partner for a one pot 

borylation/Suzuki-Miyaura reaction proved unsuccessful. Bromination of the intermediate chromanone 

189a afforded the alternative coupling partner 190a, however dimerisation of this bromide failed under 

various conditions. After considerable optimisation, the brominated diastereoisomer 190b underwent 

the desired biaryl coupling to generate bischromanone 191b, which was then cyclised to the 

chromanone lactone dimer 32a as a diastereoisomer of paecilin A (32). These results indicated that the 
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dimerisation step was a highly sensitive transformation and even slight stereochemical variations 

would impede the required reaction. 

Shortly after Tietze’s study, Porco et al. reported their progress for the construction of dimeric 

2-γ-butyrolactone chromanones with both ortho-ortho94 and para-para95 linkages, in 2014 and 2015 

respectively (Scheme 1.45). The synthesis built upon their previously reported preparation of the 

racemic monomeric chromanone unit (±)-192,85 and involved pre-activation of these monomers at 

either the ortho- or para-position to yield the corresponding stannane species (±)-193 or (±)-194. The 

key transformation employed a copper(I)-catalysed carbon-carbon bond formation between two 

equivalents of ortho-stannane (±)-193 or para-stannane (±)-194 under oxidative conditions. The 

dimerisation was thus reliably regioselective and the products were obtained as a 1:1 inseparable 

mixture of C2-dimers (monomers are identical) ortho-ortho (±)-195a or para-para (±)-196a and 

Cs-dimers (monomers are enantiomeric) ortho-ortho (±)-195b or para-para (±)-196b. 

Synthesis of the enantioenriched natural dimeric chromanones and the related tetrahydroxanthone 

family still represents a great challenge to the research community. To simplify the formation of 

isomeric chromanone dimer products, which also possess axial chirality, the next milestone in this field 

requires an efficient generation of the enantiopure monomeric 2-γ-butyrolactone chromanones. 
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Reagents and conditions: a) TlOAc, I2, CH2Cl2, r.t., 12 h; b) Cs2CO3, Me2SO4, acetone, 60 °C, 2 h, 71% 

over two steps; c) [Pd2(dba)3] (10 mol%), tBu3P (40 mol%), nBu4NI, (nBu3Sn)2, PhMe, 60 °C, 12 h, 72%; 

d) CuCl, air, DMA, r.t., 12 h, reproducible 50-61%, 195a/195b = 1:1; e) Cs2CO3, Me2SO4, acetone, 60 °C, 

2 h, 82%; f) nBu4NBr3, THF, H2O, 1 d, 93%; g) [Pd2(dba)3] (10 mol%), tBu3P (40 mol%), nBu4NI, 

(nBu3Sn)2, dioxane, 40 °C, 6 h, 70%; h) CuCl, CuCl2, DMA, r.t., 12 h, 46%, 196a/196b = 1:1. 

Scheme 1.45. Syntheses of racemic para-para and ortho-ortho linked chromanone dimers 

by Porco et al.94,95 
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1.4 Aim of Current Research 

2-γ-Butyrolactone-substituted chromanones constitute a recent addition to the naturally occurring 

chromanone family. The novel structural and biological properties of these metabolites, particularly the 

dimeric members, present these chiral monomeric 2-γ-butyrolactone chromanones as attractive 

synthetic targets. Prior to this work, synthesis of the natural products containing a 2-γ-butyrolactone 

chromanone core remained largely unexplored and only the Bräse group had reported their 

stereoselective preparation of 2′-epi-lachone C (22b) together with the natural epimer 22a as a minor 

product.89 As a result, development of a general and efficient enantioselective synthesis of 

2-γ-butyrolactone chromanones would allow a more thorough biological evaluation of these natural 

compounds as well as the potentially bioactive structural analogues. To this end, our research was 

focused on the synthesis of gonytolide C (30a) as a representative member of the 2-γ-butyrolactone 

chromanone family (Figure 1.9), with the expectation that a successful synthesis would also provide a 

valuable platform for the synthesis of more complicated related dimeric natural products. 

 

Figure 1.9. Gonytolide C (30a), a common monomeric structure in natural chromanone dimers. 
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2.1 Overview – the Intermolecular Conjugate Addition Strategy 

The intial focus of the present research was to construct gonytolide C (30a) from its chiral γ-butenolide 

precursor 138a (Scheme 2.1). The chromanone γ-butenolide 138a would in turn be derived from an 

asymmetric Mukaiyama-Michael reaction between the substituted chromone 137 and 

2-trimethylsilyloxyfuran (132). This key intermolecular carbon-carbon bond forming step exhibited 

obvious advantages as it would conveniently establish the two contiguous stereogenic centres of the 

core skeleton and also allow a convergent preparation of the chromone acceptor 137 and the 

nucleophile 132 from the commercially available orcinol (165) and furfural (197), respectively. 

 

Scheme 2.1. Retrosynthetic analysis of gonytolide C (30a). 

Previous work has demonstrated that racemic syntheses of 2-γ-butyrolactone chromanones (±)-198 can 

be efficiently achieved via conjugate addition of 2-silyloxyfuran 132 to a substituted chromone 199 

followed by reduction of the corresponding γ-butenolide adduct (±)-200 (Scheme 2.2, for details see 

Section 1.3.1).85,87,88 These additions have been investigated utilising different Lewis acid catalysts by 

Porco et al.,85 Brimble et al.87 and Li et al.,88 and the racemic natural (±)-gonytolide C (30a) was 

successfully synthesised with moderate diastereoselectivities by both Porco et al. and Li et al., in 2011 

and 2015, respectively. 
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Scheme 2.2. Conjugate addition of 2-silyloxyfuran 132 to chromone 199 as a general approach to 

2-γ-butyrolactone chromanone skeleton.85,87,88 

The intermolecular conjugate addition strategy was thus recognised as a valuable and straightforward 

method to access the 2-γ-butyrolactone chromanone skeleton, however, a catalytic asymmetric variant 

of the desired conjugate addition has yet to be developed. Investigations into the enantioselective 

version of these addition reactions will therefore be the main focus of this chapter. 
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2.1.1 Asymmetric Mukaiyama-Michael Addition of 2-Silyloxyfurans 

The Mukaiyama-Michael addition of 2-silyloxyfurans to α,β-unsaturated carbonyl compounds has been 

widely employed to introduce γ-butenolides and the related γ-butyrolactone moiety that is commonly 

present in natural products.96-98 In the presence of a chiral Lewis acid catalyst, the conjugate addition of 

2-silyloxyfurans is expected to provide the γ-butenolides in a stereoselective manner. Katsuki and 

Kitajima99 first examined the asymmetric Mukaiyama-Michael reaction of 2-silyloxyfurans 201 and 

unsaturated oxazolidinone 202 using either a chiral scandium(III)-binapthol derivative 203 or a 

copper(II)-bis(oxazoline) (BOX) complex 204 as the Lewis acid catalyst (Scheme 2.3). The former 

catalyst 203 showed excellent anti-selectivity but only moderate enantioselectivity, whereas 

copper(II)-BOX complex 204 exhibited both high enantio- and diastereoselectivities. Desimoni et al.100 

later reported that the same transformation proceeded to afford the anti product 205 (when R = H) 

exclusively with excellent enantioselectivity in the presence of a chiral pyridine bis(oxazoline) 

(PyBOX)-derived complex 206 (Scheme 2.3). 

 

Reagents and conditions: a) 203 (5-10 mol%), 4 Å mol. sieves, (CF3)2CHOH, CH2Cl2, 0 °C; b) 204 

(5 mol%), 4 Å mol. sieves, (CF3)2CHOH, CH2Cl2, 0 °C; c) 206 (M = La(III) or Ce(IV), 5 mol%), 4 Å mol. 

sieves, CH2Cl2, 0 °C. 

Scheme 2.3. Enantioselective Mukaiyama-Michael addition of silyloxyfurans 201 to oxazolidinone 202 

reported by Katsuki and Kitajima,99 and Desimoni et al.100 
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Copper(II)-BOX type complexes such as 204 (Scheme 2.3) used by Katsuki and Kitajima, represent 

one of the most versatile class of catalysts in terms of product yield, substrate scope as well as the 

stereoselectivity obtained, and have been extensively employed in enantioselective Michael 

additions.101 In 2008, Kim and Yang102 also published the use of BOX-derived Lewis acids for the 

asymmetric conjugate addition of 2-trimethylsilyloxyfuran (132) to phenylsulfonyl enones 207 

(Scheme 2.4). In their studies, the 4,5-diphenyl BOX complex 208 was found to be superior to 

4-monosubstituted BOX catalysts regarding both the efficiency and stereoselectivity for the reactions.  

 

Reagents and conditions: a) 208 (10-20 mol%), CHCl3, 0 °C, 2-96 h. 

Scheme 2.4. Enantioselective Mukaiyama-Michael reaction of silyloxyfuran 132 with phenylsulfonyl 

enones 207 reported by Kim and Yang.102 

Later in 2013, Guillou et al.103 successfully employed another BOX complex 210 to catalyse the 

asymmetric addition of silyloxyfurans 201 to cyclic unsaturated oxo esters 211, which are a common 

conjugate acceptor type in studies of the Mukaiyama-Michael reaction (Scheme 2.5). Interestingly, the 

racemic studies conducted by the same group indicated that absence of the ethyl ester group at the 

α-position of the Michael acceptor 211 did not lead to any observable decrease in the efficiency of the 

conjugate addition of silyloxyfurans 201.96 

 

Reagents and conditions: a) 210 (10 mol%), PhMe-THF (3:1), −78 °C. 

Scheme 2.5. Enantioselective Mukaiyama-Michael reaction of silyloxyfurans 201 with cyclic unsaturated 

esters 211 by Guillou et al.103 
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Our proposed synthetic plan was therefore based on the literature precedence for the BOX/PyBOX 

complex-catalysed enantioselective Mukaiyama-Michael addition of silyloxyfurans to a variety of 

α,β-unsaturated systems. The analogous reaction using chromones 147 as the Michael acceptor was 

investigated in the present work (Scheme 2.6). The effect of different ligands including BOX 213, 214 

and 143, PyBOX 144 and related ligands 145 and 146 was examined, with the hope that successful 

asymmetric addition would enable the efficient stereoselective synthesis of natural 2-γ-butyrolactone 

chromanone products such as gonytolide C (30a). 

 

Scheme 2.6. Proposed plan for the asymmetric conjugate addition of silyloxyfuran 132 to chromones 147. 
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2.2 Synthesis of Chromone Conjugate Acceptors 

In order to investigate the desired conjugate addition for the synthesis of gonytolide C (30a), chromone 

conjugate acceptors with various substitutions about the ring system were first required to be prepared 

on a practical scale from commercially available starting materials (Figure 2.1). Similar to gonytolide 

C (30a), many other naturally occurring 2-γ-butyrolactone chromanones contain a 5-hydroxyl 

substituent on the aromatic ring or a methyl ester group at the C-2 centre of the chromanone core (for 

more examples see Section 1.1.3). Therefore, chromones 4, 215-217 and 137 were selected as 

substrates to examine the effects of different substituents on the addition reaction (Figure 2.1). 

 

Figure 2.1. Chromone substrates required for study of the conjugate addition. 

An ester substituent at the C-3 position would potentially increase the reactivity of the chromone 

electrophile, which could be removed in subsequent decarboxylation steps. However, literature 

methods53 for the preparation of 3-ester-substituted chromone substrates with additional C-2 

substitution on the chromone ring were highly substrate selective and conventional procedures54-57 

proved unsuitable for the synthesis of these chromones. Earlier racemic investigations by both 

Brimble et al.87 and Guillou et al.96 also indicated that the presence of an electron-withdrawing ester 

group at the α-position of the Michael acceptors rendered no increase in the reactivity of these 

substrates. Hence, chromone conjugate acceptors with a C-3 ester substituent were not synthesised for 

the present study. 
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2.2.1 Synthesis of Chromones 4, 215 and 216 

The synthesis of chromones has received considerable attention in the literature,93,104 where most 

preparations required the cyclisation of key 1,3-diketone intermediate 218 to afford the desired 

chromone ring 48 (Scheme 2.7). In practice, an initial acylation of the phenolic hydroxyl of 

acetophenone 219 was commonly used to afford ester 220, which then underwent an intramolecular 

base-catalysed Claisen condensation, known as the Baker-Venkataraman rearrangement, to furnish the 

required 1,3-diketone 218. This procedure, however, had earlier been found to be very inefficient by 

our group87 in contrast to what the literature accounts104 suggested. Instead of the desired 

rearrangement to generate the diketone 218, a more rapid hydrolysis of the ester 220 to reform the 

starting 2ʹ-hydroxyacetophenone 219 took place. 

 

Scheme 2.7. Common pathways for chromone synthesis. 

Cavaleiro et al.105 recently reported an improved one-step synthesis of diketone 218 via Claisen 

condensation of acetophenone 219 with the corresponding ester 221 under basic conditions 

(Scheme 2.7). Use of ester 221 instead of the more reactive acyl chloride 222 as the source of the acyl 

group prevented the faster esterification of the phenolic hydroxyl group of 219 and therefore facilitated 

the desired carbon-carbon bond formation, affording the diketone product 218 directly. This method 

also proved to be advantageous for purification of the product as the ester 220 generated in the classical 

procedure have a very similar Rf value to the diketone 218 and separation could be difficult.  

As a result, unsubstituted chromone 4 was successfully synthesised from the commercially available 

2ʹ-hydroxyacetophenone (223) using the method reported by Cavaleiro et al. (Scheme 2.8).105 A 



Chapter 2 
 

 

68 

 

one-pot procedure was conducted whereby condensation of acetophenone 223 with ethyl formate in the 

presence of sodium hydride afforded the dicarbonyl intermediate 224. The dicarbonyl compound 224 

commonly exists as a tautomeric mixture of keto 224, enol 225 as well as the cyclised lactol 226, 

rendering its purification complicated and unnecessary. Subsequently, addition of concentrated 

hydrochloric acid triggered the dehydrative cyclisation, affording the simple unsubstituted chromone 4 

in 96% yield. Formation of chromone 4 was confirmed by the agreement of 1H and 13C NMR data with 

those reported in the literature.106 Characteristic resonances in the 1H NMR spectrum of chromone 4 

were two doublets at δ 7.85 and δ 6.34 with a vicinal coupling constant of 6.0 Hz, assigned to protons 

H-2 and H-3, respectively. 

 

Reagents and conditions: a) HCO2Et, NaH, 0 °C, 4 h; b) conc. HCl, MeOH, r.t., 12 h, 96% over two steps. 

Scheme 2.8. Synthesis of unsubstituted chromone 4. 

Similarly, 5-methoxy- and 5-hydroxy-substituted chromones 216 and 215 were available from 

2ʹ,6ʹ-dihydroxyacetophenone (227) (Scheme 2.9). Selective methylation of one of the phenolic 

hydroxyl groups of acetophenone 227 produced methoxyacetophenone 228, which then underwent 

Claisen condensation followed by the acid-catalysed ring closure at room temperature to afford the 

desired 5-methoxy chromone 216 in 81% yield. 
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Reagents and conditions: a) MeI, K2CO3, acetone, reflux, 24 h, 84%; b) HCO2Et, NaH, 0 °C, 4 h; c) 

conc. HCl, MeOH, r.t., 16 h, 81% over two steps; d) HCO2Et, NaH, THF, 0 °C → r.t., 20 h; e) conc. HCl, 

MeOH, reflux, 3h, 91% over two steps. 

Scheme 2.9. Synthesis of 5-methoxychromone 216 and 5-hydroxychromone 215. 

The same one-pot procedure was applied to the starting acetophenone 227 to prepare the corresponding 

5-hydroxy chromone 215 (Scheme 2.9), however, a much slower reaction rate was observed with only 

25% of product 215 obtained. TLC analysis of the reaction mixture revealed that Claisen condensation 

of acetophenone 227 with ethyl formate required a prolonged reaction duration of 20 hours at room 

temperature to reach completion. It was also found to be necessary to isolate the crude dicarbonyl 

intermediate 229 prior to cyclisation. Redissolving the dicarbonyl crude 229 in a small amount of 

methanol and treatment with concentrated hydrochloric acid under reflux eventually afforded the 

desired 5-hydroxy chromone 215 in 91% yield over two steps. The structures of 5-substituted 

chromones 215 and 216 were confirmed by comparison of their 1H and 13C NMR spectra with the 

reported literature values.87,107 

2.2.2 Synthesis of 2-Carboxymethyl Chromones 217 and 137 

Based on the structure of natural gonytolide C (30a), 2-carboxymethyl-substituted chromones 217 and 

137 were also selected to be prepared for our conjugate addition study (Figure 2.1). Synthesis of the 

simple 2-carboxymethyl chromone 217 employed a similar method to the preparation of 5-hydroxy 

chromone 215 (Scheme 2.10). Claisen condensation of 2ʹ-hydroxyacetophenone (223) with dimethyl 

oxalate required heating under reflux in tetrahydrofuran for 20 hours to achieve complete consumption 

of the starting acetophenone 223. The crude diketone ester 230 was then cyclised using acid to afford 
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2-carboxymethyl chromone 217 in 70% yield over two steps. Formation of chromone 217 was 

confirmed by the agreement of 1H and 13C NMR data with those reported in the literature.108 

 

Reagents and conditions: a) dimethyl oxalate, NaH, THF, reflux, 20 h; b) conc. HCl, MeOH, reflux, 4 h, 

70% over two steps. 

Scheme 2.10. Synthesis of 2-carboxymethyl chromone 217. 

Accordingly, the more complex 2-carboxymethyl-substituted chromone 137, based on the structure of 

natural gonytolide C (30a), was available from the trisubstituted acetophenone 182, which can be 

prepared from commercially available orcinol (165) (Scheme 2.11).  

 

Reagents and conditions: a) AlCl3, AcCl, PhCl, 70 °C, 3 h, 7%; b) AlCl3, AcCl, PhCl, 120 °C, 4 h; c) Ac2O, 

BF3·OEt2, neat, 100 °C, 7 h; d) Ac2O, DMAP, pyridine, r.t., 20 h. quant.; e) AlCl3, neat, 150 °C, 5 h; f) 85% 

aq. H2SO4, r.t., 3 h, yield over two steps: 25% with b), 40% with c), 91% with e). 

Scheme 2.11. Synthesis of substituted acetophenone 182. 

Initially, the substituted acetophenone 182 was synthesised according to the conventional method85 via 

a direct Friedel-Crafts acetylation of orcinol (165) in the presence of aluminium chloride in 

chlorobenzene at 70 °C (route A, Scheme 2.11). Disappointingly, the desired acetophenone 182 was 
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obtained in an extremely poor 7% yield along with the recovered starting orcinol (165). Elevation of 

the reaction temperature to 120 °C led to the complete consumption of the starting material, however, 

only trace amounts of the desired acetophenone 182 together with diacetylated product 231 were 

generated. Removal of one of the acetyl groups of the diacetylated compound 231 was then achieved 

by stirring the crude mixture in 85% aqueous sulfuric acid at room temperature109 for three hours, 

providing the desired acetophenone 182 in 25% yield over two steps (route B, Scheme 2.11). Use of 

boron trifluoride diethyl etherate instead of aluminium chloride as the Lewis acid afforded the 

formation of diacetylated product 231 more cleanly, and subsequent deacetylation delivered the 

required acetophenone 182 in an improved, albeit moderate 40% yield. 

As the deacetylation step was successful, an alternative procedure to synthesise the diacetylated 

acetophenone 231 was then attempted, according to the method of Saito et al.110 (route C, Scheme 

2.11). Acetylation of both phenolic hydroxyl groups of orcinol (165) followed by the Fries 

rearrangement provided a completely clean formation of the diacetylated acetophenone 231, indicated 

by TLC analysis of the reaction mixture. Subsequent deacetylation of the crude 231 enabled the 

preparation of the trisubstituted acetophenone 182 in an excellent 91% yield over three steps. 

With the desired acetophenone 182 in hand, chromone 137 was then successfully synthesised by 

adapting the earlier described procedure (Scheme 2.12). The substituted 2-carboxymethyl chromone 

137 was obtained in 63% yield over two steps and the structure was also confirmed by comparison of 

the 1H and 13C NMR data with the reported literature values.85 

 

Reagents and conditions: a) dimethyl oxalate, NaH, THF, reflux, 20 h; b) conc. HCl, MeOH, reflux, 3 h, 

63% over two steps. 

Scheme 2.12. Synthesis of substituted 2-carboxymethyl chromone 137. 
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2.3 Copper-catalysed Conjugate Additions to Chromones 

2.3.1 Preparation of 2-trimethylsilyloxyfuran (132) 

Given the successful preparation of the required chromone conjugate acceptors, 

2-trimethylsilyloxyfuran (132) was next synthesised as the carbon nucleophile for the 

Mukaiyama-Michael addition reaction of interest (Scheme 2.13). Oxidation of furfural (197) with 30% 

aqueous hydrogen peroxide in a salted biphasic system afforded furanone 234, which was then treated 

with triethylamine and trimethylsilyl triflate to yield product 132.111 Several distillations were required 

to remove any trace of triethylamine present and the pure 2-trimethylsilyloxyfuran (132) was obtained 

in 52% yield. The structure of product 132 was confirmed by the the agreement of 1H and13C NMR 

data with those reported in the literature.111 

 

Reagents and conditions: a) 30% aq. H2O2, HCOOH, Na2SO4, K2CO3, CH2Cl2, reflux → r.t., 50 h, 25%; b) 

Et3N, TMSOTf, CH2Cl2, 0 °C → r.t., 4 h, 52%. 

Scheme 2.13. Preparation of 2-trimethylsilyloxyfuran (132). 
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2.3.2 Attempted Asymmetric Addition of Silyloxyfuran 132 to Unsubstituted 

Chromone 4 

With silyloxyfuran 132 in hand, attention turned to its use as a nucleophile in conjugate additions to 

chromones. The addition reaction between silyloxyfuran 132 and the simple chromone 4 was focused 

on initially. Racemic work published by both Brimble et al.87 and Li et al.88 found that an inseparable 

diastereomeric mixture of adducts anti (±)-235a and syn (±)-235b could be readily obtained in good 

yields in the presence of a suitable Lewis acid (Scheme 2.14). Use of trimethylsilyl iodide at −60 °C by 

Li et al.88 for the addition generated equal amounts of adducts anti (±)-235a and syn (±)-235b whereas 

using trimethylsilyl triflate at −78 °C by Brimble et al.87 resulted in a slight discrimination for the 

formation of diastereoisomers (±)-235a and (±)-235b (d.r. = 3:2). 

 

Reagents and conditions: a) Li et al.: TMSI, CH2Cl2, −60 °C, 1 h, 82%, d.r. = 1:1; b) Brimble et al.: 

TMSOTf, CH2Cl2, −78 °C, 2 h, 77%, d.r. = 3:2. 

Scheme 2.14. Previous racemic additions of silyloxyfuran 132 to unsubstituted chromone 4.87,88 

The relative configuration of these inseparable diastereomeric products could not be determined by 

both research groups using NMR analysis. Four possible stereoisomers for the conjugate addition 

product are expected, resulting from the attack on the Si- or Re-face of chromone substrate 4 by the Si- 

or Re-face of 2-trimethylsilyloxyfuran 132 in an anti periplanar arrangement (Scheme 2.15).112 
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Scheme 2.15. The four possible isomeric products for the conjugate addition of 2-trimethylsilyloxyfuran to 

chromone. 

It is postulated that nucleophilic attack of 2-trimethylsilyloxyfuran onto the chromone should favour 

the adoption of a transition state wherein the dipoles of the furan oxygen and the pyran oxygen of the 

chromone are opposed, leading to anti adducts (S,R)-235a and (R,S)-235a as the major products 

(Scheme 2.15). Chelation of the chromones with a metal-ligand complex as a chiral Lewis acid might 

then induce a preference of attack on one face of the chromone by the nucleophile, affording an 

unequal amount of the enantiomeric products for each pair of the anti (S,R)-235a and (R,S)-235a or syn 

(S,S)-235b and (R,R)-235b diastereoismers. 

We first attempted the conjugate addition of 2-trimethylsilyloxyfuran (132) to the simple chromone 4 

using copper(II) triflate to test if the copper salt alone does catalyse the reaction (Scheme 2.16).  



The Intermolecular Conjugate Addition Approach 
 

 

75 

 

 

Scheme 2.16. Attempted addition of silyloxyfuran 132 to chromone 4 in the presence of Cu(OTf)2. 

A solution of chromone 4 and copper(II) triflate (10 mol%) in dichloromethane was stirred at room 

temperature for 30 minutes to allow the chelation of the metal to the substrate. Addition of the 

silyloxyfuran 132 (1.5 equiv.) followed at reduced temperature, and the reaction mixture was allowed 

to slowly warm to room temperature and stir for an additional 7 hours before quenching with saturated 

aqueous ammonium chloride.  

Unfortunately, the reaction was completely unsuccessful as only starting chromone 4 was recovered 

along with furanone by-product resulting from the aqueous workup of nucleophile 132. Increasing the 

amount of silyloxyfuran 132 to three equivalents using copper(II) triflate in a stoichiometric amount 

also failed to provide any detectable formation of adduct (±)-235, even after an extended reaction time 

of 40 hours. 

A. Screen of the Chiral Ligands 213, 214 and 143-146 

Many asymmetric Michael additions reported in the literature113 have demonstrated the successful use 

of chiral ligands in addition to the transition metal cation as a Lewis acid complex. It has been revealed 

that the chelation of the ligand to the metal not only provided the required stereocontrol for the 

catalysed process, but also enhanced the Lewis acidity of the metal centre, strongly accelerating the 

rate of the addition reaction.  

Suspecting that the unsuccessful result obtained might be due to the low reactivity using metal salt 

alone, we then decided to attempt the asymmetric variant of the conjugate addition to chromone 4 in 

the presence of chiral ligands 213, 214 and 143-146 (Table 2.1), hoping that these copper(II)-ligand 

combinations would improve activation of the substrate thus facilitating the desired transformation. 
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Entry Ligand Reaction Conditions Resulta 

1 

 

10 mol% Cu(OTf)2, 11 mol% 213,  

3 equiv. 132, CH2Cl2, −78 °C → r.t., 10 h 
No reaction 

2 
10 mol% Cu(OTf)2, 11 mol% 213,  

3 equiv. 132, CH2Cl2, r.t., 20 h 
No reaction 

3 

 

10 mol% Cu(OTf)2, 11 mol% 214,  

3 equiv. 132, CH2Cl2, r.t., 20 h 
No reaction 

4 

 

10 mol% Cu(OTf)2, 11 mol% 143, 

 3 equiv. 132, CH2Cl2, r.t., 20 h 
Trace of 235  

5 

 

10 mol% Cu(OTf)2, 11 mol% 144,  

3 equiv. 132, CH2Cl2, r.t., 20 h 
No reaction 

6 

 

10 mol% Cu(OTf)2, 11 mol% 145,  

3 equiv. 132, CH2Cl2, r.t., 20 h 
No reaction 

7 

 

10 mol% Cu(OTf)2, 11 mol% 146,  

3 equiv. 132, CH2Cl2, r.t., 20 h 
No reaction 

a. All reactions were carried out at 50 mg scale of chromone 4. 

Table 2.1. Attempted asymmetric addition of silyloxyfuran 132 to unsubstituted chromone 4. 

The tert-butyl-substituted BOX (tBuBOX) ligand 213, which exhibits an excellent catalytic profile for 

Michael additions in the literature,114 was the first chiral ligand to be screened in an attempt to effect 

the conjugate addition of silyloxyfuran 132 to the unsubstituted chromone 4 (entries 1 and 2, Table 2.1). 

A solution of copper(II) triflate and tBuBOX 213 in dichloromethane was stirred at room temperature 

for 10 minutes to allow complexation of the metal to the ligand. Addition of a solution of the chromone 

4 followed, and the reaction mixture was allowed to stir for an additional 20 minutes until a colour 

change from deep blue to bright green suggested the successful chelation of the substrate 4 to the 



The Intermolecular Conjugate Addition Approach 
 

 

77 

 

metal-ligand complex. The mixture was then stirred at reduced temperature followed by slow addition 

of the nucleophile 132. After stirring at −78 °C for four hours, TLC analysis of the reaction mixture 

indicated no observable change to the starting material. Disappointingly, warming the mixture to room 

temperature did not lead to any detectable formation of the product 235. Addition of the nucleophile 

132 at room temperature instead of −78 °C using an extended reaction time of 20 hours was also 

unsuccessful (entry 2).  

To identify a more effective catalyst, a series of other BOX and related ligands 214, 143-146 were also 

screened in an attempt to effect the conjugate addition (entries 3-7, Table 2.1). Unfortunately, most of 

these ligands (iPrBOX 214, PyBOX 144, IndaBOX 145 and IndaPyBOX 146) appeared to have no 

effect at all, with only unreacted chromone 4 and furanone by-product from the hydrolysis of 

silyloxyfuran 132 detected in the reaction mixture (entries 3, 5-7). The 4,5-diphenyl-substituted BOX 

(diPhBOX) ligand 143, on the other hand, was the only chiral ligand to provide any product at all, with 

the required adduct 235 observed in trace amount upon analysis of the crude mixture by 1H NMR 

(entry 4).  

Encouraged by the initial result using ligand 143, we next attempted to increase the yield of product 

235 obtained from carrying out the addition in the presence of copper(II)-diPhBOX complex 236 

(Table 2.2).  
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Entry Reaction Conditions Resulta 

1 10 mol% 236, 3 equiv. 132, CH2Cl2, 40 °C, 17 h Trace of 235  

2 10 mol% 236, 5 equiv. 132, CH2Cl2, r.t., 20 h Trace of 235  

3 20 mol% 236, 5 equiv. 132, CH2Cl2, r.t., 20 h Trace of 235  

4 60 mol% 236, 5 equiv. 132, CH2Cl2, r.t., 20 h No reaction 

5 30 mol% 236, 5 equiv. 132, CH2Cl2, r.t., 20 h 
3% 235; racemic, 

d.r. = 3:2 

6 30 mol% 236, 5 equiv. 132, (CF3)2CHOH, CH2Cl2, r.t., 20 h 
3% 235; racemic, 

d.r. = 3:2 

a. All reactions were carried out at 50 mg scale of chromone 4. 

Table 2.2. Attempted addition of silyloxyfuran 132 to chromone 4 using Lewis acid complex 236. 

Unfortunately, increasing the temperature (40 °C) did not improve the yield, but instead resulted in less 

formation of adduct 235, as indicated by TLC analysis of the reaction mixture (entry 1). Increasing the 

equivalents of nucleophile 132 (5 equiv.) used also made little difference to the amount of product 235 

detected (entry 2). 

Reasoning that the low conversion might be improved using a higher quantity of the Lewis acid 

complex, we next attempted the addition by increasing the catalyst loading. At 20 mol% loading of 

copper(II)-diPhBOX 236 (entry 3), no appreciable improvement in product formation was observed 

whereas  an increase to 60 mol% catalyst loading led to an inhibitory effect on the reaction, as no 

adduct formed at all and only starting chromone 4 was recovered (entry 4). The suppressed conversion 
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at high catalyst loading might result from the ligand-metal complex 236 oligomerising with itself rather 

than chelating to the chromone substrate and providing the activation required for addition. 

As a result, 30 mol% catalyst loading appeared to be the optimal amount of Lewis acid to effect the 

conjugate addition, however, this provided the corresponding chromanone adduct 235 in only 3% 

maximum isolated yield and with the same level of diastereoselectivity (d.r. = 3:2) as the reported 

racemic study (entry 5).87 Addition of hexafluoroisopropanol ((CF3)2CHOH), which was found 

essential to achieve high yield for many Mukaiyama-Michael reactions99,114 by transferring the 

silylalkyl group to accelerate quenching of the enolate intermediate 237, did not provide any 

observable change to the reaction (entry 6). 

Changing the nature of the solvent (THF, ClCH2CH2Cl, DME, toluene, CH3CN) proved that 

conducting the reaction in dichloromethane at room temperature was optimum. The yield of the 

adduct 235, however, remained unacceptably low 3%. The structure of chromanone butenolide 235 

was confirmed by comparison of the 1H and 13C NMR data with literature values.87,88 Chiral HPLC 

analysis of the product revealed a complete lack of asymmetric induction, with only racemic mixtures 

observed for the anti or syn diastereoisomers (Figure 2.2). 
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Conditions: HPLC column, Chiralpak® IC; mobile phase, hexanes-isopropanol (50:50 v/v); flow rate, 

0.5 mL/min; wavelength, 254 nm. 

Figure 2.2. Chiral HPLC trace of chromanone butenolide 235. 

 

B. Investigation into the Choice of Lewis Acid 

As the conditions using the ligand diPhBOX 143 at 30 mol% catalyst loading (entry 5, Table 2.2) 

appeared to be the best to effect the desired conjugate addition, we next sought to improve the yield by 

screening a small selection of copper salts as well as different metal triflates in an attempt to increase 

the reactivity of the chromone substrate (Table 2.3). 
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Entry Metal Salt Resulta 

1 Cu(OTf)2 3% 235 

racemic, d.r. = 3:2 

2 CuCl No reaction 

3 CuCl2 No reaction 

4 CuSO4 No reaction 

5 CuCl2, AgSbF6 No reaction 

6 Zn(OTf)2 No reaction 

7 Sn(OTf)2 No reaction 

8 Sc(OTf)3 Trace of 235 

a. All reactions were carried out at 50 mg scale of chromone 4. 

Table 2.3. Screen of metal salts for the asymmetric addition of silyloxyfuran 132 to chromone 4. 

The original conditions utilising copper(II) triflate as the copper source provided adduct 235 in 3% 

yield (entry 1). Use of copper halides or copper(II) sulfate as alternative copper sources (entries 2-4) 

failed to provide any product. Evans et al.114 had earlier found that counterion exchange with [SbF6]− 

can have a dramatic influence on the reactivity for copper(II)-BOX complexes in Diels-Alder reactions. 

The less coordinating counterion [SbF6]− was therefore examined to effect the desired transformation 

(entry 5). Treatment of a copper(II)-chloride/diPhBOX complex with AgSbF6 facilitated the required 

counterion exchange, whereby silver chloride precipitated out of the mixture. However, use of the 

resultant Lewis acid led to an even lower level of activity for the copper(II) complex in the addition of 

silyloxyfuran 132 to chromone 4, with no detectable product 235 obtained and only starting material 

recovered. 

As copper(II) triflate generated the best result, triflates with different metal cations were also screened 

in an attempt to effect the desired conjugate addition reaction (entries 6-8). Zinc(II) and tin(II) cations 

appeared to have no effect at all while use of scandium(III) triflate only provided trace formation of 
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product 235. It was therefore decided that the combination of copper(II) triflate with ligand 

diPhBOX 143 was the best possible Lewis acid complex investigated for the catalysis of conjugate 

addition of silyloxyfuran 132 to unsubstituted chromone 4. 

2.3.3 Attempted Asymmetric Additions of Silyloxyfuran 132 to Substituted 

Chromones 

The maximum yield that could be obtained for the product 235 of the conjugate addition of 

silyloxyfuran 132 to unsubstituted chromone 4 was still a poor 3%. Additionally, the adduct 235 

obtained was completely racemic and the low diastereoselectivity (d.r. = 3:2) of the reaction was the 

same as that achieved in the previous racemic work.87 The total lack of enantioselectivity for the 

addition may be explained by the way in which the chiral copper(II) Lewis acid complex 236 chelates 

to the chromone substrate (Scheme 2.17). 

 

Scheme 2.17. Possible binding modes for chromone substrates with copper(II)-diPhBOX complex 236. 

The unsubstituted chromone 4, lacking a second oxygen site for complexation with the catalyst 236, 

presumably forms the monodentate complex 238. The conformational flexibility of this complex 238, 

however, allows the chromone substrate too much rotational freedom and consequently removes any 

preference for nucleophilic attack from one face over the other. The 5-substituted chromones 215 and 
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216, on the other hand, might engage in bidentate coordination to the chiral Lewis acid 236, forming a 

rigid six-membered chelate complex 239 with a defined chiral environment and hence providing the 

asymmetry required for an enantioselective addition. 

Furthermore, previous studies by Li et al.88 found that the substituted chromone 217 (Scheme 2.18), 

with an electron-withdrawing although more sterically hindering methyl ester group at C-2, exhibited 

higher activity and diastereoselectivity in the Michael reaction with silyloxyfuran 132 at various 

temperatures compared to the simple chromone 4. 

 

Reagents and conditions: a) TMSCl, NaI, CH2Cl2, 1-4 h, temperature and yield (see table in the scheme). 

Scheme 2.18. Comparison of the activity of chromones 4 and 217 in the conjugate addition by Li et al.88 

Therefore, to evaluate the possible effect of different substituents on the chromone substrates, we 

further attempted the asymmetric addition of silyloxyfuran 132 to various substituted chromones 

215-217 and 137 in the presence of chiral ligand diPhBOX 143 (Table 2.4).  
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Entry      Chromone Conditionsa 

1 

     

30 mol% Cu(OTf)2, 33 mol% 143, r.t. 

2 30 mol% Sc(OTf)3, 33 mol% 143, r.t. 

3 30 mol% Cu(OTf)2, 33 mol% 143, (CF3)2CHOH, r.t. 

4 

     

30 mol% Cu(OTf)2, 33 mol% 143, r.t. 

5 

 

30 mol% Cu(OTf)2, 33 mol% 143, 0 °C 

6 30 mol% Cu(OTf)2, 33 mol% 143, r.t. 

7 30 mol% Cu(OTf)2, 33 mol% 143, (CF3)2CHOH, r.t. 

8 30 mol% Sc(OTf)3, 33 mol% 143, r.t. 

9 

 

30 mol% Cu(OTf)2, 33 mol% 143, r.t. 

10 30 mol% Sc(OTf)3, 33 mol% 143, r.t. 

a. All reactions were carried out at 100 mg scale of chromones 215-217 and 137. 

Table 2.4. Attempted asymmetric addition of silyloxyfuran 132 to substituted chromones 215-217 and 137 

in the presence of ligand 143. 

Disappointingly, a screen of the addition reaction of these substituted chromones with 

silyloxyfuran 132 proved unsuccessful using dichloromethane as the solvent under a range of 

conditions. In each case, analysis of the crude mixture by 1H NMR indicated that the unreacted 

chromone was the major component. Unlike the reported racemic work, 2-carboxymethyl 

chromones 217 and 137 proved less reactive than the unsubstituted chromone 4 under all attempted 

conditions, as extended reaction times only resulted in slight degradation of the starting material and no 

discernable product formation was observed.  
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2.3.4 Summary and Conclusion 

Although the racemic studies were successful, there were no examples of enantioselective conjugate 

addition to chromones using 2-trimethylsilyloxyfuran (132) as the nucleophile. An asymmetric variant 

of the Mukaiyama-Michael reaction of silyoxyfuran 132 with chromones was therefore attempted.  

Several classical BOX and related chiral ligands 213, 214 and 143-146 were screened in combination 

with various copper salts or metal triflates to effect the Michael addition of silyloxyfuran 132 to the 

unsubstituted chromone 4 (Scheme 2.19). The diPhBOX ligand 143 was the only chiral ligand that 

generated adduct 235 whereas all other ligands proved completely ineffective. The maximum yield of 

the desired product 235, however, was a low 3% and no asymmetric induction was observed for the 

reaction compared to the previous racemic example.87 

 

Scheme 2.19. Summary of attempted asymmetric additions of silyloxyfuran 132 to unsubstituted chromone 

4 in the presence of ligands 213, 214 and 143-146. 

Considering the potential effects of different substituents on the reactivity of the chromone substrate as 

well as the stereoselectivity for the addition process, the conjugate addition reactions of 

silyloxyfuran 132 to various substituted chromones 215-217 and 137 were then attempted utilising the 



Chapter 2 
 

 

86 

 

metal-ligand combination 236, which achieved the best experimental results for the addition to 

unsubstituted chromone 4 (Scheme 2.20). Unfortunately, all attempted reaction conditions on these 

substituted chromones resulted only in recovered starting material with no observable formation of the 

desired product 148. 

 

Scheme 2.20. Summary of attempted asymmetric addition of silyloxyfuran 132 to substituted chromones 

215-217 and 137 using Lewis acid complex 236. 

Given the limited efficiency observed in the activation of the chromone acceptors using 

copper(II)-complexes, our attention then turned to the more recently developed rhodium-catalysed 

addition, which is commonly employed as complementary methodology to the conventional copper 

catalysis and exhibits broader substrate scope for both the conjugate acceptors and the nucleophiles.59 
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2.4 Rhodium-catalysed Conjugate Additions to Chromones 

Recent work60-64 has highlighted the practicality and excellent enantioselectivity obtained from the 

rhodium-catalysed conjugate addition of arylboron reagents to chromones 69 for the synthesis of 

enantioenriched flavanones (R)-56 or (S)-56 (Scheme 2.20, for more details see Section 1.2.3). It was 

therefore expected that the rhodium-catalysed conjugate addition of heteroarylboronic species such as 

the furan-based boron nucleophiles 241 to chromones would also be achievable. 

 

Reagents and conditions: L* = chiral ligand 

Scheme 2.20. Proposed synthesis of gonytolide C (30a) based on the rhodium-catalysed asymmetric 

conjugate addition to chromones 137. 

In view of the difficulties encountered in the copper-catalysed addition of 2-trimethylsilyloxyfuran 

(132) to chromones, our alternative strategy to construct gonytolide C (30a) focused on the 

rhodium-catalysed enantioselective addition of furan-based boronic reagent 241 to the substituted 

chromone 4 to afford the chiral 2-furan chromanone adduct 242 (Scheme 2.20). The established 

stereocentre at C-2 of the adduct 242 would then potentially direct a diastereoselective transformation 



Chapter 2 
 

 

88 

 

of the furan moiety to the γ-butenolide precursor 138 via oxidation115 or acid hydrolysis.116 Subsequent 

conjugate reduction of the γ-butenolide chromanone 138 should provide the desired 2-γ-butyrolactone 

chromanone skeleton 30 of the natural gonytolide C (30a). 

2.4.1 The Catalytic Cycle of Rhodium-catalysed 1,4-Addition 

In 1998, the first enantioselective example of a rhodium-catalysed conjugate addition was reported by 

Hayashi and Miyaura,117 wherein the addition of various aryl and alkenyl boronic acids 243 to both 

cyclic and linear α,β-unsaturated ketones 244 proceeded in high yields with exquisite 

enantioselectivities (Scheme 2.21). 

 

Reagents and conditions: a) [Rh(acac)(C2H4)2] (3 mol%), (S)-246 (3 mol%), dioxane-H2O (10:1), 100 °C, 

5 h. 

Scheme 2.21. Rhodium-catalysed asymmetric addition of organoboronic acids 243 to α,β-unsaturated 

ketones 244 reported by Hayashi and Miyaura.117 

Several important factors to achieve such efficient asymmetric additions were described in their study: 

1) use of [Rh(acac)(C2H4)2] as the rhodium precursor to facilitate a rapid in situ generation of 

rhodium-ligand complex, 2) use of (S)-BINAP (246) as the chiral diphosphine ligand, 3) a mixture of 

dioxane and water (dioxane-H2O 10:1) had to be employed as a co-solvent system, and 4) a high 

reaction temperature of 100 °C was essential as no reaction took place at 60 °C or lower. The reaction 

was tolerant to a wide range of functionality on both the organoboronic acid and the enone. This 

seminal study has since paved the way for extensive research into rhodium-catalysed 1,4-addition 



The Intermolecular Conjugate Addition Approach 
 

 

89 

 

chemistry. The above-mentioned reaction conditions have been commonly employed as the standard 

conditions for the rhodium-catalysed asymmetric additions. 

Later in 2002, Hayashi et al.118 published a detailed mechanistic study of the rhodium-catalysed 

enantioselective conjugate addition. An example of the catalytic cycle for the addition of arylboronic 

acid (ArB(OH)2) to 2-cyclohexenone (247) using (S)-BINAP as the chiral ligand is outlined in 

Scheme 2.22. 

 

Scheme 2.22. Mechanistic cycle for the rhodium-catalysed addition of ArB(OH)2 to 2-cyclohexenone (247). 

The precatalyst is typically a chiral bis(phosphine)rhodium(I) complex 248 generated via ligand 

exchange of the metal precursor [Rh(acac)(C2H4)2] with the chiral ligand (S)-BINAP. Arylboronic 

acids can undergo a direct transmetallation with the resultant complex 248, however, this process is 

very slow. Instead, the rhodium complex 248 is converted under aqueous conditions to the highly 

reactive hydroxyl-rhodium species A. Transmetallation of the hydroxyl-rhodium species A with an 

arylboronic acid produces the aryl-rhodium complex B, which can then react under the reaction 

conditions via two pathways. An excess of boronic acid is typically employed due to an unproductive 
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pathway that involves the direct hydrolysis of the aryl-rhodium complex B to reform the 

hydroxyl-rhodium catalyst A and the protonated arene side product (ArH). Alternatively, introduction 

of the enone substrate 247 leads to a regio- and stereoselective metal-alkene coordination (C), which 

allows subsequent alkene insertion into the aryl-rhodium bond to yield a rhodium oxa-π-allyl 

species D. Finally, hydrolysis of the unstable rhodium enolate intermediate D readily regenerates the 

active catalyst A and liberates the chiral conjugate adduct 249.  

The established mechanistic cycle provided important insights into the rhodium-catalysed addition 

process which could be refined with a range of organoboron derivatives and rhodium sources as well as 

the nature of chiral ligands in order to improve the efficiency and enantioselectivity of the addition 

reaction. 

A. Organoboron Nucleophiles 

Organoboronic acids are the most widely utilised coupling partners for conjugate addition reactions 

and a successful rhodium-catalysed addition is dependent on efficient transmetallation of the aryl group 

from boron to rhodium, which has been recognised as the rate-determining step of the catalytic 

cycle.118 The proposed mechanism involves coordination of the active hydroxyl-rhodium catalyst 250 

with the arylboronic acid to generate a quaternised intermediate 251, from which the aryl fragment is 

transferred to rhodium in an intramolecular fashion to afford the aryl-rhodium complex 252 and boric 

acid (Scheme 2.23). This process can be greatly accelerated by addition of a base due to the 

quaternisation of the arylboronic acid, which facilitates rupture of the aryl-boron bond.  

 

Reagents and conditions: [Rh] = Rh(I)·chiral ligand 

Scheme 2.23. Proposed mechanism for the transmetallation of arylboronic acid. 

Meanwhile, the boronic acid itself, the boron intermediate 251 as well as the aryl-rhodium species 252 

can all undergo slow hydrolysis under aqueous conditions to regenerate the unreactive protonated 
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nucleophile ArH. These undesired processes are significantly accelerated in the case of more 

electron-rich organoboronic species, particularly the heteroarylboronic acids.  

Consequently, difficult preparation and rapid in situ decomposition of heteroarylboronic acids rendered 

many limitations for their valuable application in transition metal-catalysed coupling reactions.119 

Certain heteroaromatic boronic acids with the boryl group next to the heteroatom, such as 

2-furylboronic acid (253) required in our study (Figure 2.3), are notoriously prone to undergo 

protodeboration.119,120 To overcome these limitations, a number of tetracoordinate organoboron 

ate-complexes (e.g. 254-257),121-124 in which the boron centre is quaternised by an additional anionic 

ligand, have been successfully introduced as stabilised alternatives for the highly sensitive 

heteroarylboronic acids. The tetracoordinate nature of the boron in these complexes effectively 

prevents the protodeboration of these heteroarylboronic reagents by inhibiting the undesired 

coordination of water to the boron centre, but also significantly enhances the nucleophilicity of the 

attached heteroaryl fragment therefore allowing a more efficient transmetallation with the rhodium 

catalyst in the reaction.  

 

Figure 2.3. Related tetracoordinate boron derivatives 254-257 of 2-furylboronic acid 253. 

2-Furyl N-methyliminodiacetic acid (MIDA) boronate (254)121 demonstrated benchtop stability and 

provided in situ slow release of the unstable boronic acid 253 under mild basic aqueous conditions. 

However, the transmetallation of MIDA borate 254 was found to be relatively inefficient for the 

rhodium-catalysed addition when compared to the more nucleophilic diethanolamine-complexed 

furylborate (DABO) 255.122,125 
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Potassium organotrifluoroborates (RBF3K) have become another popular class of air- and moisture-

stable boronic acid derivatives since Vedjes et al.123 reported their facile preparation from the 

corresponding boronic acids using potassium hydrogen difluoride (KHF2) as a weak fluoride source. 

Furyl trifluoroborate derivatives were reported to be generally more nucleophilic than both the related 

MIDA and DABO boronates, although the only potential drawback of potassium trifluoroborates is 

their low solubility in organic solvents.126 In 2009, Molander et al.127 also reported their successful use 

of 2-furyltrifluoroborate 256 in the Suzuki-Miyaura reaction with a diverse range of aryl halides 258 to 

provide the cross-coupled products 259 in excellent isolated yields (Scheme 2.24). 

 

Reagents and conditions: a) Pd(OAc)2 (1 mol%), RuPhos (2 mol%), Na2CO3, EtOH, 85 °C, 8-36 h. 

Scheme 2.24. Cross-coupling of 2-furyltrifluoroborate 256 with aryl halides 258 by Molander et al.127 

An important addition to the range of tetravalent organoboron nucleophiles are the cyclic triolborates 

(e.g. 257, Figure 2.3) introduced by Miyaura et al.124 in 2008. These triolborates are exceptionally 

stable to air and moisture, and more soluble in organic solvents than related potassium trifluoroborates. 

In 2011, Miyaura et al.128 demonstrated an efficient rhodium-catalysed conjugate addition of 

2-furyltriolborate 260 to a wide variety of α,β-unsaturated acceptors 244 using (S)-BINAP as the chiral 

ligand (Scheme 2.25). In their report, use of cyclic 2-furyltriolborate 260 was found to provide the 

desired adducts in high yields with excellent enantioselectivities, whereas the same transformation 

utilising the related boronic acid or potassium trifluoroborate as the nucleophile proved unsuccessful. 
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Reagents and conditions: a) [Rh(nbd)2]+BF4
− (3 mol%), (S)-246 (3.3 mol%), K2CO3, dioxane-H2O (16:1), 

30 °C, 20 h. 

Scheme 2.25. Rhodium-catalysed asymmetric addition of furyltriolborates 260 to enones 244 reported by 

Miyaura et al.128 

As a result, furan-based boronic reagents 262 and 263 (Figure 2.4), including the furylboronic acid 

together with its corresponding tetracoordinate borates, were selected as our nucleophiles to investigate 

the rhodium-catalysed 1,4-addition to chromones. Preparation of these furan-based boron nucleophiles, 

including the attempted synthesis of the more electron-rich 5-methoxyfuryl boron species 263, is 

presented in our study. 

 

Figure 2.4. Selected furan-based boron nucleophiles 262 and 263 for the study of rhodium-catalysed 

conjugate addition to chromones. 
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B. Rhodium Precatalysts 

A suitable rhodium precursor for a successful conjugate addition should enable a rapid exchange of 

ligands to generate quantitatively the active enantioenriched rhodium catalyst to initiate the catalytic 

cycle. Four rhodium precatalysts, [Rh(acac)(C2H4)2], [RhCl(C2H4)2]2, [RhOH(cod)]2 and 

[Rh(nbd)2]+BF4
−, have been chosen as the rhodium source to be utilised in our study for the 

rhodium-catalysed addition to chromones. 

Until recently [Rh(acac)(C2H4)2] has been the most widely employed catalyst in 1,4-additions with 

good success.129,130 However, Hayashi et al.118 have demonstrated in their kinetic studies that the 

acetylacetonato (acac) ligand has an inhibitory effect on the addition reaction, as the acac-H resulting 

from ligand exchange readily reacts with the active hydroxyl-rhodium catalyst [RhOH·(chiral ligand)] 

to regenerate the less reactive rhodium species [Rh(acac)·(chiral ligand)], which in turn slows down the 

transmetallation step. Accordingly, the acac ligand-free rhodium dimer [RhCl(C2H4)2]2
130 has recently 

become a popular alternative due to its superior ability to enable rapid and irreversible ligand exchange 

via loss of ethene gas.  

Alternatively, the hydroxyl-rhodium precursor [RhOH(cod)]2 is itself a highly active rhodium catalyst, 

which was indicated by Hayashi’s study118 to provide a significant acceleration effect on the 

rate-determining transmetallation compared to the other previously mentioned rhodium sources. Use of 

[RhOH(cod)]2 was therefore adopted as it also avoids the use of a strong base and chromanones are 

known to undergo ring opening under strongly basic conditions.39,130  

It is also advantageous to employ a cationic precatalyst, such as [Rh(nbd)2]+BF4
−,130 for the 

rhodium-catalysed conjugate addition as these rhodium species generally enable the use of 

triethylamine and other mild bases instead of potassium hydroxide as the additive, making the addition 

protocol more functional group tolerant. Recently, excellent conversions were achieved for many 

rhodium-catalysed conjugate additions utilising [Rh(nbd)2]+BF4
− in combination with tetracoordinate 

boron reagents, particularly the potassium trifluoroborates128,129,131 and cyclic triolborates.128 Thus the 

rhodium precursor [Rh(nbd)2]+BF4
− was also selected in our study for the conjugate addition of 

quaternised furan-based boron nucleophiles. 
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C. Chiral Ligands 

The chiral ligand system serves to provide the required asymmetric induction for the 

rhodium-catalysed addition and also accelerate the rate of the reaction. Numerous chiral ligands have 

been developed for the rhodium-catalysed 1,4-addition and the most commonly employed ligands132 

can be classified into the following categories: phosphorus ligands, diene ligands, bis-sulfoxide ligands 

and their hybrid structures (Figure 2.5). 

 

Figure 2.5. Classification of commonly employed chiral ligands for rhodium-catalysed conjugate additions. 

Following the initial breakthrough by Hayashi and Miyaura117 for rhodium-catalysed enantioselective 

1,4-additions using chiral BINAP (S)-246 as the ligand, an extensive range of bidentate and 

monodentate phosphorus ligands have proved highly successful in the asymmetric process. Chiral 

diene ligands have also exhibited excellent performance in rhodium-catalysed additions. The achiral 

olefinic type ligands such as 1,5-cyclooctadiene (cod), contained in our selected rhodium precursor 

[RhOH(cod)]2, were proven to significantly accelerate the transmetallation step by an order of 

magnitude relative to diphosphine ligands (e.g. (S)-246), although there is no explanation as to why 

these π-accepting diene ligands have such a beneficial effect on the reaction rate.118 The chiral diene 
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ligand 87 (Figure 2.5), which was designed by Wang et al.64 based on the 2,5-norbornadiene (nbd) 

backbone, has been applied in the addition of arylboronic acids to chromones to generate flavanones in 

high yields with excellent enantioselectivities (for more details see Section 1.2.3). 

Bis-sulfoxides are an emerging family of chiral ligands for rhodium catalysis by coordinating the metal 

with the sulfur atoms. The simple bis(tert-butylsulfoxide) ligand 80, which was developed by 

Liao et al.,60 is still the most active and selective ligand in this category, and has been successfully 

employed in the 1,4-addition of sodium tetraarylborates to chromones to synthesise chiral 

flavanones.132 

Accordingly, the classical chiral BINAP ligands (S)- or (R)-246 as well as bis-sulfoxide 80 were 

considered for the conjugate addition of furan-based boron nucleophiles to chromones (Scheme 2.26). 

BINAP is readily available from commercial sources and the bis-sulfoxide 80 has already been 

prepared within the research group in one step using sulfoxide 264 following the procedure reported by 

Liao et al.60 Racemic BINAP ligand and bis-sulfoxide 80 would be initially utilised to evaluate suitable 

reaction conditions. The olefin ligand-containing rhodium precatalysts [RhOH(cod)]2 and 

[Rh(nbd)2]+BF4
− were also employed alone without any chiral ligand for the conjugate addition to 

investigate if use of a diene ligand would be beneficial for the reaction.  

 

Reagents and conditions: a) nBuLi, THF, −78 °C, 1 h, then 265, 0.5 h, 45%. 

Scheme 2.26. Selected chiral ligands for our study of the conjugate addition to chromones. 
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Therefore, our revised synthetic strategy was focused on the rhodium-catalysed asymmetric addition of 

furan-based boron nucleophiles 241 to substituted chromones 147 as the key coupling step to access 

the desired 2-γ-butyrolactone chromanone 266 (Scheme 2.27). Combinations of a selected range of the 

boron reagents, rhodium precatalysts, chiral ligands, base additives as well as different co-solvent 

systems were examined in an attempt to effect the desired addition. Successful installation of the furan 

chromanone adduct 267 would allow for subsequent transformation to yield the required 

2-γ-butyrolactone chromanone structure of gonytolide C (30a). 

 

Scheme 2.27. Proposed plan for rhodium-catalysed asymmetric conjugate addition of furan-based 

nucleophiles 241 to chromones 147. 
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2.4.2 Synthesis of Furan-based Boron Nucleophiles 

A. Synthesis of 2-Furylboronic Acid (253) and Related Ate-complexes 255-257 

Although 2-furylboronic acid (253) is commercially available as a reagent, complete decomposition as 

determined by 1H NMR analysis was normally observed in less than one week upon storage at average 

temperature and humidity. 2-Furylboronic acid (253) was therefore freshly prepared from the 

commercially available furan (268) before use in the conjugate additions to chromones or as a key 

intermediate to be converted to related boron ate-complexes (Scheme 2.28). 

 

Reagents and conditions: a) nBuLi, Et2O, −40 °C, 3 h; b) B(OMe)3, Et2O, −60 °C → r.t., 4 h; c) 4 M aq. 

HCl, r.t., 30 min, 10% recrystallised from H2O over steps a-c; d) nBuLi, THF, −5 °C → r.t., 3.5 h; e) 

B(OiPr)3, Et2O, −78 °C → 0 °C, 2 h; f) 1 M aq. HCl, r.t., 30 min, 54% recrystallised from CH2Cl2-MeOH 

over steps d-f. 

Scheme 2.28. Synthesis of 2-furylboronic acid (253). 

Conventional deprotonation of furan (268) at the acidic C-2 position using n-butyllithium at −40 °C 

followed by acidic hydrolysis of the transmetallated borate 269 provided a low 10% yield of the 

product 253, reflecting the difficulty of metallation of furan (268) and sensitivity of 2-furylboronic 

acid (253) to acid-induced protodeboration. A slight modification of the conditions by elevation of the 

reaction temperature for the lithation step and using dilute aqueous hydrochloroic acid (1 M) for the 

hydrolysis of the borate led to improved formation of boronic acid 253. Triisopropyl borate was also 

found to be a better choice of boron source than trimethyl borate to effect clean transmetallation of 

lithiofuran 270. Additionally, a significant amount of the boronic acid 253 was found to decompose 

during purification by recrystallising the crude material from water according to the reported 

method.133 Changing the recrystallisation solvent to a mixture of dichloromethane and methanol was 

successful with the pure 2-furylboronic acid (253) being isolated in 54% yield. 

The structure of boronic acid 253 was confirmed by the agreement of 1H and 13C NMR data with the 

reported values.121 The signal for C-2 of structure 253 in the 13C NMR spectrum was not detectable and 
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this is a common phenomenon in many organoboron compounds, where the resonances of carbon 

atoms directly bonded to boron are in general severely broadened due to a rapid relaxation effect by the 

neighbouring boron nuclei.134 These absent carbon resonances in NMR spectra are commonly used as a 

practical indicator of the successful formation of carbon-boron bonds in organoboron synthesis.  

2-Furylboronic acid (253) was then successfully utilised to synthesise the tetracoordinate DABO 

borate 255 and potassium trifluoroborate 256 (Scheme 2.29). Stirring the boronic acid 253 with 

commercially available diethanolamine (271) in dichloromethane at room temperature provided the 

crude 255. Excess diethanolamine was then removed by triturating the crude solid in ethyl acetate 

followed by filtration to yield the pure DABO borate 255 in 75% yield.122 

 

Reagents and conditions: a) 271, CH2Cl2, r.t., 3 h, 75%; b) KHF2, H2O, MeOH, 0 °C → r.t., 2 h, 99%. 

Scheme 2.29. Synthesis of furyl DABO borate 255 and trifluoroborate 256. 

Alternatively, following the standard method reported by Vedejs et al.,123 treatment of 2-furylboronic 

acid (253) in methanol with excess aqueous potassium hydrogen difluoride resulted in an exothermic 

reaction and immediate formation of a precipitate as the crude trifluoroborate 256. Subsequent 

purification required Soxhlet extraction of crude salt 256 in acetone for five hours to allow separation 

of the insoluble inorganic fluoride salts, furnishing the pure 2-furyltrifluoroborate 256 in an excellent 

99% yield. Formation of DABO borate 255 and trifluoroborate 256 were confirmed by comparison of 

their 1H and 13C NMR spectra with the reported literature values.122,127  

Methods developed for the synthesis of cyclic organotriolborates involve two general pathways 

(Scheme 2.30).124 The azeotropic removal of water from a stoichiometric mixture of organoboronic 

acid 243 and the commercially available triol 272 furnished the boronic ester 273 which was easily 

converted into the triolborate 274 by treatment with an alkali metal hydroxide or metal hydride 
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(method A). The lithium triolborate 274a could also be obtained in high yields by alkylation of 

triisopropyl borate with the corresponding organolithium 275 followed by the removal of isopropanol 

via ester exchange with triol 272 in a one-pot procedure (method B). The latter procedure was more 

convenient for preparation of 2-furyltriolborate 257 in our hands, as generation of water as a 

by-product in the former method might cause decomposition of the sensitive 2-furylboronic acid (253) 

and hence reduced yields of the required triolborate.  

 

Scheme 2.30. Two common pathways to prepare the cyclic organotriolborates 274 or 274a. 

By utilising the latter protocol (method B), 2-furyltriolborate 257 was obtained in quantitative yield 

(Scheme 2.31). As there was no suitable purification method established for cyclic lithium 

organotriolborates, stoichiometric amounts of triol 272, triisopropyl borate and n-butyllithium, which 

was carefully titrated according to the method of Love and Jones,135 were employed to yield the 

product 257 with sufficient purity for the subsequent conjugate addition. 

 

Reagents and conditions: a) nBuLi, THF, −5 °C, 3 h; b) B(OiPr)3, −78 °C → r.t., 1 h; c) 272, THF, r.t., 20 

h, quant. over three steps. 

Scheme 2.31. Synthesis of 2-furyltriolborate 257. 
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Although the preparation and use of 2-furyltriolborate 257 has previously been reported in a study by 

Miyaura et al.,128 the corresponding characterisation data for all the triolborate nucleophiles utilised in 

the subsequent conjugate addition were absent in the report. Our successful formation of the triolborate 

product 257 was confirmed by the examination of 1H and 13C NMR spectra. Along with three expected 

aromatic furan proton signals, two singlets in the 1H NMR spectrum resonating at δ 3.52 ppm (6Hs) 

and δ 0.47 ppm (3Hs) indicated the presence of the methylene and methyl protons from the triol 

fragment in the structure 257. The chemical shift for C-2 was again absent in the 13C NMR spectrum, 

reflecting its direct bonding to the boron atom. The identity of triolborate 257 was further confirmed by 

HRMS with a molecular ion observed at m/z 195.0830 corresponding to the expected formula of 

C9H12BO4. 

Except for the highly sensitive 2-furylboronic acid 253, DABO borate 255, potassium trifluoroborate 

256 and cyclic triolborate 257 were all stable to ambient moisture and oxygen, and could be stored for 

extended periods of time without appreciable decomposition by NMR analysis. 

B. Attempted Synthesis of 5-Methoxyfurylboron Reagents 276-279 

Synthesis of the 5-methoxyfuryl boron derivatives was expected to be more difficult. The 

non-substituted 2-furylboronic acid (253) has been previously reported as being sensitive to 

protodeboration in comparison to the relatively electron-deficient arylboronic acids, and this effect 

would be significantly worsen for the more electron-rich 5-methoxy-substituted furylboron derivatives. 

Preparation of 5-methoxyfuryl boronic acid 276 was attempted under similar conditions as those 

utilised for 2-furylboronic acid (253) via a direct lithiation of the commercially available methoxyfuran 

280 followed by transmetallation with triisopropyl borate (Scheme 2.32). However, subsequent 

acid-hydrolysis using mild saturated aqueous ammonium chloride solution or even water immediately 

turned the mixture to a black suspension with no detectable formation of the desired boronic acid 276 

in the crude reaction mixture by 1H NMR analysis. 
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Reagents and conditions: a) nBuLi, THF, −78 °C → −40 °C, 2 h; b) B(OiPr)3, −78 °C → r.t., 6 h; c) sat. aq. 

NH4Cl, r.t., 30 min; d) 271, r.t., 2 h; e) KHF2, H2O, −10 °C → r.t., 5 h; f) 272, THF, r.t., 15 h. 

Scheme 2.32. Attempted preparation of 5-methoxyfuryl boronic acid 276 and related borates 277-279. 

As the hydrolytic workup was unsuccessful due to the particularly low stability of the 5-methoxyfuryl 

boronic acid 276, the in situ generated triisopropyl methoxyfurylboron intermediate 281 was then 

treated with diethanolamine (271) and potassium hydrogen difluoride separately, hoping that the 

alkoxy ligands could be displaced directly by these reagents to afford the corresponding stabilised 

DABO borate 277 and trifluoroborate 278. Unfortunately, only complex mixtures resulted and no 

appreciable formation of the DABO borate 277 or trifluoroborate 278 could be detected in the 

respective crude 1H NMR spectra. 

Recent work by Miyaura et al.128 has shown that treatment of the methoxyfuryl boronate ester 281 with 

triol 272 immediately after the boronation step enabled the preparation of the highly reactive 

methoxyfuryl triolborate 279, which was the only literature reported ate-complex of a 

5-methoxyfurylboron species. Accordingly, a solution of triol 272 in tetrahydrofuran was added slowly 

to the boronate intermediate 281 to effect the required ester exchange to afford the triolborate 279. 

1H NMR analysis of the crude reaction mixture revealed the desired product was present, however, 
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purification of the triolborate 279 by recrystallising the crude solid from various organic solvents 

(CH3CN, EtOAc, CH2Cl2, CHCl3, acetone) proved difficult. 

To confirm the successful formation of the 5-methoxyfuryl triolborate 279, it was then decided to 

utilise the crude 279 in a Suzuki-Miyaura coupling reaction with the readily available 

bromobenzoate 282 (Scheme 2.33). Initially, the cross-coupled product 283 was obtained in 35% yield 

when 1.5 equivalents of the triolborate 279 was employed in the reaction. Increasing the amount of the 

nucleophile to two equivalents improved the formation of the coupled product 283 to a maximum 54% 

yield, as any further excess of triolborate 279 decreased efficiency of the coupling, presumably due to a 

higher concentration of the impurities being present in the reaction mixture. 

 

Reagents and conditions: a) Pd(OAc)2 (2 mol%), SPhos (4 mol%), Na2CO3, EtOH, 85 °C, 20 h, 54%. 

Scheme 2.33. The Suzuki-Miyaura coupling of 5-methoxyfuryl triolborate 279 with bromobenzoate 282. 

The coupled product 283 was identified by a combination of NMR and HRMS analysis, thus further 

confirming the successful formation of the methoxyfuryl triolborate 279. To account for the impurity 

of the crude triolborate 279, it required use in slight excess compared to other boron nucleophiles in 

any attempted conjugate additions to chromones. 
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C. Summary 

In summary, a number of furan-based boron nucleophiles 241 (Scheme 2.34) were successfully 

synthesised by adaptation of known procedures and appropriate purification protocols.  

 

Reagents and conditions: a) for 268: nBuLi, THF, −5 °C → r.t., 3.5 h; for 280: nBuLi, THF, −78 °C → 

−40 °C, 2 h; b) B(OiPr)3, −78 °C → r.t., 1-6 h; c) 1 M aq. HCl, r.t., 30 min, 54% over three steps; d) 271, 

CH2Cl2, r.t., 3 h, 75%; e) KHF2, H2O, MeOH, 0 °C → r.t., 2 h, 99%, f) 272, THF, r.t., 15-20 h, for 257, 

quant. over three steps; for 279, yield could not be determined and excess crude product was used for 

subsequent reactions. 

Scheme 2.34. Summary of furan-based boron nucleophiles 241 prepared in this work. 

Starting with commercially available furan (268), lithiation, transmetallation with triisopropyl borate 

and subsequent acid hydrolysis generated 2-furylboronic acid (253), which was readily converted to 

DABO borate 255 and potassium trifluoroborate 256 via coordination with diethanolamine (271) and 

potassium hydrogen difluoride, respectively. The more recently developed 2-furyltriolborate 257 was 

available from the boronate ester intermediate 284 (when R = H) through ester exchange with triol 272. 

Disappointingly, synthesis of the related 5-methoxyfurylboron derivatives as an alternative series of 

boron nucleophiles was less successful and only the more stable methoxyfuryl triolborate 279 could be 

prepared, which was isolated as a crude solid without further purification.  
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2.4.3 Attempted Conjugate Additions of Furan-based Nucleophiles to Chromones 

A. Attempted Additions of 2-Furylboronic Acid (253) to Chromones 

With the furan-based boron nucleophiles in hand, attention now turned to their use in the 

rhodium-catalysed conjugate addition to chromones. A number of standard literature conditions were 

initially applied to attempt the desired conjugate addition using unsubstituted chromone 4 and 

furylboronic acid 253 as the substrates (Table 2.5). 

 

Entrya 
Catalyst 
(5 mol%) 

Base 
(0.5 equiv.) 

Solvent & Temp. 

1 [Rh(acac)(C2H4)2]/BINAP (±)-246 – 
dioxane-H2O (10:1), 

70 °C 

2 [Rh(acac)(C2H4)2]/BINAP (±)-246 KOH or K2CO3 
dioxane-H2O (10:1), 

100 °C 

3 [RhCl(C2H4)2]/BINAP (±)-246 KOH 
dioxane-H2O (10:1), 

100 °C 

4 [RhCl(C2H4)2]/sulfoxide 80 KOH or K2CO3 
CH2Cl2-H2O (10:1), 

40 °C 

5 [RhCl(C2H4)2]/sulfoxide 80 KOH 
PhMe-H2O (3:2), 

90 °C 

6 [RhOH(cod)2]/BINAP (±)-246 KOH or K2CO3 
dioxane-H2O (10:1), 

100 °C 

7 [Rh(nbd)2]+BF4
−/BINAP (±)-246 KOH or K2CO3 

dioxane-H2O (10:1), 

100 °C 

8 
[RhOH(cod)2] 

(5 mol% or 10 mol%) 
KOH 

dioxane-H2O (10:1), 

100 °C 

9 
[Rh(nbd)2]+BF4

− 

(5 mol% or 10 mol%) 
KOH 

dioxane-H2O (10:1), 

100 °C 

a. All reactions were carried out at 50 mg scale of chromone 4. 

Table 2.5. Attempted additions of 2-furylboronic acid (253) to unsubstituted chromone 4. 

In a typical reaction, the catalyst was generated in situ by stirring a mixture of the rhodium precursor 

(e.g. [Rh(acac)(C2H4)2]) and the ligand (e.g. (±)-246 or 80) in the organic solvent for 30 minutes at 

room temperature to allow the required ligand exchange. A solution of the boronic acid 253 and 
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aqueous base were then added sequentially to initiate the transmetallation of the boron species with the 

catalyst. Addition of the solution of chromone substrate 4 followed and the mixture was then allowed 

to heat to the specified temperature to effect the desired 1,4-addition. 

The classical combination of [Rh(acac)(C2H4)2] and BINAP (±)-(246) that had proven to be the most 

commonly employed in many successful rhodium-catalysed 1,4-addition reactions,59-62,117 afforded 

none of the desired adduct 285 with only recovered chromone 4 being isolated (entry 1). Conducting 

the reaction at higher temperature (100 °C) and use of a base additive (KOH or K2CO3), which was 

expected to facilitate the formation of more reactive hydroxyl-rhodium species as well as to accelerate 

the transmetallation step, were also unsuccessful (entry 2). TLC analysis of the reaction mixture 

indicated no observable change to the starting chromone 4 even after an extended reaction time of up to 

20 hours. Portion-wise addition of the sensitive boronic acid 253 to prevent its rapid decomposition 

during the reaction, also provided no difference to the observed result.  

Use of the alternative rhodium source [RhCl(C2H4)2]2, which has been successfully utilised with both 

BINAP ligand and sulfoxide 80 by Liao et al.60 in their conjugate addition of arylboronic acids to 

chromones, appeared to have no effect at all (entries 3-5). Changing to other rhodium sources in the 

presence of (±)-BINAP (246) also failed to yield any conjugate addition product 285 (entries 6 and 7).  

As the diene containing [RhOH(cod)]2 and [Rh(nbd)2]+BF4
− are themselves highly reactive rhodium 

catalysts, these rhodium species were also utilised alone without addition of the ligand in an attempt to 

effect our desired transformation (entries 8 and 9). Unfortunately, even at a higher catalyst loading of 

10 mol%, these reactions were again unsuccessful and no appreciable formation of product 285 could 

be detected by 1H NMR analysis of the crude mixture. 
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From the disappointing results obtained, we next decided to revisit the successful literature examples of 

conjugate additions of phenylboronic acid to chromones to evaluate whether our reaction system was 

effective for the chromone Michael acceptor. In 2010, Liao et al.60 achieved the first rhodium-catalysed 

asymmetric addition of phenylboronic acid to unsubstituted chromone 4 in the presence of sulfoxide 80 

under mild reaction conditions (Scheme 2.35). In their report, the flavanone adduct (R)-8 was produced 

in 32% yield with 99% e.e., which provided little difference from the results obtained by the traditional 

rhodium-BINAP method (31% yield, 97% e.e.) when conducting the reaction at a higher temperature. 

 

Scheme 2.35. Rhodium-catalysed addition of PhB(OH)2 to chromone 4 reported by Liao et al.60 

To validate our methodology, the same transformation was performed by employing both the racemic 

BINAP (±)-246 and sulfoxide ligand 80 (Table 2.6). Initially the addition using BINAP (±)-246 was 

less efficient (17% yield, entry 1) than the literature yield (31%). When the amount of potassium 

hydroxide was increased to one equivalent for the reaction, the product yield was improved to 22% 

(entry 2). Potassium carbonate was found to be a better base improving product formation to 30% yield 

(entry 3). Finally, increasing the catalyst loading up to 10 mol% and elevation of the reaction 

temperature to 100 °C, afforded the racemic flavanone (±)-8 in the best 45% yield (entry 4). The 

structure of flavanone (±)-8 was confirmed by the agreement of the 1H and 13C NMR data with those 

reported in the literature.60 
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Entrya,b Catalyst 
Base 

(equiv.) 
Conditions 

Yield 

(%) 

1 

[RhCl(C2H4)2]2/BINAP 

(±)-246 (5 mol%) 

KOH (0.5) 
dioxane-H2O (10:1), 

70 °C, 12 h 
17 

2 KOH (1.0) 
dioxane-H2O (10:1), 

70 °C, 12 h 
22 

3 K2CO3 (1.0) 
dioxane-H2O (10:1), 

70 °C, 20 h 
30 

4 
[RhCl(C2H4)2]2/BINAP 

(±)-246 (10 mol%) 
K2CO3 (1.0) 

dioxane-H2O (10:1), 

100 °C, 20 h 
45 

5 

[RhCl(C2H4)2]2/sulfoxide 

80 (5 mol%) 

KOH (0.5) 
CH2Cl2-H2O (10:1),  

40 °C, 5 h 
20 

6 K2CO3 (1.0) 
CH2Cl2-H2O (10:1),  

40 °C, 20 h 
25 

7 K2CO3 (1.0) 
dioxane-H2O (10:1), 

100 °C, 20 h 
10 

8 K2CO3 (1.0) 
ClCH2CH2Cl-H2O (10:1), 

70 °C, 5 h 
21 

9 
[RhCl(C2H4)2]2/sulfoxide 

80 (10 mol%) 
K2CO3 (1.0) 

CH2Cl2-H2O (10:1), 

40 °C, 20 h 
34 

a. All reactions were carried out at 50 mg scale of chromone 4. 
b. Racemic flavanone (±)-8 was obtained for the reaction utilising (±)-246 as the ligand (entries 1-4); 

flavanone (R)-8 was obtained by employing the sulfoxide ligand 80 (entries 5-9). 

Table 2.6. Rhodium-catalysed conjugate addition of PhB(OH)2 to unsubstituted chromone 4. 

Similarly, applying the literature conditions to effect the 1,4-addition in the presence of sulfoxide 

ligand 80 afforded the chiral flavanone (R)-8 in a lower 20% yield (entry 5) compared to the reported 

value (32%) by Liao et al.60 Although the enantiomeric excess of the product (R)-8 was not determined 

in our study, the (R)-stereochemistry was confirmed at this point by comparing the specific rotation 

([α]D  +65.7; (c 2.15, EtOH)) with that reported in the literature ([α]D  +67; (c 0.10, EtOH)).60  

Use of potassium carbonate as the base again provided better results while dichloromethane and water 

still proved to be the best co-solvent system when using the sulfoxide ligand 80 to effect the required 

addition (entries 6-8). Further increasing the catalyst loading to 10 mol% provided the flavanone (R)-8 

in a maximum 34% yield (entry 9). Notably, the starting chromone was not fully consumed in each 
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reaction even after using an extended reaction time, thus indicating that the chromone substrate is a 

significantly challenging Michael acceptor for use in the 1,4-addition reaction. 

With the optimised catalytic conditions for the addition of phenylboronic acid to unsubstituted 

chromone 4 established, we next applied the most successful conditions developed for BINAP (±)-246 

and sulfoxide ligand 80, respectively, to attempt our desired 1,4-addition of furylboronic acid 253 to 

chromones 4, 215-217 and 137 (Scheme 2.36). 

 

Reagents and conditions: a) [RhCl(C2H4)2]2 (10 mol%), BINAP (±)-246 (11 mol%), K2CO3 (1.0 equiv.), 

dioxane-H2O (10:1), 100 °C, 10-20 h; b) [RhCl(C2H4)2]2 (10 mol%), sulfoxide 80 (11 mol%), K2CO3 

(1.0 equiv.), CH2Cl2-H2O (10:1), 40 °C, 10-20 h. 

Scheme 2.36. Attempted rhodium-catalysed addition of 2-furylboronic acid (253) to chromones 4, 215-217 

and 137. 

Disappointingly, a screen of various chromone substrates 4, 215-217 and 137 as the electrophile in the 

attempted addition with furylboronic acid 253 proved unsuccessful using these optimised conditions. In 

each case, TLC analysis of the crude reaction mixture indicated that the unreacted chromone was the 

major component. An extended reaction time in the presence of aqueous base also led to partial 

hydrolysis of the 2-carboxymethyl-substituted chromones 217 and 137, however, no detectable 

formation of the desired product 286 could be observed upon analysis of the crude 1H NMR spectrum. 
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B. Attempted Additions of Tetracoordinate Furan-based Boron Complexes to Chromones 

Given the failed attempts to effect the conjugate addition of 2-furylboronic acid (253) to chromones, 

use of tetracoordinate furan-based borates as the more nucleophilic and stabilised partners for the 

conjugate addition to chromones was then briefly explored (Table 2.7). 

 

Entrya Catalyst 
(10 mol%) 

Base 
(1.0 equiv.) 

Conditions Chromones Borates 

1 
[RhCl(C2H4)2]2/ 

BINAP (±)-246 
K2CO3 

dioxane-H2O (10:1), 

100 °C, 14-40 h 

4, 215-217, 

137 

255-257, 

279 

2 
[RhCl(C2H4)2]2/ 

sulfoxide 80 
K2CO3 

CH2Cl2-H2O (10:1), 

40 °C, 10-40 h 
4, 215, 217 

256, 257, 

279 

3 [RhOH(cod)2] 
KOH or 

none dioxane-H2O (10:1), 

70-100 °C, 20 h 
4, 217 256, 257 

4 
[Rh(nbd)2]+BF4

−/ 

BINAP (±)-246 

Et3N or 

K2CO3 

a. All reactions were carried out at 50 mg scale of chromones 4, 215-217 and 137. 

b. 3.0 equivalents of borates 255-257 and 5.0 equivalents of borate 279 were employed in the corresponding 

addition reactions. 

Table 2.7. Attempted rhodium-catalysed addition of tetracoordinate furan-based borates 255-257 and 279 to 

chromones 4, 215-217 and 137. 
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The addition reactions of selected combinations of chromones 4, 215-217 and 137 with borates 

255-257 and 279 were attempted using the conditions that had proven most promising in the 

literature.59,132 However, despite using prolonged reaction times of up to 40 hours, no reaction was 

observed in each example. Use of triethylamine instead of potassium carbonate, or omission of the base 

to avoid the facile hydrolysis of 2-carboxymethyl chromone 217, also failed to generate any desired 

conjugate adduct 267 (entries 3 and 4). TLC analysis of the reaction mixture for each attempted 

example revealed consumption of the borate nucleophiles but no change to the starting chromones, 

indicating that coordination and subsequent insertion of the transmetallated furan nucleophiles into the 

alkene of chromone substrates might be the difficult step.  

At this point, application of the conjugate addition strategy to the synthesis of gonytolide C (30a) was 

carefully reconsidered and no further optimisation of the catalytic conditions or additional 

investigations into each mechanistic step of the catalytic cycle were attempted. 
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2.4.4 Summary and Conclusion 

Despite the earlier contributions in the rhodium-catalysed asymmetric addition of arylboron species to 

chromones for the synthesis of enantioenriched flavanones,60-64 use of heteroarylboronic nucleophiles 

to effect the conjugate addition to chromone substrates has not been investigated.  

A number of furan-based boron nucleophiles 241 were therefore prepared and utilised to evaluate the 

conjugate addition to chromones 147 as a general strategy to access the desired 2-γ-butyrolactone-

substituted chromanone core 266 (Scheme 2.37). Disappointingly, both the 2-furylboronic acid (241, 

when BR5
n = B(OH)2) and its related tetracoordinate borates were found completely unreactive towards 

various chromone substrates 147 in the rhodium-catalysed 1,4-addition under a range of reaction 

conditions.  

 

Scheme 2.37. Summary of rhodium-catalysed addition of furan-based nucleophiles 241 to chromones 147. 

Optimisation of the literature reported 1,4-addition of phenylboronic acid to unsubstituted 

chromone 147 (when R1 = R2 = R3 = H) was also performed and it was found that the reaction could be 

achieved in a higher 45% yield than the literature reported value (31% yield). These results indicated 

that our reaction system is effective, however, the combination of chromone Michael acceptors and 

furan nucleophiles used in our study is particularly challenging. An alternative strategy to synthesise 

gonytolide C (30a) to avoid the intermolecular carbon-carbon bond formation via conjugate addition to 

a chromone, was therefore required. 
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3.1 Revised Intramolecular Oxa-Michael Addition Strategy 

The difficulties encountered with installation of a chiral butenolide precursor 138a or furan 

chromanone 290 via the intermolecular conjugate addition of furan-based nucleophiles to a chromone 

substrate led us to consider an alternative synthetic strategy towards gonytolide C (30a) (Scheme 3.1). 

Our revised synthesis involved the key change whereby the conjugate addition step and construction of 

the required carbon framework for gonytolide C (30a) were separated into two independent 

disconnections. 

 

Scheme 3.1. Revised retrosynthetic analysis of gonytolide C (30a). 

As gonytolide C (30a) would be available from its furan chromanone precursor 290, an alternative 

approach to establish this chromanone core 290 could be achieved by disconnection of the 

carbon-oxygen bond through a base-catalysed intramolecular oxa-Michael addition of enone 291. 

Recent developments in the organocatalytic cyclisation of enones to synthesise enantioenriched 

flavanones77,78 also revealed the possibility that the organocatalytic version of this intramolecular 

oxa-Michael cyclisation could be employed to access our required chromanone core 290 in 

enantioenriched form. Enone 291 would in turn be constructed via an Horner-Wadsworth-Emmons 

(HWE) olefination between β-ketophosphonate 292 and furan ketone 293, which could be synthesised 

from commercially available orcinol (165) and furan (268), respectively. 



Chapter 3 
 

 

116 

 

3.2 Model Studies of the oxa-Michael Addition Reaction 

To examine the viability of the proposed intramolecular oxa-Michael addition strategy, simplified 

enones 294 and 295 were synthesised to enable investigation of the base-catalysed cyclisation to 

construct chromanone 296 as a model system (Scheme 3.2). 

 

Scheme 3.2. Model study of the intramolecular oxa-Michael reaction using enones 294 and 295. 

Preparation of enone 294 was readily achieved following a previously reported method136 via the 

Claisen-Schmidt condensation between acetophenone 223 and furfural (197) (Scheme 3.3).  

 

Reagents and conditions: a) 2 M aq. NaOH, EtOH, r.t., 2 h, 91%; b) EOMCl, DIPEA, DMAP, CH2Cl2, 0 °C 

→ r.t., 20 h, 92%; c) 2 M aq. NaOH, EtOH, r.t., 20 min, then 197, 5 h, 83%; d) conc. HCl, iPrOH, 50 °C, 3 

h, 97%. 

Scheme 3.3. Synthesis of model enones 294 and 295. 

Treatment of acetophenone 223 with aqueous sodium hydroxide generated the corresponding 

nucleophilic enolate anion, which reacted with furfural (197) followed by a dehydration to furnish the 
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conjugated enone 294 in an excellent 91% yield. The structure of enone 294 was confirmed by 

comparison of the 1H and 13C NMR data with the reported values.136  

Accordingly, trisubstituted acetophenone 182 was used to synthesise the second model enone 295, 

which possesses the same substitution pattern on the aromatic ring as natural gonytolide C (30a). One 

of the free hydroxyl groups in acetophenone 182 was first protected as an ethoxymethyl (EOM) ether 

since the direct condensation of trisubstituted acetophenone 182 with furfural (197) could not be 

achieved. Protected acetophenone 297 was then subjected to the same condensation conditions as 

acetophenone 223, to provide enone 298 in good yield. Subsequent EOM deprotection of enone 298 

with concentrated hydrochloric acid in isopropanol afforded the required enone 295 in an excellent 97% 

yield. 

Attention now turned to the cyclisation of model enones 294 and 295 to generate the corresponding 

furan-substituted chromanone core. Although cyclisations of hydroxychalcones to flavanones are 

generally achieved in good yields under basic conditions,137,138 successful conversion of enone 294 to 

furan chromanone (±)-285 was only reported using polyethylene glycol,139 microwave irradiation140 or 

using a Lewis acid catalyst in an ionic liquid.141 A brief screen of basic conditions was therefore 

conducted initially in an attempt to cyclise the enone substrate 294 to chromanone (±)-285 (Table 3.1). 

 

Entrya Base Conditions Result 

1 1 M aq. NaOH EtOH, r.t., 20 h No reaction 

2 6 M aq. NaOH EtOH, r.t., ˃72 h No reaction 

3 KOtBu iPrOH, r.t., ˃72 h Trace of (±)-285 

4 K2CO3 
EtOH-H2O (9:1), 

reflux, ˃72 h 
Trace of (±)-285 

5 piperidine + KOH EtOH, reflux, 70 h Trace of (±)-285 

6 NaOAc EtOH, reflux, 77 h 20% (±)-285 

a. All reactions were carried out at 20 mg scale of enone 294. 

Table 3.1. Attempted base-catalysed cyclisation of enone 294. 
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When sodium hydroxide was employed as the base, no cyclised product (±)-285 was formed and enone 

294 could be recovered from the crude reaction mixture (Table 3.1, entries 1 and 2). Treatment of 

enone 294 with potassium tert-butoxide or potassium carbonate only resulted in trace formation of 

chromanone (±)-285 after an extended reaction time of more than 72 hours (entries 3 and 4). Use of 

piperidine as an organic base additive with potassium hydroxide (entry 5), which was reported to 

exhibit excellent catalytic performance to generate cyclised flavanones,138 did not lead to any improved 

formation of chromanone (±)-285. Surprisingly, this cyclisation was achieved by using sodium acetate 

as a base to afford the furan-substituted chromanone (±)-285 in 20% yield (entry 6). The structure of 

chromanone (±)-285 was confirmed by the agreement of the 1H and 13C NMR data with those reported 

in the literature.140 

As model enone 295 was expected to be more reactive than the monohydroxy enone 294, due to the 

enhanced electrophilicity afforded by a hydrogen bond of the additional phenol proton to the carbonyl 

group, the catalytic conditions using sodium acetate were employed to effect its cyclisation to form 

chromanone (±)-299 (Scheme 3.4). Satisfyingly, cyclisation of the substituted enone 295, the structure 

of which was based on the substitution pattern present in gonytolide C (30a), was achieved efficiently 

affording chromanone (±)-299 in an excellent 95% yield. 

 

Reagents and conditions: a) NaOAc, EtOH, reflux, 30 h, 95%; b) 300, CH2Cl2, r.t., 50 h, 57% yield, 

10% e.e. 

Scheme 3.4. Cyclisation of enone 295. 

An asymmetric version of the oxa-Michael cyclisation of enone 295 was also attempted using the 

commercially available alkaloid cinchonidine (300). The C-2 furan-substituted chromanone 299 was 

produced in 57% yield by stirring a mixture of enone 295 and cinchonidine (300) in dichloromethane at 

room temperature for 50 hours. The structure of chromanone 299 was identified by a combination of 

NMR and HRMS analysis and the enantiomeric excess (e.e.) of the the cyclised product 299 was 
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established to be 10% by chiral HPLC analysis (Fugire 3.1), suggesting that the reaction occurred with 

slight asymmetric induction.  

 

Conditions: HPLC column, Chiralpak® ADH; mobile phase, hexanes-isopropanol (99:1 v/v); flow rate, 

0.75 mL/min; wavelength, 254 nm. 

Figure 3.1. Chiral HPLC trace of furan chromanone 299. 

Although the enantioselectivity obtained was low, the successful cyclisation of enone 295 in the 

presence of cinchonidine (300) demonstrated that use of a chiral base catalyst71,73-75,77,78 to effect an 

asymmetric intramolecular oxa-Michael addition to generate the required optically active chromanone 

skeleton could be achievable. 
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3.3 Development of a Suitable Enone Substrate to Construct the 

Chromanone Core 

Having shown that base-catalysed cyclisation of model enones 294 and 295 to furan-substituted 

chromanones 296 was feasible, attention now turned to the application of this strategy to the synthesis 

of C-2 disubstituted chromanone core 290, with a suitable enone substrate (e.g. 291) installed for the 

required cyclisation (Scheme 3.5). In order to construct the enone substrate 291, synthesis of the 

Horner-Wadsworth-Emmons partners, phosphonate 292 and furan ketone 293, was first required. 

 

Scheme 3.5. Application of the model study to the synthesis of gonytolide C precursor 290. 
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3.3.1 Synthesis of Phosphonate 301 and Furan Ketone 293 

The synthesis of required β-ketophosphonate 301 began with the preparation of ester 302 from 

commercially available orcinol (165) (Scheme 3.6). Orcinol (165) was first converted into its bis-EOM 

ether 303 using chloromethyl ethyl ether and sodium hydride. EOM protection of the two phenol 

groups was chosen not only due to their expected stability under basic HWE conditions but also due to 

the well-known capacity of the EOM group142 to coordinate with alkyllithiums to facilitate the required 

ortho-metallation. 

 

Reagents and conditions: a) NaH, EOMCl, DMF, r.t., 30 h, 93%; b) nBuLi, THF, 0 °C → r.t., 3 h, then 

(MeO)2CO, 0 °C → r.t., 20 h, 91%. 

Scheme 3.6. Synthesis of ester 302. 

Bis-ether 303 was then treated with n-butyllithium at −78 °C followed by addition of excess dimethyl 

carbonate to afford ester 302. Initially, the yield of ester 302 was a low 20% and NMR analysis of the 

crude mixture indicated no formation of any by-product from lithiation of bis-ether 303 at the 

alternative site but only recovered starting material 303. Elevation of the temperature for lithiation of 

ether 303 to room temperature was then found to be most efficient and quenching with dimethyl 

carbonate furnished ester 302 in an excellent 91% yield. 

Subsequently, condensation of methyl dimethylphosphonate (MePO(OMe)2) with ester 302 to form 

β-ketophosphonate 301 was conducted via deprotonation of methyl dimethylphosphonate with several 

different bases in order to establish reliable conditions that were amenable to large scale preparation 

(Table 3.2).  
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Entrya MePO(OMe)2 
(equiv.) 

Base 
Temp. 

(°C) 
Yield 
(%) 

1 1.1 nBuLi −78 27 

2 1.1 LDA −78 40 

3b 1.1 LDA 0 61 

4b 2.0 LDA 0 75 

5 1.1 LHMDS 0 69 

6 2.0 LHMDS 0 90 

a. All reactions were conducted on ˃1 g scale of ester 302 in THF with the molar ratio of base to 
MePO(OMe)2 as 2:1. 

b. Ester 302 was added to MePO(OMe)2 before a solution of LDA was added. 

Table 3.2. Synthesis of phosphonate 301 via condensation of MePO(OMe)2 with ester 302. 

Standard deprotonation of methyl dimethylphosphonate at a low temperature of −78 °C with 

n-butyllithium or lithium diisopropylamide followed by addition of ester 302 only afforded 

ketophosphonate 301 in low yields (27% and 40%), however use of lithium diisopropylamide was 

more efficient (entries 1 and 2). 

In order to achieve higher reactivity while avoiding decomposition of deprotonated methyl 

dimethylphosphonate at elevated temperatures, Maloney et al.143 reported conditions for high-yielding 

instantaneous formation of β-ketophosphonates at 0 °C by adding a solution of lithium 

diisopropylamide to a mixture of methyl dimethylphosphonate and the corresponding esters. 

Accordingly, better reactivity was achieved using Maloney’s procedure, resulting in a 61% yield of the 

phosphonate product 301 and an extra equivalent of methyl dimethylphosphonate led to a further 

improvement of 75% yield (entries 3 and 4). 

A mixture of lithium bis(trimethylsilyl)amide and methyl dimethylphosphonate was also found to 

exhibit unusual stability at elevated temperature,144 allowing efficient condensations of methyl 

dimethylphosphonate with electron-rich aryl esters similar to our ester substrate 302. Accordingly, use 

of a single equivalent of methyl dimethylphosphonate with lithium bis(trimethylsilyl)amide resulted in 
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69% yield of phosphonate 301 (entry 5), which was slightly more efficient than using lithium 

diisopropylamide. Gratifyingly, the yield was significantly improved to 90% by increasing the amount 

of methyl dimethylphosphonate used (entry 6), thus affording a robust procedure to deliver sufficient 

ketophosphonate 301 for the subsequent HWE olefination with ketone 293. The structure of 

phosphonate product 301 was determined by a combination of NMR and HRMS analysis. 

The ketone partner 293, which serves as an effective precursor to the γ-butyrolactone present in natural 

gonytolide C (30a), was readily available from furan (268) via known chemistry (Scheme 3.7).145  

 

Reagents and conditions: a) nBuLi, THF, 0 °C → r.t., 3 h; b) CuI, THF, −78 °C → −20 °C, 1 h; c) 305, 

−78 °C → r.t., 7 h, 47% over three steps. 

Scheme 3.7. Synthesis of furan ketone 293. 

Lithiation of furan (268) followed by transmetallation with copper iodide generated the furylcuprate 

intermediate 304, which was treated with freshly prepared methyl oxalyl chloride (305) to afford the 

desired furan ketone in 47% yield. Conversion to furylcuprate 304 was found necessary as direct 

quenching of the more reactive furyllithium 270 with oxalyl chloride 305 did not improve the yield of 

ketone 293 but resulted in formation of multiple side products. The structure of furan ketone 293 was 

confirmed by comparison of the 1H and 13C NMR data with those reported in the literature.145  

Satisfied with preparation of the required ketophosphonate 301 and ketone partner 293, our attention 

then turned to the HWE olefination in preparation for the subsequent oxa-Michael cyclisation to 

construct the key chromanone skeleton. 
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3.3.2 Horner-Wadsworth-Emmons (HWE) Olefination and Subsequent Cyclisation 

A. The HWE Reaction of Ketophosphonate 301 and Furan Ketone 293 

The Horner-Wadsworth-Emmons (HWE) olefination146,147 has long been used in organic synthesis as a 

modification of the Wittig reaction to selectively produce (E)-olefins from phosphonates (e.g. 306) and 

aldehydes 99 or ketones 307 (Scheme 3.8). 

 

Scheme 3.8. General mechanism for the HWE olefination. 

The reaction begins with deprotonation of phosphonate 306 with a base to generate the 

resonance-stabilised carboanion 309, which attacks the aldehyde 99 to produce intermediates 311a and 

311b. Formation of the oxaphosphetane intermediates 312a and 312b follows, which is the rate 
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limiting step in this process, and these oxaphosphotanes subsequently decomposes to generate the 

desired alkene 313 and water soluble phosphate by-product 314.  

Under thermodynamic conditions, formation of the oxaphosphetane intermediates is reversible and the 

more stable trans isomer 312a forms more rapidly and collapses to deliver (E)-alkene 313 as the major 

product. Similarly, use of ketone 307 to prepare a trisubstituted olefin normally leads to alkene 315a as 

the major product, in which the sterically more demanding substituent (RL) from ketone 307 and the 

electron-withdrawing group (COR) from phosphonate 306 are trans to each other.  

In the case of furan ketone 293 (Scheme 3.9), the furan substituent was considered both electronically 

and sterically more significant than the methyl ester group. The HWE reaction of furan ketone 293 was 

therefore expected to produce enone 316 as the major product with the furan unit trans to the carbonyl 

group. Pleasingly, our HWE reaction proceeded cleanly at room temperature with sodium hydride 

employed as the base to furnish enone 316 as a single isomer in 89% yield. 

 

Reagents and conditions: a) NaH, THF, r.t., 10 h, 89%. 

Scheme 3.9. HWE olefination of phosphonate 301 and ketone 293. 

The NOESY spectrum of enone product 316 showed no correlation from the olefinic proton to either 

furan or methyl ester resonances even using an excessive number of scans. Examination of the olefinic 

proton resonances from literature compounds possessing the same enone core structure but with 

different substituents at the position of the furan moiety suggested the olefinic proton signals to range 

from δ 7.66 to 7.70 ppm for (E)-isomers and from δ 6.74 to 7.39 ppm for (Z)-isomers (Table 3.3).148-151 

Comparing the olefinic proton resonance of enone 316 (δ 6.89 ppm) with both the (E)- and (Z)-isomers 

of structurally related enones suggested product 316 was more likely to have a (Z)-configuration.  
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R δH (ppm) δH (ppm) 

Me148 7.70 6.74 

Ph149,150 7.70 7.39 

pTol151 7.66 7.33 

Furyl (316)  6.89 

Table 3.3. Olefinic proton δ values of enone 316 and literature reported enones.  

B. Attempted Cyclisation to Construct Chromanone 290 

After the successful synthesis of required enone 316, acidic EOM cleavage using concentrated 

hydrochloric acid in isopropanol revealed both phenol groups of enone 317, which was then subjected 

to base-catalysed oxa-Michael addition using sodium acetate to afford the product (±)-318 as an 

inseparable 3:2 mixture of diastereoisomers in 60% yield over two steps (Scheme 3.10).  

 

Reagents and conditions: a) conc. HCl, iPrOH, 50 °C, 90 min; b) NaOAc, EtOH, reflux, 7 h, 60% yield 

over two steps, d.r. = 3:2. 

Scheme 3.10. Attempted oxa-Michael cyclisation to construct chromanone core (±)-290.  

The disappearance of the olefinic resonances in the 1H NMR spectrum and the unchanged molecular 

mass compared to enone 317 as established by HRMS analysis indicated that the intramolecular 

cyclisation was successful. However, the characteristic methylene proton (H-3) for the desired 

chromanone (±)-290, which would have been identified by HSQC correlations from two proton 
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resonances to a single carbon signal, were absent in the 1H NMR spectrum of the product (±)-318. 

Instead, two methine protons (H-2ʹ and H-2) at δ 5.23 ppm (δ 5.03 ppm for minor diastereoisomer) and 

δ 4.41 ppm that correlated to their respective carbon signals at δ 83.5 ppm (δ 83.7 ppm) and δ 46.6 ppm 

(δ 46.5 ppm) were observed, indicating the formation of the undesired benzofuranone (±)-318.  

This result was rationalised by the fact that the presence of the terminal electron-withdrawing methyl 

ester and the furan at C-2 of enone 317 resulted in considerable steric hindrance such that C-3 became 

the more accessible Michael acceptor site compared to the C-2 position. The kinetic preference of five- 

over six-membered ring formation also expedited this process, although the ring closures to form 

benzofuranone (±)-318 (5-exo-trig) and chromanone (±)-290 (6-endo-trig) are both energetically 

allowed according to Baldwin’s rules,152 resulting in undesired cyclisation to benzofuranone (±)-318. 
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3.3.3 Use of Simplified Ketone 320 for the HWE Reaction 

A. Synthesis of Diacetate Enone 322 and Subsequent Cyclisation to Chromanone 324 

To circumvent the above-mentioned issue associated with methyl ester-activated formation of 

undesired benzofuranone (±)-318, it was envisaged that substitution of furan ketone 293 used in the 

above HWE reaction with a ketone partner that lacks a methyl ester, but could be functionalised after 

the oxa-Michael addition step, would avoid this undesired cyclisation.  

We noted that 1,3-diacetoxyacetone (320), an easily obtainable stable solid from commercially 

available diol 321 (Scheme 3.11),153 has been used previously as a substrate for both HWE154 and 

Wittig-type155 reactions. Functionalisation of the acetate-protected diol to both a γ-butyrolactone and a 

methyl ester at a later stage as required in the natural product was also envisioned to be possible. The 

simplified symmetrical ketone 320 was thus investigated for the key HWE reaction with 

β-ketophosphonate 301 (Scheme 3.11). 

 

Reagents and conditions: a) Ac2O, pyridine, r.t., 20 h, 71%; b) NaH, THF, 0 °C, 5 h, then r.t., 11 h, 82%. 

Scheme 3.11. Synthesis of enone 322 using simplified diacetate ketone 320. 

The HWE conditions previously utilised for reaction of phosphonate 301 with furan ketone 293 were 

applied to diacetate ketone 320, affording the desired enone 322 in a moderate 50% yield. Conducting 

the reaction at a higher temperature (50 °C), however, led to decreased product formation (32% yield). 

Pleasingly, treatment of phosphonate anion with ketone 320 at a lower temperature (0 °C) for five 

hours before warming to room temperature to allow complete reaction, provided enone 322 in a good 

82% yield.  
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Next, cleavage of the EOM protecting groups from enone 322 to unveil the phenol groups required for 

oxa-Michael cyclisation was investigated (Scheme 3.12). Unfortunately, initial attempts for the acidic 

EOM deprotection of enone 322 with aqueous hydrochloric acid (0.5 M to conc.), para-toluenesulfonic 

acid, or camphorsulfonic acid in alcoholic solvents at various temperatures failed to clearly effect 

formation of enone 323. 1H NMR analysis revealed formation of complex product mixtures with no 

presence of an olefinic proton, suggesting decomposition of the acid-sensitive substrate. Sodium 

bisulfate on silica156
 and para-toluenesulfonate157 were then investigated as milder reagents for the 

required EOM cleavage and three equivalents of pyridinium para-toluenesulfonate in ethanol were 

found to be the most reliable conditions to furnish enone 323 in 78% yield. 

 

Reagents and conditions: a) PPTS, EtOH, reflux, 2 h, 78%; b) NaOAc, EtOH, reflux, 15 min, 99%. 

Scheme 3.12. Synthesis of diacetate chromanone core 324. 

With the EOM cleaved product 323 in hand, our attention turned to the subsequent intramolecular 

oxa-Michael addition step, hoping that in the absence of a methyl ester group at C-2, nucleophilic 

attack would take place exclusively at C-2 to generate the desired chromanone skeleton. Gratifyingly, 

base-catalysed cyclisation using sodium acetate in ethanol under reflux successfully resulted in 

formation of the desired chromanone 324 in nearly quantitative yield. The structure of chromanone 324 

was identified by a combination of NMR and HRMS analysis. A two-proton singlet resonating at 

δ 2.86 ppm, which exhibited HSQC correlations to a single carbon signal at δ 39.2 ppm, was assigned 

to the methylene protons (H-3) thereby confirming the formation of the six-membered chromanone 

core 324. 
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B. Attempted Functionalisation of Chromanone 324 towards Gonytolide C (30a) 

Pleased with the synthesis of chromanone core 324, we now sought to investigate further 

transformations of the diacetate of chromanone 324 to the required γ-butyrolactone and methyl ester 

substituents in natural gonytolide C (30a) (Scheme 3.13).  

 

Scheme 3.13. Proposed functionalisation of chromanone 324 towards gonytolide C (30a). 

It was proposed that hydrolysis of one of the acetate groups in diacetate 324 should lead to alcohol 325, 

resulting in introduction of a stereogenic centre at C-2. An asymmetric deacetylation of 

chromanone 324 was envisioned to be possible using the well-established enzymatic monohydrolysis 

of 1,3-diacetates,158-160 to provide the chiral alcohol 325 with appropriate stereochemistry based on the 

structure of gonytolide C (30a).  

Oxidation of alcohol 325 followed by a diastereoselective allylation would afford the secondary 

homoallylic alcohol 326, a known synthetic precursor of γ-butyrolactone.161,162 Conversion of alcohol 

326 to diol 327 would then be achieved via hydroboration of the olefinic portion followed by basic 

oxidative work up. Selective oxidation of the primary alcohol of diol 327 followed by spontaneous 

intramolecular esterification was then expected to deliver the desired lactone 328. Subsequent 

saponification of the remaining acetate and final oxidative ester formation would afford the required 

methyl ester, thus completing the synthesis of gonytolide C (30a). 
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Accordingly, our efforts for these transformations began with the monohydrolysis of diacetate 324, 

with the aim to initially provide racemic material to validate the proposed synthetic route to gonytolide 

C (30a) (Table 3.4). 

 

Entrya Conditions 
Yield (%) 

(±)-325 329 

1 1 M aq. NaOH (1 equiv.), THF-H2O (1:1), 0 °C, 10 h 20 40 

2 K2CO3 (0.1 equiv.), MeOH, r.t., 5 min 0 100 

3 morpholine (5 equiv.), DMA, 70 °C, 10 h 30 27 

4 piperidine (8 equiv.), DMA, 70 °C, 11 h 40 29 

5 piperidine (10 equiv.), DMA, 50 °C, 11 h 60 12 

a. All reactions were carried out at 50 mg scale of chromanone 324. 

Table 3.4. Attempted hydrolysis of chromanone 324. 

Successful preparation of racemic monoacetates from the corresponding diacetates has been previously 

reported using standard basic saponification conditions (e.g. 1 M NaOH/THF,163 K2CO3/MeOH164). 

Unfortunately in our case, hydrolysis with aqueous sodium hydroxide solution only gave the desired 

monoalcohol (±)-325 in 20% yield along with diol 329 in 40% yield (entry 1). Use of catalytic 

potassium carbonate in methanol resulted in complete hydrolysis of the diacetate to provide diol 329 in 

quantitative yield after only five minutes (entry 2). Piperidine and morpholine165 have also been 

reported as weaker organic bases to effect hydrolysis of esters. Use of piperidine and morpholine in 

varying amounts at different temperatures established that the best conditions required using 

10 equivalents of piperidine at 50 °C, affording monoalcohol (±)-325 in 60% yield along with diol 329 

in 12% yield (entries 3-5).  
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Subsequent oxidation of derived alcohol (±)-325 initially proved unreliable, using a variety of standard 

conditions (Swern, Parikh-Doering, IBX/DMSO, PCC), however treatment with 2-iodoxybenzoic acid 

(IBX) in ethyl acetate under reflux166 successfully afforded aldehyde (±)-330 in quantitative yield with 

acceptable purity (Scheme 3.14). The structure of aldehyde (±)-330 was determined by a combination 

of NMR and HRMS analysis, with the characteristic aldehyde proton resonating as a singlet at 

δ 9.68 ppm observed in the 1H NMR spectrum. 

 

Reagents and conditions: a) IBX, EtOAc, reflux, 3 h, quant. 

Scheme 3.14. Synthesis of aldehyde (±)-330. 

With the required aldehyde (±)-330 in hand, different allyl metal reagents were then employed to effect 

the formation of homoallylic alcohol (±)-326 (Table 3.5).  

 

Entrya Allyl Reagent Lewis Acid Temp. (°C) Yield (d.r.) 

1 allylMgBr – −78 No reaction 

2 allylMgBr – −40 No reaction 

3 allylMgBr – 0 Complex mixtures 

4 allylBIpc2 – −78 No reaction 

5 allylSnBu3 MgBr2 0 Complex mixtures 

6 allylSiMe3 BF3·OEt2 −78 6% (d.r. = 1:2) 

7 allylSnBu3 BF3·OEt2 −78 37% (d.r. = 1:1.5) 

a. All reactions were carried out on 15 mg scale of aldehyde (±)-330 with 2 equiv. of allyl reagents and 

3 equiv. of Lewis acid when applicable. 

Table 3.5. Attempted allylation of aldehyde (±)-330. 
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Treatment of aldehyde (±)-330 with allyl Grignard reagent at either −78 °C or −40 °C only resulted in 

recovered starting aldehyde, even after extended reaction times (entries 1 and 2). Raising the 

temperature led to the formation of complex product mixtures with no identifiable products by 

1H NMR analysis (entry 3).  

The neighbouring α-quaternary centre rendered aldehyde (±)-330 sterically demanding thus requiring 

more reactive conditions. However, increased reactivity at elevated temperature using strong 

nucleophiles might also lead to competing reactions at the carbonyl groups of the acetate group and the 

chromanone core. The chromanone core is also susceptible to decomposition due to deprotonation of 

the acidic α-proton upon treatment with the strongly basic nucleophiles. With these complications in 

mind, we were prompted by several recent examples of the successful use of bulky tertiary aldehydes 

using Brown allylation conditions.167,168 Unfortunately, attempted Brown allylation of aldehyde (±)-330 

was found to be too inefficient to deliver any desired product (entry 4).  

Use of allyltributylstannane with magnesium bromide as Lewis acid also led to decomposition at 0 °C 

(entry 5). Pleasingly, combination of a strong Lewis acid (BF3·OEt2) with allyltrimethylsilane effected 

the desired allylation to afford homoallylic alcohol (±)-326, albeit in 6% yield, as an inseparable 

diastereomeric mixture (entry 6). Finally, use of allyltributylstannane rather than allyltrimethylsilane 

resulted in formation of (±)-326 in 37% yield (entry 7). 

The structure of allylated product (±)-326, isolated as a 3:2 mixture of inseparable diastereoisomers, 

was confirmed on the basis of NMR analysis. The presence of a singlet at δ 9.68 ppm assigned to the 

aldehyde proton in the starting chromanone (±)-330 was absent in the 1H NMR spectrum. Instead, a 

proton resonating as a doublet of doublets at δ 3.94 ppm (δ 3.81 ppm for minor diastereoisomer), 

correlating to a carbon resonance at δ 72.6 ppm (δ 72.3 ppm) in the HSQC spectrum, was assigned to 

H-1ʹ of chromanone (±)-326. In the COSY NMR spectrum, connectivity from this doublet of doublets 

to two multiplets at δ 2.50-2.42 ppm and δ 2.30-2.12 ppm confirmed the presence of the methylene 

protons of the allyl group. The successful formation of product (±)-326 was further confirmed by 

HRMS with an adduct ion observed at m/z 343.1163 corresponding to the expected formula of 

C17H20NaO6. 
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Having established that it was possible to access homoallylic alcohol (±)-326, we were now in a 

position to continue transformation of homoallylic alcohol (±)-326 to lactone (±)-328 prior to further 

functionalisation of the remaining acetate (Scheme 3.15). However, the lack of an efficient reaction to 

effect the key allylation step was a significant bottleneck, rendering subsequent installation of the 

γ-butyrolactone and methyl ester groups highly challenging and impractical. To this end, we were 

satisfied with our successful HWE reaction and subsequent key oxa-Michael cyclisation, and sought to 

identify a more convergent synthetic route towards gonytolide C (30a). 

 

Reagents and conditions: a) NaH, THF, 0 °C, 5 h, then r.t., 11 h, 82%; b) PPTS, EtOH, reflux, 2 h, 78%; c) 

NaOAc, EtOH, reflux, 15 min, 99%; d) piperidine, DMA, 50 °C, 30 h, 60%; e) IBX, EtOAc, reflux, 3 h, 

quant.; f) BF3·OEt2, allylSnBu3, CH2Cl2, −78 °C, 4 h, 37%, d.r. = 3:2. 

Scheme 3.15. Summary of the synthesis of homoallylic alcohol (±)-326 and proposed further 

functionalisation. 
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3.3.4 Revised Ketone Partner 331 for the HWE Olefination 

Diacetate 320 was a convenient starting ketone and led to the successful construction of chromanone 

skeleton 324, however the multiple transformations required to functionalise the diacetate side chain 

towards gonytolide C (30a) including an inefficient allylation step suffered significant drawbacks 

(Scheme 3.16). Earlier attempts to construct a furan-substituted chromanone precursor (±)-290 also 

suggested that incorporation of a methyl ester substituent, which was required in the natural product, 

had to be avoided in the HWE product in order to prevent the undesired cyclisation from generating a 

benzofuranone product (±)-318.  

 

Scheme 3.16. Proposed synthesis of gonytolide C (30a) using revised ketone 331. 
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Therefore, to identify a more convergent synthetic route and also ensure that the desired oxa-Michael 

cyclisation will take place at the required C-2 position, we now sought to modify the ketone coupling 

partner for the HWE reaction to enable efficient early stage installation of the γ-butyrolactone moiety 

(Scheme 3.16). The revised ketone coupling partner 331 that we selected contains a chiral 

γ-butyrolactone and we reasoned that preparation of this subunit from a chiral pool starting material 

might subsequently enable diastereoselective installation of the second stereocentre (C-2) of 

chromanone 328 during the oxa-Michael cyclisation. Transformation of the remaining acetate of 

chromanone 328 to the required methyl ester subunit should then complete the synthesis of gonytolide 

C (30a). 

A. Synthesis of Revised Ketone Partner 331 

Synthesis of the revised ketone 331 started with preparation of the dihydroxylactone precursor 333 

from commercially available tri-O-acetyl-D-glucal (334) (Scheme 3.17). The chiral starting glucal 334 

was first oxidised with pyridinium chlorochromate to the α,β-unsaturated lactone 335 using the 

reported method.169 The α,β-unsaturated lactone 335 could be obtained in a moderate to good yield 

(69%), however, a tedious workup procedure and several purifications were required to remove the 

reduced chromium salts and other reagent-derived by-products, rendering a large scale (˃ 2 g) 

preparation practically difficult. Alternatively, treatment of glucal 334 with a mixture of boron 

trifluoride diethyl etherate and 3-chloroperoxybenzoic acid (mCPBA)170 provided a much more 

efficient and clean oxidation, affording the chiral α,β-unsaturated lactone 335 in an excellent 99% yield. 

The structure of lactone 335 was confirmed by comparison of the 1H and 13C NMR spectra with the 

reported literature values.170  
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Reagents and conditions: a) PCC, ClCH2CH2Cl, reflux, 20 h, 69%; or mCPBA, BF3·OEt2, CH2Cl2, −20 °C, 

40 min, 99%; b) Pd/C (10 wt%), H2 (balloon), EtOAc, r.t., 2 h, 99%; c) 1 M aq. HCl, THF, reflux, 17 h, 

92%; d) 2,4,6-collidine, AcCl, CH2Cl2, −78 °C, 5 h, 91%; e) IBX, EtOAc, reflux, 43 h, 95%. 

Scheme 3.17. Synthesis of revised ketone 331. 

Subsequently, catalytic hydrogenation of lactone 335 furnished the saturated δ-lactone 336, which 

arranged exclusively to the γ-lactone 333 after deacetylation under acidic conditions. Formation of the 

diol γ-lactone 333 was confirmed by the agreement of 1H and 13C NMR data with those reported in the 

literature for the opposite enantiomer.169 The absolute (4S,5R)-configuration of lactone 333 was 

confirmed by comparing the specific rotation of product 333 ([α]D  +4.7; (c 4.30, MeOH)) with the 

reported value of its (4R,5S)-enantiomer ([α]D  −5.4; (c 5.19, MeOH)).169 

Next, selective acetylation of the primary alcohol of diol lactone 333 was efficiently achieved using 

2,4,6-collidine as a sterically hindered base,171 providing the desired alcohol 337 in 91% yield. 

Subsequent oxidation of alcohol 337 with 2-iodoxybenzoic acid in ethyl acetate under reflux provided 

ketone 331 in 95% yield, thereby establishing a robust preparation of our revised ketone partner 331 

for the subsequent HWE reaction with phosphonate 301. The presence of a signal at δ 200.9 ppm in the 

13C NMR spectrum of product 331 indicated the formation of a new carbonyl functional group. Further 

evidence for the successful formation of the desired ketone 331 was supported by HRMS with an 

adduct ion observed at m/z 209.0425 corresponding to the expected formula of C8H10NaO5. 
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B. Attempted HWE Reaction Using Ketone 331 

Having successfully synthesised ketone 331, we next focused on the HWE reaction of phosphonate 301 

with ketone 331 to generate the desired enone structure (E)-332 (Table 3.6).  

 

Entrya Base (additive) Solvent Temp. 
Yield of 

(E)-332 

1 NaH THF 0 °C → r.t. 13% 

2 NaH THF reflux Trace 

3 NaH THF −20 °C → r.t. 4% 

4b NaH THF 0 °C → r.t. 7% 

5 nBuLi THF 0 °C → r.t. Trace 

6 LHMDS THF 0 °C → r.t. Trace 

7 KHMDS THF 0 °C → r.t. Trace 

8 tBuOK (18-crown-6) THF 0 °C → r.t. Trace 

9 DBU (LiCl) THF 0 °C → r.t. 5% 

10 NaH PhMe 0 °C → r.t. Trace 

11 NaH DMF 0 °C → r.t. 2% 

12 NaH DME 0 °C → r.t. 12% 

a. All reactions were carried out on 50 mg scale of phosphonate 301 treated with 2 equiv. of base and 
2 equiv. of ketone 331 in the corresponding solvent. 

b. 3 equiv. of ketone 331 was used for the HWE reaction. 

Table 3.6. Attempted HWE olefination of ketone 331 with phosphonate 301. 

Disappointingly, our previously established HWE conditions using sodium hydride with a lower 

starting temperature (0 °C) only afforded enone (E)-332 in 13% yield along with the recovered starting 

phosphonate 301 (entry 1). Raising the reaction temperature to reflux only provided the product in 

trace amounts with extensive loss of starting material (entry 2). Decreasing the starting reaction 

temperature to −20 °C also resulted in decreased conversion, providing (E)-332 in only 4% yield 

(entry 3). Increasing the amount of ketone 331 used to three equivalents for the reaction (entry 4), 
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however, led to a lower product yield of 7% even after an extended reaction time of up to 30 hours, and 

also resulted in the difficult separation of pure enone (E)-332 from the excess amount of unreacted 

ketone 331 in the reaction mixture. 

Use of several other bases proved inefficient (entries 5-9), suggesting that sodium hydride was the most 

reliable base to use for the HWE reaction. Additionally, changing the solvent (entries 10-12) led to 

lower reactivity with only use of dimethoxyethane (DME) providing a 12% yield of enone (E)-332, 

similar to that obtained using tetrahydrofuran.  

Examination of HRMS and NMR data of product (E)-332 confirmed the formation of the desired 

enone structure. A characteristic olefinic proton resonating as a multiplet at δ 6.64-6.63 ppm in the 1H 

NMR was assigned to H-3 of enone (E)-332. In order to determine the stereochemistry of the double 

bond in enone (E)-332, we examined the NOESY spectrum for correlations of the olefinic proton (H-3) 

with either the methylene signals (H-1) or the methine proton (H-2″) of the γ-lactone. Unfortunately, 

the resonances of the methylene (H-1) and the methine proton (H-2″) overlapped at δ 5.20-5.12 ppm, 

making it impossible to distinguish which of these protons correlated to the olefinic proton (H-3). 

The (E)-configuration of enone (E)-332 was subsequently established from the corresponding EOM 

cleaved structure (E)-338 (Figure 3.2), which exhibited well-resolved proton signals with a diagnostic 

nOe correlation between the olefinic proton (H-3) at δ 7.29 ppm and the lactone proton (H-2ʹʹ) at δ 5.28 

ppm in the NOESY spectrum. The absence of an nOe correlation between the olefinic proton (H-3) and 

the methylene group (H-1) further supported the assignment of the stereochemistry as the (E)-isomer 

332. 
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Figure 3.2. Key nOe correlations observed in the NOESY spectrum of enone (E)-338. 
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Interestingly, when the same HWE reaction was conducted using a larger one gram scale of 

phosphonate 301 (Scheme 3.18), the earlier conditions using sodium hydride as the base afforded a 

much improved and consistent yield of enone (E)-332 (35%) along with an inseparable 2:3 mixture 

(5%) of minor products (Z)-332 and (Z)-339. 

 

Reagents and conditions: a) on 1 g scale of phosphonate 301, NaH, THF, 0 °C, 5 h, then r.t., 17 h, 35% 

(E)-332, inseparable mixture  of (Z)-332 (2%) and (Z)-339 (3%). 

Scheme 3.18. HWE reaction of ketone 331 on one gram scale of phosphonate 301. 

The latter two inseparable products exhibited the same molecular formula as enone (E)-332 by HRMS 

with an adduct ion observed at m/z 473.1777 corresponding to the expected formula of C23H30NaO9. 

Comparison of the NMR data of the two inseparable products with that of enone (E)-332 revealed a 

similar pattern of the chemical shifts in both the 1H and 13C NMR spectra for structure (E)-332 and the 

minor isomer of the mixture, allowing assignment of this minor product to be enone (Z)-332. The 

(Z)-configuration of enone (Z)-332 was further confirmed by an nOe correlation (circled in red, 

Figure 3.3) observed between the olefinic proton (H-3) at δ 6.52-6.51 ppm and one of the methylene 

protons (H-1) at 4.78 ppm in the NOESY spectrum. 
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Figure 3.3. Key nOe correlations observed in the NOESY spectrum of the mixture of enone (Z)-332 and 

enol acetate (Z)-339. 
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Structural analysis of the remaining product of the mixture also revealed the presence of an olefin, a 

methylene group and an acetate together with an intact γ-lactone ring. However, the methylene signals 

of (Z)-339 were found to be much more shielded resonating at δ 3.71-3.46 ppm (H-3) and δ 43.6 ppm 

(C-3) in the 1H and 13C NMR spectra, respectively, compared to those observed for enone (E)-332 

(δH-1 5.38-5.12 ppm, δC-1 61.7 ppm) and (Z)-332 (δH-1 δ 4.78 ppm, δC-1 62.6 ppm). These data suggested 

that the acetate oxygen was no longer adjacent to the methylene group in structure (Z)-339.  

The olefinic proton, on the other hand, shifted downfield from δ 6.64-6.63 ppm ((E)-332) and 

δ 6.52-6.51 ppm ((Z)-332) to δ 7.19-7.18 ppm in structure (Z)-339. A significant decrease was 

observed for the non-protonated olefinic carbon signal (C-2) from δ 147.1 ppm ((E)-332) and δ 149.2 

ppm ((Z)-332) to δ 116.7 ppm for structure (Z)-339. These observations suggested that the double bond 

was no longer conjugated, leading to the assignment of this product as enol acetate (Z)-339. The nOe 

correlation observed between the olefinic proton (H-1) and methylene resonances (H-3) in the NOESY 

spectrum further established the (Z)-configuration of enol acetate (Z)-339 (circled in blue, Figure 3.3).  

Furthermore, HMBC analysis (Figure 3.4) showed correlation of structure (Z)-339 from the methylene 

group (H-3) to the C-4 carbonyl (red), and from the olefin proton (H-1) to the acetate carbonyl (blue), 

which could not be observed for enone (E)- and (Z)-332, indicating that the structure of enol acetate 

(Z)-339 had been correctly assigned. 
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Figure 3.4. Selected HMBC correlations of enol acetate (Z)-339 in the HMBC spectrum. 

Apart from enone (E)-332 (35%) and the minor mixture of (Z)-332 and (Z)-339 obtained from the 

HWE reaction (Scheme 3.18), no other products were generated and 60% of the starting phosphonate 

301 could be recovered (88% (E)-332 brsm) from the reaction mixture, along with the unreacted ketone 

partner 331. However, increasing the amount of base added or extending the reaction time did not 

result in any further consumption of the phosphonate 301 and ketone 331. Instead, monitoring the 

reaction by TLC analysis revealed that a slow conversion of the product (E)-332 to the undesired enol 
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acetate (Z)-339 occurred under the basic conditions, resulting in an even lower yield of the required 

enone (E)-332 (Scheme 3.19).  

 

Scheme 3.19. The proposed base-induced deconjugation of enone (E)-332 to enol acetate (Z)-339. 

To increase the efficiency of the desired HWE olefination, ketone 340 (Scheme 3.20), in which the side 

chain of the alcohol was protected as a benzoate, was also prepared, in the hope that substitution of the 

acetate for a benzoate group would render the carbonyl carbon more electrophilic and hence more 

susceptible to the nucleophilic attack of the phosphonate anion in the reaction.  

 

Reagents and conditions: a) BzCl, pyridine, CH2Cl2, −5 °C, 15 h, 77%; b) IBX, EtOAc, reflux, 25 h, 90%. 

Scheme 3.20. Synthesis of benzoyl-substituted ketone 340. 

Selective benzoylation of the previously prepared diol 333 yielded alcohol 341, which was then 

oxidised with 2-iodoxybenzoic acid to provide the benzoyl-substituted ketone 340 in excellent yield. 

The structure of product 340 was determined by NMR analysis, with a characteristic ketone carbon 

resonating at δ 200.8 ppm in its 13C NMR spectrum. The HRMS with an adduct ion observed at 

m/z 271.0569 corresponding to the expected formula of C13H12NaO5 further confirmed the successful 

preparation of the benzoyl-substituted ketone 340. 

Unfortunately, use of benzoate 340 did not improve the outcome of the desired HWE reaction with 

phosphonate 301 using sodium hydride (Scheme 3.21). Disappointingly in this case, preferential 

formation of the enol benzoate isomer (Z)-342 (8%) resulted together with only minor quantities of 
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enones (E)- and (Z)-343. The structures of enol benzoate (Z)-342, and enones (E)- and (Z)-343 were 

determined on the basis of a combination of HRMS and NMR analysis together with the related 

NOESY experiments, using a similar method to that employed for the structural assignment of enol 

acetate (Z)-339, and enones (E)- and (Z)-332. 

 

Reagents and conditions: a) NaH, THF, 0°C → r.t., 15 h, (Z)-342, 8%; (E)-343 (2.3%) and (Z)-343 (1.5%) 

were obtained as an inseparable mixture together with (Z)-342 in 3:2:5 ratio ((E)-343 : (Z)-343 : (Z)-342). 

Scheme 3.21. Attempted HWE reaction using benzoyl-substituted ketone 340. 
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C. Subsequent Cyclisation to the 2-γ-Butyrolactone Chromanone Core 328 

It transpired that the HWE reaction of phosphonate 301 with the previous γ-butyrolactone ketone 331, 

albeit proceeding in 35% yield (88% brsm), proved to be the most reliable option to effect formation of 

the desired enone (E)-332 (Scheme 3.22). The unreacted phosphonate 301 and lactone 331 could be 

easily re-isolated and used to provide a practically scalable synthesis of the enone substrate (E)-332. It 

appeared that if the subsequent oxa-Michael cyclisation and ester formation could be achieved 

efficiently, this synthetic route could be robust enough to enable the final transformations required to 

complete the synthesis of gonytolide C (30a), as the γ-butyrolactone was already installed in 

ketone 331.  

 

Reagents and conditions: a) NaH, THF, 0 °C, 5 h, then r.t., 17 h, 35% (88% brsm). 

Scheme 3.22. Synthesis of enone (E)-332 and proposed transformations towards gonytolide C (30a). 

Therefore, with the required carbon framework for gonytolide C (30a) successfully installed in enone 

substrate (E)-332, the synthesis was continued to construct the key 2-γ-butyrolactone-substituted 

chromanone core 328 using the previously established oxa-Michael cyclisation conditions 

(Scheme 3.23).  
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Reagents and conditions: a) PPTS, tBuOH, 60 °C, 19 h, 70%; b) NaOAc, EtOH, reflux, 50 min, 90%, 

d.r. = 3:2. 

Scheme 3.23. Construction of the 2-γ-butyrolactone-substituted chromanone core 328. 

Accordingly, EOM deprotection of enone (E)-332 using pyridinium para-toluenesulfonate in 

tert-butanol afforded hydroxyenone (E)-338, which was then subjected to the base-catalysed 

oxa-Michael cyclisation to generate the required chromanone core 328. Gratifyingly, cyclisation of 

hydroxyenone (E)-338 proceeded smoothly to furnish chromanone 328 in an excellent 90% yield. It 

was expected that the pre-existing chiral centre in the γ-butyrolactone would direct the cyclisation in a 

diastereoselective fashion, however only a moderate diastereoselectivity was observed for the 

chromanone product 328, which was afforded as a 3:2 mixture of inseparable diastereoisomers as 

indicated by 1H NMR. 

The structure of the required chromanone skeleton 328 was confirmed by NMR analysis. The two 

methylene protons (H-3) of product 328 are diastereotopic and coupled to each other thus exhibiting a 

characteristic AB quartet in the 1H NMR spectrum. This AB quartet (H-3) was centred at δ 2.80 ppm 

with a geminal coupling constant JAB of 17.3 Hz (for minor diastereoisomer; δ 2.99 ppm, JAB = 

17.4 Hz), and also exhibited clear HSQC correlations to a single carbon signal (C-3) at δ 37.8 ppm 

(δ 38.7 ppm for minor diastereoisomer).  

The absence of the olefinic resonance from the starting enone together with the observation of a 

distinct AB quartet representing the methylene protons (H-3) in the 1H NMR spectrum, confirmed the 

successful formation of the six-membered chromanone core 328. The configuration of the newly 

formed chiral centre at the C-2 position could not be determined for both major and minor 

diastereoisomers of chromanone 328 on the basis of NMR studies. Before attempting to separate and 

further assign the absolute stereochemistry of these diastereoisomers, we were determined to forge 

ahead and investigate functionalisation of the remaining acetate side chain of chromanone 328, in order 

to complete the total synthesis of gonytolide C (30a). 
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3.3.5 Summary 

In summary, our revised strategy to construct gonytolide C (30a) was focused on the intramolecular 

oxa-Michael addition of a hydroxyenone substrate (e.g. 317/323/338) to access the required C-2 

substituted chromanone core (Scheme 3.24). The HWE olefination of phosphonate 301, which was 

readily prepared in three steps from commercially available orcinol (165), was examined with different 

ketone coupling partners in order to install a suitable hydroxyenone substrate for the required 

oxa-Michael cyclisation. 

Furan ketone 293, which serves as an effective precursor to the γ-lactone present in gonytolide C (30a), 

was first explored in the HWE reaction with phosphonate 301, providing the desired enone 

structure 317 in excellent yield. However, the presence of the terminal methyl ester in enone 317 

rendered the C-3 position more accessible as a Michael acceptor site, leading to the exclusive 

formation of the five-membered benzofuranone (±)-318.  

To cirvumvent the methyl ester-activated formation of undesired benzofuranone (±)-318, the simplified 

diacetate ketone 320 was then employed in the HWE reaction with phosphonate 301 to afford 

enone 323, which then efficiently cyclised to the desired chromanone core 324 in nearly quantitative 

yield. Subsequent functionalisation of one of the acetate side chains of chromanone 324 to the required 

γ-butyrolactone unit present in the natural product was then attempted. Homoallylic alcohol (±)-326 

was successfully synthesised, however, the low yield of this allylation step made it challenging to 

generate sufficient quantities of material to allow sequential installation of the γ-lactone and the methyl 

ester group required in gonytolide C (30a). 
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Reagents and conditions: a) NaH, EOMCl, DMF, r.t., 30 h, 93%; b) nBuLi, THF, 0 °C → r.t., 3 h, then 

(MeO)2CO, 0 °C → r.t., 20 h, 91%; c) MePO(OMe)2, LHMDS, THF, 0 °C, 15 h, 90%; d) NaH, THF, r.t., 

10 h, 89%; e) conc. HCl, iPrOH, 50 °C, 90 min; f) NaOAc, EtOH, reflux, 7 h, 60% yield over two steps, d.r. 

= 3:2; g) NaH, THF, 0 °C, 5 h, then r.t., 11 h, 82%; h) PPTS, EtOH, reflux, 2 h, 78%; i) NaOAc, EtOH, 

reflux, 15 min, 99%; j) piperidine, DMA, 50 °C, 30 h, 60%; k) IBX, EtOAc, reflux, 3 h, quant.; l) BF3·OEt2, 

allylSnBu3, CH2Cl2, −78 °C, 4 h, 37%, d.r. = 3:2; m) mCPBA, BF3·OEt2, CH2Cl2, −20 °C, 40 min, 99%; 

n) Pd/C (10 wt%), H2 (balloon), EtOAc, r.t., 2 h, 99%; o) 1 M aq. HCl, THF, reflux, 17 h, 92%; p) 2,4,6-

collidine, AcCl, CH2Cl2, −78 °C, 5 h, 91%; q) IBX, EtOAc, reflux, 43 h, 95%; r) NaH, THF, 0 °C, 5 h, then 

r.t., 17 h, 35% (88% brsm); s) PPTS, tBuOH, 60 °C, 19 h, 70%; t) NaOAc, EtOH, reflux, 50 min, 90%, d.r. 

= 3:2. 

Scheme 3.24. Development of a suitable hydroxyenone substrate to construct the 

2-γ-butyrolactone-substituted chromanone core 328. 
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In order to increase the convergency of the synthesis while avoiding the undesired cyclisation due to 

the presence of a methyl ester group, the revised ketone coupling partner 331, with the chiral γ-lactone 

pre-installed on one side of the ketone carbonyl, was synthesised in five steps from chiral pool starting 

material 334. Although the HWE reaction of phosphonate 301 and the revised ketone 331 only 

proceeded in 35% yield (88% brsm), the unreacted starting materials were easily isolated and 

re-employed to provide a reliable and scalable synthesis of the desired enone (E)-338 after the EOM 

cleavage. Cyclisation of hydroxyenone (E)-338 was successfully achieved, affording the desired 

2-γ-butyrolactone-substituted chromanone 328 as an inseparable 3:2 diastereomeric mixture in an 

excellent 90% yield.  

This last route was therefore considered sufficiently robust to support ongoing studies to evaluate the 

overall synthetic strategy, due to the reduced number of transformations required after the cyclisation 

and the ready availability of ketone 331, already possessing the γ-butyrolactone unit. Subsequent 

functionalisation of the remaining acetate side chain of chromanone core 328 was to be explored to 

enable the completion of the total synthesis of gonytolide C (30a). 
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3.4 Final Elabloration to Gonytolide C (30a) 

With access to the desired chromanone scaffold secured, the final steps required for the synthesis of 

gonytolide C (30a) involved conversion of the remaining acetate group of chromanone 328 to a methyl 

ester (Scheme 3.25). 

 

Reagents and conditions: a) 2 M aq. HCl, THF, reflux, 3 h, 91%, d.r. = 3:2. 

Scheme 3.25. Acidic deacetylation of chromanone 328. 

To avoid possible ring opening of the lactone subunit under basic conditions, acidic deactylation of 

chromanone 328 was initially attempted with aqueous hydrochloric acid (1 M to conc.) in methanol. 

These conditions, however, always effected lactone ring opening before complete hydrolysis of 

acetate 328 took place, resulting in formation of the desired alcohol 344 in only low yields (< 20%). 

Pleasingly, replacement of methanol with tetrahydrofuran as a non-nucleophilic solvent using aqueous 

hydrochloric acid (2 M), effected complete conversion to alcohol 344 in 91% yield as an inseparable 

3:2 mixture of diastereoisomers. The structure of alcohol 344 was determined by a combination of 

NMR and HRMS analysis. 

Attention finally turned to the oxidative formation of methyl ester 30 from alcohol 344 (Scheme 3.26). 

Alcohol 344 was first oxidised with 2-iodoxybenzoic acid to afford aldehyde 345, which was isolated 

as a crude 3:2 diastereomeric mixture with acceptable purity. A characteristic aldehyde signal 

resonating at δ 9.74 ppm (δ 9.72 ppm for minor diastereoisomer) in the 1H NMR spectrum confirmed 

the presence of the newly formed carbonyl group. The crude aldehyde 345 was then treated with iodine 

and potassium hydroxide in methanol to directly transform the aldehyde to the corresponding methyl 

ester.172 
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Reagents and conditions: a) IBX, EtOAc, reflux, 5 h, 345 (d.r. = 3:2) was used directly for the next step 

without any further purification.; b) I2, KOH, MeOH, 0 °C → r.t., 3.5 h. 

Scheme 3.26. Attempted oxidative formation of ester 30 from alcohol 344. 

Previous successful examples173,174 suggested that aldehydes with complex functional groups in the 

molecule could be readily converted to the corresponding carboxylic esters in excellent yields utilising 

hypoiodous acid (HOI) as an in situ generated oxidant. It was therefore expected that use of these direct 

oxidation-esterification conditions (I2/KOH, MeOH), although basic, might achieve complete 

conversion of aldehyde 345 to the ester before any undesired lactone ring opening took place. 

Unfortunately, treatment of aldehyde 345 with iodine in alkaline solution resulted in formation of 

complex mixtures with disappearance of the characteristic methylene signals of the chromanone core 

as well as the corresponding lactone resonances observed by 1H NMR analysis, suggesting a complete 

loss of the chromanone framework.  

Pinnick oxidation of aldehyde 345 using sodium chlorite was then attempted to prepare carboxylic acid 

346 which could then be esterified (Scheme 3.27). However, treatment of aldehyde 345 with sodium 

chlorite in the presence of 2-methyl-2-butene and sodium dihydrogen phosphate buffer also led to 

base-induced decomposition, indicating that use of stronger acidic conditions were required to effect 

the oxidation step. Accordingly, 2-methyl-2-butene, which was employed as a scavenger of 

hypochlorous acid (HOCl) by-product formed during the oxidation process, was substituted by the 

moderately strong sulfamic acid (HSO3NH2)175 to effect the desired oxidation. Pleasingly, TLC 

analysis of the reaction indicated there was much cleaner conversion with complete consumption of 

aldehyde 345. The resulting crude acid 346 was then treated with trimethylsilyl diazomethane to effect 
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clean methylation to form the required methyl esters 30a and 30b. Gonytolide C (30a) and 

2-epi-gonytolide C (30b) were readily separated by column chromatography and were isolated in a 

combined yield of 45% over three steps.  

 

Reagents and conditions: a) IBX, EtOAc, reflux, 5 h; b) NaClO2, HSO3NH2, H2O-THF-DMSO (10:5:1), 

0 °C → r.t., 20 h; c) TMSCHN2, PhMe-MeOH (3:2), r.t., 30 min, 27% 30a and 18% 30b over 3 steps. 

Scheme 3.27. Synthesis of gonytolide C (30a) and C-2 epimer 30b. 

The 1H and 13C NMR spectra, IR and HRMS data for the synthetically prepared gonytolide C (30a) 

were identical with those reported for the natural product (Table 3.7).29 Gratifyingly, the specific 

rotation of synthetic 30a ([α]D  +28.4; (c 0.40, CHCl3)) was in good agreement with that reported for 

the natural product ([α]D  +25.1; (c 0.184, CHCl3)),29 which also compared well with the literature 

value for the opposite enantiomer ([α]D  −28.5; (c 0.10, CHCl3)).90 No loss of chirality of the γ-

butyrolactone occurred in our synthetic route, unlike the epimerisation by butenolide enolisation 

observed by Porco et al.85 during their synthesis of the racemic 2-γ-butyrolactone-substituted 

chromanone core (±)-347 (Scheme 3.28). The spectroscopic data (NMR, HRMS, IR) and specific 

rotation of 2-epi-gonytolide C (30b) were also in full agreement with those reported previously.90,91 



Total Synthesis of Gonytolide C 
 

 

155 

 

 

1H NMR 
Assignment 

Natural Gonytolide C 

δ (ppm) 

[integral, mult, J (Hz)] 

600 MHz 

Synthetic Gonytolide C 

δ (ppm) 

[integral, mult, J (Hz)] 

400 MHz 

Δδ 
(ppm) 

OH-5 11.38 (1H, s) 11.38 (1H, s) 0 

H-8 6.40 (1H, s) 6.40 (1H, d, J = 1.0) 0 

H-6 6.38 (1H, s) 6.38 (1H, d, J = 1.0) 0 

H-2′ 4.85 (1H, dd, J = 8.0, 5.9) 4.86 (1H, dd, J = 7.9, 5.9) 0.01 

CO2CH3 3.72 (3H, s) 3.74 (3H, s) 0.02 

H-3 3.12 (1H, d, J = 16.7) 3.11 (1H, d, J = 17.0) −0.01 

H-3 2.95 (1H, d, J = 16.7) 2.95 (1H, d, J = 16.9) 0 

H-4′ 2.71 (1H, ddd, J = 18.0, 9.8, 7.2) 2.70 (1H, ddd, J = 17.7, 9.8, 7.2) −0.01 

H-4′ 2.58 (1H, ddd, J = 18.0, 10.2, 6.7) 2.59 (1H, ddd, J = 17.7, 10.1, 6.6) 0.01 

H-3′ 2.50-2.35 (2H, m) 2.50-2.37 (2H, m) - 

C-7CH3 2.30 (3H, s) 2.31 (3H, s) 0.01 

Table 3.7. 1H NMR (CDCl3) spectroscopic data of natural gonytolide C (30a)29 compared to synthetic 

gonytolide C (30a) prepared herein. 

 

Reagents and conditions: a) 2,6-lutidine, iPr2Si(OTf)2, 132, CH2Cl2, r.t., 0 min, d.r. ((±)-348a : (±)-348b) = 

3:2; 10 min, d.r. = 5:4; 20 min, d.r. = 1:2; ≥30 min, d.r. = 1:2; b) 3HF·Et3N, CH2Cl2; c) NiCl2·6H2O, 

NaBH4, THF-MeOH (3:1), 0 °C, 30 min, 74% over three steps, d.r. varies according to a). 

Scheme 3.28. Epimerisation of butenolide chromanone (±)-347a to (±)-347b reported by Porco et al.85 



Chapter 3 
 

 

156 

 

3.5 Summary of the Total Synthesis of Gonytolide C (30a) 

In summary, a convergent and scalable synthesis of gonytolide C (30a) and its C-2 epimer 30b was 

achieved in a longest linear sequence of 12 steps (Scheme 3.29).  

The assembly of the key chromanone core of the natural product relied on an HWE olefination 

followed by an efficient oxa-Michael cyclisation. Robust and highly efficient preparations of the 

phosphonate 301 and ketone coupling partner 331 for the HWE reaction were established in three and 

five steps, starting from the commercially available materials orcinol (165) and the chiral glucal 334, 

respectively. The HWE reaction between phosphonate 301 and ketone 331 provided the required 

carbon framework for the natural product in enone (E)-338, which then underwent an effective 

intramolecular oxa-Michael addition to afford the key chromanone core 328 after EOM cleavage. 

Finally, acidic deacetylation followed by oxidative methyl ester formation afforded gonytolide C (30a) 

and the C-2 epimer 30b, completing the total synthesis of the natural product. 

The current work has provided a thorough examination into various ketone coupling partners towards 

the synthesis of an appropriate HWE enone product for the required oxa-Michael addition. 

Pre-installation of the chiral γ-butyrolactone subunit in ketone 331 used for the HWE olefination 

enabled full convergency in this synthetic route. Use of the opposite chiral starting glucal ent-334 

should conveniently lead to the synthesis of enantiomeric structures of gonytolide C (30a) and the C-2 

epimer 30b, providing the platform for a comprehensive evaluation of the synthesis of the 

enantioenriched dimeric chromanone family of natural products, thus enabling their complete 

biological testing and structure-activity relationship studies.  
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Reagents and conditions: a) NaH, EOMCl, DMF, r.t., 30 h, 93%; b) nBuLi, THF, 0 °C → r.t., 3 h, then 

(MeO)2CO, 0 °C → r.t., 20 h, 91%; c) MePO(OMe)2, LHMDS, THF, 0 °C, 15 h, 90%; d) mCPBA, 

BF3·OEt2, CH2Cl2, −20 °C, 40 min, 99%; e) Pd/C (10 wt%), H2 (balloon), EtOAc, r.t., 2 h, 99%; f) 1 M aq. 

HCl, THF, reflux, 17 h, 92%; g) 2,4,6-collidine, AcCl, CH2Cl2, −78 °C, 5 h, 91%; h) IBX, EtOAc, reflux, 

43 h, 95%; i) NaH, THF, 0 °C, 5 h, then r.t., 17 h, 35% (88% brsm); j) PPTS, tBuOH, 60 °C, 19 h, 70%; k) 

NaOAc, EtOH, reflux, 50 min, 90%, d.r. = 3:2; l) 2 M aq. HCl, THF, reflux, 3 h, 91%, d.r. = 3:2; m) IBX, 

EtOAc, reflux, 5 h; n) NaClO2, HSO3NH2, H2O-THF-DMSO (10:5:1), 0 °C → r.t., 20 h; o) TMSCHN2, 

PhMe-MeOH (3:2), r.t., 30 min, 27% 30a and 18% 30b over 3 steps. 

Scheme 3.29. Overall synthesis of gonytolide C (30a) and 2-epi-gonytolide C (30b). 
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3.6 Conclusions and Future Work 

This synthetic study provided a solid foundation for future investigations into use of an asymmetric 

oxa-Michael cyclisation as a general strategy to access the chiral 2,2-disubstituted chromanone family 

of natural products and related structures. Synthesis of other members of natural 

2-γ-butyrolactone-substituted chromanones and the related tetrahydroxanthone family can be 

investigated by applying the methods developed herein. 

3.6.1 Development of an Asymmetric Version of the Current Oxa-Michael 

Cyclisation  

During the late-stages of our synthetic investigations, Sudhakar et al.91 reported a diastereoselective 

synthesis of gonytolide C (30a) by cyclisation of a mixture of aldol intermediates 178a and 178b in the 

presence of pyridine at high temperatures (Scheme 3.30). The authors proposed that mechanistically 

the aldol substrates 178a and 178b, with a dehydrating agent (thionyl chloride and pyridine), might 

generate intermediate enone 349 which would initiate an oxa-Michael addition to afford gonytolide 

C (30a) as the major product. wherein the high diastereoselectivity was governed by the asymmetric 

centre present in γ-butyrolactone (route A). In the same report, application of an analogous procedure 

by Sudhakar et al. to effect the cyclisation of other aldol intermediates 183a and 183b in order to 

synthesise related chromanone structures was initially unsuccessful. These different aldol intermediates 

183a and 183b required harsher conditions to effect cyclisation with neat trifluoroacetic acid at 80 °C 

affording a 1:1 mixture of chromanone products 184a and 184b with a complete lack of 

diastereocontrol.  

As a comparison, the conditions employed by Sudhakar et al. for the synthesise of gonytolide C (30a) 

were applied to effect our oxa-Michael cyclisation of enone (E)-338, in which the chiral 

γ-butyrolactone unit was also installed (Scheme 3.30). Only low conversion from enone (E)-338 to the 

chromanone product 328a and 328b resulted, with no change in the observed diastereoselectivity 

(d.r. = 3:2) to that obtained using our previously established oxa-Michael conditions. 
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Reagents and conditions: a) SOCl2, pyridine, PhMe, 110 °C, 3 h, 51% from 178a and 178b, 30a/30b = 

18:1; 35% from (E)-338, 328a/328b = 3:2; b) TFA (neat), 80 °C, 72%, 184a/184b = 1:1; c) NaOAc, EtOH, 

reflux, 50 min, 90%, 328a/328b = 3:2. 

Scheme 3.30. Comparison of the cyclisation of aldol intermediates 178a/183a and 178b/183b reported by 

Sudhakar et al.91 and our oxa-Michael cyclisation of enone (E)-338 reported herein. 

These results suggested that the diastereocontrol encountered in Sudhakar’s synthesis of gonytolide 

C (30a) might not be the result of a diastereoselective cyclisation of the enone intermediate 349 in the 

presence of the pre-installed chiral γ-butyrolactone, but rather a substrate-dependent epimerisation of 

kinetic epimer 30b to the thermodynamic natural product 30a at high temperatures, presumably 

proceeding via enone 349 formed by retro-oxa-Michael addition followed by oxa-Michael addition 

(route B, Scheme 3.30).  
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In order to achieve efficient access to different chiral 2,2-disubstituted chromanones, development of a 

stereocontrolled cyclisation procedure is therefore required. The feasibility of this task has been 

established by recent developments77,78 whereby asymmetric intramolecular oxa-Michael addition of 

hydroxychalcones 113 utilising organocatalysts has enabled the successful preparation of 

enantioenriched flavanones (R)- or (S)-56 (Scheme 3.31, for more details see Section 1.2.4).  

 

Reagents and conditions: a) 110 (5-10 mol%), NaH (5-10 mol%), cymene-CHCl3 (3:1), r.t., 1-18 h, 19-85% 

(R)-56, 70-85% e.e.; b) 112 (10 mol%), pClPhCOOH (10 mol%), PhMe, r.t., 72 h, 55-82% (S)-56, 83-99% 

e.e. 

Scheme 3.31. Proposed synthesis of chiral 2,2-disubstituted chromanones 351 using an organocatalysed 

asymmetric oxa-Michael addition. 
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Our HWE product (E)-338 would therefore serve as a valuable substrate to readily access the 

corresponding 2-γ-butyrolactone-substituted chromanone core 328a or 328b thus achieving the 

synthesis of gonytolide C (30a) or epimer 30b in a diastereoselective manner. The synthesis of chiral 

chromanone natural products has mostly been limited to flavanones or simple C-2 monosubstituted 

aliphatic targets. If successful, this strategy could be further developed into a general, efficient method 

for the stereoselective synthesis of chromanones 351 with a C-2 quaternary centre, including the 

2-γ-butyrolactone-substituted chromanone natural products and related structures thereof. 

3.6.2 Extension of Current Strategy to the Synthesis of Other Members of the 

2-γ-Butyrolactone Chromanone Family and Related Natural Products 

Another key advantage of this synthetic work is that introduction of an additional stereocentre at the 

C-3 position of the γ-butyrolactone unit, which is commonly observed in many other naturally 

occurring 2-γ-butyrolactone chromanones (for more examples see Section 1.1.3), could be 

conveniently achieved during the synthesis of ketone partner 352 (Scheme 3.32).  

It is envisaged that a stereocontrolled conjugate addition of a methyl anion to α,β-unsaturated lactone 

335 might be achieved via a twisted chair confirmation, whereby nucleophilic attack would be 

favoured from the lower Re-face of the unsaturated lactone 335 in order to avoid undesired 1,3-diaxial 

interactions,176,177 resulting in lactone 353 as the major adduct. Subsequent transformation of 

lactone 353 should readily afford ketone 352 employing previously established methods.  

The HWE reaction of ketone 352 with phosphonate 354 would then furnish enone (E)-355, which 

could subsequently be cyclised to the chromanone core 356 via oxa-Michael addition. Deacetylation of 

chromanone 356 should readily provide chromanone 357 as the monomeric unit of 

phomompsis-H76A (33),31 a natural chromanone dimer which has been proposed as a potential lead for 

novel neovascularisation agents in tissue implantation therapy. Further isomerisation of the 

chromanone core 356 under basic conditions followed by acetylation would furnish the related 

structure 358, which is the monomeric unit of phomoxanthone A (359), a dimeric tetrahydroxanthone 

natural compound with potent anticancer activity.178  
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Reagents and conditions: a) mCPBA, BF3·OEt2, CH2Cl2, −20 °C, 40 min, 99%. 

Scheme 3.32. Proposed synthesis of monomers 357 and 358 of bioactive natural dimers 

phomopsis-H76A (33) and phomoxanthone A (359), respectively. 

A practical and stereoselective synthesis of the monomeric structures of these bioactive natural dimers 

(e.g. 33 and 359) has not been established to date. As such, this strategy will serve as a sound platform 

to efficiently prepare these highly valuble chiral 2-γ-butyrolactone chromanone monomers for the 

synthesis of more complicated dimeric chromanones and the related tetrahydroxanthone natural 

products.
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4.1 General Details 

Unless otherwise stated, all reactions were performed under an oxygen-free atmosphere of nitrogen or 

argon in oven dried glassware. Anhydrous solvents were either freshly distilled over drying agents or 

dried using a solvent purifier. Tetrahydrofuran (THF), diethyl ether (Et2O) and dioxane were freshly 

distilled over sodium/benzophenone ketyl. Dichloromethane (CH2Cl2), acetonitrile (MeCN), methanol 

(MeOH) and ethanol (EtOH) were freshly distilled from calcium hydride. Toluene was freshly distilled 

over sodium. Diisopropylethylamine and triethylamine were distilled from calcium hydride and stored 

over potassium hydroxide pellets under N2. Dimethylformamide (DMF) and dimethylsulfoxide 

(DMSO) were freshly distilled from molecular sieves (Linde type 4 Å). Commercially available 

starting materials and all other reagents were used as received unless otherwise noted. 

Yields refer to chromatographically and spectroscopically (1H NMR) homogeneous materials, unless 

otherwise stated. Reactions performed at low temperature were cooled either with an acetone/dry ice 

bath to reach −78 °C, a brine/ice bath to reach −10°C or an water/ice bath to reach 0 °C. Reactions 

were monitored by thin-layer chromatography (TLC) carried out on E. Merck silica gel plates using 

UV light as visualizing agent, and an ethanolic solution of vanillin or potassium permanganate solution 

and heat as developing agents. Kieselgel S 63-100 μm (Riedel-de-Hahn) silica gel was used for flash 

chromatography. Preparatory TLC was carried out on 500 μm, 20 × 20 cm UniplateTM (Analtech) 

silica gel thin layer chromatography plates.  

NMR spectra were recorded at room temperature in CDCl3, CD3OD, DMSO-d6, or CD3CN solutions 

on either Bruker DRX400 spectrometers operating at 400 MHz for 1H nuclei and 100 MHz for 

13C nuclei or using a Bruker DRX-500 spectrometer operating at 500 MHz for 1H nuclei and 125 MHz 

for 13C nuclei. Chemical shifts were reported in parts per million (ppm) and were measured relative to 

the solvent in which the sample was analysed (CDCl3: δH 7.26 ppm or δH 0.00 ppm (TMS), 

δC 77.2 ppm; CD3OD: δH 3.31 ppm, δC 49.0 ppm; DMSO-d6: δH 2.50 ppm, δC 39.5 ppm; CD3CN: 

δH 1.94 ppm, δC 118.3 ppm). 1H NMR data were reported as position (δ), relative integral, multiplicity 

(s = singlet, br s = broad singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublets of 

doublets, dt = doublet of triplets, t = triplet, td = triplet of doublets, q = quartet, ABq = AB quartet, p = 

pentet, m = multiplet), coupling constant (J, Hz), and structural assignment. 13C NMR data were 
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reported as position (δ), type and assignment of carbon resonance. Structural assignments were 

achieved with the aid of DEPT 135, COSY, HSQC, HMBC and NOESY experiments where required. 

Where distinguishable from those due to a major isomer or diastereomer, resonances due to the minor 

isomer or diastereomer are denoted by an asterisk (*).  

Melting points were determined on a Kofler hot-stage apparatus and are uncorrected. Optical rotations 

were measured with an Autopol® IV automatic polarimeter, using the sodium-D line (589 nm), with 

the concentration measured in grams per 100 mL. Infrared (IR) spectra were recorded on a Perkin 

Elmer Spectrum 100 FT-IR spectrometer using a diamond ATR sampling accessory. High-resolution 

mass spectra (HRMS) were obtained using a VG70SE spectrometer or on a micrOTOF-Q II mass 

spectrometer.  
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4.2 The Intermolecular Conjugate Addition Approach 

4.2.1 Synthesis of Chromone Conjugate Acceptors 

4H-Chromen-4-one, 4 

 

To a stirred solution of 2ʹ-hydroxyacetophenone (223) (0.50 mL, 4.16 mmol) in ethyl formate (60 mL) 

at 0 °C was added sodium hydride (1.00 g, 25.0 mmol, 60% dispersion in mineral oil) in 3 portions 

over 2 h. The mixture was stirred for a further 2 h then MeOH (2.0 mL) was added followed by 

conc. HCl (6.5 mL). The resultant mixture was then warmed to r.t. and stirred for a further 12 h. The 

reaction was quenched with water (40 mL) and extracted with CH2Cl2 (3 × 20 mL). The combined 

organic extracts were washed with brine (60 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 7:3) 

to afford title compound 4 (580 mg, 96%) as an orange solid. 

Rf 0.46 (hexanes-EtOAc 1:1); 

mp 52.2–54.2 °C (lit.106 mp 52–57 °C); 

1H NMR (400 MHz, CDCl3): δ 8.21(1H, dd, J = 8.0, 1.7 Hz, H-5), 7.85 (1H, d, J = 6.0 Hz, H-2), 7.67 

(1H, ddd, J = 8.5, 7.1, 1.6 Hz, H-7), 7.45 (1H, d, J = 8.4 Hz, H-8), 7.41 (1H, ddd, J = 8.1, 7.1, 1.0 Hz, 

H-6), 6.34 (1H, d, J = 6.0 Hz, H-3); 

13C NMR (100 MHz, CDCl3): δ 177.8 (C, C-4), 156.7 (C, C-8a), 155.4 (CH, C-2), 133.9 (CH, C-7), 

126.0 (CH, C-5), 125.4 (CH, C-6), 125.1 (C, C-4a), 118.3 (CH, C-8), 113.2 (CH, C-3); 

The spectroscopic data were in agreement with those reported in the literature.106 
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2'-Hydroxy-6'-methoxyacetophenone, 228 

 

A mixture of 2',6'-hydroxyacetophenone (227) (3.00 g, 19.7 mmol), K2CO3 (2.72 g, 19.7 mmol) and 

MeI (1.3 mL, 19.7 mmol) in acetone (50 mL) was heated under reflux with stirring for 24 h. The 

mixture was cooled to r.t. and filtered. The filtrate was concentrated in vacuo and the crude residue was 

purified by flash chromatography (hexanes-EtOAc 4:1) to afford title compound 228 (2.73 g, 84%) as a 

bright yellow solid. 

Rf 0.74 (hexanes-EtOAc 3:2); 

mp 52.6–54.7 °C (lit.179 mp 57–57.5 °C); 

1H NMR (400 MHz, CDCl3): δ 13.26 (1H, s, OH-2ʹ), 7.34 (1H, t, J = 8.4 Hz, H-4ʹ), 6.56 (1H, dd, J = 

8.5, 0.8 Hz, H-5ʹ or H-3ʹ), 6.39 (1H, dd, J = 8.4, 0.8 Hz, H-3ʹ or H-5ʹ), 3.89 (3H, s, OCH3), 2.67 (3H, s, 

COCH3); 

13C NMR (100 MHz, CDCl3): δ 205.3 (C, COCH3), 164.8 (C, C-2ʹ), 161.6 (C, C-6ʹ), 136.2 (CH, C-4ʹ), 

111.4 (C, C-1ʹ), 110.8 (CH, C-3ʹ or H-5ʹ), 101.2 (CH, C-5ʹ or H-3ʹ), 55.7 (CH3, OCH3), 33.8 (CH3, 

COCH3); 

The spectroscopic data were in agreement with those reported in the literature.179 
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5-Methoxy-4H-chromen-4-one, 216 

 

To a stirred solution of disubstituted acetophenone 228 (500 mg, 3.01 mmol) in ethyl formate (15 mL) 

at 0 °C was added sodium hydride (720 mg, 18.1 mmol, 60% dispersion in mineral oil) in 3 portions 

over 2 h. The mixture was stirred for a further 2 h then MeOH (1.0 mL) was added followed by 

conc. HCl (4.5 mL). The resultant mixture was then warmed to r.t. and stirred for a further 16 h. The 

reaction was quenched with water (40 mL) and extracted with CH2Cl2 (3 × 20 mL). The combined 

organic extracts were washed with brine (60 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 3:2) 

to afford title compound 216 (430 mg, 81%) as white crystals. 

Rf 0.40 (hexanes-EtOAc 1:9); 

mp 80.5–83.8 °C (lit.87 mp 83–84 °C); 

1H NMR (400 MHz, CDCl3): δ 7.67 (1H, d, J = 5.9 Hz, H-2), 7.53 (1H, t, J = 8.4 Hz, H-7), 7.00 (1H, 

dd, J = 8.5, 0.9 Hz, H-8 or H-6), 6.80 (1H, d, J = 8.5 Hz, H-6 or H-8), 6.23 (1H, d, J = 6.0 Hz, H-3), 

3.97 (3H, s, OCH3); 

13C NMR (100 MHz, CDCl3): δ 177.5 (C, C-4), 160.0 (C, C-5 or 8a), 158.6 (C, C-8a or 5), 153.2 (CH, 

C-2), 133.8 (CH, C-7), 115.8 (C, C-4a), 114.8 (CH, C-3), 110.3 (CH, C-8 or C-6), 106.5 (CH, C-6 or 

C-8), 56.6 (CH3, OCH3); 

The spectroscopic data were in agreement with those reported in the literature.87 
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5-Hydroxy-4H-chromen-4-one, 215 

 

Sodium hydride (3.95 g, 98.6 mmol, 60% dispersion in mineral oil) was rinsed three times with 

hexanes and suspended in THF (30 mL). To the stirred suspension at 0 °C was then added a solution of 

substituted acetophenone 227 (3.00 g, 19.7 mmol) in ethyl formate (8.0 mL, 98.6 mmol) dropwise. The 

resultant mixture was warmed to r.t. and stirred for 20 h. The reaction was then quenched with 

1 M aq. HCl (70 mL) and extracted with EtOAc (3 × 40 mL). The combined organic extracts were 

washed with brine (60 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo to give 

crude dicarbonyl 229, which was used directly in the next step without further purification. 

To a stirred solution of crude diketone 229 prepared above in MeOH (20 mL) at r.t. was added 

conc. HCl (5 mL). The mixture was heated under reflux for 3 h then cooled to r.t. MeOH was removed 

in vacuo and water (60 mL) was added. The resultant mixture was then extracted with EtOAc (3 × 

40 mL) and the combined organic extracts were washed with brine (60 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 17:3) to afford title compound 215 (2.91 g, 91% over two steps) as a pale yellow solid. 

Rf 0.60 (hexanes-EtOAc 7:3); 

mp 123.8–125.5 °C (lit.107 mp 121–125 °C); 

1H NMR (400 MHz, CDCl3): δ 12.39 (1H, s, OH-5), 7.83 (1H, d, J = 5.9 Hz, H-2), 7.52 (1H, t, J = 

8.3 Hz, H-7), 6.89 (1H, dd, J = 8.5, 0.9 Hz, H-8), 6.79 (1H, dd, J = 8.4, 0.9 Hz, H-6), 6.28 (1H, d, J = 

6.0 Hz, H-3); 

13C NMR (100 MHz, CDCl3): δ 183.1 (C, C-4), 161.0 (C, C-5), 156.9 (C, C-8a), 156.4 (CH, C-2), 

135.6 (CH, C-7), 112.0 (C, C-4a), 111.7 (CH, C-3), 111.6 (CH, C-6), 107.3 (CH, C-8); 

The spectroscopic data were in agreement with those reported in the literature.107 
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Methyl 4-oxo-4H-chromene-2-carboxylate, 217 

 

Sodium hydride (3.32 g, 98.6 mmol, 60% dispersion in mineral oil) was rinsed three times with 

hexanes and suspended in THF (30 mL). To the stirred suspension at 0 °C was then added a solution of 

2ʹ-hydroxyacetophenone (223) (2.0 mL, 16.6 mmol) and dimethyl oxalate (9.81 g, 83.1 mmol) in THF 

(20 mL) dropwise. The resultant mixture was heated under reflux for 20 h then cooled to r.t. The 

reaction was quenched with 1 M aq. HCl (70 mL) and extracted with EtOAc (3 × 40 mL). The 

combined organic extracts were washed with brine (60 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to give crude diketone 230, which was used directly in the next step without 

further purification. 

To a stirred solution of crude diketone 230 prepared above in MeOH (50 mL) at r.t. was added 

conc. HCl (20 mL). The mixture was heated under reflux for 4 h then cooled to r.t. MeOH was 

removed in vacuo and water (60 mL) was added. The resultant mixture was then extracted with EtOAc 

(3 × 40 mL) and the combined organic extracts were washed with brine (60 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 4:1) to afford title compound 217 (2.37 g, 70% over two steps) as a white solid. 

Rf 0.37 (hexanes-EtOAc 7:3); 

mp 112.2–113.8 °C (lit.108 mp 113.0–114.0 °C); 

1H NMR (400 MHz, CDCl3): δ 8.19 (1H, dd, J = 8.0, 1.6 Hz, H-5), 7.73 (1H, ddd, J = 8.6, 7.0, 1.7 Hz, 

H-7), 7.59 (1H, dd, J = 8.6, 0.8 Hz, H-8), 7.44 (1H, ddd, J = 8.0, 7.1, 0.9 Hz, H-6), 7.10 (1H, s, H-3), 

4.01 (3H, s, COOCH3); 
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13C NMR (100 MHz, CDCl3): δ 178.4 (C, C-4), 161.2 (C, COOCH3), 156.1 (C, C-8a), 152.1 (C, C-2), 

134.9 (CH, C-7), 126.1 (CH, C-6), 125.9 (CH, C-5), 124.6 (C, C-4a), 118.9 (CH, C-8), 115.1 (CH, C-

3), 53.7 (CH3, COOCH3); 

The spectroscopic data were in agreement with those reported in the literature.108 

1,3-Diacetyl-5-methylbenzene, 232 

 

To a stirred solution of orcinol (165) (3.00 g, 24.2 mmol) in pyridine (25 mL) at r.t. was added acetic 

anhydride (9.2 mL, 96.7 mmol). The mixture was stirred for 20 h then concentrated in vacuo. The 

crude oil was then dissolved in EtOAc (70 mL) and washed sequentially with 1 M aq. HCl (3 × 30 mL), 

water (30 mL), and sat. aq. NaHCO3 (30 mL). The organic layer was dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo to afford title compound 232 (5.03 g, quant.) as a white solid. 

Rf 0.66 (hexanes-EtOAc 3:2); 

mp 26.1–27.2 °C (lit.180 mp 25–30 °C); 

1H NMR (400 MHz, CDCl3): δ 6.80–6.79 (2H, m, H-4 and H-6), 6.71 (1H, t, J = 2.2 Hz, H-2), 2.35 

(3H, s, C-5CH3), 2.27 (6H, s, 2 × COCH3); 

13C NMR (100 MHz, CDCl3): δ 169.2 (2 × C, COCH3), 151.0 (2 × C, C-1 and C-3), 140.5 (C, C-5), 

119.8 (2 × CH, C-4 and C-6), 112.6 (CH, C-2), 21.5 (CH3, C-5CH3), 21.2 (2 × CH3, COCH3); 

The spectroscopic data were in agreement with those reported in the literature.180 
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2ʹ,6ʹ-Dihydroxy-4ʹ-methylacetophenone, 182 

 

A neat mixture of diacetate 232 (4.60 g, 22.1 mmol) and AlCl3 (11.8 g, 88.4 mmol) was heated to 

150 °C with stirring for 5 h then cooled to r.t. The reaction was quenched with iced water (100 mL) 

and 4 M aq. HCl (50 mL). The mixture was then stirred for 1 h and extracted with EtOAc (3 × 70 mL). 

The combined organic extracts were washed with brine (100 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo to give crude substituted acetophenone 231, which was used directly 

in the next step without further purification. 

Crude substituted acetophenone 231 prepared above was dissolved in 85% aq. H2SO4 (40 mL) and the 

solution was stirred at r.t. for 3 h. The reaction was quenched with iced water (250 mL) and stirred for 

a further 30 min. The mixture was then extracted with EtOAc (3 × 100 mL) and the combined organic 

extracts were washed with brine (150 mL), dried over anhydrous MgSO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 4:1) to give title 

compound 182 (3.35 g, 91% over two steps) as a bright yellow solid. 

Rf 0.43 (hexanes-EtOAc 7:3); 

mp 147.7–149.1 °C (lit.181 mp 145–148 °C); 

1H NMR (400 MHz, DMSO-d6): δ 11.88 (2H, s, OH-2ʹ and OH-6ʹ), 6.20 (2H, s, H-3ʹ and H-5ʹ), 2.61 

(3H, s, COCH3), 2.17 (3H, s, C-4ʹCH3); 

13C NMR (100 MHz, DMSO-d6): δ 204.4 (C, COCH3), 161.9 (2 × C, C-2ʹ and C-6ʹ), 147.4 (C, C-4ʹ), 

108.1 (C, C-1ʹ), 107.8 (2 × CH, C-3ʹ and C-5ʹ), 33.0 (CH3, COCH3), 21.5 (CH3, C-4ʹCH3); 

The spectroscopic data were in agreement with those reported in the literature.181 
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Methyl 5-hydroxy-7-methyl-4-oxo-4H-chromene-2-carboxylate, 137 

 

Sodium hydride (602 mg, 15.1 mmol, 60% dispersion in mineral oil) was rinsed three times with 

hexanes and suspended in THF (5 mL). To the stirred suspension at 0 °C was then added a solution of 

trisubstituted acetophenone 182 (500 mg, 3.01 mmol) and dimethyl oxalate (1.77 g, 15.1 mmol) in 

THF (3 mL) dropwise. The resultant mixture was heated under reflux for 20 h then cooled to r.t. The 

reaction was quenched with 4 M aq. HCl (20 mL) and extracted with EtOAc (3 × 15 mL). The 

combined organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to give crude diketone 233, which was used directly in the next step without 

further purification. 

To a stirred solution of crude diketone 233 prepared above in MeOH (5 mL) at r.t. was added 

conc. HCl (3 mL). The mixture was heated under reflux for 3 h then cooled to r.t. The reaction was 

quenched with water (30 mL) and extracted with EtOAc (3 × 15 mL). The combined organic extracts 

were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 

The crude residue was purified by flash chromatography (hexanes-EtOAc 9:1) to afford title compound 

137 (445 mg, 63% over two steps) as a yellow solid. 

Rf 0.56 (hexanes-EtOAc 7:3); 

mp 165.3–167.1 °C (lit.85 mp 167–168 °C); 

1H NMR (400 MHz, CDCl3): δ 11.99 (1H, s, OH-5), 6.98 (1H, s, H-3), 6.83 (1H, s, H-8), 6.65 (1H, s, 

H-6), 4.00 (3H, s, COOCH3), 2.40 (3H, s, C-7CH3); 

13C NMR (100 MHz, CDCl3): δ 183.2 (C, C-4), 160.6 (C, COOCH3), 160.4 (C, C-5), 156.1 (C, C-8a), 

152.6 (C, C-2), 148.9 (C, C-7), 113.7 (CH, C-3), 113.0 (CH, C-6), 109.9 (C, C-4a), 108.2 (CH, C-8), 

53.7 (CH3, COOCH3), 22.6 (CH3, C-7CH3); 

The spectroscopic data were in agreement with those reported in the literature.85 
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4.2.2 Synthesis of Furan-based Nucleophiles 

Furan-2(5H)-one, 234 

 

To a stirred mixture of furfural (197) (42 mL, 0.507 mol), Na2SO4 (50.0 g, 0.352 mol) and K2CO3 

(17.5 g, 0.126 mol) in CH2Cl2 (250 mL) was added formic acid (38 mL, 1.01 mol) slowly. 

30% aq. H2O2 (65 mL, 0.637 mol) was then added in one portion and the mixture was stirred for 5 min. 

A vigorous reaction then started and the temperature rose to reflux. A further portion of 30% aq. H2O2 

(100 mL, 0.979 mol) was then added dropwise over 4 h and the resultant mixture was stirred at r.t. for a 

further 50 h. The mixture was then extracted with CH2Cl2 (3 × 100 mL) and the combined organic 

extracts were washed with sat. aq. Na2S2O3 (2 × 100 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. Distillation under reduced pressure (30 mbar at 80–90 °C) afforded title 

compound 234 (10.4 g, 25%) as a pale yellow liquid. 

Rf 0.20 (hexanes-EtOAc 3:2); 

1H NMR (400 MHz, CDCl3): δ 7.57 (1H, dt, J = 5.8, 1.7 Hz, H-4), 6.10 (1H, dt, J = 5.8, 2.2 Hz, H-3), 

4.86 (2H, t, J = 1.8 Hz, H-5); 

13C NMR (100 MHz, CDCl3): δ 173.8 (C, C-2), 153.1 (CH, C-4), 121.4 (CH, C-3), 72.2 (CH2, C-5); 

The spectroscopic data were in agreement with those reported in the literature.182 
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2-Trimethylsilyloxyfuran, 132 

 

To a stirred solution of furanone (234) (1.90 g, 22.6 mmol) in CH2Cl2 (40 mL) at 0 °C was added 

triethylamine (6.3 mL, 45.2 mmol) in one portion followed by TMSOTf (3.4 mL, 18.8 mmol) dropwise. 

The mixture was warmed to r.t. and stirred for a further 4 h then concentrated in vacuo. Pentane 

(40 mL) was then added to the crude residue and the resultant suspension was filtered. The filtrate was 

concentrated in vacuo and further distilled under reduced pressure (66 mbar at 65 °C) to afford title 

compound 132 (1.54 g, 52%) as a colourless liquid. 

1H NMR (400 MHz, CDCl3): δ 6.82 (1H, dd, J = 2.0, 1.0 Hz, H-5), 6.21 (1H, dd, J = 3.1, 2.0 Hz, H-4), 

5.10 (1H, dd, J = 3.0, 1.0 Hz, H-3), 0.30 (9H, s, OTMS); 

13C NMR (100 MHz, CDCl3): δ 156.8 (C, C-2), 132.5 (CH, C-5), 111.1 (CH, C-4), 83.4 (CH, C-3), 

−0.1 (3 × CH3, OTMS); 

The spectroscopic data were in agreement with those reported in the literature.111 
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Furan-2-ylboronic acid, 253 

 

To a stirred solution of furan (268) (2.5 mL, 34.5 mmol) in THF (15 mL) at −5 °C was added nBuLi 

(35 mL, 37.8 mmol, 1.08 M in hexanes) dropwise. The mixture was stirred for 3 h, warmed to r.t., and 

stirred for a further 30 min. The mixture was then cooled to −78 °C and added dropwise via cannula to 

a stirred solution of B(OiPr)3 (8.9 mL, 37.8 mmol) in diethyl ether (165 mL) at −78 °C. The resultant 

mixture was stirred for 2 h and warmed to 0 °C. The reaction was then quenched with water (50 mL) 

and warmed to r.t. The mixture was adjusted to pH 2 with 1 M aq. HCl and extracted with diethyl ether 

(4 × 50 mL). The combined organic extracts were washed with 1 M aq. NaOH (3 × 100 mL). The 

combined basic aqueous washings were then acidified with 1 M aq. HCl to pH 2 and extracted with 

diethyl ether (3 × 100 mL). The combined organic extracts were washed with brine (150 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was recrystallised from 

CH2Cl2-MeOH to afford title compound 253 (2.07 g, 54%) as white crystals. 

Rf 0.46 (hexanes-EtOAc 1:1); 

mp 120.4–122.8 °C (lit.183 mp 121–122 °C); 

1H NMR (400 MHz, DMSO-d6): δ 8.14 (2H, br s, B(OH)2), 7.80–7.79 (1H, m, H-5), 7.05 (1H, d, J = 

3.3 Hz, H-3), 6.46 (1H, dd, J = 3.4, 1.6 Hz, H-4); 

13C NMR (100 MHz, DMSO-d6): δ 146.4 (CH, C-5), 121.5 (CH, C-3), 110.2 (CH, C-4), C-2 was not 

detected;  

The spectroscopic data were in agreement with those reported in the literature.121 
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1-(Furan-2-yl)-2,8-dioxa-5-aza-1-bora-bicyclo[3:3:0]octane, 255 

 

To a stirred suspension of boronic acid 253 (530 mg, 4.74 mmol) in CH2Cl2 (20 mL) at r.t. was added 

diethanolamine (0.45 mL, 4.74 mmol) in one portion. The mixture was stirred for 3 h and the resultant 

suspension was filtered. The solid residue was then suspended in EtOAc (20 mL) and stirred at r.t. for 

15 min. The suspension was filtered and the solid residue was washed with EtOAc and dried in vacuo 

to afford title compound 255 (645 mg, 75%) as an off white solid. 

Rf 0.39 (hexanes-EtOAc 1:1); 

mp 193.9–194.8 °C (lit.122 mp 192–193 °C); 

1H NMR (400 MHz, CD3CN): δ 7.49 (1H, dd, J = 1.4, 0.9 Hz, H-5ʹ), 6.33 (1H, d, J = 3.0 Hz, H-3ʹ), 

6.28 (1H, dd, J = 3.0, 1.5 Hz, H-4ʹ), 5.36 (1H, br s, NH), 3.93–3.87 (2H, m, H-3a and H-7a), 3.83–3.78 

(2H, m, H-3b and H-7b), 3.23–3.15 (2H, m, H-4a and H-6a), 2.83–2.77 (2H, m, H-4b and H-6b); 

13C NMR (100 MHz, CD3CN): δ 144.2 (CH, C-5ʹ), 114.5 (CH, C-3ʹ), 110.0 (CH, C-4ʹ), 63.7 (2 × CH2, 

C-3 and C-7), 51.7 (2 × CH2, C-4 and C-6), C-2ʹ was not detected;  

The spectroscopic data were in agreement with those reported in the literature.122 
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Potassium furan-2-yltrifluoroborate, 256 

 

To a stirred suspension of boronic acid 253 (1.90 g, 17.0 mmol) in MeOH (5 mL) at 0 °C was added 

KHF2 (3.98 g, 50.9 mmol) in one portion. Water (11.4 mL) was then added dropwise and the resultant 

mixture was warmed to r.t. and stirred for a further 2 h. The mixture was concentrated in vacuo and the 

solid residue was extracted with acetone (120 mL) under Soxhlet for 5 h. The acetone extract was then 

concentrated in vacuo and the resulting residue was redissolved in a minimal amount of acetone 

(ca. 1 mL) to which diethyl ether (150 mL) was added. The resultant precipitate was then filtered and 

dried in vacuo to afford title compound 256 (2.93 g, 99%) as a white solid.  

mp 235 °C dec (lit.127 mp >200 °C); 

1H NMR (400 MHz, DMSO-d6): δ 7.39 (1H, d, J = 1.2 Hz, H-5), 6.16–6.15 (1H, m, H-4), 6.02 (1H, d, 

J = 3.0 Hz, H-3); 

13C NMR (100 MHz, DMSO-d6): δ 140.9 (CH, C-5), 110.1 (CH, C-3), 108.4 (CH, C-4), C-2 was not 

detected;  

The spectroscopic data were in agreement with those reported in the literature.127 
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Lithium furan-2-yltriolborate, 257 

 

To a stirred solution of furan (268) (2.0 mL, 27.5 mmol) in THF (30 mL) at −5 °C was added nBuLi 

(14.5 mL, 27.5 mmol, 1.90 M in hexanes) dropwise. The mixture was stirred for 3 h then cooled to 

−78 °C. B(OiPr)3 (7.0 mL, 30.2 mmol) was added dropwise and the resultant mixture was stirred for 

1 h then warmed to r.t. A solution of 1,1,1-tris(hydroxymethyl)ethane (3.30 g, 27.5 mmol) in THF 

(50 mL) was then added and the mixture was stirred for a further 20 h. The mixture was concentrated 

in vacuo to afford title compound 257 (5.36 g, quant.) as a pale orange solid, which was used in the 

next step without further purification. 

Rf 0.41 (hexanes-EtOAc 1:1); 

mp 254 °C dec; 

IR νmax (neat): 3336, 3227, 2858, 1224, 1192, 1181, 1054, 931, 871, 854 cm-1; 

1H NMR (400 MHz, DMSO-d6 + 1 drop D2O): δ 7.29 (1H, br s, H-5), 6.08 (1H, dd, J = 2.9, 1.6 Hz, 

H-4), 6.01 (1H, d, J = 2.9 Hz, H-3), 3.52 (6H, s, 3 × OCH2), 0.47 (3H, s, CCH3); 

13C NMR (100 MHz, DMSO-d6 + 1 drop D2O): δ 141.3 (CH, C-5), 111.0 (CH, C-3), 109.1 (CH, C-4), 

73.2 (3 × CH2, OCH2), 34.6 (C, CCH3), 16.2 (CH3, CCH3), C-2 was not detected;  

HRMS (ESI−): [M−Li]− calcd for C9H12
11BO4, 195.0834; found, 195.0830. 
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Methyl 4-bromobenzoate, 282 

 

To a stirred solution of 4-bromobenzoic acid (289) (7.00 g, 34.8 mmol) in MeOH (40 mL) at r.t. was 

added 98% aq. H2SO4 (0.60 mL) and the resultant mixture was heated under reflux for 25 h. The 

mixture was then cooled to r.t. and concentrated in vacuo. The crude solid was redissolved in EtOAc 

(100 mL) and washed with sat. aq. NaHCO3 (3 × 50 mL). The organic layer was dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was recrystallised from MeOH to afford 

title compound 282 (6.82 g, 91%) as white crystals. 

Rf 0.67 (hexanes-EtOAc 4:1); 

mp 75.4–76.6 °C (lit.184 mp 74–76 °C); 

1H NMR (400 MHz, CDCl3): δ 7.89 (2H, dt, J = 8.9, 2.1 Hz, H-3 and H-5), 7.57 (2H, dt, J = 8.9, 2.0 

Hz, H-2 and H-6), 3.91 (3H, s, COOCH3); 

13C NMR (100 MHz, CDCl3): δ 166.5 (C, COOCH3), 131.8 (2 × CH, C-2 and C-6), 131.2 (2 × CH, 

C-3 and C-5), 129.2 (C, C-1), 128.2 (C, C-4), 52.4 (CH3, COOCH3); 

The spectroscopic data were in agreement with those reported in the literature.185 
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Lithium (5-methoxyfuran-2-yl)triolborate, 279 

 

To a stirred solution of 2-methoxyfuran (280) (1.0 mL, 10.9 mmol) in THF (35 mL) at −78 °C was 

added nBuLi (4.4 mL, 10.9 mmol, 2.50 M in hexanes) dropwise. The mixture was warmed to −40 °C 

and stirred for 2 h, then cooled to −78 °C again. B(OiPr)3 (2.9 mL, 12.3 mmol) was added dropwise 

and the resultant mixture was stirred for 2 h. The mixture was then warmed to r.t. and stirred for a 

further 3 h. A solution of 1,1,1-tris(hydroxymethyl)ethane (1.31 g, 10.9 mmol) in THF (16 mL) was 

then added and the mixture was stirred for 17 h. The mixture was concentrated in vacuo to afford crude 

triolborate 279 as an orange solid, which was used in the next step without further purification. 

Methyl 4-(5-methoxyfuran-2-yl)benzoate, 283 

 

A flask was charged with Pd(OAc)2 (4 mg, 18.6 μmol), SPhos (15 mg, 37.2 μmol), bromobenzoate 282 

(200 mg, 0.930 mmol), crude triolborate 279 (432 mg, ca. 1.86 mmol) and Na2CO3 (197 mg, 

1.86 mmol) and purged with N2 three times. Degassed EtOH (5 mL) was then added and the mixture 

was heated to 85 °C with stirring for 17 h. The mixture was cooled to r.t. and filtered through a thin 

pad of silica. The silica was further washed with EtOAc and the filtrate was concentrated in vacuo. The 

crude residue was purified by flash chromatography (hexanes-EtOAc 9:1) to afford title compound 283 

(117 mg, 54%) as a white solid. 
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Rf 0.47 (hexanes-EtOAc 4:1); 

mp 97.1–98.8 °C; 

IR νmax (neat): 2941, 1708, 1571, 1556, 1275, 1175, 1105, 1036, 1020, 742 cm-1; 

1H NMR (400 MHz, CDCl3): δ 7.99 (2H, dt, J = 8.5, 1.9 Hz, H-2 and H-6), 7.57 (2H, dt, J = 8.6, 

1.8 Hz, H-3 and H-5), 6.68 (1H, d, J = 3.5 Hz, H-3ʹ), 5.29 (1H, d, J = 3.4 Hz, H-4ʹ), 3.91 (3H, s, 

C-5ʹOCH3), 3.90 (3H, s, COOCH3); 

13C NMR (100 MHz, CDCl3): δ 167.0 (C, COOCH3), 162.4 (C, C-5ʹ), 143.2 (C, C-2ʹ), 134.9 (C, C-4), 

130.2 (2 × CH, C-2 and C-6), 127.5 (C, C-1), 122.1 (2 × CH, C-3 and C-5), 109.3 (CH, C-3ʹ), 82.6 (CH, 

C-4ʹ), 57.9 (CH3, C-5ʹOCH3), 52.1 (CH3, COOCH3); 

HRMS (ESI+): [M+Na]+ calcd for C13H12NaO4, 255.0628; found, 255.0627. 
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4.2.3 Conjugate Additions to Chromones 

2-(5-Oxo-2,5-dihydrofuran-2-yl)chroman-4-one, 235 

 

To a stirred solution of diPhBOX ligand 143 (52 mg, 0.113 mmol) in CH2Cl2 (1.5 mL) at r.t. was added 

Cu(OTf)2 (37 mg, 0.103 mmol) and the resultant deep blue solution was stirred for 10 min. A solution 

of chromone 4 (50 mg, 0.342 mmol) in CH2Cl2 (0.5 mL) was then added dropwise and the resultant 

mixture was stirred for 20 min after which a colour change from deep blue to bright green was 

observed. 2-trimethylsiloxyfuran (132) (0.29 mL, 1.71 mmol) was added dropwise and the resultant 

mixture was stirred at r.t. for a further 20 h. The reaction was quenched with water (10 mL) and 

extracted with CH2Cl2 (3 × 5 mL). The combined organic extracts were washed with brine (7 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (hexanes-EtOAc 7:3) to afford title compound 235 (2 mg, 3%, 3:2 mixture of 

diastereoisomers, racemic) as a peach coloured solid; HPLC column, Chiralpak® IC; mobile phase, 

hexanes-isopropanol (50:50 v/v); flow rate, 0.5 mL/min; wavelength, 254 nm. 

Rf 0.34 (hexanes-EtOAc 1:1); 

mp 118.2 °C dec (lit.87 mp 118.0 °C dec); 

1H NMR (400 MHz, CDCl3): δ 7.86–7.83 (1H, m, H-7), 7.71 (0.4H, d, J = 5.8 Hz, H-3ʹ*), 7.61 (0.6H, 

d, J = 5.8 Hz, H-3ʹ), 7.53–7.47 (1H, m, H-5), 7.08–6.93 (2H, m, H-8 and H-6), 6.32–6.29 (1H, m, H-4′), 

5.31 (1H, br s, H-2′), 4.79 (0.6H, dt, J = 3.4, 13.4 Hz, H-2), 4.61 (0.4H, dt, J = 4.7, 12.4 Hz, H-2*), 

3.02–2.72 (2H, m, H-3); 

13C NMR (100 MHz, CDCl3): δ 190.2 (C, C-4), 189.9 (C, C-4*), 171.83 (C, C-5′), 171.77 (C, C-5′*), 

160.2 (C, C-8a), 160.1 (C, C-8a*), 152.1 (CH, C-3′*), 152.0 (CH, C-3′), 136.3 (CH, C-5*), 136.2 (CH, 
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C-5), 126.83 (CH, C-7*), 126.77 (CH, C-7), 123.3 (CH, C-4′), 123.1 (CH, C-4′*), 122.0 (CH, C-8*), 

121.9 (CH, C-8), 120.7 (C, C-4a*), 120.6 (C, C-4a), 117.68 (CH, C-6), 117.66 (CH, C-6*), 82.7 (CH, 

C-2′*), 82.6 (CH, C-2′), 76.7 (CH, C-2*), 75.4 (CH, C-2), 38.6 (CH2, C-3), 38.4 (CH2, C-3*); 

* denotes minor diastereoisomer; 

The spectroscopic data were in agreement with those reported in the literature.87 

2-Phenylchroman-4-one, 8 

 

Using (±)-BINAP (246) 

A mixture of (±)-BINAP (246) (23 mg, 37.4 μmol) and [Rh(C2H4)2Cl]2 (14 mg, 34.2 μmol) in degassed 

CH2Cl2 (3 mL) was stirred at r.t. for 30 min. CH2Cl2 was removed under N2 and the residue was 

redissolved in degassed dioxane (1 mL). To the prepared solution was then added sequentially 

PhB(OH)2 (124 mg, 1.02 mmol), chromenone 4 (50 mg, 0.342 mmol) and degassed 0.35 M aq. K2CO3 

(0.10 mL, 0.350 mmol). The mixture was heated to 100 °C with stirring for 20 h. The mixture was then 

cooled to r.t. and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 19:1) to afford title compound (±)-8 (34 mg, 45%) as a white solid. 

Using sulfoxide 80 

A mixture of sulfoxide 80 (11 mg, 37.6 μmol) and [Rh(C2H4)2Cl]2 (14 mg, 34.2 μmol) in degassed 

CH2Cl2 (1 mL) was stirred at r.t. for 30 min. To the prepared solution was then added sequentially 

PhB(OH)2 (124 mg, 1.02 mmol), chromenone 4 (50 mg, 0.342 mmol) and degassed 0.35 M aq. K2CO3 

(0.10 mL, 0.350 mmol). The mixture was heated to 40 °C with stirring for 20 h then concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 19:1) to afford title 
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compound (R)-8 (26 mg, 34%) as a white solid; [𝛂]D
22.5 +65.7 (c 2.15, EtOH). (lit.60 [α]D

20 +67 (c 0.10, 

EtOH)); 

Rf 0.57 (hexanes-EtOAc 4:1); 

mp 78.3–79.2 °C (lit.186 mp 77.8–79 °C); 

1H NMR (400 MHz, CDCl3): δ 7.94 (1H, dd, J = 8.0, 1.9 Hz, Ar-H), 7.54–7.37 (6H, m, Ar-H),  

7.08–7.04 (2H, m, Ar-H), 5.49 (1H dd, J = 13.4, 2.9 Hz, H-2), 2.99 (2H, ABX, ∆δAB = 0.18, JAB = 

16.9 Hz, JAX = 13.4 Hz, JBX = 3.0 Hz, H-3); 

13C NMR (100 MHz, CDCl3): δ 192.1 (C, C-4), 161.7 (C, C-8a), 138.9 (C, Ar-C), 136.3 (CH, Ar-CH), 

129.0 (2 × CH, Ar-CH), 128.9 (CH, Ar-CH), 127.2 (CH, Ar-CH), 126.3 (2 × CH, Ar-CH), 121.8 (CH, 

Ar-CH), 121.1 (C, C-4a), 118.3 (CH, Ar-CH), 79.8 (CH, C-2), 44.8 (CH2, C-3); 

The specific rotation and spectroscopic data were in agreement with those reported in the literature.60 
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4.3 The Intramolecular Oxa-Michael Addition Approach 

4.3.1 Model Study 

(E)-3-(Furan-2-yl)-1-(2-hydroxyphenyl)prop-2-en-1-one, 294 

 

To a stirred mixture of 2ʹ-hydroxyacetophenone (223) (250 mg, 1.84 mmol) and furfural (197) 

(0.15 mL, 1.84 mmol) in EtOH (2 mL) at r.t. was added 2 M aq. NaOH (1.5 mL, 3.00 mmol). The 

mixture was stirred for 2 h and the reaction was quenched with water (10 mL) and 1 M aq. HCl (5 mL). 

The mixture was then extracted with EtOAc (3 × 10 mL) and the combined organic extracts were 

washed with brine (15 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 

crude residue was purified by flash chromatography (hexanes-EtOAc 19:1) to afford title compound 

294 (360 mg, 91%) as a bright yellow solid.  

Rf 0.69 (hexanes-EtOAc 7:3); 

mp 106.1–107.3 °C (lit.136 mp 103–105 °C); 

1H NMR (400 MHz, CDCl3): δ 12.88 (1H, s, OH-2ʹ), 7.92 (1H, dd, J = 8.0, 1.5 Hz, H-6ʹ), 7.68 (1H, d, 

J = 15.2 Hz, H-3), 7.558 (1H, d, J = 1.6 Hz, H-5ʹʹ), 7.555 (1H, d, J = 15.2 Hz, H-2), 7.49 (1H, ddd, J = 

8.6, 7.0, 1.6 Hz, H-4ʹ), 7.02 (1H, dd, J = 8.3, 0.9 Hz, H-3ʹ), 6.93 (1H, ddd, J = 8.2, 7.1, 1.0 Hz, H-5ʹ), 

6.77 (1H, d, J = 3.4 Hz, H-3ʹʹ), 6.54 (1H, dd, J = 3.4, 1.7 Hz, H-4ʹʹ); 

13C NMR (100 MHz, CDCl3): δ 193.5 (C, C-1), 163.7 (C, C-2ʹ), 151.7 (C, C-2ʹʹ), 145.5 (CH, C-5ʹʹ), 

136.4 (CH, C-4ʹ), 131.3 (CH, C-3), 129.8 (CH, C-6ʹ), 120.2 (C, C-1ʹ), 119.0 (CH, C-5ʹ), 118.7 (CH, 

C-3ʹ), 117.8 (CH, C-2), 117.2 (CH, C-3ʹʹ), 113.0 (CH, C-4ʹʹ);  

The spectroscopic data were in agreement with those reported in the literature.136 
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2ʹ-Ethoxymethoxy-6ʹ-hydroxy-4ʹ-methylacetophenone, 297 

 

To a stirred mixture of trisubstituted acetophenone 182 (300 mg, 1.81 mmol) and DMAP (22 mg, 

0.180 mmol) in CH2Cl2 (5 mL) at 0 °C was added diisopropylethylamine (0.95 mL, 5.42 mmol) 

followed by EOMCl (0.35 mL, 3.62 mmol). The resultant mixture was then warmed to r.t. and stirred 

for 20 h. The reaction was quenched with water (20 mL) and extracted with CH2Cl2 (3 × 10 mL). The 

combined organic extracts were washed with brine (15 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 19:1) 

to give title compound 297 (371 mg, 92%) as a pale yellow solid.  

Rf 0.70 (hexanes-EtOAc 7:3); 

mp 38.9–40.7 °C; 

IR νmax (neat): 2974, 2930, 1622, 1592, 1368, 1220, 1159, 1084, 966, 938, 815 cm-1; 

1H NMR (400 MHz, CDCl3): δ 13.20 (1H, s, OH-6ʹ), 6.42 (2H, s, H-3ʹ and H-5ʹ), 5.31 (2H, s, OCH2O), 

3.76 (2H, q, J = 7.1 Hz, OCH2CH3), 2.67 (3H, s, COCH3), 2.29 (3H, s, C-4ʹCH3), 1.26 (3H, t, J = 

7.2 Hz, OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 204.4 (C, COCH3), 164.6 (C, C-6ʹ), 159.1 (C, C-2ʹ), 147.9 (C, C-4ʹ), 

111.9 (CH, C-5ʹ), 109.7 (C, C-1ʹ), 105.3 (CH, C-3ʹ), 93.2 (CH2, OCH2O), 65.2 (CH2, OCH2CH3), 33.5 

(CH3, COCH3), 22.4 (CH3, C-4ʹCH3), 15.2 (CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C12H16NaO4, 247.0941; found, 247.0944 
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(E)-1-(2-(Ethoxymethoxy)-6-hydroxy-4-methylphenyl)-3-(furan-2-yl)prop-2-en-1-one, 298 

 

To a stirred solution of trisubstituted acetophenone 297 (217 mg, 0.967 mmol) in EtOH (4 mL) at r.t. 

was added 2 M aq. NaOH (1.1 mL, 2.20 mmol) and the mixture was stirred for 20 min. Furfural (197) 

(0.12 mL, 1.46 mmol) was then added dropwise and the mixture was stirred for a further 5 h. The 

reaction was quenched with water (30 mL) and 1 M aq. HCl (5 mL). The mixture was extracted with 

EtOAc (3 × 15 mL) and the combined organic extracts were washed with brine (20 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (hexanes-EtOAc 19:1) to afford title compound 298 (244 mg, 83%) as a bright orange 

solid.  

Rf 0.54 (hexanes-EtOAc 4:1); 

mp 91.7–92.8 °C; 

IR νmax (neat): 3140, 2977, 1628, 1575, 1547, 1324, 1211, 1083, 930 cm-1; 

1H NMR (400 MHz, CDCl3): δ 13.24 (1H, s, OH-6ʹ), 7.81 (1H, d, J = 15.3 Hz, H-2), 7.58 (1H, d, J = 

15.5 Hz, H-3), 7.50 (1H, d, J = 1.5 Hz, H-5ʹʹ), 6.69 (1H, d, J = 3.5 Hz, H-3ʹʹ), 6.51 (1H, dd, J = 3.4, 

1.7 Hz, H-4ʹʹ), 6.46 (1H, s, H-5ʹ), 6.41 (1H, s, H-3ʹ), 5.34 (2H, s, OCH2O), 3.82 (2H, q, J = 7.1 Hz, 

OCH2CH3), 2.31 (3H, s, C-4ʹCH3), 1.27 (3H, t, J = 7.1 Hz, OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 193.5 (C, C-1), 164.9 (C, C-6ʹ), 158.5 (C, C-2ʹ), 152.3 (C, C-2ʹʹ), 

147.8 (C, C-4ʹ), 144.9 (CH, C-5ʹʹ), 129.3 (CH, C-3), 125.2 (CH, C-2), 115.9 (CH, C-3ʹʹ), 112.8 (CH, 

C-4ʹʹ), 112.1 (CH, C-5ʹ), 110.4 (C, C-1ʹ), 105.8 (CH, C-3ʹ), 93.7 (CH2, OCH2O), 65.3 (CH2, OCH2CH3), 

22.5 (CH3, C-4ʹCH3), 15.2 (CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C17H18NaO5, 325.1046; found, 325.1034. 
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(E)-1-(2,6-Dihydroxy-4-methylphenyl)-3-(furan-2-yl)prop-2-en-1-one, 295 

 

To a stirred solution of enone 298 (50 mg, 0.165 mmol) in iPrOH at r.t. was added conc. HCl (10 μL, 

80 μmol). The mixture was heated to 50 °C for 3 h then cooled to r.t. The reaction was then quenched 

with water (10 mL) and extracted with EtOAc (3 × 5 mL). The combined organic extracts were washed 

with brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (hexanes-EtOAc 17:3) to afford title compound 295 

(39 mg, 97%) as a bright orange solid.  

Rf 0.47 (hexanes-EtOAc 7:3); 

mp 146.4–148.2 °C; 

IR νmax (neat): 3240, 3123, 2923, 1628, 1580, 1513, 1325, 1219, 968 cm-1; 

1H NMR (400 MHz, CDCl3): δ 9.50 (2H, br s, OH-2ʹ and OH-6ʹ), 7.90 (1H, d, J = 15.1 Hz, H-2), 7.63 

(1H, d, J = 15.2 Hz, H-3), 7.51 (1H, d, J = 1.6 Hz, H-5ʹʹ), 6.71 (1H, d, J = 3.4 Hz, H-3ʹʹ), 6.50 (1H, dd, 

J = 3.4, 1.8 Hz, H-4ʹʹ), 6.25 (2H, s, H-3ʹ and H-5ʹ), 2.25 (3H, s, C-4ʹCH3); 

13C NMR (100 MHz, CDCl3): δ 193.2 (C, C-1), 161.2 (2 × C, C-2ʹ and C-6ʹ), 152.2 (C, C-2ʹʹ), 147.8 

(C, C-4ʹ), 145.1 (CH, C-5ʹʹ), 130.0 (CH, C-3), 124.6 (CH, C-2), 116.3 (CH, C-3ʹʹ), 112.8 (CH, C-4ʹʹ), 

109.5 (2 × CH, C-3ʹ and C-5ʹ), 108.7 (C, C-1ʹ), 22.0 (CH3, C-4ʹCH3); 

HRMS (ESI+): [M+Na]+ calcd for C14H12NaO4, 267.0628; found, 267.0623. 
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2-(Furan-2-yl)chroman-4-one, (±)-285 

 

A mixture of enone 294 (20 mg, 93.4 μmol) and NaOAc (46 mg, 0.561 mmol) in EtOH (1 mL) was 

heated under reflux with stirring for 77 h. The reaction was cooled to r.t. and quenched with sat. aq. 

NH4Cl (10 mL). The mixture was then extracted with EtOAc (3 × 5 mL) and the combined organic 

extracts were washed with brine (5 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 19:1) to afford title 

compound (±)-285 (4 mg, 20%) as a white solid. 

Rf 0.43 (hexanes-EtOAc 9:1); 

mp 73.8–75.1 °C (lit.140 mp 74–75 °C); 

1H NMR (400 MHz, CDCl3): δ 7.92 (1H, dd, J = 7.8, 1.8 Hz, H-5), 7.52-7.47 (2H, m, H-7 and H-5ʹ), 

7.07-7.01 (2H, m, H-6 and H-8), 6.46 (1H, d, J = 3.4 Hz, H-3ʹ), 6.40 (1H, dd, J = 3.4, 1.9 Hz, H-4ʹ), 

5.55 (1H, dd, J = 11.6, 3.5 Hz, H-2), 3.13 (2H, ABX, ∆δAB = 0.28, JAB = 17.0 Hz, JAX = 11.5 Hz, JBX = 

3.5 Hz, H-3); 

13C NMR (100 MHz, CDCl3): δ 191.4 (C, C-4), 160.9 (C, C-8a), 151.0 (C, C-2ʹ), 143.6 (CH, C-5ʹ), 

136.4 (CH, C-7), 127.1 (CH, C-5), 121.9 (CH, C-6), 121.1 (C, C-4a), 118.3 (CH, C-8), 110.7 (CH, 

C-4ʹ), 109.5 (CH, C-3ʹ), 72.4 (CH, C-2), 41.0 (CH2, C-3); 

The spectroscopic data were in agreement with those reported in the literature.140 
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2-(Furan-2-yl)-5-hydroxy-7-methylchroman-4-one, 299 

 

Using NaOAc 

A mixture of enone 295 (20 mg, 81.9 μmol) and NaOAc (40 mg, 0.487 mmol) in EtOH (1 mL) was 

heated under reflux with stirring for 30 h. The reaction was cooled to r.t. and quenched with sat. aq. 

NH4Cl (10 mL). The mixture was then extracted with EtOAc (3 × 5 mL) and the combined organic 

extracts were washed with brine (5 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 9:1) to afford title 

compound (±)-299 (19 mg, 95%) as a white solid. 

Using cinchonidine (300) 

A mixture of enone 295 (15 mg, 61.4 μmol) and cinchonidine (300) (18 mg, 61.4 mmol) in CH2Cl2 

(0.5 mL) was stirred at r.t. for 50 h. The reaction was quenched with sat. aq. NH4Cl (10 mL) and 

extracted with CH2Cl2 (3 × 3 mL). The combined organic extracts were washed with brine (5 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (hexanes-EtOAc 9:1) to afford title compound 299 (9 mg, 57%, 10% e.e.) as a 

white solid; [𝛂]D
22.5  +14.6 (c 0.04, CHCl3); HPLC column, Chiralpak® ADH; mobile phase, 

hexanes-isopropanol (99:1 v/v); flow rate, 0.75 mL/min; wavelength, 254 nm. 

Rf 0.70 (hexanes-EtOAc 7:3); 

mp 106.7–107.9 °C; 

IR νmax (neat): 2924, 1759, 1643, 1569, 1367, 1200, 1086, 834 cm-1; 
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1H NMR (400 MHz, CDCl3): δ 11.62 (1H, s, OH-5), 7.47 (1H, dd, J = 2.0, 0.9 Hz, H-5ʹ), 6.44 (1H, dd, 

J = 3.5, 1.0 Hz, H-3′), 6.40 (1H, dd, J = 3.4, 1.9 Hz, H-4ʹ), 6.36 (1H, d, J = 1.2 Hz, H-6), 6.31 (1H, d, J 

= 1.2 Hz, H-8), 5.48 (1H, dd, J = 11.3, 3.6 Hz, H-2), 3.11 (2H, ABX, ∆δAB = 0.34, JAB = 17.3 Hz, JAX = 

11.3 Hz, JBX = 3.7 Hz, H-3), 2.28 (3H, s, C-7CH3); 

13C NMR (100 MHz, CDCl3): δ 196.7 (C, C-4), 162.1 (C, C-5), 160.5 (C, C-8a), 150.81 (C, C-7), 

150.76 (C, C-2ʹ), 143.6 (CH, C-5ʹ), 110.7 (CH, C-4ʹ or C-6), 110.5 (CH, C-6 or C-4ʹ), 109.5 (CH, C-3ʹ), 

108.5 (CH, C-8), 106.3 (C, C-4a), 71.9 (CH, C-2), 40.1 (CH2, C-3), 22.7 (CH3, C-7CH3); 

HRMS (ESI+): [M+H]+ calcd for C14H13O4, 245.0808; found, 245.0803. 

  



Chapter 4 
 

 

194 

 

4.3.2 Attempted Synthesis of Chromanone (±)-290 using Phosphonate 301 and 

Furan Ketone 293 

1,3-bis(Ethoxymethoxy)-5-methylbenzene, 303 

 

To a stirred solution of orcinol (165) (2.00 g, 16.1 mmol) in DMF (60 mL) at 0 °C was added sodium 

hydride (2.58 g, 64.5 mmol, 60% dispersion in mineral oil) in one portion. The mixture was stirred at 

0 °C for 30 min then EOMCl (6.0 mL, 64.5 mmol) was added dropwise. The resultant mixture was 

warmed to r.t. and stirred for 30 h. The reaction was then quenched with water (60 mL) and extracted 

with diethyl ether (5 × 50 mL). The combined organic extracts were washed with brine (100 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (hexanes-EtOAc 19:1) to give title compound 303 (3.61 g, 93%) as a colourless oil.  

Rf 0.79 (hexanes-EtOAc 7:3); 

IR νmax (neat): 2977, 2900, 1595, 1288, 1145, 1102, 1023, 993, 838 cm-1; 

1H NMR (400 MHz, CDCl3): δ 6.58 (1H, t, J = 2.1 Hz, H-2), 6.54 (2H, d, J = 1.9 Hz, H-4 and H-6), 

5.19 (4H, s, 2 × OCH2O), 3.73 (4H, q, J = 7.0 Hz, 2 × OCH2CH3), 2.31 (3H, s, C-5CH3), 1.24 (6H, t, J 

= 7.1 Hz, 2 × OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 158.4 (2 × C, C-1 and C-3), 140.3 (C, C-5), 110.4 (2 × CH, C-4 and 

C-6), 102.2 (CH, C-2), 93.2 (2 × CH2, OCH2O), 64.2 (2 × CH2, OCH2CH3), 21.8 (CH3, C-5CH3), 15.2 

(2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C13H20NaO4, 263.1254; found, 263.1257. 
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Methyl 2,6-bis(ethoxymethoxy)-4-methylbenzoate, 302 

 

To a stirred solution of trisubstituted benzene 303 (690 mg, 2.87 mmol) in THF (5 mL) at 0 °C was 

added nBuLi (2.0 mL, 3.44 mmol, 1.73 M in cyclohexane) dropwise. The resultant mixture was 

allowed to warm to r.t. and stirred for 3 h. The mixture was again cooled to 0 °C and dimethyl 

carbonate (1.2 mL, 14.4 mmol) was added dropwise. The mixture was then warmed to r.t. and stirred 

for a further 20 h. The reaction was quenched with water (20 mL) and extracted with EtOAc (3 × 

10 mL). The combined organic extracts were washed with brine (15 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 17:3) to give title compound 302 (776 mg, 91%) as a white solid.  

Rf 0.37 (hexanes-EtOAc 4:1); 

mp 68.0–69.8 °C; 

IR νmax (neat): 2979, 2918, 1734, 1610, 1593, 1263, 1045, 1015, 816 cm-1; 

1H NMR (400 MHz, CDCl3): δ 6.64 (2H, s, H-3 and H-5), 5.20 (4H, s, 2 × OCH2O), 3.88 (3H, s, 

COOCH3), 3.71 (4H, q, J = 7.1 Hz, 2 × OCH2CH3), 2.32 (3H, s, C-4CH3), 1.21 (6H, t, J = 7.0 Hz, 2 × 

OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 167.1 (C, C=O), 154.9 (2 × C, C-2 and C-6), 141.8 (C, C-4), 112.9 (C, 

C-1), 109.2 (2 × CH, C-3 and C-5), 93.5 (2 × CH2, OCH2O), 64.6 (2 × CH2, OCH2CH3), 52.3 (CH3, 

COOCH3), 22.3 (CH3, C-4CH3), 15.2 (2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C15H22NaO6, 321.1309; found, 321.1301. 
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Dimethyl (2-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-2-oxoethyl)phosphonate, 301 

 

To a stirred solution of LHMDS (79 mL, 45.9 mmol, 0.58 M in THF) at 0 °C was added dimethyl 

methylphosphonate (2.5 mL, 23.0 mmol) dropwise. The mixture was stirred at 0 °C for 1 h and a 

solution of ester 302 (3.43 g, 11.5 mmol) in THF (6 mL) was then added dropwise. The resultant 

mixture was stirred at 0 °C for a further 18 h and allowed to warm to r.t. The reaction was then 

quenched with sat. aq. NH4Cl (150 mL) and stirred for 30 min. The mixture was extracted with EtOAc 

(3 × 60 mL) and the combined organic extracts were washed with brine (100 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (hexanes-acetone 7:3) to afford title compound 301 (4.05 g, 90%) as a pale yellow oil.  

Rf 0.21 (hexanes-acetone 7:3); 

IR νmax (neat): 2976, 1697, 1607, 1580, 1389, 1256, 1234, 1041, 906 cm-1; 

1H NMR (400 MHz, CDCl3): δ 6.64 (2H, s, H-3ʹ and H-5ʹ), 5.17 (4H, s, 2 × OCH2O), 3.71 (6H, d, 
3
JHP 

= 11.0 Hz, PO(OCH3)2), 3.70 (4H, q, J = 7.1 Hz, 2 × OCH2CH3), 3.54 (2H, d, 
2
JHP = 21.0 Hz, H-1), 

2.30 (3H, s, C-4ʹCH3), 1.20 (6H, t, J = 7.2 Hz, 2 × OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 194.1 (C, d, 
2
JCP = 6.7 Hz, C-2), 155.1 (2 × C, C-2ʹ and C-6ʹ), 142.8 

(C, C-4ʹ), 118.5 (C, d, 
3
JCP = 3.2 Hz, C-1ʹ), 109.2 (2 × CH, C-3ʹ and C-5ʹ), 93.6 (2 × CH2, OCH2O), 

64.7 (2 × CH2, OCH2CH3), 52.8 (2 × CH3, d, 
2
JCP = 6.2 Hz, PO(OCH3)2), 42.8 (CH2, d, JCP = 132.1 Hz, 

C-1), 22.3 (CH3, C-4ʹCH3), 15.1 (2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C17H27NaO8P, 413.1336; found, 413.1328. 
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Methoxyoxalyl chloride, 305 

 

To stirred neat oxalyl chloride (10 mL, 118 mmol) at 0 °C was added MeOH (2.4 mL, 59.4 mmol) 

dropwise. After the addition was complete, the mixture was allowed to warm to r.t. and stirred for 3 h. 

Distillation under reduced pressure (200 mbar at 55 °C) afforded title compound 305 (5.15 g, 70%) as a 

colourless liquid, which was use directly in the next step. 

2-(Methoxy-2-oxoaceto)furan, 293 

 

To a stirred solution of furan (268) (1.0 mL, 13.7 mmol) in THF (10 mL) at 0 °C was added nBuLi 

(8.0 mL, 13.7 mmol, 1.73 M in cyclohexane) dropwise. After the addition was complete, the mixture 

was warmed to r.t. and stirred for 3 h. The mixture was cooled to −78 °C and a cooled solution of CuI 

(1.31 g, 6.87 mmol) in THF (10 mL) at −78 °C was added dropwise. The resultant mixture was then 

allowed to warm to −20 °C, stirred for 1 h and cooled to −78 °C again. Freshly prepared 

methoxyoxalyl chloride (305) (1.26 g, 10.3 mmol) was then added dropwise. The mixture was stirred 

for 30 min then slowly warmed to r.t., and stirred for a further 17 h. The reaction was quenched with 

water (30 mL) and filtered through Celite®. The filtrate was extracted with EtOAc (3 × 25 mL) and the 

combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 9:1) 

to afford title compound 293 (500 mg, 47%) as a yellow solid. 
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Rf 0.44 (hexanes-EtOAc 4:1); 

mp 38.5–39.7 °C (lit.145 mp 39–40 °C); 

1H NMR (400 MHz, CDCl3): δ 7.77–7.73 (2H, m, H-3 and H-5), 6.63 (1H, dd, J = 3.7, 1.7 Hz, H-4), 

3.95 (3H, s, OCH3); 

13C NMR (100 MHz, CDCl3) δ 170.8 (C, C-1ʹ), 161.5 (C, C-2ʹ), 149.8 (CH, C-5), 149.5 (C, C-2), 

125.0 (CH, C-3), 113.2 (CH, C-4), 53.3 (CH3, OCH3); 

The spectroscopic data were in agreement with those reported in the literature.145 
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Methyl (Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-2-(furan-2-yl)-4-oxobut-2-enoate, 316 

 

To a stirred suspension of sodium hydride (6 mg, 0.150 mmol, 60% dispersion in mineral oil) in THF 

(0.5 mL) at r.t. was added a solution of phosphonate 301 (50 mg, 0.128 mmol) in THF (0.2 mL) 

dropwise. The mixture was stirred for 5 min then a solution of ketone 293 (41 mg, 0.261 mmol) in 

THF (0.3 mL) was added dropwise. The resultant mixture was stirred for a further 10 h then quenched 

with water (5 mL) and sat. aq. NH4Cl (5 mL). The mixture was then extracted with EtOAc (3 × 5 mL) 

and the combined organic extracts were washed with brine (10 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 9:1) to afford title compound 316 (48 mg, 89%) as a yellow oil. 

Rf 0.37 (hexanes-EtOAc 7:3); 

IR νmax (neat): 2979, 1735, 1667, 1607, 1581, 1043, 1003, 904, 734 cm-1; 

1H NMR (400 MHz, CDCl3): δ 7.45 (1H, d, J = 1.6 Hz, H-5ʹʹ), 6.89 (1H, s, H-3), 6.65 (2H, s, H-3ʹ and 

H-5ʹ), 6.58 (1H, d, J = 3.4 Hz, H-3ʹʹ), 6.47 (1H, dd, J = 3.6, 1.7 Hz, H-4ʹʹ), 5.17 (4H, s, 2 × OCH2O), 

3.85 (3H, s, COOCH3), 3.69 (4H, q, J = 7.1 Hz, 2 × OCH2CH3), 2.32 (3H, s, C-4ʹCH3), 1.18 (6H, t, J = 

7.1 Hz, 2 × OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 190.2 (C, C-4), 167.4 (C, C-1), 155.8 (2 × C, C-2ʹ and C-6ʹ), 149.5 (C, 

C-2ʹʹ), 145.1 (CH, C-5ʹʹ), 142.6 (C, C-4ʹ), 133.5 (C, C-2), 123.1 (CH, C-3), 118.9 (C, C-1ʹ), 114.5 (CH, 

C-3ʹʹ), 112.8 (CH, C-4ʹʹ), 109.6 (2 × CH, C-3ʹ and C-5ʹ), 93.6 (2 × CH2, OCH2O), 64.7 (2 × CH2, 

OCH2CH3), 53.0 (CH3, COOCH3), 22.3 (CH3, C-4ʹCH3), 15.1 (2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+H]+ calcd for C22H27O8, 419.1700; found, 419.1683. 

  



Chapter 4 
 

 

200 

 

Methyl 2-(furan-2-yl)-2-(4-hydroxy-6-methyl-3-oxo-2,3-dihydrobenzofuran-2-yl)acetate, (±)-318 

 

To a stirred solution of enone 316 (14 mg, 33.5 μmol) in iPrOH (0.3 mL) at r.t. was added conc. HCl 

(2 μL, 18.0 μmol). The mixture was heated to 50 °C for 90 min then cooled to r.t. The reaction was 

then diluted with water (10 mL) and extracted with EtOAc (4 × 4 mL). The combined organic extracts 

were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo to 

afford crude diol 317, which was used directly in the next step without further purification. 

To a stirred solution of crude diol 317 in EtOH (0.2 mL) at r.t. was added NaOAc (16 mg, 0.201 mmol). 

The mixture was heated under reflux for 7 h then cooled to r.t. The reaction was quenched with water 

(5 mL) and extracted with EtOAc (3 × 2 mL). The combined organic extracts were washed with brine 

(2 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (hexanes-EtOAc 4:1) to afford title compound (±)-318 (6 mg, 60% 

over two steps, 3:2 mixture of diastereoisomers) as a yellow oil. 

Rf 0.23 (hexanes-EtOAc 7:3); 

IR νmax (neat): 3429, 2926, 1741, 1690, 1626, 1602, 1161, 1076, 1011, 740 cm-1; 

1H NMR (400 MHz, CDCl3): δ 7.44 (0.4H, dd, J = 1.9, 0.9 Hz, H-5ʹʹ*), 7.29 (0.6H, t, J = 1.2 Hz, H-5ʹʹ), 

6.44 (0.4H, br s, H-7ʹ*), 6.43–6.40 (1.4H, m, H-7ʹ, H-3ʹʹ* and H-4ʹʹ*), 6.33 (0.4H, br s, H-5ʹ*), 6.27 

(0.6H, br s, H-5ʹ), 6.25 (0.6H, s, H-3ʹʹ or H-4ʹʹ), 6.24 (0.6H, s, H-4ʹʹ or C-3ʹʹ), 5.23 (0.6H, d, J = 4.3 Hz, 

H-2ʹ), 5.03 (0.4H, d, J = 5.2 Hz, H-2ʹ*), 4.41 (1H, d, J = 4.3 Hz, H-2 and H-2*), 3.81 (1.8H, s, 

COOCH3), 3.66 (1.2H, s, COOCH3*), 2.36 (1.2H, s, C-6ʹCH3*), 2.34 (1.8H, s, C-6ʹCH3); 

13C NMR (100 MHz, CDCl3): δ 199.0 (C, C-3ʹ), 198.7 (C, C-3ʹ*), 171.9 (C, C-7ʹa), 171.6 (C, C-7ʹa*), 

169.1 (C, C-1), 168.2 (C, C-1*), 155.9 (C, C-4ʹ*), 155.8 (C, C-4ʹ), 153.7 (C, C-6ʹ), 153.3 (C, C-6ʹ*), 

147.3 (C, C-2ʹʹ*), 146.0 (C, C-2ʹʹ), 143.0 (CH, C-5ʹʹ*), 142.8 (CH, C-5ʹʹ), 110.9 (CH, C-4ʹʹ*), 110.7 
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(CH, C-4ʹʹ), 109.8 (CH, C-3ʹʹ), 109.54 (CH, C-3ʹʹ*), 109.50 (CH, C-5ʹ*), 109.4 (CH, C-5ʹ), 107.4 (C, 

C-3ʹa*), 107.3 (C, C-3ʹa), 104.8 (CH, C-7ʹ*), 104.7 (CH, C-7ʹ), 83.7 (CH, C-2ʹ*), 83.5 (CH, C-2ʹ), 53.2 

(CH3, COOCH3), 52.9 (CH3, COOCH3*), 46.6 (CH, C-2), 46.5 (CH, C-2*), 23.2 (2 × CH3, C-6ʹCH3 

and C-6ʹCH3*);  

* denotes minor diastereoisomer; 

HRMS (ESI+): [M+Na]+ calcd for C16H14NaO6, 325.0683; found, 325.0672.  
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4.3.3 Synthesis of Chromanone (±)-324 using Simplified Ketone 320 

2-Oxopropane-1,3-diyl diacetate, 320 

 

To a stirred solution of diol 321 (2.00 g, 22.2 mmol) in pyridine (9 mL) at 0 °C was added acetic 

anhydride (8.8 mL, 93.2 mmol) dropwise. The mixture was warmed to r.t. and stirred for 20 h. The 

reaction was then quenched with 1 M aq. HCl (100 mL) and stirred for 2 h. The mixture was extracted 

with EtOAc (4 × 50 mL) and the combined organic extracts were washed with sat. aq. NaHCO3 

(100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (hexanes-EtOAc 7:3) to afford title compound 320 (2.75 g, 71%) as a 

white solid. 

Rf 0.36 (hexanes-EtOAc 3:2); 

mp 46.3–47.2 °C (lit.158 mp 45.5–46.6 °C); 

1H NMR (400 MHz, CDCl3): δ 4.74 (4H, s, H-1 and H-3), 2.16 (6H, s, 2 × OAc); 

13C NMR (100 MHz, CDCl3): δ 198.0 (C, C-2), 170.2 (2 × C, OAc), 66.4 (2 × CH2, C-1 and C-3), 20.5 

(2 × CH3, OAc); 

The spectroscopic data were in agreement with those reported in the literature.187 
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2-(2-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-2-oxoethylidene)propane-1,3-diyl diacetate, 322 

 

To a stirred suspension of sodium hydride (13 mg, 0.307 mmol, 60% dispersion in mineral oil) in THF 

(0.4 mL) at r.t. was added a solution of phosphonate 301 (100 mg, 0.256 mmol) in THF (0.3 mL) 

dropwise and the resultant mixture was stirred for 15 min. The mixture was then cooled to 0 °C and a 

solution of ketone 320 (91 mg, 0.512 mmol) in THF (0.3 mL) was added dropwise. The resultant 

mixture was then stirred for 5 h, warmed to r.t. and stirred for a further 11 h. The reaction was 

quenched with water (10 mL) and sat. aq. NH4Cl (10 mL). The mixture was extracted with EtOAc (3 × 

10 mL) and the combined organic extracts were washed with brine (15 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 17:3) to afford title compound 322 (92 mg, 82%) as a yellow oil. 

Rf 0.57 (hexanes-EtOAc 3:2); 

IR νmax (neat): 2977, 1742, 1608, 1390, 1370, 1219, 1097, 1043, 907 cm-1; 

1H NMR (400 MHz, CDCl3): δ 6.64 (2H, s, H-3ʹʹ and H-5ʹʹ), 6.53 (1H, p, J = 1.5 Hz, H-1ʹ), 5.26 (2H, d, 

J = 1.0 Hz, H-1 or H-3), 5.16 (4H, s, 2 × OCH2O), 4.74 (2H, d, J = 1.1 Hz, H-3 or H-1), 3.67 (4H, q, J 

= 7.1 Hz, 2 × OCH2CH3), 2.32 (3H, s, C-4ʹʹCH3), 2.07 (3H, s, OAc), 2.06 (3H, s, OAc), 1.19 (6H, t, J = 

7.1 Hz, 2 × OCH2CH3); 

13C NMR (100 MHz, CDCl3): δ 192.7 (C, C-2ʹ), 170.4 (C, OAc), 170.2 (C, OAc), 155.2 (2 × C, C-2ʹʹ 

and C-6ʹʹ), 145.4 (C, C-2), 142.3 (C, C-4ʹʹ), 127.9 (CH, C-1ʹ), 119.6 (C, C-1ʹʹ), 109.3 (2 × CH, C-3ʹʹ 

and C-5ʹʹ), 93.5 (2 × CH2, OCH2O), 64.7 (2 × CH2, OCH2CH3), 63.9 (CH2, C-1 or C-3), 62.3 (CH2, C-3 

or C-1), 22.3 (CH3, C-4ʹʹCH3), 20.9 (CH3, OAc), 20.8 (CH3, OAc), 15.2 (2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C22H30NaO9, 461.1782; found, 461.1786. 
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2-(2-(2,6-Dihydroxy-4-methylphenyl)-2-oxoethylidene)propane-1,3-diyl diacetate, 323 

 

To a stirred solution of enone 322 (1.30 g, 2.96 mmol) in EtOH (15 mL) at r.t. was added PPTS (2.23 g, 

8.88 mmol) in one portion. The mixture was heated under reflux for 2 h then cooled to r.t. The reaction 

was quenched with water (70 mL) and extracted with EtOAc (3 × 40 mL). The combined organic 

extracts were washed with brine (50 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 3:1) to afford title 

compound 323 (750 mg, 78%) as a yellow solid. 

Rf 0.33 (hexanes-EtOAc 3:2); 

mp 111.8–113.2 °C; 

IR νmax (neat): 3224, 3144, 2920, 1746, 1699, 1633, 1231, 1209, 830 cm-1; 

1H NMR (400 MHz, CDCl3): δ 9.79 (2H, br s, OH-2ʹʹ and OH-6ʹʹ), 7.19 (1H, p, J = 1.5 Hz, H-1ʹ), 6.20 

(2H, s, H-3ʹʹ and H-5ʹʹ), 5.12 (2H, s, H-1 or H-3), 4.79 (2H, s, H-3 or H-1), 2.21 (3H, s, C-4ʹʹCH3), 2.13 

(3H, s, OAc), 2.07 (3H, s, OAc); 

13C NMR (100 MHz, CDCl3): δ 194.9 (C, C-2ʹ), 171.3 (C, OAc), 171.0 (C, OAc), 161.3 (2 × C, C-2ʹʹ 

and C-6ʹʹ), 148.9 (C, C-4ʹʹ), 143.6 (C, C-2), 129.9 (CH, C-1ʹ), 109.4 (2 × CH, C-3ʹʹ and C-5ʹʹ), 109.0 (C, 

C-1ʹʹ), 64.6 (CH2, C-3 or C-1), 62.4 (CH2, C-1 or C-3), 22.1 (CH3, C-4ʹʹCH3), 20.94 (CH3, OAc), 20.88 

(CH3, OAc); 

HRMS (ESI+): [M+Na]+ calcd for C16H18NaO7, 345.0945; found, 345.0941. 
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2,2-bis(Acetoxymethyl)-5-hydroxy-7-methylchroman-4-one, 324 

 

To a stirred solution of enone 323 (710 mg, 2.20 mmol) in EtOH (11 mL) at r.t. was added NaOAc 

(1.08 g, 13.2 mmol) in one portion. The mixture was heated under reflux for 15 min then cooled to r.t. 

The reaction was quenched with sat. aq. NH4Cl (70 mL) and extracted with EtOAc (3 × 20 mL). The 

combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 17:3) 

to afford title compound 324 (706 mg, 99%) as a white solid. 

Rf 0.61 (hexanes-EtOAc 3:2); 

mp 40.7–41.4 °C; 

IR νmax (neat): 2957, 1744, 1644, 1571, 1366, 1203, 1090, 1051 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.47 (1H, s, OH-5), 6.32 (1H, s, H-6), 6.25 (1H, s, H-8), 4.26 (4H, s, 

2 × CH2OAc), 2.86 (2H, s, H-3), 2.26 (3H, s, C-7CH3), 2.05 (6H, s, 2 × OAc); 

13C NMR (100 MHz, CDCl3): δ 195.0 (C, C-4), 170.2 (2 × C, OAc), 161.6 (C, C-5), 158.6 (C, C-8a), 

151.1 (C, C-7), 110.5 (CH, C-6), 108.5 (CH, C-8), 105.4 (C, C-4a), 79.5 (C, C-2), 64.6 (2 × CH2, 

CH2OAc), 39.2 (CH2, C-3), 22.6 (CH3, C-7CH3), 20.7 (2 × CH3, OAc); 

HRMS (ESI+): [M+Na]+ calcd for C16H18NaO7, 345.0945; found, 345.0949. 
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2-(Acetoxymethyl)-5-hydroxy-2-(hydroxymethyl)-7-methylchroman-4-one, (±)-325 and  

5-hydroxy-2,2-bis(hydroxymethyl)-7-methylchroman-4-one, 329 

 

A mixture of diacetate 324 (35 mg, 0.109 mmol) and piperidine (0.11 mL, 10.9 mmol) in DMA 

(0.3 mL) was heated at 50 °C with stirring for 30 h. The mixture was cooled to r.t. and the reaction was 

quenched with 1 M aq. HCl (10 mL). The mixture was then extracted with EtOAc (3 × 5 mL) and the 

combined organic extracts were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 7:3) 

to afford title compound (±)-325 (18 mg, 60%) and title compound 329 (3 mg, 12%) as white solids. 

2-(Acetoxymethyl)-5-hydroxy-2-(hydroxymethyl)-7-methylchroman-4-one, (±)-325 

 

Rf 0.37 (hexanes-EtOAc 3:2); 

mp 148.6–149.8 °C; 

IR νmax (neat): 3527, 2906, 1727, 1640, 1630, 1365, 1243, 1196, 1067, 1047, 1032 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.56 (1H, s, OH-5), 6.34 (1H, d, J = 1.2 Hz, H-6), 6.27 (1H, d, J = 

1.2 Hz, H-8), 4.29 (2H, ABq, ∆δAB = 0.06, JAB = 12.0 Hz, CH2OAc), 3.75 (2H, ABq, ∆δAB = 0.05, JAB = 

12.1 Hz, CH2OH), 2.90 (2H, ABq, ∆δAB = 0.24, JAB = 17.5 Hz, H-3), 2.28 (3H, s, C-7CH3), 2.06 (3H, s, 

OAc); 
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13C NMR (100 MHz, CDCl3): δ 195.9 (C, C-4), 170.7 (C, OAc), 161.7 (C, C-5), 158.8 (C, C-8a), 

151.0 (C, C-7), 110.5 (CH, C-6), 108.4 (CH, C-8), 105.5 (C, C-4a), 81.3 (C, C-2), 64.35 (CH2, 

CH2OAc), 64.28 (CH2, CH2OH), 38.8 (CH2, C-3), 22.7 (CH3, C-7CH3), 20.8 (CH3, OAc); 

HRMS (ESI+): [M+Na]+ calcd for C14H16NaO6, 303.0839; found, 303.0842. 

5-Hydroxy-2,2-bis(hydroxymethyl)-7-methylchroman-4-one, 329 

 

Rf 0.13 (hexanes-EtOAc 3:2); 

mp 143.7–144.9 °C; 

IR νmax (neat): 3264, 3070, 2938, 1644, 1575, 1440, 1208, 1048, 1030, 840 cm-1; 

1H NMR (400 MHz, DMSO-d6): δ 11.70 (1H, br s, OH-5), 6.24 (2H, s, H-6 and H-8), 5.16 (2H, br s,  

2 × CH2OH), 3.52 (4H, ABq, ∆δAB = 0.02, JAB = 11.7 Hz, 2 × CH2OH), 2.85 (2H, s, H-3), 2.22 (3H, s, 

C-7CH3); 

13C NMR (100 MHz, DMSO-d6): δ 197.8 (C, C-4), 160.5 (C, C-5 or C-8a), 160.0 (C, C-8a or C-5), 

149.6 (C, C-7), 108.3 (CH, C-6 or C-8), 108.0 (CH, C-8 or C-6), 105.1 (C, C-4a), 83.9 (C, C-2), 62.8 

(2 × CH2, CH2OH), 38.1 (CH2, C-3), 21.9 (CH3, C-7CH3); 

HRMS (ESI+): [M+Na]+ calcd for C12H14NaO5, 261.0733; found, 261.0736. 
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2-(Acetoxymethyl)-2-formyl-5-hydroxy-7-methylchroman-4-one, (±)-330 

 

A mixture of alcohol (±)-325 (15 mg, 53.5 μmol) and IBX (45 mg, 161 μmol) in EtOAc (0.35 mL) was 

heated under reflux with stirring for 3 h. The mixture was cooled to r.t. and filtered. The solid residue 

was washed with EtOAc and the filtrate was concentrated in vacuo to afford title compound (±)-330 

(15 mg, quant.) as a colourless oil, which was used directly in the next step without further purification. 

Rf 0.31 (hexanes-EtOAc 1:1); 

IR νmax (neat): 3416, 2924, 1732, 1635, 1368, 1239, 1201, 1091, 1044, 732 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.46 (1H, s, OH-5), 9.68 (1H, s, CHO), 6.43 (1H, s, H-8 or H-6), 6.39 

(1H, s, H-6 or H-8), 4.39 (2H, ABq, ∆δAB = 0.11, JAB = 12.0 Hz, CH2OAc), 2.98 (2H, ABX, ∆δAB = 

0.14, JAB = 17.4 Hz, JAX = 1.0 Hz, JBX = 0 Hz, H-3), 2.31 (3H, s, C-7CH3), 2.09 (3H, s, OAc); 

13C NMR (100 MHz, CDCl3): δ 198.8 (C, CHO), 193.6 (C, C-4), 170.1 (C, OAc), 162.0 (C, C-5), 

158.3 (C, C-8a), 151.5 (C, C-7), 111.4 (CH, C-6 or C-8), 108.6 (CH, C-8 or C-6), 106.1 (C, C-4a), 84.5 

(C, C-2), 64.7 (CH2, CH2OAc), 38.3 (CH2, C-3), 22.7 (CH3, C-7CH3), 20.6 (CH3, OAc); 

HRMS (ESI+): [M+Na]+ calcd for C14H14NaO6, 301.0683; found, 301.0683. 
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2-(Acetoxymethyl)-2-(1-hydroxybut-3-en-1-yl)-5-hydroxy-7-methylchroman-4-one, (±)-326 

 

To a stirred solution of aldehyde (±)-330 (15 mg, 53.5 μmol) in CH2Cl2 (0.6 mL) at −78 °C was added 

BF3·OEt2 (25 μL, 187 μmol) dropwise. The mixture was stirred for 15 min followed by dropwise 

addition of allyltributylstannane (34 μL, 107 μmol) and stirred for a further 4 h. The reaction was 

quenched with water (10 mL) and warmed to r.t. The mixture was then extracted with CH2Cl2 (3 × 

5 mL) and the combined organic extracts were washed with brine (5 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(hexanes-EtOAc 17:3) to afford title compound (±)-326 (6 mg, 37%, 3:2 mixture of diastereoisomers) 

as a pale yellow oil. 

Rf 0.73 (hexanes-EtOAc 1:1); 

IR νmax (neat): 3476, 1745, 1638, 1571, 1367, 1200, 1047, 834 cm-1; 

1H NMR (500 MHz, CDCl3): δ 11.54 (0.4H, s, OH-5*), 11.53 (0.6H, s, OH-5), 6.32 (1H, s, H-6 and 

H-6*), 6.25 (0.6H, s, H-8), 6.24 (0.4H, s, H-8*), 5.91–5.79 (1H, m, H-3ʹ and H-3ʹ*), 5.22–5.16 (2H, m, 

H-4ʹ and H-4ʹ*), 4.34 (1.2H, ABq, ∆δAB = 0.13, JAB = 12.2 Hz, CH2OAc), 4.33 (0.8H, ABq, ∆δAB = 0.06, 

JAB = 12.5 Hz, CH2OAc*), 3.94 (0.4H, dd, J = 10.2, 2.6 Hz, H-1ʹ*), 3.81 (0.6H, dd, J = 10.1, 2.6 Hz, 

H-1ʹ), 2.97 (0.8H, ABq, ∆δAB = 0.38, JAB = 17.5 Hz, H-3*), 2.93 (1.2H, ABq, ∆δAB = 0.30, JAB = 

17.5 Hz, H-3), 2.50–2.42 (1H, m, H-2ʹa and H-2ʹa*), 2.30–2.12 (1H, m, H-2ʹb and H-2ʹb*), 2.27 (3H, s, 

C-7CH3 and C-7CH3*), 1.993 (1.8H, s OAc), 1.988 (1.2H, s, OAc*); 

13C NMR (125 MHz, CDCl3): δ 196.2 (C, C-4*), 196.1 (C, C-4), 170.6 (C, OAc), 170.4 (C, OAc*), 

161.6 (C, C-5*), 161.5 (C, C-5), 158.91 (C, C-8a), 158.89 (C, C-8a*), 150.8 (C, C-7*), 150.7 (C, C-7), 

134.2 (2 × CH, C-3ʹ and C-3ʹ*), 119.1 (CH2, C-4ʹ), 118.9 (CH2, C-4ʹ*), 110.3 (CH, C-6*), 110.2 (CH, 

C-6), 108.3 (CH, C-8*), 108.2 (CH, C-8), 105.6 (C, C-4a), 105.5 (C, C-4a*), 83.2 (C, C-2*), 82.8 (C, 
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C-2), 72.6 (CH, C-1ʹ), 72.3 (CH, C-1ʹ*), 64.9 (CH2, CH2OAc), 64.6 (CH2, CH2OAc*), 38.5 (CH2, C-3), 

38.2 (CH2, C-3*), 35.6 (CH2, C-2ʹ), 35.3 (CH2, C-2ʹ*), 22.6 (2 × CH3, C-7CH3 and C-7CH3*), 20.7 (2 

× CH3, OAc and OAc*);  

* denotes minor diastereoisomer; 

HRMS (ESI+): [M+Na]+ calcd for C17H20NaO6, 343.1152; found, 343.1163. 
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4.3.4 Synthesis of Chromanone 328 using Revised Ketone 331 

4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-enono-1,5-lactone, 335 

 

Using PCC 

A mixture of 3,4,6-tri-O-acetyl-D-glucal (334) (5.00 g, 18.4 mmol) and PCC (8.07 g, 36.7 mmol) in 

1,2-dichloroethane (85 mL) was heated under reflux with stirring for 20 h. Another portion of PCC 

(2.00 g, 9.28 mmol) and 4 Å powdered mol. sieves (3.00 g) were then added and reflux was continued 

for a further 15 h until TLC showed complete consumption of glucal 334. The mixture was cooled to r.t. 

and filtered through Celite®. The filtrate was further filtered through a thin pad of silica and the silica 

was washed with EtOAc. The filtrate was concentrated in vacuo and the crude residue was purified by 

flash chromatography (hexanes-EtOAc 3:1) to afford title compound 335 (2.87 g, 69%) as a colourless 

oil. 

Using mCPBA 

A solution of mCPBA (2.03 g, 8.81 mmol, 75 wt%) in CH2Cl2 (20 mL) was dried over anhydrous 

Na2SO4, filtered and slowly added to a stirred solution of 3,4,6-tri-O-acetyl-D-glucal (334) (2.00 g, 

7.34 mmol) in CH2Cl2 (20 mL) at −20 °C. BF3·OEt2 (0.46 mL, 3.67 mmol) was then added dropwise 

and the resultant mixture was stirred at −20 °C for 40 min. The reaction was quenched by addition of 

Na2S2O3 (300 mg) and sat. aq. NaHCO3 (150 mL) then allowed to warm to r.t. The mixture was 

extracted with chloroform (4 × 60 mL) and the combined organic extracts were washed with 

sat. aq. Na2S2O3 (100 mL), sat. aq. NaHCO3 (3 × 100 mL), water (100 mL) and brine (100 mL). The 

organic extracts were dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (hexanes-EtOAc 3:1) to afford title compound 335 

(1.67 g, 99%) as a colourless oil. 

Rf 0.44 (hexanes-EtOAc 1:1); 
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[𝛂]D
21.5 +123.7 (c 2.15, CHCl3); (lit.170 [α]D

27 +127.5 (c 1.00, CHCl3)); 

1H NMR (500 MHz, CDCl3): δ 6.79 (1H, dd, J = 10.0, 3.0 Hz, H-3), 6.12 (1H, dd, J = 9.8, 1.8 Hz, 

H-2), 5.54 (1H, ddd, J = 7.9, 3.1, 1.8 Hz, H-4), 4.67 (1H, ddd, J = 8.0, 4.8, 3.7 Hz, H-5), 4.31 (2H, 

ABX, ∆δAB = 0.08, JAB = 12.4 Hz, JAX = 4.6 Hz, JBX = 3.7 Hz, H-6), 2.14 (3H, s, C-4OAc), 2.10 (3H, s, 

C-6OAc); 

13C NMR (125 MHz, CDCl3): δ 170.5 (C, C-6OAc), 169.8 (C, C-4OAc), 161.2 (C, C-1), 143.3 (CH, 

C-3), 122.5 (CH, C-2), 77.5 (CH, C-5), 63.6 (CH, C-4), 62.1 (CH2, C-6), 20.83 (CH3, C-6OAc), 20.77 

(CH3, C-4OAc); 

The optical rotation and spectroscopic data were in agreement with those reported in the literature.170 
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4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hexono-1,5-lactone, 336 

 

A mixture of lactone 335 (2.05 g, 8.98 mmol) and Pd/C (480 mg, 0.45 mmol, 10 wt%) in EtOAc 

(90 mL) was stirred under an atmosphere of H2 at r.t. for 2 h. The mixture was filtered through Celite® 

and concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 

1:1) to give title compound 336 (2.05 g, 99%) as a colourless oil.  

Rf 0.29 (hexanes-EtOAc 1:1); 

[𝛂]D
20.1 +65.7 (c 2.33, CHCl3), +69.1 (c 3.60, CHCl3), +66.3 (c 4.80, CHCl3); (lit.169 ent-336 [α]D  

−22.1 (c 2.19, CHCl3)); 

IR νmax (neat): 3464, 2959, 1721, 1372, 1223, 1042 cm-1; 

1H NMR (500 MHz, CDCl3): δ 5.07 (1H, dt, J = 5.9, 4.8 Hz, H-4), 4.55 (1H, dt, J = 5.8, 4.4 Hz, H-5), 

4.27 (2H, d, J = 4.3 Hz, H-6), 2.66 (2H, ABAʹBʹ, ∆δAB = 0.11, JAB = 17.7 Hz, JAAʹ = 9.7 Hz, JABʹ = 

6.7 Hz, JBAʹ = JBBʹ = 6.0 Hz, H-2), 2.27–2.20 (1H, m, H-3a), 2.10 (3H, s, C-4OAc), 2.09 (3H, s, 

C-6OAc), 2.04–1.96 (1H, m, H-3b); 

13C NMR (125 MHz, CDCl3): δ 170.5 (C, C-6OAc), 170.0 (C, C-4OAc), 169.4 (C, C-1), 78.6 (CH, 

C-5), 65.7 (CH, C-4), 63.1 (CH2, C-6), 26.6 (CH2, C-2), 24.0 (CH2, C-3), 21.1 (CH3, OAc), 20.8 (CH3, 

OAc); 

HRMS (ESI+): [M+Na]+ calcd for C10H14NaO6, 253.0683; found, 253.0682; 

The spectroscopic data were in agreement with those reported for ent-336 in the literature.169 
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2,3-Dideoxy-D-erythro-hexono-1,4-lactone, 333 

 

A stirred solution of lactone 336 (8.10 g, 35.2 mmol) in 1 M aq. HCl (75 mL) and THF (120 mL) was 

heated under reflux for 17 h and cooled to r.t. The mixture was adjusted to pH 5 with solid NaHCO3 

then concentrated in vacuo. EtOAc (40 mL) was added to the semisolid mixture, filtered and the solid 

residue was further extracted with acetone (40 mL) under Soxhlet for 6 h. The acetone extract was then 

combined with the filtrate and concentrated in vacuo. The crude residue was purified by flash 

chromatography (EtOAc neat) to afford title compound 333 (4.75 g, 92%) as a colourless oil.  

Rf 0.24 (EtOAc neat); 

[𝛂]D
20.0 +4.7 (c 4.30, MeOH); (lit.169 ent-333 [α]D  −5.4 (c 5.19, MeOH)); 

IR νmax (neat): 3368, 2927, 1747, 1189, 1158, 1049, 1022, 991 cm-1; 

1H NMR (500 MHz, DMSO-d6): δ 5.11 (1H, d, J = 5.2 Hz, OH-5), 4.69 (1H, t, J = 5.3 Hz, OH-6), 4.54 

(1H, ddd, J = 7.4, 6.7, 3.7 Hz, H-4), 3.69–3.64 (1H, m, H-5), 3.39–3.31 (2H, m, H-6), 2.44 (2H, td, J = 

8.3, 1.6 Hz, H-2), 2.15–2.04 (2H, m, H-3); 

13C NMR (125 MHz, DMSO-d6): δ 177.4 (C, C-1), 80.1 (CH, C-4), 71.6 (CH, C-5), 62.1 (CH2, C-6), 

28.1 (CH2, C-2), 21.0 (CH2, C-3); 

HRMS (ESI+): [M+Na]+ calcd for C6H10NaO4, 169.0471; found, 169.0472; 

The spectroscopic data were in agreement with those reported for ent-333 in the literature.169 
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6-O-Acetyl-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 337 

 

To a stirred solution of diol 333 (1.03 g, 7.05 mmol) in CH2Cl2 (14 mL) at r.t. was added 

2,4,6-collidine (1.9 mL, 9.17 mmol) in one portion. The mixture was stirred for 20 min and cooled to 

−78 °C. Acetyl chloride (0.65 mL, 9.14 mmol) was added dropwise and the mixture was stirred at 

−78 °C for a further 5 h. The reaction was quenched with water (20 mL) and allowed to warm to r.t., 

followed by addition of 1 M aq. HCl (100 mL). The mixture was extracted with CH2Cl2 (7 × 50 mL) 

and the combined organic extracts were dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 3:2) to afford title 

compound 337 (1.21 g, 91%) as a pale yellow oil.  

Rf 0.53 (EtOAc neat); 

[𝛂]D
23.8 +19.6 (c 2.73, CHCl3);  

IR νmax (neat): 3422, 2920, 1735, 1372, 1232, 1185, 1045, 1027, 981 cm-1; 

1H NMR (500 MHz, CDCl3): δ 4.51 (1H, td, J = 7.0, 5.0 Hz, H-4), 4.19 (2H, ABX, ∆δAB = 0.10, JAB = 

11.7 Hz, JAX = 6.3 Hz, JBX = 4.0 Hz, H-6), 4.07–4.04 (1H, m, H-5), 2.78 (1H, br s, OH), 2.64–2.49 (2H, 

m, H-2), 2.31–2.26 (2H, m, H-3), 2.11 (3H, s, OAc); 

13C NMR (125 MHz, CDCl3): δ 177.1 (C, C-1), 171.4 (C, OAc), 79.6 (CH, C-4), 70.7 (CH, C-5), 65.0 

(CH2, C-6), 28.4 (CH2, C-2), 22.6 (CH2, C-3), 20.9 (CH3, OAc);  

HRMS (ESI+): [M+Na]+ calcd for C8H12NaO5, 211.0577; found, 211.0570. 
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6-O-Acetyl-5-oxo-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 331 

 

A mixture of alcohol 337 (1.10 g, 5.84 mmol) and IBX (4.91 g, 17.5 mmol) in EtOAc (65 mL) was 

heated under reflux with stirring for 20 h. Another portion of IBX (1.64 g, 5.84 mmol) was added and 

reflux was continued for a further 23 h until TLC showed complete consumption of alcohol 337. The 

mixture was then cooled to r.t. and filtered. The solid residue was washed with EtOAc and the filtrate 

was concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-acetone 

7:3) to afford title compound 331 (1.03 g, 95%) as a colourless oil.  

Rf 0.46 (hexanes-EtOAC 3:2); 

[𝛂]D
24.2 −55.3 (c 3.92, CHCl3);  

IR νmax (neat): 2955, 2921, 1782, 1735, 1375, 1229, 1136, 1051, 1036, 923 cm-1; 

1H NMR (500 MHz, CDCl3): δ 4.95–4.93 (1H, m, H-4), 4.90 (2H, ABq, ∆δAB = 0.08, JAB = 17.7 Hz, 

H-6), 2.63–2.52 (3H, m, H-2 and H-3a), 2.45–2.37 (1H, m, H-3b), 2.18 (3H, s, OAc); 

13C NMR (125 MHz, CDCl3): δ 200.9 (C, C-5), 175.6 (C, C-1), 170.4 (C, OAc), 80.7 (CH, C-4), 66.1 

(CH2, C-6), 27.1 (CH2, C-2), 24.7 (CH2, C-3), 20.4 (CH3, OAc); 

HRMS (ESI+): [M+Na]+ calcd for C8H10NaO5, 209.0420; found, 209.0425. 
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(S,E)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl acetate, (E)-332 and (S,Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-

oxotetrahydrofuran-2-yl)but-2-en-1-yl acetate, (Z)-332 and (S,Z)-4-(2,6-bis(ethoxymethoxy)-4-

methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-1-en-1-yl acetate, (Z)-339  

 

To a stirred suspension of sodium hydride (122 mg, 3.04 mmol, 60% dispersion in mineral oil) in THF 

(7.0 mL) at 0 °C was added a solution of phosphonate 301 (990 mg, 2.54 mmol) in THF (1.5 mL) 

dropwise. The mixture was stirred for 1 h then warmed to r.t. and stirred for a further 2 h. The mixture 

was cooled to 0 °C and a solution of ketone 331 (946 mg, 5.08 mmol) in THF (1.5 mL) was added 

dropwise. The resultant mixture was then stirred for 5 h, warmed to r.t. and stirred for a further 17 h. 

The reaction was quenched with sat. aq. NH4Cl (30 mL) and extracted with EtOAc (3 × 15 mL). The 

combined organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 4:1) 

to afford title compound (E)-332 (400 mg, 35%) as a yellow oil and an inseparable 2:3 mixture of title 

compound (Z)-332 (23 mg, 2%) with title compound (Z)-339 (34 mg, 3%) as a yellow oil. 
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(S,E)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl acetate, (E)-332 

 

Rf 0.50 (hexanes-EtOAc 2:3); 

[𝛂]D
24.8 −6.8 (c 6.93, CHCl3);  

IR νmax (neat): 2978, 1782, 1742, 1608, 1224, 1040, 905 cm-1; 

1H NMR (500 MHz, CDCl3): δ 6.64–6.63 (1H, m, H-3), 6.62 (2H, s, H-3ʹ and H-5ʹ), 5.38 (1H, dd, J = 

15.8, 0.9 Hz, H-1a), 5.20–5.12 (2H, m, H-1b and H-2ʹʹ), 5.15 (4H, s, 2 × OCH2O), 3.67 (4H, q, J = 

7.1 Hz, 2 × OCH2CH3), 2.58–2.52 (3H, m, H-3ʹʹa and H-4ʹʹ), 2.31 (3H, s, C-4ʹCH3), 2.13–2.04 (1H, m, 

H-3ʹʹb), 2.07 (3H, s, OAc), 1.19 (6H, t, J = 7.1 Hz, 2 × OCH2CH3); 

13C NMR (125 MHz, CDCl3): δ 192.7 (C, C-4), 176.1 (C, C-5ʹʹ), 170.1 (C, OAc), 155.2 (2 × C, C-2ʹ 

and C-6ʹ), 147.1 (C, C-2), 142.5 (C, C-4ʹ), 126.4 (CH, C-3), 119.1 (C, C-1ʹ), 109.2 (2 × CH, C-3ʹ and 

C-5ʹ), 93.4 (2 × CH2, OCH2O), 78.5 (CH, H-2ʹʹ), 64.7 (2 × CH2, OCH2CH3), 61.7 (CH2, C-1), 28.1 

(CH2, C-3ʹʹ), 27.8 (CH2, C-4ʹʹ), 22.3 (CH3, C-4ʹCH3), 20.9 (CH3, OAc), 15.1 (2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C23H30NaO9, 473.1782; found, 473.1800. 

 (S,Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl acetate, (Z)-332 and (S,Z)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-

oxotetrahydrofuran-2-yl)but-1-en-1-yl acetate, (Z)-339  
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Rf 0.67 (hexanes-EtOAc 2:3); 

1H NMR (400 MHz, CDCl3): δ 7.19–7.18 (0.6H, m, H-1), 6.65 (0.8H, s, H-3ʹ* and H-5ʹ*), 6.64 (1.2H, 

s, H-3ʹ and H-5ʹ), 6.52–6.51 (0.4H, m, H-3*), 6.03 (0.4H, t, J = 8.1 Hz, H-2ʹʹ*), 5.50 (0.6H, t, J = 

7.5 Hz, H-2ʹʹ), 5.18 (2.4H, s, 2 × OCH2O), 5.16 (1.6H, s, 2 × OCH2O*), 4.78 (0.8H, ABq, ∆δAB = 0.15, 

JAB = 15.8 Hz, H-1*), 3.71–3.64 (4.6H, m, H-3a, 2 × OCH2CH3, 2 × OCH2CH3*), 3.46 (0.6H, d, J = 

18.4 Hz, H-3b), 2.96–2.87 (0.4H, m, H-3ʹʹa*), 2.64–2.53 (2H, m, H-4ʹʹ and H-4ʹʹ*), 2.51–2.36 (1.2H, m, 

H-3ʹʹ), 2.33 (1.2H, s, C-4ʹCH3*), 2.31 (1.8H, s, C-4ʹCH3), 2.17 (1.8H, s, OAc), 2.15–2.07 (0.4H, m, 

H-3ʹʹb*), 2.06 (1.2H, s, OAc*), 1.22–1.18 (6H, m, 2 × OCH2CH3, 2 × OCH2CH3*); 

13C NMR (100 MHz, CDCl3): δ 201.6 (C, C-4), 192.5 (C, C-4*), 177.2 (C, C-5ʹʹ), 177.0 (C, C-5ʹʹ*), 

170.0 (C, OAc*), 166.9 (C, OAc), 155.3 (2 × C, C-2ʹ* and C-6ʹ*), 154.4 (2 × C, C-2ʹ and C-6ʹ), 149.2 

(C, C-2*), 142.6 (C, C-4ʹ*), 142.0 (C, C-4ʹ), 135.7 (CH, C-1), 126.9 (CH, C-3*), 119.1 (C, C-1ʹ*), 

118.7 (C, C-1ʹ), 116.7 (C, C-2), 109.3 (2 × CH, C-3ʹ* and C-5ʹ*), 108.9 (2 × CH, C-3ʹ and C-5ʹ), 93.5 

(2 × CH2, OCH2O*), 93.4 (2 × CH2, OCH2O), 78.9 (CH, C-2ʹʹ*), 76.7 (CH, C-2ʹʹ), 64.7 (4 × CH2, 

OCH2CH3 and OCH2CH3*), 62.6 (CH2, C-1*), 43.6 (CH2, C-3), 28.8 (CH2, C-4ʹʹ), 28.5 (CH2, C-3ʹʹ* or 

C-4ʹʹ*), 28.3 (CH2, C-4ʹʹ* or C-3ʹʹ*), 27.2 (CH2, C-3ʹʹ), 22.30 (CH3, C-4ʹCH3*), 22.26 (CH3, C-4ʹCH3), 

20.8 (CH3, OAc*), 20.7 (CH3, OAc), 15.2 (4 × CH3, OCH2CH3 and OCH2CH3*); 

* denotes minor isomer (Z)-332; 

HRMS (ESI+): [M+Na]+ calcd for C23H30NaO9, 473.1782; found, 473.1777.  

*The sample was isolated as an inseparable mixture of deconjugated isomer (Z)-339 and enone (Z)-332. 

For this reason, the IR spectroscopic data were not obtained for the characterisation. Yield was 

calculated based on the 1H NMR. 
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6-O-Benzoyl-2,3-dideoxy-D-erythro-hexono-1,4-lactone,  341 

 

To a stirred solution of diol 333 (370 mg, 2.53 mmol) in CH2Cl2 (5 mL) at r.t. was added pyridine 

(0.23 mL, 2.79 mmol) dropwise. The mixture was stirred for 15 min and cooled to −5 °C. Benzoyl 

chloride (0.31 mL, 2.66 mmol) was then added dropwise and the mixture was stirred at −5 °C for a 

further 15 h. The reaction was quenched with 1 M aq. HCl (40 mL) and then allowed to warm to r.t. 

The mixture was extracted with CH2Cl2 (3 × 20 mL) and the combined organic extracts were washed 

with brine (30 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (hexanes-EtOAc 11:9) to afford title compound 341 

(488 mg, 77%) as white crystals.  

Rf 0.14 (hexanes-EtOAc 3:2); 

mp 64.5–65.4 °C; 

[𝛂]D
24.0 +21.7 (c 1.56, CHCl3);  

IR νmax (neat): 3447, 2972, 2946, 1749, 1710, 1453, 1272, 1098, 1021, 910 cm-1; 

1H NMR (500 MHz, CDCl3): δ 8.04 (2H, d, J = 7.4 Hz, H-3ʹ and H-7ʹ), 7.59 (1H, t, J = 7.1 Hz, H-5ʹ), 

7.45 (2H, t, J = 7.4 Hz, H-4ʹ and H-6ʹ), 4.60 (1H, q, J = 6.0 Hz, H-4), 4.46 (2H, ABX, ∆δAB = 0.09, JAB 

= 11.7 Hz, JAX = 5.8 Hz, JBX = 3.8 Hz, H-6), 4.22–4.18 (1H, m, H-5), 3.08 (1H, d, J = 4.0 Hz, OH), 

2.66–2.50 (2H, m, H-2), 2.39–2.27 (2H, m, H-3); 

13C NMR (125 MHz, CDCl3): δ 177.3 (C, C-1), 167.1 (C, C-1ʹ), 133.6 (CH, C-5ʹ), 129.9 (2 × CH, C-3ʹ 

and C-7ʹ), 129.5 (C, C-2ʹ), 128.7 (2 × CH, C-4ʹ and C-6ʹ), 79.8 (CH, C-4), 70.8 (CH, C-5), 65.5 (CH2, 

C-6), 28.4 (CH2, C-2), 22.7 (CH2, C-3);  

HRMS (ESI+): [M+Na]+ calcd for C13H14NaO5, 273.0733; found, 273.0732. 
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6-O-Benzoyl-5-oxo-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 340 

 

A mixture of alcohol 341 (250 mg, 1.00 mmol) and IBX (840 mg, 3.00 mmol) in EtOAc (7 mL) was 

heated under reflux with stirring for 5 h. Another portion of IBX (420 mg, 1.50 mmol) was added and 

reflux was continued for a further 20 h until TLC showed complete consumption of alcohol 341. The 

mixture was then cooled to r.t. and filtered. The solid residue was washed with EtOAc and the filtrate 

was concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-acetone 

3:1) to afford title compound 340 (223 mg, 90%) as white crystals.  

Rf 0.39 (hexanes-EtOAc 1:1); 

mp 96.8–97.9 °C; 

[𝛂]D
24.5 −49.2 (c 2.52, CHCl3);  

IR νmax (neat): 2960, 2935, 1767, 1747, 1720, 1277, 1196, 1125, 1058, 971, 709 cm-1; 

1H NMR (500 MHz, CDCl3): δ 8.08 (2H, d, J = 7.4 Hz, H-3ʹ and H-7ʹ), 7.61 (1H, t, J = 7.5 Hz, H-5ʹ), 

7.47 (2H, t, J = 7.7 Hz, H-4ʹ and H-6ʹ), 5.14 (2H, ABq, ∆δAB = 0.08, JAB = 17.5 Hz, H-6), 5.03–5.00 

(1H, m, H-4), 2.67–2.54 (3H, m, H-2 and H-3a), 2.52–2.44 (1H, m, H-3b); 

13C NMR (125 MHz, CDCl3): δ 200.8 (C, C-5), 175.7 (C, C-1), 166.0 (C, C-1ʹ), 133.8 (CH, C-5ʹ), 

130.0 (2 × CH, C-3ʹ and C-7ʹ), 129.0 (C, C-2ʹ), 128.7 (2 × CH, C-4ʹ and C-6ʹ), 80.7 (CH, C-4), 66.5 

(CH2, C-6), 27.1 (CH2, C-2), 24.7 (CH2, C-3); 

HRMS (ESI+): [M+Na]+ calcd for C13H12NaO5, 271.0577; found, 271.0569. 
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(S,Z)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-1-en-

1-yl benzoate, (Z)-342 and (S,E)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-

oxotetrahydrofuran-2-yl)but-2-en-1-yl benzoate, (E)-343 and (S,Z)-4-(2,6-bis(ethoxymethoxy)-4-

methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-1-yl benzoate, (Z)-343 

 

To a stirred suspension of sodium hydride (13 mg, 0.325 mmol, 60% dispersion in mineral oil) in THF 

(0.4 mL) at 0 °C was added a solution of phosphonate 301 (100 mg, 0.256 mmol) in THF (0.3 mL) 

dropwise. The mixture was stirred for 15 min, warmed to r.t., then stirred for a further 20 min. The 

mixture was then cooled to 0 °C and a solution of ketone 340 (129 mg, 0.520 mmol) in THF (0.5 mL) 

was added dropwise. The resultant mixture was then warmed to r.t. and stirred for a further 15 h. The 

reaction was quenched with sat. aq. NH4Cl (15 mL) and extracted with EtOAc (3 × 10 mL). The 

combined organic extracts were washed with brine (15 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 9:1) 

to afford title compound (Z)-342 (10 mg, 8%) as a colourless oil and an inseparable mixture of (E)-343 

(3 mg, 2.3%) and (Z)-343 (2 mg, 1.5%) with compound 342 ((E)-343 : (Z)-343 : (Z)-342 = 3:2:5) as a 

yellow oil.  
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(S,Z)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-1-en-

1-yl benzoate, (Z)-342 

 

Rf 0.61 (hexanes-EtOAc 1:1); 

[𝛂]D
24.6 −7.6 (c 0.24, CHCl3);  

IR νmax (neat): 2928, 1778, 1734, 1608, 1262, 1118, 1043, 1020, 708 cm-1; 

1H NMR (500 MHz, CDCl3): δ 8.07 (2H, dd, J = 8.2, 1.2 Hz, H-3ʹʹʹ and H-7ʹʹʹ), 7.66–7.62 (1H, m, 

H-5ʹʹʹ), 7.52–7.49 (2H, m, H-4ʹʹʹ and H-6ʹʹʹ), 7.43 (1H, d, J = 0.8 Hz, H-1), 6.67 (2H, s, H-3ʹ and H-5ʹ), 

5.68 (1H, t, J = 7.2 Hz, H-2ʹʹ), 5.22 (4H, s, 2 × OCH2O), 3.73 (4H, q, J = 7.0 Hz, 2 × OCH2CH3), 3.67 

(2H, ABq, ∆δAB = 0.20, JAB = 18.3 Hz, H-3), 2.68–2.50 (4H, m, H-3ʹʹ and H-4ʹʹ), 2.34 (3H, s, C-4ʹCH3), 

1.23 (6H, t, J = 7.1 Hz, 2 × OCH2CH3); 

13C NMR (125 MHz, CDCl3): δ 201.7 (C, C-4), 177.2 (C, C-5ʹʹ), 162.8 (C, C-1ʹʹʹ), 154.5 (2 × C, C-2ʹ 

and C-6ʹ), 142.0 (C, C-4ʹ), 135.7 (CH, C-1), 134.1 (CH, C-5ʹʹʹ), 130.1 (2 × CH, C-3ʹʹʹ and C-7ʹʹʹ), 128.9 

(2 × CH, C-4ʹʹʹ and C-6ʹʹʹ), 128.7 (C, C-2ʹʹʹ), 118.7 (C, C-1ʹ), 117.8 (C, C-2), 108.9 (2 × CH, C-3ʹ and 

C-5ʹ), 93.4 (2 × CH2, OCH2O), 76.8 (CH, C-2ʹʹ), 64.8 (2 × CH2, OCH2CH3), 43.8 (CH2, C-3), 28.8 

(CH2, C-4ʹʹ or C-3ʹʹ), 27.6 (CH2, C-3ʹʹ or C-4ʹʹ), 22.3 (CH3, C-4ʹCH3), 15.3 (2 × CH3, OCH2CH3); 

HRMS (ESI+): [M+Na]+ calcd for C28H32NaO9, 535.1939; found, 535.1956. 
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(S,E)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl benzoate, (E)-343 and (S,Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-

oxotetrahydrofuran-2-yl)but-2-en-1-yl benzoate, (Z)-343 

 

Rf 0.56 (hexanes-EtOAc 1:1); 

1H NMR (500 MHz, CDCl3): δ 8.02 (2H, d, J = 7.7 Hz, H-3ʹʹʹ and H-3ʹʹʹ*, H-7ʹʹʹ and H-7ʹʹʹ*),  

7.61–7.57 (1H, m, H-5ʹʹʹ and H-5ʹʹʹ*), 7.46 (2H, t, J = 7.9 Hz, H-4ʹʹʹ and H-4ʹʹʹ*, H-6ʹʹʹ and H-6ʹʹʹ*), 

6.73–6.72 (0.6H, m, H-3), 6.643 (1.2H, s, H-3ʹ and H-5ʹ), 6.636 (0.8H, s, H-3ʹ* and H-5ʹ*), 6.63–6.62 

(0.4H, m, H-3*), 6.08 (0.4H, t, J = 8.1 Hz, H-2ʹʹ*), 5.69–5.66 (0.6H, m, H-1a), 5.48 (0.6H, d, J = 

15.3 Hz, H-1b), 5.31 (0.6H, t, J = 6.9 Hz, H-2ʹʹ), 5.18 (2.4H, s, 2 × OCH2O), 5.13–5.09 (2H, m, H-1a* 

and 2 × OCH2O*), 5.00 (0.4H, dd, J = 15.8, 1.7 Hz, H-1b*), 3.74–3.67 (2.4H, m, 2 × OCH2CH3),  

3.62–3.55 (1.6H, m, 2× OCH2CH3*), 2.99–2.93 (0.4H, m, H-3ʹʹa*), 2.70–2.49 (2.6H, m, H-3ʹʹa, H-4ʹʹ 

and H-4ʹʹ*), 2.32 (1.8H, s, C-4ʹCH3), 2.31 (1.2H, s, C-4ʹCH3*), 2.25–2.14 (1H, m, H-3ʹʹb and H-3ʹʹb*), 

1.23–1.19 (3.6H, m, 2 × OCH2CH3), 1.14 (2.4H, t, J = 7.1 Hz, 2 × OCH2CH3*); 

13C NMR (125 MHz, CDCl3): δ 192.9 (C, C-4), 192.5 (C, C-4*), 177.0 (C, C-5ʹʹ*), 176.1 (C, C-5ʹʹ), 

165.9 (C, C-1ʹʹʹ), 165.7 (C, C-1ʹʹʹ*), 155.4 (2 × C, C-2ʹ* and C-6ʹ*), 155.3 (2 × C, C-2ʹ and C-6ʹ), 149.2 

(C, C-2*), 147.4 (C, C-2), 142.7 (C, C-4ʹ*), 142.6 (C, C-4ʹ), 133.6 (CH, C-5ʹʹʹ*), 133.5 (CH, C-5ʹʹʹ), 

129.73 (4 × CH, C-3ʹʹʹ and C-3ʹʹʹ*, C-7ʹʹʹ and C-7ʹʹʹ*), 129.68 (C, C-2ʹʹʹ), 129.6 (C, C-2ʹʹʹ*), 128.7 (4 × 

CH, C-4ʹʹʹ and C-4ʹʹʹ*, C-6ʹʹʹ and C-6ʹʹʹ*), 126.9 (CH, C-3*), 126.4 (CH, C-3), 119.1 (C, C-1ʹ), 119.0 (C, 

C-1ʹ*), 109.3 (2 × CH, C-3ʹ* and C-5ʹ*), 109.2 (2 × CH, C-3ʹ and C-5ʹ), 93.5 (2 × CH2, OCH2O*), 93.4 

(2 × CH2, OCH2O), 79.1 (CH, C-2ʹʹ*), 78.4 (CH, C-2ʹʹ), 64.8 (2 × CH2, OCH2CH3), 64.7 (2 × CH2, 

OCH2CH3*), 62.7 (CH2, C-1*), 62.3 (CH2, C-1), 28.7 (CH2, C-3ʹʹ* or C-4ʹʹ*), 28.3 (CH2, C-4ʹʹ* or 



Experimental 
 

 

225 

 

C-3ʹʹ*), 28.2 (CH2, C-3ʹʹ or C-4ʹʹ), 27.8 (CH2, C-4ʹʹ or C-3ʹʹ), 22.3 (2 × CH3, C-4ʹCH3 and C-4ʹCH3*), 

15.2 (2 × CH3, OCH2CH3), 15.1 (2 × CH3, OCH2CH3*); 

* denotes minor isomer (Z)-343; 

HRMS (ESI+): [M+Na]+ calcd for C28H32NaO9, 535.1939; found, 535.1954.  

*The sample was isolated as an inseparable mixture of enone (E)-343 and enone (Z)-343 with 

deconjugated isomer (Z)-342. For this reason, the IR spectroscopic data were not obtained for the 

characterisation. Yield was calculated based on the 1H NMR. 
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(S,E)-4-(2,6-Dihydroxy-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-1-yl 

acetate, (E)-338  

 

To a stirred solution of enone (E)-332 (640 mg, 1.42 mmol) in tBuOH (7 mL) at r.t. was added PPTS 

(1.07 g, 4.26 mmol) in one portion. The mixture was heated to 60 °C for 19 h then cooled to r.t. The 

reaction was diluted with water (30 mL) and extracted with EtOAc (3 × 20 mL). The combined organic 

extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 1:1) to afford title 

compound (E)-338 (333 mg, 70%) as a bright yellow solid. 

Rf 0.39 (hexanes-EtOAc 2:3); 

mp 129.1–130.4 °C; 

[𝛂]D
22.8 −6.9 (c 1.69, MeOH);  

IR νmax (neat): 3205, 3133, 2957, 1781, 1716, 1633, 1579, 1368, 1238, 1213, 1159, 1035, 834 cm-1; 

1H NMR (400 MHz, CDCl3): δ 10.11 (2H, br s, OH-2ʹ and OH-6ʹ), 7.29 (1H, q, J = 1.4 Hz, H-3), 6.21 

(2H, s, H-3ʹ and H-5ʹ), 5.28 (1H, t, J = 6.2 Hz, H-2ʹʹ), 5.14 (2H, ABq, ∆δAB = 0.10, JAB = 14.6 Hz, H-1), 

2.70–2.55 (3H, m, H-3ʹʹa and H-4ʹʹ), 2.27–2.18 (1H, m, H-3ʹʹb), 2.21 (3H, s, C-4ʹCH3), 2.07 (3H, s, 

OAc); 

13C NMR (100 MHz, CDCl3): δ 195.1 (C, C-4), 178.0 (C, C-5ʹʹ), 170.9 (C, OAc), 161.5 (2 × C, C-2ʹ 

and C-6ʹ), 149.1 (C, C-4ʹ), 144.8 (C, C-2), 128.2 (CH, C-3), 109.2 (2 × CH, C-3ʹ and C-5ʹ), 109.0 (C, 

C-1ʹ), 79.4 (CH, C-2ʹʹ), 61.8 (CH2, C-1), 27.8 (2 × CH2, C-3ʹʹ and C-4ʹʹ), 22.1 (CH3, C-4ʹCH3), 20.9 

(CH3, OAc); 

HRMS (ESI+): [M+Na]+ calcd for C17H18NaO7, 357.0945; found, 357.0948. 
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2-Acetoxymethyl-5-hydroxy-7-methyl-2-((S)-5-oxotetrahydrofuran-2-yl)chroman-4-one, 328  

 

To a stirred solution of enone (E)-338 (195 mg, 0.583 mmol) in EtOH (6 mL) at r.t. was added NaOAc 

(287 mg, 3.50 mmol) in one portion. The mixture was heated under reflux for 50 min then cooled to r.t. 

The reaction was quenched with sat. aq. NH4Cl (20 mL) and extracted with EtOAc (3 × 10 mL). The 

combined organic extracts were washed with brine (15 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (hexanes-EtOAc 1:1) 

to afford title compound 328 (175 mg, 90%, 3:2 mixture of diastereoisomers) as a pale yellow oil. 

Rf 0.24 (hexanes-EtOAc 1:1); 

IR νmax (neat): 2964, 1780, 1746, 1643, 1572, 1367, 1202, 1172, 1145, 1049, 728 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.44 (0.4H, s, OH-5*), 11.41 (0.6H, s, OH-5), 6.31 (0.6H, d, J = 

1.0 Hz, H-6), 6.30 (0.4H, d, J = 1.1 Hz, H-6*), 6.23 (0.6H, d, J = 1.1 Hz, H-8), 6.20 (0.4 H, d, J = 

1.0 Hz, H-8*), 4.66 (0.6H, t, J = 7.3 Hz, H-2ʹ), 4.60 (0.4H, dd, J = 7.8, 6.3 Hz, H-2ʹ*), 4.32 (1.2H, ABq, 

∆δAB = 0.07, JAB = 12.0 Hz, CH2OAc), 4.23 (0.8H, ABq, ∆δAB = 0.06, JAB = 12.1 Hz, CH2OAc*), 2.99 

(0.8H, ABq, ∆δAB = 0.49, JAB = 17.4 Hz, H-3*), 2.80 (1.2H, ABq, ∆δAB = 0.12, JAB = 17.3 Hz, H-3), 

2.69–2.45 (2.8H, m, H-4ʹ and H-4ʹ*, and H-3ʹ*), 2.38–2.31 (1.2H, m, H-3ʹ), 2.24 (1.8H, s, C-7CH3), 

2.23 (1.2H, s, C-7CH3*), 1.99 (1.2H, s, OAc*), 1.97 (1.8H, s, OAc); 

13C NMR (100 MHz, CDCl3): δ 195.0 (C, C-4*), 194.2 (C, C-4), 175.9 (C, C-5ʹ), 175.8 (C, C-5ʹ*), 

169.91 (C, OAc*), 169.87 (C, OAc), 161.54 (C, C-5), 161.47 (C, C-5*), 158.3 (C, C-8a), 158.2 (C, 

C-8a*), 151.3 (C, C-7), 150.9 (C, C-7*), 110.6 (2 × CH, C-6 and C-6*), 108.3 (CH, C-8), 108.2 (CH, 

C-8*), 105.3 (C, C-4a), 105.2 (C, C-4a*), 80.9 (C, C-2), 80.8 (C, C-2*), 80.2 (CH, C-2ʹ*), 80.1 (CH, 

C-2ʹ), 63.8 (CH2, CH2OAc), 63.5 (CH2, CH2OAc*), 38.7 (CH2, C-3*), 37.8 (CH2, C-3), 28.1 (CH2, 
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C-4ʹ*), 28.0 (CH2, C-4ʹ), 22.54 (CH3, C-7CH3), 22.52 (CH3, C-7CH3*), 22.1 (CH2, C-3ʹ), 21.5 (CH2, 

C-3ʹ*), 20.5 (2 × CH3, OAc and OAc*); 

* denotes minor diastereoisomer; 

HRMS (ESI+): [M+Na]+ calcd for C17H18NaO7, 357.0945; found, 357.0944. 
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4.3.5 Synthesis of Gonytolide C (30a) and 2-Epimer 30b 

5-Hydroxy-2-(hydroxymethyl)-7-methyl-2-((S)-5-oxotetrahydrofuran-2-yl)chroman-4-one, 344  

 

A stirred solution of acetate 328 (215 mg, 0.643 mmol) in 2 M aq. HCl (4.5 mL) and THF (4.5 mL) 

was heated under reflux for 3 h then cooled to r.t. The reaction was diluted with water (15 mL) and 

extracted with EtOAc (4 × 10 mL). The combined organic extracts were washed with brine (20 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (hexanes-EtOAc 1:1) to afford title compound 344 (171 mg, 91%, 3:2 mixture of 

diastereoisomers) as a white solid. 

Rf 0.43 (petroleum ether-EtOAc 3:7); 

mp 153.6–155.7 °C; 

IR νmax (neat): 3547, 2935, 1764, 1631, 1571, 1366, 1190, 1143, 1060, 834 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.50 (1H, s, OH-5 and OH-5*), 6.33 (0.4H, s, H-6*), 6.32 (0.6H, s, 

H-6), 6.25 (0.4H, s, H-8*), 6.23 (0.6H, s, H-8), 4.77–4.72 (1H, m, H-2ʹ and H-2ʹ*), 3.91–3.72 (2H, m, 

CH2OH and CH2OH*), 3.01 (1.2H, ABq, ∆δAB = 0.21, JAB = 17.5 Hz, H-3), 2.84 (0.8H, ABq, ∆δAB = 

0.11, JAB = 17.4 Hz, H-3*), 2.70–2.44 (3H, m, H-4ʹ and H-4ʹ*, H-3ʹa and H-3ʹa*), 2.39–2.29 (2H, m, 

H-3ʹb and H-3ʹb*, CH2OH and CH2OH*), 2.26 (1.2H, s, C-7CH3*), 2.25 (1.8H, s, C-7CH3); 

13C NMR (100 MHz, CDCl3): δ 196.0 (C, C-4), 195.1 (C, C-4*), 176.6 (C, C-5ʹ*), 176.4 (C, C-5ʹ), 

161.7 (C, C-5*), 161.6 (C, C-5), 158.7 (C, C-8a*), 158.5 (C, C-8a), 151.3 (C, C-7*), 151.0 (C, C-7), 

110.5 (2 × CH, C-6 and C-6*), 108.3 (CH, C-8*), 108.2 (CH, C-8), 105.4 (2 × C, C-4a and C-4a*), 

82.5 (C, C-2*), 82.3 (C, C-2), 80.7 (CH, C-2ʹ), 80.4 (CH, C-2ʹ*), 62.7 (CH2, CH2OH), 62.4 (CH2, 
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CH2OH*), 38.3 (CH2, C-3), 37.4 (CH2, C-3*), 28.4 (CH2, C-4ʹ), 28.3 (CH2, C-4ʹ*), 22.6 (2 × CH3, 

C-7CH3 and C-7CH3*), 22.3 (CH2, C-3ʹ*), 21.8 (CH2, C-3ʹ);  

* denotes minor diastereoisomer; 

HRMS (ESI+): [M+Na]+ calcd for C15H16NaO6, 315.0839; found, 315.0839. 
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Gonytolide C, 30a and 2-epi-gonytolide C, 30b 

 

A mixture of alcohol 344 (10 mg, 34.2 μmol) and IBX (48 mg, 171 μmol) in EtOAc (0.3 mL) was 

heated under reflux with stirring for 5 h. The mixture was then cooled to r.t. and filtered. The solid 

residue was washed with EtOAc and the filtrate was concentrated in vacuo to afford crude aldehyde 

345, which was used directly in the next step without further purification. 

To a stirred solution of crude aldehyde 345 in THF-H2O-DMSO (0.5 mL, 5:10:1) at 0 °C was added 

sulfamic acid (12 mg, 117 μmol) followed by NaClO2 (12 mg, 110 μmol) in one portion. The mixture 

was stirred for 80 min then warmed to r.t., and stirred for a further 20 h. The reaction was quenched 

with water (5 mL) and sat. aq. NH4Cl (5 mL). The mixture was extracted with EtOAc (4 × 2 mL) and 

the combined organic extracts were washed with brine (4 mL), dried over anhydrous Na2SO4, filtered 

and concentrated in vacuo to afford crude acid 346, which was used directly in the next step without 

further purification. 

To a stirred solution of crude acid 346 in toluene-MeOH (0.7 mL, 3:2) at r.t. was added TMSCHN2 

(21 μL, 40.8 μmol, 2 M in hexanes) dropwise. The mixture was stirred for 30 min and the reaction was 

quenched with AcOH (0.4 mL). The mixture was stirred for a further 15 min and diluted with water 

(5 mL). The mixture was then extracted with diethyl ether (3 × 3 mL) and the combined organic 

extracts were washed with brine (4 mL), dried over anhydrous Na2SO4, filtered and concentrated in 
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vacuo. The crude residue was purified by flash chromatography (CH2Cl2 neat) to afford title compound 

30a (3 mg) and title compound 30b (2 mg) as white solids (in combined yield of 45% over 3 steps).  

Gonytolide C, 30a 

 

Rf 0.26 (CH2Cl2 neat); 

mp 135.8–137.1 °C (lit.91 mp 136–138 °C); 

[𝛂]D
22.9 +28.4 (c 0.40, CHCl3); (lit.29 [α]D  +25.1 (c 0.184, CHCl3), lit.91 [α]D

23 +23.1 (c 0.39, CHCl3), 

lit.90
 ent-30a [α]D

24.7 −28.5 (c 0.10, CHCl3)); 

IR νmax (neat): 2928, 2853, 1786, 1761, 1737, 1645, 1571, 1456, 1368, 1268, 1199, 1131, 837,  

749 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.38 (1H, s, OH-5), 6.40 (1H, d, J = 1.0 Hz, H-8), 6.38 (1H, d, J = 

1.0 Hz, H-6), 4.86 (1H, dd, J = 7.9, 5.9 Hz, H-2ʹ), 3.74 (3H, s, COOCH3),  3.03 (2H, ABq, ∆δAB = 0.16, 

JAB = 16.9 Hz, H-3), 2.64 (2H, ABAʹBʹ, ∆δAB = 0.11, JAB = 17.7 Hz, JAAʹ = 9.8 Hz, JABʹ = 7.2 Hz, JAʹB = 

10.1 Hz, JBBʹ = 6.6 Hz, H-4ʹ), 2.50–2.37 (2H, m, H-3ʹ), 2.31 (3H, s, C-7CH3); 

13C NMR (100 MHz, CDCl3): δ 193.2 (C, C-4), 175.6 (C, C-5ʹ), 169.1 (C, COOCH3), 161.9 (C, C-5), 

159.2 (C, C-8a), 151.7 (C, C-7), 111.2 (CH, C-6), 108.6 (CH, C-8), 105.8 (C, C-4a), 84.2 (C, C-2), 

81.1 (CH, C-2ʹ), 53.8 (CH3, COOCH3), 39.6 (CH2, C-3), 27.8 (CH2, C-4ʹ), 22.8 (CH3, C-7CH3), 22.2 

(CH2, C-3ʹ); 

HRMS (ESI+): [M+Na]+ calcd for C16H16NaO7, 343.0788; found, 343.0786. 

The spectroscopic data were in agreement with those reported in the literature.29,91 
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2-epi-Gonytolide C, 30b 

 

Rf 0.30 (CH2Cl2 neat); 

mp 175.9–179.4 °C (lit.91 mp 174–178 °C); 

[𝛂]D
23.4 −20.7 (c 0.44, CHCl3); (lit.91 [α]D

23 −6.4 (c 0.40, CHCl3), lit.90 [α]D
22.5 −32.4 (c 0.10, CHCl3)); 

IR νmax (neat): 2925, 2854, 1773, 1741, 1637, 1567, 1452, 1358, 1197, 1163, 837, 738 cm-1; 

1H NMR (400 MHz, CDCl3): δ 11.41 (1H, s, OH-5), 6.37 (1H, s, H-6), 6.36 (1H, s, H-8), 4.77 (1H, dd, 

J = 8.4, 4.1 Hz, H-2ʹ), 3.74 (3H, s, COOCH3), 3.26 (2H, ABq, ∆δAB = 0.39, JAB = 17.3 Hz, H-3),  

2.85–2.76 (1H, m, H-4ʹa), 2.61–2.53 (1H, m, H-4ʹb), 2.51–2.45 (1H, m, H-3ʹa), 2.40–2.31 (1H, m, 

H-3ʹb), 2.30 (3H, s, C-7CH3); 

13C NMR (100 MHz, CDCl3): δ 194.2 (C, C-4), 176.1 (C, C-5ʹ), 169.3 (C, COOCH3), 161.9 (C, C-5), 

159.0 (C, C-8a), 151.4 (C, C-7), 111.2 (CH, C-6), 108.5 (CH, C-8), 105.6 (C, C-4a), 84.8 (C, C-2), 

79.8 (CH, C-2ʹ), 53.8 (CH3, COOCH3), 40.5 (CH2, C-3), 27.9 (CH2, C-4ʹ), 22.7 (CH3, C-7CH3), 21.9 

(CH2, C-3ʹ); 

HRMS (ESI+): [M+Na]+ calcd for C16H16NaO7, 343.0788; found, 343.0775. 

The spectroscopic data were in agreement with those reported in the literature.91 
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NMR Spectra of Novel Compounds 

Lithium furan-2-yltrioborate, 257 

 
 

1H NMR (400 MHz, DMSO-d6 + 1 drop D2O): 

 
 

13C NMR (100 MHz, DMSO-d6 + 1 drop D2O): 
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Methyl 4-(5-methoxyfuran-2-yl)benzoate, 283 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2ʹ-Ethoxymethoxy-6ʹ-hydroxy-4ʹ-methylacetophenone, 297 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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(E)-1-(2-(Ethoxymethoxy)-6-hydroxy-4-methylphenyl)-3-(furan-2-yl)prop-2-en-1-one, 298 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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(E)-1-(2,6-Dihydroxy-4-methylphenyl)-3-(furan-2-yl)prop-2-en-1-one, 295 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2-(Furan-2-yl)-5-hydroxy-7-methylchroman-4-one, 299 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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1,3-bis(Ethoxymethoxy)-5-methylbenzene, 303 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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Methyl 2,6-bis(ethoxymethoxy)-4-methylbenzoate, 302 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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Dimethyl (2-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-2-oxoethyl)phosphonate, 301 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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Methyl (Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-2-(furan-2-yl)-4-oxobut-2-enoate, 316 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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Methyl 2-(furan-2-yl)-2-(4-hydroxy-6-methyl-3-oxo-2,3-dihydrobenzofuran-2-yl)acetate, (±)-318 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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HSQC (CDCl3, assignments with * denote minor diastereoisomer): 

 

 

  

H-2′ 
H-2′* 

 

 

C-2 and C-2* 

C-2ʹ and C-2ʹ* 

H-2 and 

H-2* 
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2-(2-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-2-oxoethylidene)propane-1,3-diyl diacetate, 322 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2-(2-(2,6-Dihydroxy-4-methylphenyl)-2-oxoethylidene)propane-1,3-diyl diacetate, 323 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2,2-bis(Acetoxymethyl)-5-hydroxy-7-methylchroman-4-one, 324 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2-(Acetoxymethyl)-5-hydroxy-2-(hydroxymethyl)-7-methylchroman-4-one, (±)-325 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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5-Hydroxy-2,2-bis(hydroxymethyl)-7-methylchroman-4-one, 329 

 
1H NMR (400 MHz, DMSO-d6): 

 
 

13C NMR (100 MHz, DMSO-d6): 
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2-(Acetoxymethyl)-2-formyl-5-hydroxy-7-methylchroman-4-one, (±)-330 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2-(Acetoxymethyl)-2-(1-hydroxybut-3-en-1-yl)-5-hydroxy-7-methylchroman-4-one, (±)-326 

 
1H NMR (500 MHz, CDCl3): 

 
 

13C NMR (125 MHz, CDCl3): 
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4,6-Di-O-acetyl-2,3-dideoxy-D-erythro-hexono-1,5-lactone, 336 

 
1H NMR (500 MHz, CDCl3): 

 
 

13C NMR (125 MHz, CDCl3): 
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2,3-Dideoxy-D-erythro-hexono-1,4-lactone, 333 

 
1H NMR (500 MHz, DMSO-d6): 

 
 

13C NMR (125 MHz, DMSO-d6): 
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6-O-Acetyl-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 337 

 
1H NMR (500 MHz, CDCl3): 

 
 
13C NMR (125 MHz, CDCl3): 
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6-O-Acetyl-5-oxo-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 331 

 
1H NMR (500 MHz, CDCl3): 

 
 
13C NMR (125 MHz, CDCl3): 

 



Appendix 
 

 

260 

 

(S,E)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl acetate, (E)-332 

 
1H NMR (500 MHz, CDCl3): 

 
 

13C NMR (125 MHz, CDCl3): 
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(S,Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-1-

yl acetate, (Z)-332 and (S,Z)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-

oxotetrahydrofuran-2-yl)but-1-en-1-yl acetate, (Z)-339 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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6-O-Benzoyl-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 341 

 
1H NMR (500 MHz, CDCl3): 

 
 
13C NMR (125 MHz, CDCl3): 
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6-O-Benzoyl-5-oxo-2,3-dideoxy-D-erythro-hexono-1,4-lactone, 340 

 
1H NMR (500 MHz, CDCl3): 

 
 
13C NMR (125 MHz, CDCl3): 
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(S,Z)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl benzoate, (Z)-342 

 
1H NMR (500 MHz, CDCl3): 

 
 

13C NMR (125 MHz, CDCl3): 
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(S,E)-4-(2,6-bis(Ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-

1-yl benzoate, (E)-343 and (S,Z)-4-(2,6-bis(ethoxymethoxy)-4-methylphenyl)-4-oxo-2-(5-

oxotetrahydrofuran-2-yl)but-2-en-1-yl benzoate, (Z)-343 

 
1H NMR (500 MHz, CDCl3): 

 
13C NMR (125 MHz, CDCl3): 
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(S,E)-4-(2,6-Dihydroxy-4-methylphenyl)-4-oxo-2-(5-oxotetrahydrofuran-2-yl)but-2-en-1-yl 

acetate, (E)-338 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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2-Acetoxymethyl-5-hydroxy-7-methyl-2-((S)-5-oxotetrahydrofuran-2-yl)chroman-4-one, 328 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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5-Hydroxy-2-(hydroxymethyl)-7-methyl-2-((S)-5-oxotetrahydrofuran-2-yl)chroman-4-one, 344 

 
1H NMR (400 MHz, CDCl3): 

 
 

13C NMR (100 MHz, CDCl3): 
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Gonytolide C, 30a 

 
1H NMR (400 MHz, CDCl3): 

 
 
13C NMR (100 MHz, CDCl3): 
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2-epi-Gonytolide C, 30b 

 
1H NMR (400 MHz, CDCl3): 

 
 
13C NMR (100 MHz, CDCl3): 
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