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Abstract 

Lignans are a diverse class of natural plant products which continue to provide new chemical structures 

as potential biologically active compounds. The recent syntheses of lignans has allowed for the 

development of new synthetic methods, confirmed or corrected proposed structures for these natural 

products and allowed for the synthesis of analogues for the optimisation in biological activity.  

Selectively functionalised 1,4-diarylbutane-1,4-diols have been shown to undergo a number of different 

reactions upon treatment with methanesulfonyl chloride and trimethylamine leading to three different 

sub-classes of lignans, depending on the nature of the aryl groups. Rearrangement leading to 4,4-

diarylbutanals was the most common transformation and these butanals were reduced to give 

analogues of seco-lignans. Due to their linear, freely rotatable, structure many of these natural seco-

lignans are reported without any stereochemical assignment.  Analysis of the synthetic seco-lignans 

and analogues revealed significant differences between the NMR data of syn- and anti-isomers. This 

information was then used to determine the relative stereochemistry of previously undefined natural 

products.  

The mechanism of these novel rearrangements to form the 7,7-diaryl-8,8′-dimethylbutan-7′-ol lignans 

were then analysed using deuterium labelling studies. This revealed that an unexpect OTBS migration 

takes place in competition with cyclisation to form a spirocyclic intermediate which rearranges to give 

4,4-diarylbutanals, whereas the OTBS migration gives rise to the observed aryl tetralin products. 

A range of dibenzyl butyrolactone lignans were then synthesised utilising the acyl-Claisen 

rearrangement of phenyl propionyl chlorides and 4-phenylbut-2-en-1-yl morpholines to give 2,3-

dibenzyl morpholine pentenamides. Upon dihydroxylation, these compounds cyclise to give 5-

hydroxymethyl analogues of dibenzyl butyrolactone lignans. Reduction of these compounds followed 

by oxidative cleavage and subsequent oxidation completed a novel short synthetic route to a number 

of biologically active dibenzyl butyrolactone lignans.  

Next, the first total synthesis of (–)-bicubebin A was achieved through the dimerization of 3,4-dibenzyl-

tetrahydrofuran lactol lignan, (–)-cubebin, under mild conditions. Alongside the synthesis of (–)-

bicubebin A were synthesised two previously unreported dilignans, (–)-bicubebin B and (+)-bicubebin 

C. Analysis of the data for (–)-bicubebin B showed it matched those of reported (–)-cis-cubebin. 

Subsequent synthesis of the proposed structure of cis-cubebin confirmed it did not match the reported 

data. This work therefore confirmed the structure and absolute stereochemistry of (–)-bicubebin A, and 

permitted the structural reassignment of cis-cubebin as (–)-bicubebin B. 

Following this the first total synthesis of ovafolinin A and B, lignans that consist of a unique bridged 

structure containing a penta- and tetracyclic benzoxepin and an aryl tetralin, was achieved with an acyl-

Claisen rearrangement initially being utilised to construct the lignan backbone with correct relative 

stereochemistry. It was found that judicious use of a bulky protecting group placed the reactive moieties 

in the correct orientation, thereby resulting in a cascade reaction to form the bridged benzoxepin/aryl 

tetralin from a linear precursor in a single step. Modification of this route allowed the enantioselective 
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synthesis of (+)-ovafolinin A and B, which confirmed the absolute stereochemistry of the natural 

products. Comparison of optical rotation data suggests that these compounds are found as scalemic 

mixtures in nature.  
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1.1 Lignan definition 

Lignans are a large class of natural plant products which are formed from the oxidative dimerisation of 

two phenylpropanoid units (C6–C3). Classical lignans are identified by containing a β–β′ linkage 

otherwise known as an 8–8′ linkage whereas neolignans are classified as phenylpropanoid dimers 

which contain linkage types other than β–β′ and may exist through ether or ester functionalities. 

Sesquilignans are trimers of phenylpropanoids, where the prefix sesqui- denotes one and a half, and 

dilignans are dimers of lignans or tetramers of phenylpropanoids. Phenylpropanoids come in a variety 

of forms, some examples are: eugenol 1.1, allyl anisole 1.2, isoeugenol 1.3, ferulic acid 1.4, and the 

monolignols coniferyl alcohol 1.5 and sinapyl alcohol 1.6 (Figure 1.1).  

 

 

Figure 1.1: Structures of common phenylpropanoids including the monolignols coniferyl alcohol 1.5 and sinapyl alcohol 1.6. 
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1.2 Biosynthesis of lignans 

An example of a common biosynthetic pathway for the biogenesis of classical lignans is shown in Figure 

1.2 where coniferyl alcohol 1.5 is oxidatively dimerised to give pinoresinol 1.7. Various species of plants 

show differing levels of enantioselectivity due to the specificity of the dirigent proteins – from the Latin 

dirigere to guide – to induce the formation of one enantiomer over the other. Dirigent proteins from 

Forsythia intermedia give (+)-pinoresinol and those from Arabidopsis thaliana give predominantly (–)-

pinoresinol.1,2 However, not all plants contain dirigent proteins which produce a single enantiomer, as 

pinoresinol has been isolated as both a racemate and as scalemic mixtures.3 Furthermore, following 

the production of racemic pinoresinol, pinoresinol–lariciresinol reductase (PLR) – an enzyme 

responsible for the two step reduction of pinoresinol to secoisolariciresinol 1.8 (Figure 1.3), can produce 

enantiopure lariciresinol 1.9 and secoisolariciresinol 1.8 from racemic pinoresinol 1.7, with differing 

plant PLR enzymes resulting in opposite enantioselectivity.3–5 

 

Figure 1.2: Biosynthesis of pinoresinol from coniferyl alcohol. 

 

 

Figure 1.3: Biosynthetic pathway for the synthesis of (+)-lariciresinol 1.9, (–)-secoisolariciresinol 1.8, (+)-isolariciresinol 1.10 and 
(–)-matairesinol 1.11 from (+)-pinoresinol 1.7. 
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1.3 Naming and numbering conventions 

Classical lignans can fall into the subclass categories of: furofuran, (+)-pinoresinol 1.7,6 aryl 

naphthalene, dehydroguaiaretic acid 1.12,7 aryl tetralin (–)-isolariciresinol 1.10,8 butane, (–)-

secoisolariciresiniol 1.8,9 tetrahydrofuran including 7,7′-, 7,9′-, and 9,9′-epoxy lignans, (+)-lariciresinol 

1.9,10 dibenzyl butyrolactone, (–)-matairesinol 1.11,11,12 dibenzyl butyrolactol, (–)-cubebin 1.13,10 and 

dibenzocyclo-octadiene lignans, (+)-schizandrin 1.14 (Figure 1.4).13,14 Lignan numbering consists of 

numbers 1–9 and 1′–9′, which are based on the monomeric subunits.   

 

 

Figure 1.4: Structural classes of lignans with 8-8′ primary linkages shown in red and secondary linkages shown in blue. 
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1.4 Recent isolation and syntheses of lignans 

The following is a review of classical lignans, spanning the recent developments in lignan isolation and 

synthesis from 2012 to 2017, including the relevant lignans to this thesis, ovafolinins A–E isolated by 

Kashima et al. in 2010 and bicubebin A and cis-cubebin isolated by de Pascoli et al. in 2006. 

1.4.1 Furofuran lignans 
Furofuran lignans have been shown to exhibit a wide range of biological activities including: anti-

inflammatory,15,16 radical-scavenging,17–19 antiproliferative,20 and antibacterial effects.21 Recently, 

seven new furofuran lignans 1.15–1.21 (Figure 1.5) and four furofuran sesquilignans 1.22–1.25 (Figure 

1.6) have been isolated for the first time. 9-Methoxypinoresinol 1.15 is a new acetal-furofuran lignan 

isolated by Nguyen et al. from the leaves of Calotropis gigantean and has been shown to have 

cytotoxicity against the PANC-1 pancreatic cancer cell line with an IC50 of 3.7 μM.22 Another cytotoxic 

furofuran lignan, 9-oxo-pinoresinol 1.16, has been isolated by Wang et al. from the tubers of Polygonum 

perfoliatum and has been shown to have moderate cytotoxicity against various cancer cell lines with 

IC50 values ranging from 8.32–30.1 mM.23 Bombasinol A 1.17 is a furofuran lignan with an unusual 3,5-

dimethoxy phenyl ring which has been isolated by Wang et al. from the roots of Bombax ceiba and has 

exhibited anti-hepatitis B activity with an IC50 value of 118.3 μM for the secretion of HBsAg in HepG2 

2.2.15 cell lines.24  

Furofuran lignan firmianol A 1.18 (Figure 1.5) and furofuran sesquilignan firmianol B 1.22 (Figure 1.6) 

were both isolated by Woo et al. from the stems of Firmiana simplex which are oxygenated at the C-8 

position.25 Firmianol A has shown nitric oxide inhibition with an IC50 value of 35.39 μM and showed no 

cytotoxicity, however firmianol B was inactive with an IC50 value greater than 500 μM.25 Another 

oxygenated lignan with oxygenation at C-8 and C-8′ positions, vitexkarinol 1.19 (Figure 1.5), was 

isolated by Pan et al. from the leaves and twigs of Vitex leptobotrys and was shown to have slight 

activity against EBV with an EC50 value of 67 μM.26 Phrymarolin B 1.20 (Figure 1.5), a 1,7-epoxy 

furofuran lignan, has been isolated by Xiao et al. from Phryma leptostachya and showed moderate 

insecticidal activity with an LC50 value of 502 mM.27,28  

Epimethoxypiperitol 1.21 (Figure 1.5), isolated alongside its epimer the known lignan methoxypiperitol 

1.26, has been isolated by Tan et al. from Eremophila macdonnellii and has been shown to have 

moderate anti-cancer activity against MCF-7, a breast cancer cell line.29 The relative stereochemical 

assignments of these compounds involved comparison of the 13C NMR resonances of the C-7 and C-

7′ signals. The furofuran lignans with a 7H–8H and 7′H–8′H trans-relationship had C-7 and C-7′ 

resonances at 85.8–85.9 ppm, whereas the furofuran lignans with a 7H–8H trans and 7′H–8′H cis-

relationship reported C-7 resonances at 87.6–87.8 ppm and C-7′ resonances at 82.0–82.2 ppm.29  
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Figure 1.5: Recently isolated furofuran lignans. 

 

Three other furofuran sesquilignans 1.24–1.26, differing only in aromatic substitution patterns, have 

been isolated by Li et al. from the stems of Acanthopanax senticosus and showed moderate 

diacylglycerol acyltransferase (DGAT) inhibitory activity with IC50 values ranging from 61.1 to 79.1 μM 

against DGAT1, however they were shown to be inactive against DGAT2 with an IC50 value greater 

than 200 μM.30 
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Figure 1.6: Furofuran sesquilignans. 

 

Recent advances in the synthesis of furofuran lignans has been centred around the development of 

enantioselective syntheses. However, one recent advancement has been in the application of a novel 

dimerisation forming a cyclobutane, promoted through use of a mercury lamp (Scheme 1.1).31 This 

allowed for an efficient synthesis of (±)-pinoresinol 1.7 with a comparatively high yielding dimerisation 

step. With simple oxidative dimerisations of monolignols such as coniferyl alcohol 1.5, a mixture of 

products is commonly obtained alongside the furofuran lignans. Other structures such as benzofurans 

and ether containing neolignans are also obtained, alongside polymerisation of the monolignols to form 

lignin, with yields of the furofuran product typically less than 20%.32–34 The synthesis of (±)-pinoresinol 

1.7 by Albertson et al. avoids this problem as the photo-catalysed reaction was shown to be 

regioselective to give the desired cyclobutane product.31  

In the field of enantioselective syntheses of furofuran lignans, recent use of L-proline as an inexpensive 

chiral auxiliary has been investigated.35,36 Work by Mori et al. has shown the use of L-proline as a chiral 

auxiliary for the dimerisation of cinnamic acids using a platinum electrode, analogous to the work done 

by Yuzikhin et al. and avoids the use of lead oxide as an oxidant (Scheme 1.2).35,37 Yields for the 

dimerisation ranged from 8–52% and, following a two-step reduction–cyclisation, furofuran lignans 1.27 

were obtained in up to 91% enantiomeric excess.35 
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Scheme 1.1: Bio-inspired synthesis of (±)-pinoresinol 1.7 by Albertson et al. utilising a light-induced [2+2]-dimerisation.31 

 

 

 

Scheme 1.2: Synthesis of furofuran lignans 1.27 by Mori et al. utilising an electrochemical asymmetric dimerisation of cinnamic 
acid derivatives.35 

 

Further work on the enantioselective synthesis of furofuran lignans 1.28 by Inai et al. has involved the 

use of L-proline in an enantioselective aldol reaction giving two contiguous stereogenic centres from an 

achiral starting material in 97% enantiomeric excess.36 From this chiral product, various benzaldehydes 

were then introduced to produce furofuran lignans 1.28 in 22–27% overall yield over the six steps 

(Scheme 1.3).36 This method also overcomes the problem of the synthesis of unsymmetrical furofuran 

lignans. Using the dimerisation approach, symmetrical lignans are achieved or, in the case of cross 

coupling dimerisations, both symmetrical and unsymmetrical lignans are obtained.38 
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Scheme 1.3: Stereocontrolled total syntheses of furofuran lignans by Inai et al. utilising an L-proline directed stereoselective 
aldol.36 
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1.4.2 Aryl naphthalene and aryl tetralin lignans 
Naphthalene and tetralin lignans are usually isolated as 2,7′-cyclolignans, however a new lignan 1.29 

isolated from the stems of Syringa pinnatifolia by Wang et al. had an unusual 2-9′ linkage and is 

therefore a 2,9′-cyclolignan benzyl naphthalene derivative (Figure 1.7).39 A new aryl naphthalene lignan 

1.30 with antibacterial activity against E. coli and S. albus with MIC values of 1.25 mM and against B. 

subtilis and M. tetragenus with MIC values of 2.5 mM has been isolated by Bai et al. from the branches 

and leaves of Combretum alfredii and is a 2,7′-cyclolignan bearing a catechol ring.40 

 

 

Figure 1.7: 2,9′ and 2,7′-cyclolignans – naphthalene lignans. 

 

Of the aryl tetralin lignans, podophyllotoxin 1.31 (Figure 1.8) has been the most studied due to its 

significant anticancer properties, with current research looking into the synthesis of analogues with 

better activity, lower toxicity, improved pharmacokinetic profiles, as well as other applications including 

use as an insecticidal agent.41–44 Therefore, the isolation of new aryl tetralin lignans is often a rewarding 

endeavour with the high possibility of the isolation of bioactive molecules.  

Nirtetralin B (1.32), a new aryl tetralin lignan isolated alongside known lignans nirtetralin 1.33 and 

nirtetralin A (1.34) by Wei et al. from Phyllanthus niruri (Figure 1.8), has shown anti-viral activity against 

hepatitis B with an IC50 value of 16.7 μM for the suppressed secretion of HBsAg and 69.3 μM for 

HBeAg.45 A sinapyl alcohol 1.6 derived aryl tetralin 1.35 (Figure 1.8) has been isolated by Lee et al. 

from the rhizomes of Sinomenium acutum and has been shown to have an inhibitory effect on nitric 

oxide (NO) production, with an IC50 value of 11.23 μM and no observed cytotoxicity.46 A similar aryl 

tetralin, ovafolinin E (1.36), which was isolated alongside the aforementioned lignan contains the same 

structural backbone with modification occurring only at the C-9 position (Figure 1.9). Ovafolinin E (1.36) 

also showed inhibition of NO production with an IC50 value of 20.61 μM and similarly showed no 

cytotoxicity.46  

Two new tetralin lignans, austrobailignans 8 (1.37) and 9 (1.38), have been isolated by Tran et al. from 

Austrobaileya scandens (Figure 1.8).47 The relative configurations of these natural compounds were 

determined through the analyses of 3JH–H coupling constants for H-7′ to H-8′ of 5.4 Hz for austrobailignan 

8 (1.37) and 4.8 Hz for austrobailignan 9 (1.38), suggesting a syn-configuration, and for H-8′ to H-8 of 

11.4 Hz for 1.37 and 13.8 Hz for 1.38, suggesting an anti-configuration. These assignments were in 
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agreement with the observed ROESY correlations. The absolute chemistry was then determined 

through comparison of experimental and calculated ECD spectra.47 

 

 

Figure 1.8: Aryl tetralin lignans including podophyllotoxin 1.31: an anti-cancer lignan. 

 

 

Figure 1.9: Structures of ovafolinin A–E (1.39–1.42, 1.36), five aryl tetralin lignans. 

 

Ovafolinins A–E (1.39–1.42, 1.36) are aryl tetralin lignans isolated from the wood of Lyonia ovalifolia by 

Kashima et al. of which ovafolinins A–C (1.39–1.41) contain a unique benzoxepin structure (Figure 

1.9).48 These lignans fall under the class of aryl tetralin as 2,7′-cyclolignans. Ovafolinin B (1.40) and C 
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(1.41) are 9,1′-epoxy-2,7′-cyclolignans, ovafolinin A (1.39) containing an extra furan ring is a 7,9′:9,1′-

diepoxy-2,7′-cyclolignan, and ovafolinin D (1.42) consists of a cyclised furofuran structure which can be 

named as a 7,9′:9,7′-diepoxy-2,7′-cyclolignan. The relative stereochemistry of ovafolinin A (1.39) was 

confirmed through X-ray crystallography structure identification. The structure of ovafolinin D (1.42) was 

confirmed through chemical modification to give ovafolinin D dimethyl ether 1.43 the NMR data of which 

then matched that of cyclised lyoniresinol dimethyl ether 1.44, thus confirming the relative 

stereochemistry.48 

Recent work by Maeda et al. into the total synthesis of an aryl tetralin lignan hyptinin 1.45 began with 

the generation of a piperonyl alcohol derived phosphonate 1.46 to which a Horner–Wadsworth–

Emmons modified Wittig reaction followed by cyclisation to give 2-furanone 1.47 (Scheme 1.4).49 A 

subsequent oxidation followed by a Grignard reaction and cyclisation then gave the desired structure 

proposed for (±)-hyptinin 1.45. However, this work showed that the proposed structure for hyptinin 1.45 

was incorrect and a subsequent one step synthesis from podophyllotoxin 1.31, using a dehydration/ 

isomerisation using boron trifluoride etherate, then gave the corrected structure of (+)-hyptinin which 

was infact the known compound β-apopicropodophyllin 1.48 (Scheme 1.5).49,50 The result of this work 

places emphasis on the importance of total syntheses as a method for structural determination of the 

proposed structures of novel natural compounds. 

 

 

Scheme 1.4: Synthesis of the proposed structure of hyptinin 1.45 by Maeda et al.49 
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Scheme 1.5: Synthesis of natural hyptinin as β-apopicropodophyllin 1.48.49,50 

 

A recent synthesis of aryl tetralin-like compounds 1.49 by Liu et al. made use of a catalytic photo-

induced dimerisation in the presence of oxygen (Scheme 1.6).51 This study showcases the photo-

catalytic oxidation of cinnamyl ethers 1.50 over a titanium oxide catalyst, in the presence of oxygen, to 

produce lignan-like 9,9′-epoxy-2,7′-cyclolignans 1.49 as well as a two-step photolysis-photocatalytic 

synthesis of 8′-epi-aristolignone 1.51, beginning with isoeugenol methyl ether 1.52. 

 

 

Scheme 1.6: Synthesis of various aryl tetralin-like lignans 1.49 and 1.51 by Liu et al.51 
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1.4.3 Butane lignans 
Although arguably the simplest lignan subclass with a lack of secondary linkages other than the 8-8′ 

bond, butane lignans can have a surprising amount of variability. This is due to the many different 

oxidation states which are possible, as well as the stereochemical relationship between the two chiral 

centres and modifications to the lignan structures such as formation of methyl ethers and aryl ring 

substitution modifications. Neriilignan 1.53 is an unsymmetrical butane lignan isolated by Wu et al. from 

the leaves of Podocarpus neriifolius (Figure 1.10).52 The assignment of this compound is somewhat 

ambiguous with the stereochemical assignment based on the comparison of optical rotation for this 

molecule to that of literature compounds of threo- and erythro-butanes, from which neriilignan 1.53 was 

determined to be a threo-butane lignan (cf. [α]D –53.1). Although this assignment may or may not be 

correct, the drawn structure for neriilignan 1.53 by Wu et al. in the paper is that of the erythro-lignan, 

which is in contradiction to the intended stereochemical assignment. Furthermore, removal of methyl 

and methylene ethers would have allowed for determination of relative stereochemistry by observation 

of the optical rotation of the newly formed compound, dihydroxyenterodiol 1.54 (Figure 1.10).53 If 

neriilignan 1.53 was erythro the newly formed lignan would be the symmetrical meso-compound, 

therefore having no optical rotation, conversely if neriilignan 1.53 was threo the newly formed lignan 

would have a non-zero optical rotation. This approach may not have been possible as the amount of 

isolated natural compounds may have been too small to allow for chemical modification, as is often the 

case in isolation studies. 

A new butane lignan, liriodenol 1.55, was recently isolated by Yang et al. from the ethanol extracts of 

the bark of Liriodendron hybrid as a racemate which was subsequently separated using chiral HPLC to 

give both (+) and (–)-liriodenol 1.55.54 (+)-Liriodenol 1.55 was shown to have higher cytotoxicity against 

four tested tumour cell lines as compared to that of (–)-liriodenol 1.55 and the racemate. Another 

cytotoxic butane lignan, 7-oxocubebin dimethyl ether 1.56, was isolated from the non-transformed root 

in vitro cultures of Phyllantus amarus by Sparzak et al. with undefined stereochemistry. The molecule 

had a reported optical rotation of –40, therefore a synthesis of this new lignan would be required to 

determine both the relative and absolute stereochemistry.55 Niranthin 1.57, isolated by Liu et al. from 

the herb material of Phyllanthus niruri, is similarly a dimethyl ether butane lignan and has been 

investigated for anti-HBV activity.56 This compound was reported to have an optical rotation of +8, 

however this small optical rotation is indicative of an erythro-butane lignan further implicating the 

importance of synthesis in the characterisation of natural products to unambiguously determine relative 

and absolute configurations of these chiral molecules. Pinnatifolin A (1.58) isolated by Shao et al. from 

the roots of Syringa pinnatifolia has been shown to have activity as a radical scavenger.57 The absolute 

configuration of this compound was determined using computational methods which suggested that 

(R,E) was the structure of pinnatifolin A (1.58) and not one of the other three possible conformations: 

(R,Z), (S,E), (S,Z).57 This method avoids the use of comparative analysis, however, a possibility that 

the combination of both methods, computational and comparison, to determine the absolute 

stereochemistry may give a stronger argument for the proposed assignment. 
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Figure 1.10: Butane lignans. 

 

The synthesis of butane lignans can be achieved in several ways from other lignan subclasses. 

Furofuran,58 7,7′-, and 7,9′-tetrahydrofuran lignans59 can give butane lignans under hydrogenolysis 

conditions, whereas lactone60 and lactol lignans61 can be reduced to give butane lignans. These 

transformations are possible due to the secondary bonds in these lignan subclasses being ether and 

ester linkages. 
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1.4.4 Tetrahydrofuran lignans 
Tetrahydrofuran lignans are among the most varied subclasses of lignans as there are three possible 

ether linkages: 7,7′-, 7,9′- and 9,9′-epoxylignans. A new anti-neuroinflammatory anisole-derived lignan 

1.59 (Figure 1.11) has been isolated by Wu et al. from the whole plants of Oresitrophe rupifraga with 

an IC50 value of 7.21 µM against NO production in lipopolysaccharide stimulated murine BV-2 microglial 

cells.62 Determination of relative stereochemistry was achieved through the use of NOESY experiments 

which revealed a trans-relationship from 7-H to both 8-H and 8′-H. The absolute configuration was then 

proposed using both the Cotton effect and comparison of optical rotation to that of similar 

tetrahydrofuran lignans. Vibruresinol 1.60, isolated by In et al. from the stems of Vibrunum erosum, 

contains an unusual 1,3,5-trisubstituted benzene ring which is identified by the characteristic three 

methine proton signals in the 1H NMR spectrum, each with a coupling constant of 1.2 Hz.63 Similarly to 

the anisole-derived lignan 1.59, the relative and absolute stereochemical assignments of vibruresinol 

1.60 were achieved through the use of NOESY NMR, the Cotton effect and comparison of optical 

rotation to known compounds: namely lariciresinol 1.9 and a previously isolated lignan differing in its 

stereochemical relationship.64,65  

A new tetrahydrofuran lignan 1.61 isolated by Wu et al. from the shells of Carya cathayensis has been 

reported with a trans,trans-substitution pattern in contrast to the common trans,cis-substitution pattern 

found in many 7,9′-epoxy lignans and has been reported to exhibit anti-tumour activity.66 The relative 

stereochemistry of this compound was determined through an observed nOe correlation between 7-H 

and 8′-H suggesting that these protons are on the same face of the tetrahydrofuran ring system whereas 

the trans-relationship between 7-H and 8-H was determined through the observed coupling constant of 

6.0 Hz which has previously been a method used to assign this trans,trans-stereochemistry to a related 

7,9′-epoxy lignan.67 Furthermore, the absolute chemistry was determined through use of the Cotton 

effect and comparison to (–)-secoisolariciresinol 1.8, a butane type lignan which contains two 

stereocentres compared to three in the aforementioned lignan.64 Ginkgool 1.62, isolated by Wei et al. 

from the roots of Ginkgo biloba, contains the same unusual 1,3,5-trisubstituted benzene ring as is 

present in vibruresinol 1.60 and shows a similar pattern of three singlet methine protons for the 1,3,5-

trisubtituted ring.68 The relative stereochemistry was determined through the use of ROESY spectra 

which showed nOe correlations between 8-H and 8′-OH and between 8-H and 2-H which is indicative 

of a trans,cis-relationship between 7-H, 8-H and 8′-OH, however optical rotation data is not reported, 

suggesting this compound may have been isolated as a racemate.  

An interesting lignan, lariciresinol-4′-sulfate 1.63, has been isolated by Zaki et al. from the dried aerial 

parts of Zygophyllum aegyptium.69 The presence of a sulfur atom was confirmed through mass 

spectrometry showing a quasi-molecular ion [M-H]- of 439.1026 resulting in the molecular formula of 

C20H23O9S. Location of this sulfur as a sulfate was identified through an observed deshielding effect for 

C-3′ and C-5′ and a shielding effect on C-4′ which suggests the presence of the electron withdrawing 

sulfate at the C-4′ position. Similarly, the relative and absolute stereochemistry of this compound was 

determined through the use of NOESY experiments and the Cotton effect, respectively.69 
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Figure 1.11: Tetrahydrofuran lignans: 7,9′-epoxy lignans. 

 

Tatarinoids D (1.64) and E (1.65) are two new 7,9′-epoxylignans (Figure 1.12) isolated by Zhang et al. 

from the rhizomes of Acorus tatarinowii, of which tatarinoid E (1.65) has been shown to alleviate the 

cognitive deterioration of Aβ transgenic fruit flies.70 The relative stereochemistry of tatarinoid D (1.64) 

was determined through X-ray crystallography which showed the compound was racemic. The NMR 

data of tatarinoid E (1.65) was compared to that of tatarinoid D (1.64) suggesting that these compounds 

have the same relative stereochemistry, however tatarinoid E (1.64) had an optical rotation of +2.2 (c 

0.5, MeOH) suggesting it to be non-racemic.70  

Three 9-methyl ester-7,9′-epoxylignans, alyterinates A–C (1.66–1.68), have been isolated by Sriphana 

et al. from the roots of Alyxia schlechteri. Alyterinate C (1.68) showed antifungal activity against Pythium 

insidiosum, which is resistant to other known antifungal agents due to the lack of ergosterol in the fungal 

cell wall.71 The relative stereochemistry of these compounds was determined through the use of NOESY 

spectra with the absolute stereochemistry of these compounds being undefined, although optical 

rotations are reported. An uncommon 9,9′-epoxy lignan, acanthosessilin A (1.69), has been isolated by 

Lee et al. from the fruits of Acanthopanax sessiliflorus which contains an unusual 3,5-

dimethoxybenzene ring.72  

Beilschminol B (1.70), isolated by Huang et al. from the roots of Beilschmiedia tsangii, and 3-

hydroxyveraguensin 1.71, isolated by Sawasdee et al. from the leaves and stems of Miliusa fragrans, 

are both 7,7′-epoxy lignans which differ by one methoxy group and stereochemical relationship.73,74 The 

relative stereochemistry of both compounds was determined through the use of NOESY spectra and 

the absolute stereochemistry of 3-hydroxyveraguensin 1.71 was determined through the comparison of 
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CD spectra to that of similar known lignans. Beilschminol B (1.70) was shown to inhibit NO production 

with a reported IC50 value of 95.37 µM.73 

 

 

Figure 1.12: Tetrahydrofuran lignans: 7′-oxo-7,9′-epoxy, 7,9′-epoxy-9-ester, 9,9′-expoxy and 7,7′-epoxy lignans. 

 

Three new 7,9′-epoxy sesquilignans, linderucas A–C (1.72–1.74) (Figure 1.13), isolated by Kim et al. 

from the methanol extract of the twigs of Lindera glauca, have been shown to inhibit NO production with 

IC50 values ranging from 9.48 to 12.10 µM.75 Linderucas A–C (1.72–1.74) are all related compounds as 

linderuca B (1.73) is the Z isomer of linderuca A (1.72), whereas linderuca C (1.74) is a 5-demethoxy 

variant of linderuca A (1.72). The E/Z stereoisomerism of 1.72–1.74 was determined by the observed 

coupling constants of the olefinic protons, 16 Hz for 1.72 and 1.74 (E configuration), and 13 Hz for 1.73 

(Z configuration). The relative stereochemistry of linderuca A (1.72) was determined through the use of 

NOESY spectral data, while the absolute stereochemistry was determined by comparison of spectral 

data, optical rotation and the use of the Cotton effect to that of known compound (+)-9-O-(E)-feruloyl-

5,5′-dimethoxylariciresinol 1.75. Also, chemical transformation by ester hydrolysis of linderuca A (1.72) 
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gave (+)-4,5,5′-trimethoxylariciresinol 1.76, the enantiomer of a known compound.76,77 The relative and 

absolute stereochemistry of the related compounds 1.73 and 1.74 were determined through similar 

methods as well as comparison to linderuca A (1.72) as these compounds exhibit similar spectral data 

and all had positive optical rotation values.75 

 

 

Figure 1.13: Tetrahydrofuran sesquilignans linderuca A–C (1.72–1.74). 

 

Recent advances in the synthesis of 7,9′-epoxy lignans have been focused around the development of 

enantioselective methods of generating these small molecules. As mentioned previously in the 

synthesis of furofuran lignans, Alberston et al. have also used their regioselective photo-induced 

dimerisation to produce (±)-tanegool 1.77 obtained as a single diastereoisomer (Scheme 1.7).31 This 

synthetic route is shorter than the synthesis of pinoresinol 1.7 as it does not require the epimerisation 

step for the cis-relationship in the cyclobutane 1.78 results in the desired trans-relationship found in 

tanegool 1.77. 

 

 

Scheme 1.7: Bio-inspired synthesis of (±)-tanegool 1.77 by Albertson et al. utilising a light induced [2+2]-dimerisation.31 
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An enantioselective cobalt-catalysed hydroboration-cyclisation of 1,6-enynes was developed by Yu et 

al. which was then used in the synthesis of (–)-magnofargesin 1.79 and a related 7,9′-epoxy lignan, 

representing the same structure as tatarinoid E (1.65), with 94% and 99% enantiomeric excess, 

respectively, over two steps from racemic 1,6-enyne 1.80  (Scheme 1.8).78 Interestingly, as the two 

compounds are formed in a 1:1 ratio and have the opposite stereochemistry. The chiral catalyst is 

therefore reacting with each enantiomer of racemic 1,6-enyne 1.80 in a different manner. Hence the 

reaction product can be controlled through use of a single enantiomer of the 1,6-enyne 1.80 and 

choosing the desired enantiomer of the chiral ligand 1.81. 

 

 

Scheme 1.8: Cobalt catalysed enantioselective synthesis of (–)-magnofargesin 1.79 and a related 7,9′-epoxy lignan 1.65 by Yu 
et al.78 

 

Another enantioselective synthesis of a similar 7,9′-epoxy lignan, (+)-sylvone 1.82, has been developed 

by Lee et al. utilising an initial enantioselective aldol reaction between methyl allenoate 1.83 and 

veratraldehyde 1.84, giving the desired aldol product 1.85 in 64% yield and 93% enantiomeric excess 

(Scheme 1.9). A subsequent AgNO3 catalysed cyclisation and Michael addition of a 1,3-dithiane 

derivative 1.86, followed by lithium aluminium hydride reduction and removal of the dithiane then gave 

(+)-sylvone 1.82 in five steps from methyl allenoate 1.83.79  
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Scheme 1.9: Enantioselective synthesis of (+)-sylvone 1.82 from methyl allenoate 1.83 by Lee et al.79 
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1.4.5 Dibenzyl butyrolactone and lactol lignans 
A new dibenzyl butyrolactone lignan, 5′-methoxy-7′-oxomatairesinol 1.87, was isolated by Bai et al. from 

the aerial parts of Chonemorpha griffithii (Figure 1.14).80 The absolute configuration of this new lignan 

was determined through the observed coupling constant of 9.1 Hz for J8–8′ and comparison of optical 

rotation and CD data to that of known compounds, namely (–)-4′-demethyltraxillagenin 1.8881 (5′-

methoxymatairesinol) and (+)-oxomatairesinol 1.89,82 however these comparisons show conflicting 

results as both compounds are reported with the same assigned stereochemistry but have opposite 

optical rotations.  

Another oxygenated butyrolactone lignan, tadehaginosin 1.90 (Figure 1.14), has been isolated by Wu 

et al. from the aerial parts of Tadehagi triquetrum and has been shown to increase the consumption of 

glucose by HepG2 cells.83 In what is a recurring theme in the isolation of lignans, the absolute 

stereochemical assignment of tadehaginosin 1.90 was determined through comparison to known 

compounds. However, the associated known compound had no reported optical data and therefore 

would not allow for the identification of the absolute stereochemistry of tadehaginosin 1.90.84 

 A new dibenzyl butyrolactone lignan, 7,7'-dihydroxy-3'-O-demethyl-4-methoxymatairesinol 1.91, has 

been isolated by Ashour et al. from corn cobs in an attempt to add value to the waste from sweet corn 

processing (Figure 1.14).85 The compound was compared to that of other known butyrolactone lignans 

to confirm the structure,86 however the stereochemical assignments for positions C-7 and C-7' were 

unable to be determined. Another dihydroxy lactone lignan, 8,8'-dihydroxypluviatolide 1.92, was isolated 

by Wu et al. from the twigs and leaves of Calocedrus macrolepis, which they named calomacrol A, and 

was also isolated by Li et al. in the same year from the fine roots of Cunninghamia lanceolate.87,88 

However both of these publications report differing magnitudes of optical rotation: [α]D
21.1 –202.42 (c 

0.09, MeOH)87 and [α]D
25 –73.1 (c 0.6, CHCl3).88  

 

 

Figure 1.14: 9,9′-Lactone lignans. 
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Three methylated lactol lignans, holophyllols A–C (1.93–1.95), have been isolated by Kim et al. from 

the trunk of Abies holophylla (Figure 1.15).89 Holophyllol A (1.93) showed moderate inhibitory effects 

on NO production in LPS-activated BV-2 cells with an IC50 value of 36.4 μM. The relative 

stereochemistry of these compounds was determined using coupling constants, with a J8–9 of 1.0 Hz 

for holophyllols A (1.93) and B (1.94) indicating a trans-relationship and 4.5 Hz for holophyllol C (1.95) 

indicating a cis-relationship, as well as through NOESY correlations. The absolute stereochemistry was 

determined through the use of the Cotton effect as well as through Mosher’s esterification analysis to 

determine the absolute stereochemistry at C-7′.89 Two structurally similar lignans 1.96 and 1.97, isolated 

by Li et al. from Viburnum foetidum, have been tested for their anti-tumour activity with IC50 values 

ranging from 63.5 to 76.3 μg/mL (Figure 1.15).90 These compounds were analysed using ROESY NMR 

and analysis of coupling constants, with a J8–9 of 6.0 Hz for both compounds suggested a trans-

relationship, contrary to that assigned for holophyllols A–C (1.93–1.95). Therefore, these compounds 

may have different stereochemistry to what was reported in the isolation paper.90  

An epimer of cubebin 1.13, cis-cubebin 1.98 (Figure 1.15), has been isolated by de Pascoli et al. from 

both Aristolochia lagesiana and Aristolochia pubescens alongside the dilignan, bicubebin A (1.99) 

(Figure 1.16).91 The spectroscopic data of cis-cubebin was found to be similar to that of cubebin and a 

J8–9 of 1.5 Hz suggested a trans-relationship between H-8 and H-9. This data suggested that this 

compound is the 8′-epimer of cubebin 1.13. However, it was found that, this compound was unable to 

be oxidised to the corresponding lactone lignan, cis-hinokinin 1.100. Bicubebin A (1.99) was also unable 

to be oxidised to a lactone and was therefore proposed to be a dimeric lignan of cubebin 1.13 containing 

an H8–H9 trans-configuration and an H8′′–H9′′ cis-configuration due to the 2.0 Hz and 5.0 Hz coupling 

constants, respectively.91 

 

 

Figure 1.15: 9,9′-Lactol lignans. 
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A structurally interesting sesquilignan lactone, stellerachama A (1.101), isolated from the roots of 

Stellera chamaejasme by Liu et al. contains a unique benzofurofuran tricyclic ring system, never before 

found in a natural product (Figure 1.16).92 The relative stereochemistries of H8–H8′ and H7′′–H8′′ were 

determined to both be a trans-configuration, as there was no observed nOe correlations between these 

proton signals. Furthermore, the overall relative stereochemical relationship was proposed by simple 

energy minimization using ChemOffice software. Therefore, synthetic methods may be required to 

confirm the stereochemical relationship between these proton signals. Stellerachama A (1.101) was 

tested for cytotoxicity against human cancer cell lines: A549, BEL7402, HCT-116, and MDA-MB-231, 

which revealed a weak cytotoxicity for the tumour cell line MDA-MB-231 with an IC50 value of 60.6 

µg/mL.92  

 

 

Figure 1.16: Bicubebin A (1.99), a 9,9′-lactol dilignan and Stellerachama A (1.101), a 9,9′ lactone sesquilignan. 

 

 

Scheme 1.10: Synthesis of (–)-yatein 1.105 by Sone et al.93 

 

Recent advances in the syntheses of dibenzyl butyrolactone lignans has primarily involved the initial 

synthesis of an enantiopure β-substituted γ-lactone, to which alkylation at the α-position would generate 

the desired dibenzyl butyrolactone lignan primarily with an α,β-trans relationship.93–96 The generation of 

this key compound 1.102 has been investigated by Sone et al. through the hydrogenolysis of an enantio-

enriched cyclopropane moiety 1.103 which proceeded with high regioselectivity (Scheme 1.10).93 
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Subsequent alkylation with 3,4,5-trimethoxybenzyl bromide 1.104 followed by decarboxylation gave  

(–)-yatein 1.105 in 93% ee.93 

Alizadeh et al. reported the synthesis of dibenzyl butyrolactone lignan analogues beginning with the 

chiral lactone 1.106 (Scheme 1.11).94 Veratraldehyde 1.84 was first added using an aldol reaction, 

followed by dehydration and hydrogenation to give an α-substituted lactone 1.107, with the 

stereochemistry controlled by the γ-substituted hydroxy methylene. A subsequent reduction with lithium 

aluminium hydride and two oxidation steps then generated the key β-substituted-γ-lactone 1.108, to 

which aryl aldehydes were added using another aldol reaction to give dibenzyl butyrolactone lignan 

analogues 1.109 with an α,β-trans-relationship.94 

 

 

Scheme 1.11: Synthesis of dibenzyl butyrolactone analogues 1.109 by Alizadeh et al.94 

 

Welin et al. have developed a novel photoredox, organocatalyzed, enantioselective alkylation of 

aldehydes with α-bromo acetonitrile (Scheme 1.12).95 The enantioselective alkylation is initiated through 

the photo-catalyst, tris(bipyridine)ruthenium(II) chloride, which generates an acetonitrile radical through 

a single electron transfer to α-bromo acetonitrile. This radical then reacts selectively with a chiral 

enamine generated in situ by the organocatalyst 1.110. The cycle is then completed by a single electron 

transfer back to the ruthenium catalyst generating the enantioenriched β-cyano-aldehyde 1.111. The 

desired β-substituted γ-lactone 1.112 is then synthesised through reduction of the aldehyde with sodium 

borohydride and a cyclisation with sodium hydroxide. An alkylation with 3,4-dimethoxybenzyl bromide 

1.113 then gave (–)-bursehernin 1.114 in 80% yield, >30:1 dr and 94% ee, over four steps.95 
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Scheme 1.12: Enantioselective α-alkylation by photoredox organocatalysis to give (–)-bursehernin 1.114 by Welin et al.95 

 

 

Scheme 1.13: Synthesis of (–)-(7′S)-hydroxymatairesinol 1.115 and (–)-(7′S)-hydroxyarctigenin 1.116 by Hajra et al.96 

 

A diastereoselective aldol reaction has been applied by Hajra et al. in the synthesis of (–)-(7′S)-

hydroxymatairesinol 1.115 and (–)-(7′S)-hydroxyarctigenin 1.116 (Scheme 1.13).96 The synthesis 

began with an N-succinyl-2-oxazolidinone 1.117, to which a diastereoselective aldol reaction and 
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subsequent alcohol protection gave the desired aldol product 1.118 with a greater than 95:5 

diastereomeric ratio. A chemoselective hydrolysis and reduction followed by an acid catalysed 

cyclisation then gave the desired β-substituted-γ-lactone 1.119 to which an alkylation resulted in an α,β-

trans-relationship. Deprotection of the TBS protecting groups gave the target dibenzyl butyrolactones 

1.115 and 1.116.96 

One example which does not rely on the alkylation of a β-substituted γ-lactone as a final step in the 

synthesis of dibenzyl butyrolactone lignans is the recent work reported by Fuchs et al. involving an 

enantioselective organo-zinc mediated allyl addition to aryl aldehydes (Scheme 1.14).97 The 

asymmetric addition of the organo-zinc species, formed through the reaction of zinc with 4-

(bromomethyl)furan-2(5H)-one 1.120, to aryl aldehydes is proposed to form through a six-membered 

transition state. This is due to the interaction of the BINOL-type phosphoric acid 1.121 and the zinc–

substrate complex resulting in an α-methylene-β-hydroxybenzyl-γ-lactone 1.122 with greater than 99:1 

diastereomeric ratio and an enantiomeric excess of 98%. A subsequent rhodium-catalysed conjugate 

addition of a boronate ester 1.123, followed by hydrogenolysis of the benzyl protecting group then gave 

(–)-(7′S)-hydroxymatairesinol 1.115 with 46% overall yield for three steps.97 

 

 

Scheme 1.14: Asymmetric synthesis of (–)-(7′S)-hydroxymatairesinol 1.115 by Fuchs et al.97 
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1.4.6 Dibenzocyclo-octadinene lignans  
Kadsuphilin O (1.124), isolated from the aerial parts of Kadsura philippinensis by Lin et al., is a 

dibenzocyclo-octadiene lignan with a secondary C2–C8′ bond (Figure 1.17).98 The relative 

stereochemistry of kadsuphilin O (1.124) was determined by NOESY correlations and through 

comparison of CD spectra to the previously isolated compound, kadsutherin C (1.125), such that a 

negative Cotton effect at 240 nm and a positive Cotton effect at 218 nm was used to determine the S-

configuration of the biphenyl group.99 The inferred structure was then confirmed through single-crystal 

X-ray diffraction analysis.98  

 

 

Figure 1.17: Dibenzocyclo-octadiene lignans. 

 

Seven new dibenzocyclo-octadiene lignans, marlignans M–S (1.126–1.132), have recently been 

isolated from the fruits of Schisandra wilsoniana by Yang et al. and have been evaluated for anti-HIV 

activity with EC50 values of 3.2–6.2 μg/mL.100 The lignans differ in their aromatic substitution and contain 

the same cyclo-octadiene backbone varying only at the α-position: marlignans M–O (1.126–1.128) 

contain an α-alcohol whereas marlignans P–S (1.129–1.132) contain an α-methoxy group. The absolute 

configuration of the biphenyl was determined through observations of the CD spectra such that a 
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negative Cotton effect at 240–260 nm and a positive Cotton effect at 215–225 nm indicated an S-

biphenyl configuration and further stereochemical assignments were determined by ROESY NMR 

correlations.100  

In the synthesis of dibenzocyclo-octadiene lignans, two main approaches prevail: by first forming the 

C8–C8′ bond or the C2–C2′ biphenyl bond with both approaches requiring different synthetic methods. 

One method, which begins with the formation of the C8–C8′ bond, has been reported by Fu et al. and 

involves an enantioselective nickel–catalysed intramolecular cyclisation of an alkynone (Scheme 

1.15).101 The reaction proceeds via an enantioselective cycloaddition of the alkynone 1.133 with a nickel 

(0) catalyst generating a nickel (II) metallacycle. Addition of triethyl silane then generates a nickel 

hydride species which undergoes reductive elimination regenerating the nickel (0) catalyst and forming 

the cyclised product 1.134 in 80% yield, 96% ee. Hydrogenation of the alkene then allowed for formation 

of the biphenyl 1.135 which was achieved through iron (III) chlorate oxidation with the stereochemistry 

under substrate control due to the orientation of the tetrahydrofuran ring. Oxidation with PCC then 

generated a dibenzocyclo-octadiene lactone-like lignan 1.136 with a 40% yield over four steps from the 

alkynone 1.133.101 

 

 

Scheme 1.15: Nickel catalysed enantioselective intramolecular reductive cyclisation by Fu et al.101 
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Other recent advances in the syntheses of dibenzocyclo-octadiene lignans have involved the 

stereoselective synthesis of a biphenyl ring system which exhibits atropisomerism. Yalcouye et al. have 

reported a formal synthesis of (–)-steganone 1.137 which makes use of a chiral auxiliary to 

atropodiastereoselectively generate the chiral biphenyl bond (Scheme 1.16).102 Using an XPhos 

palladium catalyst, a Suzuki coupling reaction between a phenyl iodide 1.138 and a boronate ester 

1.139 was employed, directed by the chiral auxiliary, to synthesise the biphenyl bond with a greater 

than 98:2 diastereomeric ratio. From the chiral biphenyl 1.140, removal of the chiral auxiliary and 

subsequent modifications then gave the biphenyl 1.141 used by Uemura et al. and Takeda et al. in their 

synthesis of (–)-steganone 1.137.103,104 

 

 

Scheme 1.16: Formal synthesis of (–)-steganone 1.137 by Yalcouye et al.102 

 

Gong and RajanBabu have utilised a borostannylative cyclisation of an α,ω-diyne 1.142 to synthesise 

six dibenzocyclo-octadiene lignans 1.143–1.148 through selective modification of functional groups 

(Scheme 1.17).105 This method focuses on the cyclisation of a diyne 1.142 with a borostannane to form 

a dibenzocyclo-octadiene with vinyl boronate ester and vinyl stannane moieties. The boronate and 

stannane are then remove using acetic acid at reflux to give the two exocyclic alkenes 1.149. 
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Subsequent chemoselective modifications then allowed for the synthesis of six dibenzocyclo-octadiene 

lignans 1.143–1.148 with differing functionalities and stereochemistries on the cyclo-octadiene ring.105 

 

 

Scheme 1.17: Synthesis of various dibenzocyclo-octadiene lignans 1.143–1.148 by Gong et al.105 
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1.4.7 Seco-lignans – 7,7-diaryl butanol lignans 
Seco-lignans are formed in the same manner as classical lignans such that they contain the 

characteristic C8–C8′ bond (β–β′) however, one of the phenyl propanoid units have been ‘cut’ – seco is 

derived from the Latin ‘to cut’. 7,7-Diaryl butanols are lignans in which there is a C1′–C7′ disconnection 

resulting in a lignan with both aryl rings attached to C-7. One such lignan, 7,7-diarylbutyl acetate 1.150, 

has been isolated by Song et al. from the fruit of Schisandra sphenanthera and has been shown to 

exhibit modest HSV-2 and adenovirus activity (Figure 1.18).106 This lignan was reported with no 

assigned stereochemistry, however it does have an optical rotation, therefore synthetic methods would 

be appropriate for the determination of both relative and absolute stereochemistry of this compound. 

Cinnaburmanin A (1.151) is a structurally similar lignan which has been isolated by Yuan et al. from the 

roots of Cinnamomum burmanii and similarly was reported with no assigned stereochemistry.107  

Epihenricine B (1.152) is a new lignan isolated by Lin et al. from the roots of Machilus obovatifolia 

(Figure 1.18) which is an epimer of known lignan, henricine B (1.153).108 The carbon framework of 

epihenricine B (1.152) was found to be the same to that of henricine B (1.153) however the 13C NMR 

shifts of C-7, C-8′ and C-9 were different to that of henricine B (1.153). To assign the absolute 

stereochemistry of epihenricine B (1.152) the optical rotation was compared to that of all stereoisomers 

of 7,7-diaryl-8,8′-dimethylbutan-1-ol lignans and based on these comparisons the absolute 

stereochemistry was assigned as 8R,8′S.109 Epihenricine B (1.152) was also investigated for ABTS 

cation radical-scavenging activity with an SC50 value of 11.7 μM after 20 minutes.108  

Isolated alongside marlignans M–S (1.126–1.132), from the fruits of Schisandra wilsoniana by Yang et 

al., are the seco-lignans marphenols E (1.154) and F (1.155), which exhibit anti-HIV activities with EC50 

values of 3.5 and 3.0 μg/mL respectively (Figure 1.18).100 These lignans are reported with relative 

stereochemical assignments which were determined through the analyses of ROESY spectra. As these 

compound do show optical rotation, synthetic studies may be required to determine the absolute 

stereochemistry.100  

Two new lignans, gymnothespirolignans A (1.156) and B (1.157), have been isolated by Xiao et al. from 

the whole plants of Gymnotheca involucrate, which contain a novel spirocyclic core formed through 

secondary bonds between C2–C1′ and 7–O–7′ (Figure 1.18).110 The two compounds differ only in 

stereochemical assignments which were determined through use of NOESY NMR experiments, 

furthermore the stereochemistry was confirmed through X-ray diffraction of single crystals of both 

compounds. Gymnothespirolignan A (1.156) and B (1.157) were tested for anti-RSV activities on HEp-2 

cells with IC50 values of 31.9 and 17.5 μM, respectively.110  
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Figure 1.18: Seco-lignans including 7,7-diarybutanol and spiro-lignans.  

 

Three recent syntheses of seco-lignans have been that of sacidumlignan D (1.158) by Zhang et al., Ha 

et al., and Xie et al.111–113 Zhang et al. utilised a Ueno–Stork radical cyclisation from a bromo-alkene 

1.159 which was synthesised in two steps: Grignard addition of vinyl magnesium bromide to a 

benzophenone 1.160, followed by a bromination/alkylation with ethyl vinyl ether (Scheme 1.18).111 The 

radical cyclisation using AIBN and nBu3SnH gave a tetrahydrofuran lactol acetal 1.161 which was 

converted to the corresponding lactone 1.162 by mCPBA oxidation. Formation of the enolate, followed 

by alkylation with MeOTf gave the desired anti-dimethyl substituents 1.163. Lithium aluminium hydride-

reduction followed by an acid catalysed cyclisation and benzyl group deprotection then gave (±)-

sacidumlignan D (1.158) in 39% yield over seven steps.111 
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Scheme 1.18: Total synthesis of (±)-sacidumlignan D (1.158) by Zhang et al.111 

 

Converging on the same synthetic method as described above, Ha et al. prepared the γ-butyrolactone 

ring system through a copper catalysed reaction between an alkene, acetonitrile and water and  applied 

this to the synthesis of (±)-sacidumlignan D (1.158) (Scheme 1.19).112 The alkene component was 

synthesised through a double addition of two aryl lithiates to propionyl chloride which was then 

dehydrated to give the alkene 1.164 using pTSA. The copper-catalysed reaction to form the lactone 

1.162 then proceeds through initial generation of an acetonitrile radical which adds to the alkene and is 

then oxidised to a carbenium ion which is trapped by water. This γ-hydroxy alkylnitrile then undergoes 

an intramolecular cyclisation which, upon acidic workup, is hydrolysed to the corresponding 

γ-butyrolactone 1.162. This synthesised butyrolactone then corresponds to the same butyrolactone 

synthesised by Zhang et al., whose method was then followed to complete the synthesis of 

(±)-sacidumlignan D (1.158).112 
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Scheme 1.19: Synthesis of (±)-sacidumlignan D (1.158) by Ha et al.112 

 

 

Scheme 1.20: Synthesis of (+)-sacidumlignan D (1.158) by a chiral resolution by Xie et al.113 
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The chiral resolution of a highly functionalised 1,4-diol 1.165 was used by Xie et al. for the synthesis of 

(+)-sacidumlignan D (1.158), involving a chiral phosphoric acid-catalysed cyclisation, which resulted in 

an enantio-enriched diol 1.165 (97% ee) and cyclised product 1.166 (35% ee) (Scheme 1.20).113 In 

order to synthesise the 1,4-diol 1.165, a zinc mediated crotylation of a benzophenone 1.167 with methyl 

(Z)-2-(bromomethyl)but-2-enoate 1.168 installed the α-methylene-β-methyl substituted lactone 1.169 in 

84% yield. Michael addition of hydride followed by a lithium aluminium hydride reduction of the resultant 

lactone then gave the trans-diol 1.165 in 75% yield over two steps. A chiral resolution was then 

investigated which showed chiral phosphoric acids were able to preferentially cyclise one enantiomer, 

giving a 97% enantiomeric excess of the remaining unreacted diol (+)-1.165. Cyclisation with TFA, 

followed by deprotection of the TBS groups then gave (+)-sacidumlignan D (1.158) in 87% yield over 

two steps.113 

 

 

Scheme 1.21: Synthesis of peperomin C (1.170) and 2-epi-peperomin C (1.171) by Soorukram et al.114 
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Soorukram et al. developed a stereoselective synthesis of peperomin C (1.170) and 2-epi-peperomin 

C (1.171) using a chiral oxazolidone 1.172 to induce a diastereoselective aldol reaction, installing the 

desired β-chiral substituent (Scheme 1.21).114 Following the diastereoselective aldol reaction to give 

alcohol 1.173, a reduction using lithium borohydride followed by protection of the primary alcohol and 

manganese dioxide oxidation of the benzylic alcohol, gave a ketone 1.174 to which an aryl lithiate was 

added to give the a 1,1-diaryl alcohol. Removal of the benzylic alcohol to give diaryl 1.175 followed by 

TBS deprotection and oxidative cleavage of the olefin then gave the β-substituted-γ-lactone 1.176 to 

which an alkylation with methyl iodide then gave peperomin C (1.170) in 37% yield as an 83:17 ratio of 

diastereomers, which was increased to 97:3 and 99% ee upon recrystallisation. The epimer 1.171 of 

peperomin C (1.170) was also prepared from the β-substituted-γ-lactone 1.176 by LiHMDS-mediated 

addition of Eschenmoser’s salt, which was then oxidatively cleaved by mCPBA to give the α-methylene 

lactone 1.177. This alkene was hydrogenated to give 2-epi-peperomin C (1.171) in 45% yield over two 

steps as a 90:10 ratio of diastereomers which was increased to 95:5 and 99% ee upon 

recrystallisation.114 

 

 

Scheme 1.22: Synthesis of 7,7-diaryl butanol lignans 1.179 by Yamauchi et al.109 

 

Yamauchi et al. have also reported the use of a chiral oxazolidinone 1.178 to synthesise all 

stereoisomers of 7,7-diaryl butanol type lignans 1.179 (Scheme 1.22).109 By utilising both enantiomers 

of a chiral auxiliary and enantiomers of the starting materials 1.180, both enantiomers of syn and anti-
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dimethyl substituted 7,7-diaryl butanol lignans were able to be synthesised. An interesting feature was 

the the addition of the second aryl group to a benzylic alcohol 1.181 using an iron (III) chloride mediated 

Friedel–Crafts type alkylation of a phenol, followed by formation of a trifluoromethane sulfonate ester, 

which was removed using palladium catalysed phase–transfer hydrogenolysis to give 4,4-diaryl 

benzoate 1.182. Seco-lactone lignans were also selectively modified to synthesise the 7,7-diaryl-7′,9′-

dimethylbutan-9-ol lignan enantiomers via a similar method.109 



 

Chapter 2 

Claisen Rearrangements and their use in Synthesis 
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2.1 Claisen Rearrangement 

The Claisen rearrangement, first reported in 1912 by L. Claisen, is a [3,3]-sigmatropic rearrangement 

of vinyl or aryl, allyl ethers.115,116 The original paper reports the synthesis of C-allyl phenols 2.1–2.3 from 

O-allyl phenols 2.4–2.6 via a thermally induced rearrangement, at ~230 °C (Scheme 2.1). The 

rearrangements of O-cinnamyl phenols 2.7 and 2.8 allowed for the elucidation of the reaction 

mechanism as a sigmatropic rearrangement due to the location of the phenyl group in the product ortho-

(α-phenyl-allyl)phenols 2.9 and 2.10 (Scheme 2.2 and Figure 2.1).116 

 

 

Scheme 2.1: Claisen rearrangements reported by L. Claisen.115 

 

 

Scheme 2.2: Claisen rearrangements of cinnamyl ethers by Claisen and Tietze.116 
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Figure 2.1: [3,3]-sigmatropic rearrangement. 

 

Following the discovery of this rearrangement, various other Claisen-type rearrangements have been 

developed, such as: Belluš–Claisen117 including the Lewis acid induced acyl-Claisen,118,119 

Eschenmoser–Claisen,120 Ireland–Claisen,121 Johnson–Claisen,122 as well as aza-Claisen 

rearrangements.123,124 Investigation into the Claisen rearrangement has allowed for an increase in the 

scope of the reaction, the diastereoselectivity,118 enantioselective rearrangements125 and application 

towards the synthesis of natural products.126–128 

 

2.2 Claisen Rearrangements in Synthesis 

Kotha and Cheekatla utilised a traditional Claisen rearrangement in the synthesis of a complex 

polycyclic diol 2.11.129 The initial Claisen rearrangement of O,O-diallyl hydroquinone 2.12 giving a 

mixture of 2,3-2.13 and 2,5-diallyl hydroquinone 2.14 (Scheme 2.3). The 2,3-diallyl hydroquinone then 

underwent a number of additional steps to give the desired complex octacyclic diol 2.11.129 

 

 

Scheme 2.3: Synthesis of octacyclic diol 2.11 by Kotha and Cheekatla.129 

 

Song et al. have developed a new method for the synthesis of 8-substituted-2H-chromenes utilising a 

tandem Claisen rearrangement and 6π–electrocyclization (Scheme 2.4).130 The mechanism is 

proposed to proceed via the initial Claisen rearrangement of allylic aryl ether 2.15, however instead of 

the rearomatisation step an elimination of acetic acid then results in the formation of an ortho-quinone 

methide 2.16 and subsequent electrocyclization then forms the 2H-chromene ring 2.17. The reaction 

has been shown to tolerate a range of functional groups with yields ranging from 63 to 92%. The 

rearrangement was applied to the total syntheses of the natural compound anthyllisone 2.18 and two 

related chromene natural products 2.19 and 2.20.130 
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Scheme 2.4: Synthesis of 2H-chromene natural products 2.18–2.20 by Song et al.130 

 

Recent work by Reid et al. have reported isomerisation–Claisen which involves an isomerisation from 

a diallyl ether 2.21 to an allyl vinyl ether 2.22 with 0.5 equivalents of potassium tert-butoxide, which then 

undergoes the Claisen rearrangement to form γ-pentenones 2.23 (Scheme 2.5).131 The researchers 

found that by altering the reaction conditions: bases used, the number of equivalents or the use of crown 

ethers, the selectivity of the reaction between a Claisen rearrangement and a [2,3]-Wittig–Oxy-Cope 

rearrangement can be altered. Optimised conditions for the Claisen rearrangement used 0.5 

equivalents of potassium tert-butoxide in toluene at 130 °C, whereas for the [2,3]-Wittig–Oxy-Cope 

rearrangement two equivalents of both potassium tert-butoxide and 18-crown-6 ether in THF at 80 °C 

were found to be optimal. The observed selectivity can be attributed to the association of the potassium 

ion for the Claisen rearrangement which allows for a [1,3]-metallotropic shift generating the allyl vinyl 

ether 2.22 which then can undergo a Claisen rearrangement, whereas when a crown ether is employed 

there is no associated potassium ion allowing for the [2,3]-Wittig rearrangement to take place and 

subsequently an Oxy-Cope rearrangement.131 
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Scheme 2.5: Rearrangements of diallyl ethers 2.21 by Reid et al.131 

 

Bhosale and Waghmode have recently applied the Claisen rearrangement to the total synthesis of (–)-

(R) and (+)-(S)-lavandulol 2.24 and related pheromones (Scheme 2.6).132 By reacting an α-chiral 

aldehyde 2.25 with an allyloxy methylene triphenylphosphine ylide the allyl vinyl ether 2.26 for the 

Claisen rearrangement was then generated. By modifying the solvent and temperature used for the 

Claisen rearrangement, the selectivity of the obtained diastereomers 2.27 and 2.28 was able to be 

modified. The optimised conditions showed refluxing in benzene followed by a sodium borohydride 

reduction of the formed aldehyde gave a yield of 19% for the syn-product 2.27 and 77% for the anti-

product 2.28, whereas heating neat to 180 °C gave the highest yield of 2.27 of 43% as well as 46% of 

2.28 showing that syn-selectivity is favoured. From each diastereomer, both (–)-(R) and (+)-(S)-

lavandulol 2.24 were then produced in 9 steps.132 

 

 

Scheme 2.6: Claisen rearrangement approach to the synthesis of both enantiomers of lavandulol 2.24 by Bhosale and 
Waghmode.132 

 

Seizert and Ferreira have applied a boron mediated Ireland–Claisen towards the attempted synthesis 

of the complex natural product pordamacrine A (2.29) (Scheme 2.7).133 Initial attempts using the silyl 

generated ketene acetal resulted in trace amounts of the Claisen-rearrangement product, therefore a 
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modified boron mediated Ireland-Claisen rearrangement was attempted and resulted in a 66% yield of 

the desired product 2.30 as a single diastereomer across the two newly formed stereocentres, one of 

which is a tertiary carbon (Scheme 2.7). In order to determine the relative stereochemistry a model 

compound 2.31 was then synthesised and the boron mediated Ireland–Claisen rearrangement 

attempted (Scheme 2.8). This then gave the rearrangement product 2.32 in 68% yield which was 

subjected to an iodo–lactonization reaction to give lactone 2.33 which, using NOESY NMR, allowed for 

the determination of the cis-oriented methyl groups. Although the Ireland–Claisen rearrangement was 

successful the total synthesis could not be completed due to complications in a subsequent step.133 

 

 

Scheme 2.7: Boron-mediated Ireland–Claisen rearrangement by Seizert and Ferreira.133 

 

 

Scheme 2.8: Ireland–Claisen and iodo–lactonization of a model compound 2.31 by Seizert and Ferreira.133 

 

Zhurakovskyi et al. have recently synthesised the tetracyclic core of natural products guanacastepene 

D and radianspene J through an Ireland–Claisen rearrangement of a macrocyclic ethynyl lactone 2.34 

resulting in a β,γ-dienyl ester 2.35 (Scheme 2.9).134 The ester was then reduced to the corresponding 

alcohol and transformation to an azide 2.36 then allowed for a cascade azide–allene cycloaddition and 

diyl–furan transannular cycloaddition to form the pentacyclic compound 2.37. This work was the first 

reported example of an Ireland–Claisen rearrangement of an ethynyl lactone.134  
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Scheme 2.9: Ethynyl lactone Ireland–Claisen synthetic approach to pentacyclic core compound 2.37 by Zhurakovskyi et al.134 

 

Crimmins et al. successfully synthesised the 6–10 trans fused ring system 2.38 of natural product 

brianthein A through an Ireland–Claisen rearrangement followed by a ring closing metathesis 

(Scheme 2.10).135 The Ireland–Claisen rearrangement was able to successfully install the desired 

stereochemistry at the two new stereocentres in the product 2.39, one of which is a quaternary carbon 

with a 98:2 diastereomeric ratio. Initial attempts at the ring closing metathesis to form the 10-membered 

ring 2.38 were unsuccessful which was attributed to the stereochemistry of the substituents of the 6-

membered ring. Therefore to complete the synthesis of the 10-membered ring selective modification of 

the secondary alcohol stereochemistry at C-14 was necessary to both form the 10-membered ring 2.38 

and have the desired stereochemistry in the final product.135 

 

 

Scheme 2.10: Ireland–Claisen approach to a 6–10 trans fused ring system 2.38 by Crimmins et al.135 
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2.3 The Acyl-Claisen Rearrangement in Lignan Synthesis 

Previous work by the Barker group has developed methods for the synthesis of three classes of lignans: 

7,7′-epoxy-2.40–2.43, aryl tetralin 2.44–2.46, and 7,7′-diarylbutanol lignans 2.47 and 2.48, utilising the 

acyl-Claisen rearrangement as a key step in the synthesis of these lignans.126–128 The synthesis began 

with an acyl-Claisen rearrangement of crotyl morpholine 2.49 and propionyl chloride, forming the syn-

2,3-dimethyl pentenamide 2.50 in greater than 99:1 diastereomeric ratio (Scheme 2.11). A lithiate 

addition of aryl bromides then gave ketones 2.51 which were reduced and the formed alcohol protected 

with tert-butyl dimethyl silyl or methoxymethyl protecting groups. The olefin was then oxidatively cleaved 

to reveal an aldehyde 2.52 to which another aryl lithiate addition then forms mono protected diaryl-

butane diols 2.53–2.60 which were then reacted with methane sulfonyl chloride to induce cyclisations. 

The methoxymethyl protected diols 2.53–2.56 were shown to cyclise to form 7,7′-epoxy lignans 2.40–

2.43 whereas the TBS protected diols gave aryl tetralin type lignans 2.44–2.46 (Table 2.1).  

In one case, TBS protected 1,4-bis(4-methoxyphenyl)-2,3-dimethylbutan-1,4-diol 2.60 was found to 

rearrange under the cyclisation conditions to form a 4,4-diaryl butanal 2.61 (which is proposed to form 

via a spiro-cyclic intermediate due to the lack of a meta-electron donating substituent on the aryl ring) 

to which a subsequent sodium borohydride reduction then gave a 7,7′-diaryl butanol–like lignan 2.47.126–

128 Synthesis of 7,7′-diaryl butanol lignan, kadangustin J (2.48), was also achieved by addition of a 

second aryl lithiate to the ketone 2.51 previously formed from the aryl addition to the acyl-Claisen 

product 2.50 (Scheme 2.11). A dehydroxylation of tertiary alcohol 2.62, with triethyl silane and BF3∙OEt2, 

followed by oxidative cleavage of the olefin and reduction then gave kadangustin J (2.48).126–128 

 

 

Scheme 2.11: Synthesis of lignans utilising the acyl-Claisen rearrangement by Barker et al.126–128 
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Table 2.1: Lignans synthesised by Barker et al.126–128 

 Ar Ar′ R product yield 

2.53 3,4-diOMe-C6H3 3,4-diOMe-C6H3 

MOM 

 

2.40 77% 

2.54 3-OMe-4-OMOM-C6H3 3-OMe-4-OMOM-C6H3 2.41 94% 

2.55 3-OMe-4-OMOM-C6H3 3,4-OCH2O-C6H3 2.42 92% 

2.56 4-OMe-C6H4 4-OMe-C6H4 2.43 80% 

2.57 3,4-diOMe-C6H3 3,4-diOMe-C6H3 

TBS 

 

2.44 96% 

2.58 3,4-diOMe-C6H3 3,4-OCH2O-C6H3 2.45 95% 

2.59 3,4-diOMe-C6H3 4-OMOM-C6H4 2.46 61% 

2.60 4-OMe-C6H4 4-OMe-C6H4 TBS 

 

2.61 82% 

 

 

Scheme 2.12: Synthesis of kadangustin J (2.48) by Rye and Barker.126 

 

 



 

 

 



 

Chapter 3 

Synthesis of Various Lignans via the Rearrangements of 

1,4-diarylbutane-1,4-diols 

 

Based on this work, we decided to initially investigate the unusual rearrangement obsevered when a 

TBS protecting group and adjacent 4-methoxyphenyl aryl butanol was subjected to cyclisation 

conditions forming the 7,7-diaryl butanol type lignan scaffold (entry 8, table 2.1). The following chapters 

3–5 reports this work and investigates the unexpected rearrangements of these 1,4-diaryl butanol 

compounds. 

Reprinted (adapted) with permission from Samuel J. Davidson and David Barker, Tetrahedron Lett. 

2015, 56 (30), 4549–4553. Copyright 2015 Elsevier. 

DOI: 10.1016/j.tetlet.2015.06.015. 

A copy of the publication can be found in Appendix Five. 

Experimental details of compounds prepared in this chapter can be found in Appendix One. 
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3.1 Introduction 

Lignans are a large class of plant natural products formed by the oxidative dimerization of two 

phenylpropanoid units (C6–C3) and are known to have a range of biological activities which include plant 

defence mechanisms, as well as antioxidant, antimicrobial, and cytotoxic or anticancer 

activities.126,136,137 

Lignans can be subdivided into a range of classes which are characterised by the dimer linkages 

between the phenylpropanoid units. Classical lignans (such as cyclogalgravin 3.1 and veraguensin 3.2) 

are formed through 8–8′ linkages, neolignans (such as eusiderin A (3.3)) are formed through linkages 

other than 8–8′ linkages, and seco-lignans (such as Schisandra lignan 3.4 and kadangustin J (3.5)) are 

dimers in which one of the monomers has been reorganised (Figure 3.1).126,138–140  

 

 
Figure 3.1: Representative examples of four structural classes of lignans. 

 

Previous work by our group had shown that THF, aryltetralin and 4,4-diarylbutanol subclasses of lignans 

were all available from similar 1,4-diarylbutane-1,4-diols,126 however the products obtained were 

dependent on the aromatic substitution patterns and alcohol protecting groups chosen. It was found 

that para-electron donating groups (e.g. 4-methoxy) promoted aryl migration to form 4,4-diarylbutanals, 

meta-electron donating groups promoted cyclisation to form aryl tetralins, whilst the presence of a MOM 

group on the alcohol at C-1 resulted in cyclisation to give THF lignans.126 
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Scheme 3.1: Compounds prepared from 1,4-diarylbutane-1,4-diols. Reagents: (a) Et3N, MsCl, CH2Cl2, 0 °C.126 

 

3.2 Results and Discussion 

Based upon these initial findings, it was decided to further investigate the uncommon126 1,4-diaryl 

rearrangement in order to prepare 4,4-diarylbutanal products containing other aromatic substitution 

patterns. Previous work had shown this rearrangement occurred only in the case where both aromatic 

rings were para-methoxybenzene rings. 

The proposed mechanism for this unusual 1,4- to 4,4-aryl migration is via a 5-membered cyclic 

intermediate which undergoes subsequent TBS elimination and ring opening to give the 4,4-

diarylbutanal (Figure 3.2). It was proposed that the aromatic ring at C-4 does not participate in the 

rearrangement and therefore was the first site examined for modifications to the rearrangement 

substrate. 

Common aldehyde 6 was prepared in two steps, dihydroxylation followed by periodate cleavage, from 

alkene 7 which was prepared following literature procedures.126,127 A range of aryl organometallic 

reagents were then added to aldehyde 3.6, giving alcohols 3.8a–f in moderate to good yields as single 

diastereoisomers as predicted by the Felkin-Anh model.127 

 

 
Scheme 3.2: Reagents and conditions: (a) NMO, OsO4, tBuOH/H2O (1:1), 24 h, 83%; (b) NaIO4, MeOH/H2O (3:1), 1 h, quant.; 
(c) organometallic reagent, THF, -78 °C, 24 h, Ar = 4-methoxyphenyl 3.8a (33%), 3,4-dimethoxyphenyl 3.8b (22%), 3,4-
methylenedioxyphenyl 3.8c (82%), 3,4,5-trimethoxyphenyl 3.8d (52%), phenyl 3.8e (23%), thienyl 3.8f (quant.); 3.8a–c, e–f were 
prepared from lithiates, which were generated from the corresponding bromides using 2 equivalents of tBuLi; 3.8d was prepared 
from a commercial Grignard reagent; (d) Et3N, MsCl, DCM, 0 ºC, 24 h, see Table 3.1. 
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Table 3.1: Products obtained following rearrangement conditions.  

butanol product 1 yield 1 product 2 yield 2 

3.8a 

 

3.9a 

52% 
 

3.10a 

36% 

3.8b 

 

3.9b 

63% 

 

3.10b 

37% 

3.8c 

 

3.9c 

47% 

 

3.10c 

53% 

3.8d 

 

3.9d 

58% 

 

3.10d 

42% 

3.8e 

 

3.9e 

13%  

3.10e 

13% 

3.8f 

 

3.9f 

21% 

 

3.10f 

54% 

 

*  major diastereomer shown
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As expected, upon treatment with trimethylamine and methanesulfonyl chloride at 0 °C, all butanols 

3.8a–f gave rise to 4,4-diarylbutanals 3.9a–f. The aryl migration was found to be stereoselective with 
1H and 13C NMR showing that for all aldehydes except 3.9d (Table 3.1) a single diastereomer had 

formed. Whilst alcohol 3.8a with bis-para-methoxyphenyl rings gave only aldehyde 3.9a, in the cases 

of butanols 3.8b–f other products were also obtained. These were determined to be aryl tetralins 3.10b–

d,f for butanols 3.8b–d,f and a 2,5-diaryl THF 3.10e from butanol 3.8e. The aryl tetralins 3.10b–d,f 

were also obtained as single diastereoisomers and by comparison to literature compounds,126,141,142 

coupling constants between protons H-7′ and H-8′ determined a trans-relationship between these 

substituents.  

The stereochemistry at position C-4 of the 4,4-diarylbutanals 3.9 was determined through cyclisation of 

butanal 3.9c, using catalytic pTSA in toluene, which gave aryl tetralin 3.11 as a single isomer in 50% 

yield.143 Tetralin 3.11 had a coupling constant of 6.5 Hz between H-7′ and H-8′, suggesting a cis-

relationship between the substituents at these positions, opposite to the tetralins formed from the 

rearrangement reaction.  

 

 
Scheme 3.3: Reagents and conditions: (a) pTSA, toluene, reflux, 30 min, 50%. 

 

Based on this information a mechanism was proposed for the stereoselective formation of both the 4,4-

diarylbutanals 3.9 and aryl tetralins 3.10. It is proposed that the first step of the rearrangement is 

formation of a quinone-methide 3.12 which occurs via methanesulfonylation of the 8′-OH followed by 

elimination of methanesulfonate due to the electron donating properties of the adjacent aromatic ring 

(Figure 3.2). The next step involves ipso-attack of C-1, via donation from the C-4 methoxy group, onto 

C-7′ giving two diastereomeric 5-membered intermediates 3.13a and 3.13b. 

From here it is suggested that the cis-trans-trans intermediate 3.13a would give rise to 4,4-diarylbutanal 

3.9c through elimination of TBSCl whereas the cis-trans-cis intermediate 3.13b would give rise to aryl 

tetralin 3.10c. The formation of the aryl tetralins is proposed to occur due to the pseudo-axial position 

of the C-1′–C-6′ aromatic ring, allowing attack of C-6′, due to donation from the oxygen at C-3′, at C-7 

resulting in formation of the tetralin structure and re-aromatisation of the para-methoxyphenyl ring. A 

possible alternative pathway could proceed via breaking of the C-1–C-7 bond resulting in a charged 

intermediate then followed by cyclisation from C-6′ onto C-7 to give the aryl tetralin. However, if 

proposed for this step, the same mechanism could be applied to the formation of butanal 3.9c and from 
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the charged intermediate it would be possible to form diastereomeric aryl tetralins thus suggesting an 

SN2 type mechanism. Subsequent elimination of TBSOH gives the final aryl tetralin 3.10c. 

Interestingly, the tetralin product 3.10d from the reaction of butanol 3.8d which contained a 

trimethoxybenzene ring did not match the expected product (Figure 3.3). The predicted product would 

have a proton at C-2 and a methoxy at C-5, and the isolated product 3.10d had the reverse 

arrangement. Furthermore, analysis of the 1H NMR spectrum of aldehyde 3.9d showed that 

diastereomers had formed at C-4, which was not observed for any of the other aldehydes tested.  

 

 
Figure 3.2: Proposed reaction mechanism for the 1,4-diaryl rearrangement. 
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Figure 3.3: Proposed reaction mechanism for the 1,4-diaryl rearrangement in the case of the trimethoxy analogue. 

 

To account for this it is proposed that reaction of 3.8d initially forms diastereomeric 5-membered 

intermediates 3.14a and 3.14b. The cis-trans-trans intermediate 3.14a ring opens to form aldehyde 

3.9d. However, the cis-trans-cis intermediate 3.14b does not form the tetralin but instead undergoes 

ipso-attack to form a second 5-membered intermediate 3.15. This intermediate being in the cis-trans-
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trans configuration can then both ring open to either form the minor diastereomer of aldehyde 3.9d or 

quinone methide 3.16. From the quinonemethide, stereoselective attack from C-6 of the 

trimethoxybenzene ring onto C-7′ then gives the observed tetralin 3.10d with the correct geometry and 

accounts for the formation of diastereomeric aldehydes 3.9d. Aryl tetralin 3.10d was isolated as the 

TBS-ether, however previous reports have shown that some tetralins require stirring in mild acid or 

chloroform to give the unsaturated aryl tetralin.126 

The reaction of butanol 3.8e does not form a tetralin product but instead forms THF 3.10e. This can be 

explained due to the lack of electron donating groups on the C-7′ phenyl ring. In this case the lack of an 

electron donating group at C-3′ does not allow formation of the tetralin product and competing THF 

formation becomes a favourable alternative.127 

Previous seco-lignans have reported anti-proliferative activities against selected cell lines (e.g. 

Schisandra lignan 3.4 IC50 5.97 µM HL-60 cancer cell line).144 Aldehydes 3.9a–f were therefore 

reduced, using NaBH4 in methanol, giving 3.17a–f in moderate to good yields. Testing of 3.17a–f 

against the NCI-60 panel of human cancer cell lines showed considerably lower activity compared to 

that of Schisandra lignan 3.4. These results are consistent with the results of Wukirsari et al. who 

recently also showed that other 4,4-diaryl-butanols had low activity and that synthetic 3.4 was 

inactive.145 Our results combined with those of Wukirsari et al. has led to the conclusion that 4,4-

diarylbutanols do not represent a cytotoxic scaffold.145 

 

 
Scheme 3.4: Reagents and conditions: (a) NaBH4, MeOH, -78 °C, 24 h, Ar = 4-methoxyphenyl 3.17a (64%), 3,4-dimethoxyphenyl 
3.17b (quant.), 3,4-methylenedioxyphenyl 3.17c (quant.), 3,4,5-trimethoxyphenyl 3.17d (70%), phenyl 3.17e (quant.), thienyl 
3.17f (15%). 

 

In summary, the rearrangement of 1,4-diarylbutane-1,4-diols has been investigated showing that the 

products formed are dependent on the substitution patterns of both aryl rings and can give rise to 4,4-

diarylbutanals, aryl tetralins and THF moieties. All 4,4-diarylbutanals were reduced to give 4,4-

diarylbutanols which contain the same structural motifs as some previously reported cytotoxic lignans 

and were tested for their anti-cancer activities. 

 



 

Chapter 4 

Using NMR to determine the relative stereochemistry of 

7,7-diaryl-8,8′-dimethylbutan-1-ol lignans 

 

After preparing a range of 7,7-diaryl-8,8′-dimethylbutanol lignans the spectroscopic data was compared 

to the data of reported natural products. This chapter describes these comparisons and the 

development of a method to assign relative stereochemistry in this class of lignans. 

Reprinted (adapted) with permission from Samuel J. Davidson, Claire E. Rye, and David Barker, 

Phytochem. Lett. 2015, 14, 138–142. Copyright 2015 Elsevier. 

DOI: 10.1016/j.phytol.2015.09.014. 

A copy of the publication can be found in Appendix Five. 

Experimental details of compounds prepared in this chapter can be found in Appendix One. 
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4.1 Introduction 

Lignans are a broad class of plant secondary metabolites formed from the oxidative dimerization of two 

phenyl propanoid units. The different positions for oxidative coupling gives rise to the various structural 

classes of lignans. An interesting class of lignans, the 7,7-diarylbutanol seco-lignans, have been 

reported to have cytotoxic,146 anti-HIV-1147 and antioxidant148 bioactivity (e.g. Schisandra lignan 4.1, 

Fig. 4.1) and synthetic analogues of these have shown even higher bioactivity.149 Due to their acyclic 

structure with many freely rotatable bonds natural 7,7-diarylbutanol lignans are frequently reported in 

the literature with no relative stereochemical assignments and many of which are reported as having 

chirality. Kadangustin J (4.2), isolated from Kadsura angustifolia,150 has a reported αD of +4.9 whereas 

a subsequent synthesis of the enantiomer of kadangustin J (4.2) found an αD of –20.7.151 Schisandra 

lignan 4.1, isolated from Schisandra propinqua (Wall.) Baill.,146 also had dissimilar rotations from an 

asymmetrically prepared sample.152 Syntheses of both Schisandra lignan 4.1152 and kadangustin J 

(4.2)143,151 have allowed for the determination of a stereochemical relationship between the two methyl 

groups. Other lignans in this class, schilancifolignan D (4.3) – isolated from Schisandra lancifolia,153 

marphenol G (4.4) – from Schisandra wilsoniana,154 and kadangustin K (4.5) – from Kadsura 

angustifolia,150 have been reported with undefined relative stereochemistry and have not been 

synthesised. These lignans have three chiral centres compared to that of kadangustin J (4.2) and 

Schisandra lignan 4.1 which only have two chiral centres (Table 4.1). Therefore it would be helpful and 

important to understand the relative stereochemical relationship between the two methyl groups at C-8 

and C-8′, as this would reduce the number of isomers required to determine the absolute 

stereochemistry of these interesting seco-lignans. Acetate forms of 7,7-diarylbutanol lignans have also 

been isolated, henricine B (4.8) – from Schisandra henryi,155 and lignan 4.9 – from Schisandra 

sphenanthera which has been reported as having anti-HSV and anti-adenovirus activity,156 and have 

been reported without stereochemical assignments (Table 4.2). 

 

 
Figure 4.1: Structures of 7,7-diaryl-8,8′-dimethylbutanol lignans: anti-Schisandra lignan 4.1, syn-kadangustin K (4.2), and lignan 
4.6 with structure as determined via chemical transformation to give tetralone 4.6a. 
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4.2 Results and Discussion 

Previously, assignments of stereochemistry of these butanol type lignans have been achieved by 

chemical transformation to a known cyclic aryltetralone lignan (e.g. lignan 4.6 to lignan 4.6a, Fig. 1).157 

Others have used nOe analysis158 and Newman projections159 (lignan 4.7), however due to the number 

of freely rotatable bonds in these butanol lignans, these methods of stereochemical analysis are not 

reliable. Our group have previously synthesised a range of syn-dimethyl-7,7-diarylbutanol lignans, 

including Kadangustin J (4.2).151 During this previous work we observed that the NMR data from 

reported, but stereochemically undefined, lignans was significantly varied. This led us to speculate that 

these variations were due to the compounds being either syn- or anti-8,8′-dimethyl-7,7-diarylbutanols. 

We therefore theorized that if each stereoisomer were prepared it would allow for comparisons between 

the two isomers and perhaps differences could be seen that would allow for a simplified method of 

characterisation of isolated lignans. 

 

Table 4.1: Selected 1H and 13C NMR data of Schisandra lignan 4.1 and natural 7,7-diarylbutanol lignans of unknown 
stereochemistry.  

 
 

Schisandra lignan 4.1a 
 

schilancifolignan D (4.3)b 
 

marphenol G (4.4)b 
 

kadangustin K (4.5)a 

1H     

H-7 3.65, m 3.99, d, 11.4 Hz 3.83, d, 7.9 Hz 3.53, d, 11.8 Hz 

H-9 0.84, d, 7.2 Hz 0.91, d, 6.9 Hz 0.91, d, 7.9 Hz 0.68, d, 6.8 Hz 

H-7′α 3.22, m 3.79, d, 13.6 Hz 
3.73–3.81, m 3.47–3.50, m 

H-7′β 3.69, m 3.93, dd, 11.2, 6.6 Hz 

H-9′ 0.99, d, 6.4 Hz 0.94, d, 7.1 Hz 0.93, d, 7.9 Hz 0.76, d, 7.0 Hz 

13C     

C-8 36.1 36.7 36.5 35.9 

C-7′ 63.0 66.8 66.5 67.0 

C-8′ 40.7 36.6 36.8 36.0 

C-9′ 15.6 10.2 12.3 9.6 

a) run in CDCl3  b) run in C5D5N 
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Table 4.2: Selected 1H and 13C NMR data of natural 7,7-diarylbutanol lignans (6 and 7) of proposed stereochemistry and selected 
1H and 13C NMR data of natural 7,7-diarylbutanol acetates (8 and 9) of unknown stereochemistry.  

 
 

 
4.6a 

 
4.7a henricine B (4.8)b 4.9a 

1H     

H-7 3.53, d, 11.9 Hz 3.4–3.7, m 3.52, d, 11.6 Hz 3.50, d, 11.2 Hz 

H-9 0.70, d, 6.9 Hz 0.66, d, 7.0 Hz 0.69, d, 6.8 Hz 0.76, d, 6.8 Hz 

H-7′α 3.47, dd, 10.4, 6.5 Hz 
3.4–3.7, m 

3.70, d, 11.2 Hz 3.82, d, 10.8 Hz 

H-7′β 3.51, dd, 10.4, 8.2 Hz 4.04, d, 10.8, 4.8 Hz 4.15, dd, 10.8, 4.8 Hz 

H-9′ 0.76, d, 6.9 Hz 0.73, d, 7.0 Hz 0.88, d, 7.2 Hz 0.99, d, 6.8 Hz 

13C     

C-8 36.1 35.6 42.1 41.0 

C-7′ 67.2 66.5 67.2 65.9 

C-8′ 36.3 35.6 34.5 32.9 

C-9′ 9.8 9.3 17.2 17.1 

a) run in CDCl3 b) run in CD3OD 
 

The 7,7-diarylbutanol lignan analogues 4.10a–d were synthesised following our reported procedure, 

which utilises the rearrangement of 1,4-diarylbutan-1,4-diols 4.11a–d.160 The syn-8,8′ stereochemistry 

in diols 4.11a,b is provided by an acyl-Claisen rearrangement of E-crotyl morpholine 4.12 which gives 

only syn-amide 4.13.127 Using a mixture of E- and Z-crotyl morpholine 4.14, prepared from commercial 

E/Z-crotyl chloride, in the acyl-Claisen rearrangement gave a mixture of syn-(major) and anti-(minor) 

amides 4.13 from which the anti-diastereomers of butanols 4.10c,d were able to be obtained.  

 

 

Scheme 4.1: Reagents and conditions: (a) LiAlH4, Et2O, 0 °C, 15 min, 96%; (b) MsCl, Et3N, morpholine, CH2Cl2, 0 °C, 21 h, 74%;  
(c) AlCl3, iPr2NEt, propionyl chloride, CH2Cl2, 24 h, 76%; (d) 4-bromoanisole, tBuLi, THF, -78 °C, 20 h, 73%; (e) NaBH4, MeOH,  
-78 °C, 18 h, 90%; (f) TBSCl, imidazole, DMF, 0 °C, 48 h, quant.; (g) OsO4 (1 mol%), NMO, tBuOH/H2O (1:1), 24 h, 83%; (h) 
NaIO4, MeOH/H2O (3:1), 0 °C, quant.; (i) 4-bromoanisole (4.11a), 4-bromo-1,2-methylenedioxybenzene (4.11b), tBuLi, THF,  
-78 °C, 24 h, 33% (4.11a), 82% (4.11b); (j) MsCl, Et3N, DCM, 0 °C, 2 h, 65% (from 4.11a), 47% (from 4.11b); (k) NaBH4, MeOH, 
-78 °C, 24 h, 64% (4.10a), quant. (4.10b). 
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Scheme 4.2: Reagents and conditions: (a) morpholine, Et3N, CH2Cl2, 0 °C, 24 h, 48%; (b) AlCl3, iPr2NEt, propionyl chloride, 
CH2Cl2, 24 h, 76%; (c) 4-bromoanisole, tBuLi, THF, -78 °C, 20 h, 73%; (d) NaBH4, MeOH, -78 °C, 18 h, 90%; (e) TBSCl, imidazole, 
DMF, 0 °C, 48 h, quant.; (f) OsO4 (1 mol%), NMO, tBuOH/H2O (1:1), 24 h, 83%; (g) NaIO4, MeOH:H2O (3:1), 0 °C, quant.;  
(h) 4-bromoveratrole, tBuLi, (4.11c), 3,4,5-trimethoxyphenylmagnesium bromide (4.11d), THF, -78 °C, 24 h, 22% (4.11c), 52% 
(4.11d); (i) MsCl, Et3N, CH2Cl2, 0 °C, 2 h, 63% (from 4.11c), 58% (from 4.11d); (j) NaBH4, MeOH, -78 °C, 24 h, quant. (4.10c), 
79% (4.10d). 

 

 

Scheme 4.3: Reagents and conditions: (a) propionyl chloride, pyridine, CH2Cl2, 0 °C, 18 h, 80%; (b) LDA, THF, -78 °C, 96%; (c) 
morpholine, DMAP, DCC, CH2Cl2, 22 h, 98%; (d) 1-bromo-3-methoxy-4-(methoxymethoxy)benzene, tBuLi, THF, -78 °C, 24 h, 
73%; (e) 1-bromo-3-methoxy-4-(methoxymethoxy)benzene, tBuLi, THF, -78 °C, 24 h, 41%; (f) Et3SiH, BF3·OEt2, CH2Cl2, 0 °C, 30 
min, 91%; (g) MOMCl, iPr2NEt, CH2Cl2, 0 °C, 24 h, 79%; (h) OsO4 (1 mol%), NMO, tBuOH/H2O (1:1), 48 h, 47%; (i) NaIO4, 
MeOH/H2O (3:1), 0 °C, 20 min, 89%; (j) NaBH4, MeOH, 5 h, 72%; (k) 2 M HCl, MeOH, 5 h, 86%. 
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Syn- and anti-isomers of Schisandra lignan 4.1 were prepared using an alternative method involving 

the Ireland-Claisen rearrangement which in this case favours the anti-product to give dimethylpentenoic 

acid 4.15 which was then coupled to morpholine to give anti-amide 4.13, as the major isomer. From 

amide 4.13 our previously reported procedure was applied to give a mixture of syn- and anti-Schisandra 

lignan 4.1.151 

 

Table 4.3: Selected 1H and 13C NMR data of synthetic 7,7-diarylbutanols in CDCl3.  

 

4.10a 4.10b 4.10csyn 4.10canti 

1H     

H-7 3.56, d, 11.6 Hz 3.54, d, 11.8 Hz 3.54, d, 12.0 Hz 3.75, d, 11.6 Hz 

H-9 0.68, d, 6.7 Hz 0.70, d, 6.7 Hz 0.69, d, 6.8 Hz 0.79, d, 7.1 Hz 

H-7′α 3.45, dd, 10.6, 6.7 Hz 3.44, dd, 10.6, 6.7 Hz 3.45, dd, 10.6, 6.6 Hz 3.36, dd, 10.8, 7.7 Hz 

H-7′β 3.50, dd, 10.6, 8.1 Hz 3.49, dd, 10.6, 8.2 Hz 3.51, dd, 10.6, 8.2 Hz 3.67, dd, 10.8, 5.6 Hz 

H-9′ 0.75, d, 6.9 Hz 0.74, d, 6.9 Hz 0.75, d, 7.0 Hz 0.99, d, 7.1 Hz 

13C     

C-8 36.1 36.0 36.0 40.8 

C-7′ 67.1 67.0 67.1 64.8 

C-8′ 36.1 36.0 36.1 36.5 

C-9′ 9.5 9.5 9.5 16.6 

 

4.10dsyn 4.10danti 4.1syn 4.1anti 

1H     

H-7 3.52, d, 11.5 Hz 3.72–3.77, m 3.48, d, 11.7 Hz 3.61, d, 11.7 Hz 

H-9 0.71, d, 6.8 Hz 0.80, d, 6.8 Hz 0.69, d, 6.6 Hz 0.76, d, 6.6 Hz 

H-7′α 3.42–3.52, m 3.36, dd, 10.7, 7.6 Hz 3.90, dd, 10.8, 7.2 Hz 3.80, dd, 10.9, 8.6 Hz 

H-7′β  3.66, dd, 10.7, 6.0 Hz 3.96, dd, 10.8, 7.4 Hz 4.15, dd, 10.9, 5.0 Hz 

H-9′ 0.74, d, 7.0 Hz 0.98, d, 6.9 Hz 0.79, d, 7.0 Hz 0.99, d, 7.0 Hz 

13C     

C-8 36.0 40.6 36.9 41.0 

C-7′ 67.0 64.5 68.6 65.9 

C-8′ 36.1 37.6 32.6 32.9 

C-9′ 9.5 16.5 9.8 17.1 
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Comparison of the NMR data of synthetic compounds 4.1 and 4.10a–d (Table 4.3) showed that four 

characteristic signals in the 1H NMR spectra and four characteristic signals from the 13C NMR spectra 

were found to vary significantly between syn- and anti-7,7-diaryl-8,8′-dimethylbutanol lignans and lignan 

analogues (full data can be found in Appendix One). In the 1H NMR spectra of syn-7,7-diaryl-8,8′-

dimethylbutanols H-7 was observed in a range of δ 3.48–3.56 whereas in the anti-butanols the range 

was δ 3.61–3.77. The methyl group at H-9 and H-9′ also showed significant differences between the 

syn- and anti-butanols with the signals arising from the syn-compounds showing a lower chemical shift 

compared to that of the anti-compounds. The H-7′ and selected signals arising from the 13C NMR also 

showed characteristic differences with observations recorded in Table 4.4. Combining these results and 

examining the 1H NMR values for H-7, H-7′, H-9 and H-9′ and the 13C NMR values for C-8, C-7′, C-8′ 

and C-9′ for syn- or anti- lignans one can define key differences in the chemical shift ranges (Table 4.4). 

 

Table 4.4: Characteristic NMR signals for syn- and anti-dimethyl 7,7-diaryl-8,8′-dimethylbutanol lignans. 

 
 

syn 
 

anti 

1H   

H-7 3.48–3.56 3.61–3.77 

H-9 0.68–0.71 0.76–0.80 

H-7′ 
3.44–3.96 

(α-β close/overlapped) 
3.36–4.15 

(α-β separated) 

H-9′ 0.74–0.79 0.98–0.99 

13C   

C-8 ~36.5 ~40.8 

C-7′ ~67.7 ~65.2 

C-8′ ~36.0 ~37.0 

C-9′ ~9.6 ~16.8 

 

Based on these descriptors we have assigned the relative stereochemistry of the two methyl groups 

present in natural 7,7-diarylbutanols. One of these natural lignans has been made synthetically as both 

the syn- and the anti-isomers by Yamauchi et al. (Schisandra lignan 4.1) and our assignments based 

on NMR data are in agreement with this study.152 Schilancifolignan D 4.3 showed H-9 of δ 0.91 and H-

9′ of δ 0.94 as well as other signals that are in agreement with the anti-descriptors with similar results 

observed for marphenol G (4.4) therefore suggesting that these compounds have an anti-relationship 

between the two methyl groups. Kadangustin K (4.5) showed H-9 of δ 0.68 and H-9′ of δ 0.76 which 

are in agreement with the syn-descriptors suggesting that 4.5 is a syn-7,7-diaryl-8,8′-dimethylbutanol. 

These descriptors are also in agreement with the assignment of 4.6 and 4.7 as having a syn relationship 

between the two methyl groups. These NMR descriptors of syn- and anti-7,7-diarylbutanol lignans 
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cannot be directly used for the characterisation of butanol acetate lignans (e.g. henricine B (4.8)) as the 

chemical shifts of these lignans are significantly different that they do not fall within the same ranges as 

the deacetyl compounds. However, acetate lignans could be hydrolysed to give butanol lignans and 

then characterised using these descriptors shown above. 

 

 
Figure 4.2: Proposed relative stereochemistry of natural lignans based on NMR analysis. 

 

In summary the analysis of the 1H and 13C NMR of synthetic 7,7-diaryl-8,8′-dimethyl-butan-1-ol lignans 

and analogues in both syn and anti form has revealed significant differences in the chemical shifts in a 

number of resonances. Analysis of reported NMR data for the previous stereochemically undefined 

lignans schilancifolignan D (4.3), marphenol G (4.4) and kadangustin K (4.5) has determined the 

stereochemical relationship between the 8 and 8′-methyl groups to anti for 4.3 and 4.4 and syn for 4.5.  

 



 

Chapter 5 

Using Deuterium Labelling to Probe the Mechanism of 1,4-

diarylbutane-1,4-diol Rearrangements 

 

The following chapter describes efforts to further investigate the mechanism of the 1,4-diarylbutane-

1,4-diol rearrangement. 

Experimental details of compounds prepared in this chapter can be found in Appendix One. 
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5.1 Introduction 

Deuterium labelling of compounds in strategic locations is often able to give insight into the mechanisms 

of various reactions. Previous work has shown that deuterium labelling can be useful in the 

determination of mechanisms for oxidation–reduction reactions161,162 as well as a palladium catalysed 

cyclisation.163 However, these reports used deuterium labelling at unambiguous positions as the 

deuterium labelling is in the reactive site of the molecules.  

Spiro-cyclodienones have been previously reported to undergo a range of different rearrangements, 

such as Claisen-like and 1,3-shift rearrangements in acidic or thermal conditions.164–166 Cyclisations to 

form such a spiro-core have been successful when phenols are used, however when p-anisyl is used 

in place of phenol the spiro-compound is not observed and instead a tetralin is formed.164 These reports 

give precedence for the intermediates of the rearrangements of 1,4-diaryl-1,4-butanols to be positively 

charged spiro-dienones as the formed products, tetralins and butanals, can both be explained through 

subsequent reactions of these unstable spiro-compounds. 

We have previously reported the synthesis of various lignans via the rearrangements of 1,4-

diarylbutane-1,4-diols, with particular emphasis on the formation of both 4,4-diarylbutanals and aryl 

tetralins.160 In this work it was proposed that which of these products were formed was dependant on 

the stereochemical conformation of the 5-membered intermediate structure; cis-trans-trans 5.1 forming 

butanals whereas cis-trans-cis 5.2 would form tetralins (Figure 5.1).160 In order to confirm this 

mechanism, it was decided to introduce a deuterium label at the potentially reactive, but suspected 

bystander position, at C-1 such that it would be possible to follow this carbon throughout the reaction. 

 

 

Figure 5.1: Previously proposed mechanism for the formation of butanal and tetralin from 1,4-diarylbutane-1,4-diol 5.3. 
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5.2 Results and Discussion 

It was decided that deuterium would be added to C-1 as this proton is easily identifiable in the 1H NMR 

spectrum and the deuterium label can be added during the reduction of ketone 5.4 to alcohol 5.5. In 

order to synthesise the deuterated and non-deuterated compounds (2R*,3S*)-2,3-dimethyl-1-

morpholinopent-4-en-1-one 5.6 (prepared following a previously reported method,160,167,168 utilising the 

diastereoselective acyl-Claisen rearrangement)169 was reacted with the lithiate formed from 4-

bromoanisole and tBuLi to give the desired ketone 5.4 in 82% yield. This was then reduced with NaBH4 

to give the protonated alcohol 5.5a and LiAlD4 to give the deuterium labelled compound 5.5b in 98% 

and 84% yields, respectively. From here, protection of the alcohols with TBSCl followed by 

dihydroxylation and periodate cleavage gave the desired aldehydes 5.7a and 5.7b in high yields 

(Scheme 5.1). 

 

 

Scheme 5.1: Reagents and conditions: (a) bromo anisole (1.2 eq.), tBuLi (2.4 eq.), THF, -78 °C; (b) NaBH4, MeOH, -78 °C; (c) 
LiAlD4, THF, -78 °C; (d) TBSCl, imidazole, DMF; (e) OsO4 (1 mol%), NMO (3 eq.) tBuOH/H2O (1:1); (f) NaIO4, MeOH/H2O (3:1). 

 

These aldehydes were reacted with the lithiates formed from 4-bromoanisole and 4-bromoveratrole to 

give two TBS protected 1,4-diarylbutane-1,4-diols 5.3a and 5.8a and the corresponding deuterium 

labelled compounds 5.3b and 5.8b (Scheme 5.2). At this stage it is important to note that the deuterium 

labelled compounds were >99% deuterium at C-1 and no other sites were deuterated as confirmed by 

the absence of proton signals in 1H NMR spectra and highly suppressed C-1 signals in 13C NMR spectra 

(Figure 5.2). 

 

 

Scheme 5.2: Reagents and conditions: (a) ArBr (1.5 eq.), tBuLi (3 eq.), THF, -78 °C. 
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A  B  

C  D  

Figure 5.2: A: 1H NMR compound 5.7a; B: 13C NMR compound 5.7a; C: 1H NMR compound 5.7b; D: 13C NMR compound 5.7b, 
(CDCl3, 400 MHz). 
 

Mono-protected 1,4-diarylbutane-1,4-diols 5.3 and 5.8 were then subjected to rearrangement 

conditions, using MsCl and Et3N, and reaction products analysed using NMR to investigate the 

mechanism of these rearrangements. The formed aldehydes 5.9 and 5.10 were reduced immediately 

following column chromatography, using NaBH4 for protonated samples and LiAlD4 for deuterium 

labelled samples, in order to prevent epimerisation at C-2 (Table 5.1). Based on the previously proposed 

mechanisms, it was expected that the aldehyde C-1 would be completely deuterium labelled resulting 

in an absence of a CH2 in the butanol 1H NMR spectra. This was observed in alcohol 5.11b, however 

alcohol 5.12b shows only 93% and 87% deuterium incorporation for the two deuterium labels at C-1. 

The difference in percentages arising due to partial facial selectivity of the reacted aldehyde forming 

diastereotopic proton signals, with the remaining 20% of deuterium present at C-4 (with a total of 200% 

as two deuterium labels are present). These results suggested that the rearrangement mechanism is 

more complex than previously proposed (Figure 5.3). 
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Table 5.1: Rearrangement of 1,4-diaryl butanols. Reagents and conditions: (a) MsCl, Et3N, CH2Cl2, 2 h; (b) NaBH4, MeOH, 2 h; 
(c) LiAlD4, THF, 1 h. 

 

 product 1 product 2 product 3 

R = H 
Ar = 

 

 
 

5.14a 

36% 

 
5.9a 

52% 

 
5.12a 

90% 

R = D 
Ar = 

 

 
 

5.14b 

29% 

 
5.9b 

57% 

 
5.12b 

69% 

R = H 
Ar = 

  
5.13a 

37% 

 
5.10a 

63% 

 
5.11a 

>99% 

R = D 
Ar = 

  
5.13b 

21% 

 
5.10b 

57% 

 
5.11b 

>99% 
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A  B  

C  D  

E  F  

G  H  

Figure 5.3: A: 1H NMR compound 5.12a; B: 13C NMR compound 5.12a; C: 1H NMR compound 5.12b; D: 13C NMR compound 
5.12b; E: 1H NMR compound 5.11a; F: 13C NMR compound 5.11a; G: 1H NMR compound 5.11b; H: 13C NMR compound 5.11b, 
(CDCl3, 400 MHz). 

 



  Chapter 5 

85 
 

Based on the previously proposed mechanism it was expected that the alkene of the tetralin product 

5.13b would contain the deuterium label. However, based on 1H and 13C NMR observations the 

deuterium was found to be >99% at the doubly benzylic position, thus disproving the previously 

proposed mechanism (Figure 5.4). Therefore, a new mechanism was needed to account for this 

mismatch of theory and experimental results. Furthermore, rearrangement of 1,4-diarylbutane-1,4-diol 

5.8b showed formation of alkene 5.14b of which deuterium labelling was found to be 80% at the alkene 

and only 20% geminal to the OTBS group suggesting that the OTBS group is migrating during the 

rearrangement. This result allowed for the proposal of a new mechanism based on these findings, 

unfortuantely these compounds 5.14 spontaneously rearranged in chloroform overnight to give a 

diastereomeric mixture of aldehyde 5.9b, therefore only 1H NMR spectra were able to be obtained 

(Figure 5.5).  

 

A  B  

C  D  

Figure 5.4: A: 1H NMR compound 5.13a; B: 13C NMR compound 5.13a; C: 1H NMR compound 5.13b; D: 13C NMR compound 
5.13b, (CDCl3, 400 MHz). 

  

  



  Chapter 5 

86 
 

A  B  

Figure 5.5: A: 1H NMR compound 5.14a; B: 1H NMR compound 5.14b, (CDCl3, 400 MHz). 
 

Based on these experimentally observed results, we propose that formation of the 5-membered ring, 

previously proposed to form as diastereomers which then rearranged to give different products, gives 

rise to a single diastereomer 5.15 which then rearranges to produce the 4,4-diarylbutanal products 

(Figure 5.6). This is backed up by the observed butanals forming as single diastereomers and the 

location of the deuterium label at C-1 is consistent with this mechanism. Subsequently a competing 

mechanism is also taking place. This mechanism involves the 1,4-migration of the silanol group, likely 

through an O-silyl THF intermediate 5.16, generating a deuterium labelled quinone methide 5.17. In the 

case of compound 5.8b this mechanism is reversible giving rise to the 80:20 ratio of deuterium labelling 

observed for this compound at C-1 and C-4, whereas for compound 5.3b this migration is not reversible 

due to the presence of the meta-methoxy group resulting in subsequent cyclisation to give the aryl 

tetralin product.  
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Figure 5.6: New proposed mechanism showing formation of aldehydes 5.9 and 5.10 and alkene products 5.13 and 5.14. 

 

In conclusion, a method for the probing the mechanism of the rearrangements of 1,4-diarylbutane-1,4-

diols with the use of selective deuterium labelling was developed. This showed that the previously 

proposed reaction mechanism was incorrect and a new mechanism was proposed based on these 

experimental findings. Interestingly, trialkyl silanol migration was likely shown to result in the formation 

of tetralin and 1,4-diarylbutene products and the formation of butanals were consistent with the 

previously reported mechanisms. Hopefully this work sheds new light on these types of rearrangements 

and would allow for further modifications to protecting groups in order to selectively synthesise a range 

of lignan classes from the appropriate precursors. 

 



 

  



 

Chapter 6 

Modular Synthesis and Biological Investigation of 3,4-

dibenzyl-5-(hydroxymethyl)dihydrofuran-2(3H)-ones and 

Related Lignans 

 

Following the successful synthesis of dimethyl substituted lignans using the acyl-Claisen 

rearrangement, we decided to expand the scope of lignan synthesis to dibenzyl lignans, notably 

dibenzyl butyrolactone lignans by using phenyl propanoyl chlorides and benzyl allylic morpholines to 

give syn-2,3-dibenzyl morpholino pent-4-enamides which have not previously been attempted. The 

following chapter reports the synthesis of this class of lignan via a modular acyl-Claisen approach and 

the synthesis of lignan analogues which were evaluated for their anti-microbial and cyctotoxic 

properties. 

Experimental details of compounds prepared in this chapter can be found in Appendix Two. 
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6.1 Introduction 

The dibenzyl butyrolactone lignans 6.1 are a class of lignans which have been reported to have a range 

of biological activities, including, but not limited to; neuroprotective,170 anti-cancer,171,172 anti-

inflammatory,171,173 and anti-aging activity (Figure 6.1).174 Whilst previous work has explored the 

synthesis of these lignans and analogues thereof,175–178 one area that has not been extensively 

investigated is the synthesis of C-5 substituted analogues 6.2 of these butyrolactone lignans. Most 

lignans of this type have the more stable anti-relationship between the benzyl groups at C-3 and C-4. 

We have previously shown that the acyl-Claisen rearrangement can be used to prepare disubstituted 

morpholine pentenamides 6.3 with high diastereoselectivity at the positions corresponding to the benzyl 

groups in the lactone scaffold.126,179–182 We have previously used these amides 6.3 to prepare 

tetrahydrofuran lignans such as galbelgin 6.4.126 This work reports the use of the acyl-Claisen 

rearrangement118 to diastereoselectively synthesise dibenzyl butyrolactone lignans and analogues in a 

convergent and modular manner allowing for simple modification of the different aromatic substitution 

patterns. 

 

 

Figure 6.1: Structures of butyrolactone lignans 6.1 and proposed 5-hydroxymethyl analogues 6.2. 

 

6.2 Results and Discussion 

In order to use the acyl-Claisen rearrangement to prepare these lactones, allylic morpholines and acid 

chlorides first needed to be synthesised. Allylic morpholines 6.5a and 6.5b were synthesised in five 

steps from 4-allyl-1,2-dimethoxybenzene 6.6 and safrole 6.7 (Scheme 6.1). Firstly, allylic benzenes 

were dihydroxylated using catalytic amounts of osmium tetroxide, followed by periodate cleavage to 

give aldehydes which were immediately used in a Wittig reaction with (carbethoxymethylene)-

triphenylphosphorane to give α,β-unsaturated esters 6.8 and 6.9 in 55% and 56% yields, respectively, 

over three steps. The esters were then reduced to the allylic alcohols 6.10 and 6.11 using di-iso-butyl 

aluminium hydride and converted to morpholines by first generating a mesylate in situ to give allylic 

morpholines 6.5a and 6.5b in 57% and 59% overall yield, respectively, from esters 6.8 and 6.9.  
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Scheme 6.1: (a) OsO4 (0.1–0.3 mol%), NMO (3 eq.), tBuOH/H2O (1:1), 4 days; (b) NaIO4 (1.2 eq.), MeOH/H2O (3:1), 0.5–2 h;  
(c) Ph3PCHCO2Et (1.1 eq.), CH2Cl2, 16 h; (d) 6.10: DIBAL-H (3 eq.), CH2Cl2, -78 °C, 10 min, 6.11: DIBAL-H (2.2 eq.), 
toluene, -10 °C, 10 min; (e) Et3N (3 eq.), MsCl (1.2 eq.), morpholine (1.5 eq.), CH2Cl2, 0 °C, 2–18 h. 

 

The required acid chlorides were then synthesised in four or five steps from commercially available 

benzaldehydes – piperonal 6.12, 3,4,5-trimethoxybenzaldehyde 6.13 and vanillin 6.14. Benzaldehydes 

underwent a Wittig reaction with (carbethoxymethylene)triphenylphosphorane to give α,β-unsaturated 

esters 6.15, 6.16 and 6.17 which were then hydrogenated giving saturated esters 6.18, 6.19 and 6.20 

in 88–94% yield over two steps (Scheme 6.2). For ester 6.20 the phenol was then protected as the 

benzyl ether 6.21 in 83% yield. Esters 6.18, 6.19 and 6.21 were then hydrolysed using NaOH in 

methanol/water to the corresponding carboxylic acids 6.22, 6.23 and 6.24 in 94–99% yield. Finally, 

reaction of acids 6.22, 6.23 and 6.24, along with commercially available carboxylic acid 6.25, with oxalyl 

chloride gave acid chlorides 6.26a–d in quantitative yields, which were then used in subsequent acyl-

Claisen rearrangements. 

 

 

Scheme 6.2: (a) Ph3PCHCO2Et (1.1 eq.), CH2Cl2, 3–20 h; (b) H2, Pd/C (10% w/w), ethyl acetate, 1–2 h; (c) BnBr, K2CO3, CH3CN, 
65 h; (d) NaOH (4 eq.), MeOH/H2O, 2.5 h; (e) (COCl)2 (2 eq.), CH2Cl2, 1.5–4 h. 
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With a total of two allylic morpholines 6.5a and 6.5b and four acid chlorides 6.26a–d, the acyl-Claisen 

rearrangement was undertaken using TiCl4·2THF as the Lewis acid and gave eight morpholine amides 

6.27aa–bd in 42–95% yield as single diastereomers with a syn-configuration between the C-2 and C-3 

substituents (Scheme 6.3). All morpholine amides 6.27aa–bd were then dihydroxylated using osmium 

tetroxide to give cyclised lactones 6.2aa–bd in 25–70% yields. In all cases a selective formation of a 

trans,trans-configuration around the lactone ring was observed and we propose that the high level of 

selectivity for this isomer is due to the preferential cyclisation of the trans,trans-compound leaving an 

uncyclised trans,syn-diol which was difficult to isolate. However, upon dihydroxylation of amide 6.27bb 

at larger scale following isolation of lactone 6.2bb by column chromatography, flushing the column with 

methanol allowed for isolation of the corresponding uncyclised diol 6.28 which was then cyclised using 

2 M H2SO4 in methanol to give the corresponding C-5 epimer, epi-6.2bb, confirming this hypothesis. 

 

 

Figure 6.2: Selected NOESY correlations showing trans,trans-relationship of hydroxymethyl lactone lignan analogue 6.2bb. 

 

Transformation of these C-5 methanol analogues 6.2aa–bd into the natural lignans 6.1aa–bd was 

achieved via reduction using LiAlH4, to the corresponding triol 6.29, followed by periodate cleavage 

which gave lactols 6.30 which were then oxidised using Fetizon’s reagent183,184 to give racemic dibenzyl 

butyrolactone lignans; arcitin 6.1aa, bursehernin 6.1ab, (3R*,4R*)-3-(3′′,4′′-dimethoxybenzyl)-4-(3′,4′,5′-

trimethoxybenzyl)dihydrofuran-2(3H)-one 6.1ac, buplerol 6.1ae, kusunokinin 6.1ba, hinokinin 6.1bb, 

isoyatein 6.1bc and haplomyrfolin 6.1be. After preparing these lactones, biotesting was conducted on 

selected 5-(hydroxymethyl)dihydrofuran-2(3H)-ones 6.2aa, ab, ac, ae, ba, bb, bc, and lactone lignans 

6.1aa, ab, and ac, with biological evalution of the remaining compounds currently being carried out. 
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Scheme 6.3: (a) TiCl4·2THF (100 mol%), iPr2NEt (1.5 eq.), acid chloride (1.2 eq.), CH2Cl2, 18–24 h; (b) OsO4 (8 mol %), NMO 
(3 eq.), tBuOH/H2O (1:1), 3–7 days; (c) LiAlH4 (1.5 eq.), THF, 0.5–2 h; (d) NaIO4 (1.2 eq.), MeOH/H2O (3:1), 0.25–1 h; (e) 
Ag2CO3/Celite (2 eq.), toluene, reflux, 2–3 h; (f) H2, Pd/C (10% w/w), MeOH, 10 min. 

 

The compounds tested by Kathryn Whitehead, Manchester Metropolitan University, were found to be 

inactive against S. aureus and E. coli, showing little to none antimicrobial activity. The same compounds 

were then tested for their cytotoxic activity against Jurkat T-leukaemia cells, carried out by Nina 

Dempsey-Hibbert, Manchester Metropolitan University, with compound 6.2bb showing the best activity 

of all compounds tested. Compound 6.2bb was shown to induce the programmed cell death cycle due 

to the presence of cells in the early and predominantly in the late apoptotic cell cycle (Figure 6.3). 

Furthermore, these compounds showed minimal levels of necrosis, less than 2% (except 6.2ba with 

7%), suggesting that the cells are in fact entering programmed cell death cycles and are not exhibiting 

non-specific toxicity.  
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A  

B  C  
6.2bb:                    Cell populations 

Viable:                    9.22%  

Early Apoptosis:     29.56% 

Late Apoptosis:      59.71%  

Necrosis:                1.51% 

Control:                  Cell populations 

Viable:                    85.22%  

Early Apoptosis:     4.97%  

Late Apoptosis:      9.06%  

Necrosis:                0.76% 

Figure 6.3: A: Graph showing cell survival of incubated Jurkat T-leukaemia cells of tested lignans and lignan analogues at a 
concentration of 100 μM. B: Dotplot showing the viability of Jurkat T-leukaemia cells after incubation with 6.2bb for 24 hours 
followed by labelling with annexin V/propidium iodide and analysis using flow cytometry. Cells in the bottom left quadrant 
represent viable cells, bottom right quadrant are positive for annexin V and are in early apoptosis, top right quadrant are double 
positive for annexin V and propidium iodide and are in late apoptosis, and top left quadrant are only positive for propidium iodide 
and are in necrosis. C: Negative control showing the viability of Jurkat T-leukaemia cells.  

  

In conclusion, the synthesis of dibenzyl butyrolactone lignans utilising the acyl-Claisen rearrangement 

has been accomplished and represent a new method towards the synthesis of this class of natural 

product 6.1. Furthermore, with the new synthetic route comes a new method for the modification of 

these lignans as the dihydroxylation of the acyl-Claisen morpholine pentenamide product 6.27 gives 

rise to hydroxymethyl derivatives 6.2 of these natural products, with one derivative, 6.2bb, showing a 

superior cytotoxic profile and resulting in programmed cell death of Jurkat T-leukaemia cells with less 

than 2% of the incubated cells entering a necrotic cell death pathway.  

 



 

Chapter 7 

Total Synthesis of (–)-Bicubebin A, B, (+)-Bicubebin C and 

Structural Reassignment of (–)-cis-Cubebin 

 

Following the successful synthesis of dibenzyl butyrolactone lignans using the acyl-Claisen 

rearrangement, we decided to synthesise (–)-hinokinin using a chiral oxazolidinone auxiliary to install 

the desired stereochemistry using a similar method to our acyl-Claisen approach. (–)-Hinokinin would 

then be reduced to give the lactol (–)-cubebin to which we envisaged a dimerisation would give rise to 

the unique dimeric lignan (–)-bicubebin A. The following chapter reports the synthesis of natural (–)-

bicubebin A and identification of two unreported dilignans, (–)-bicubebin B and (+)-bicubebin C, as well 

as the synthesis of cis-cubebin via an acyl-Claisen rearrangement. 

Reprinted (adapted) with permission from Samuel J. Davidson, A. Norrie Pearce, Brent R. Copp, and 

David Barker, Org. Lett. 2017. Copyright 2017 American Chemical Society. 

DOI: 10.1021/acs.orglett.7b02644. 

A copy of the publication can be found in Appendix Five. 

Experimental details of compounds prepared in this chapter can be found in Appendix Three. 
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7.1 Introduction 

Dilignans are an uncommon subset of the lignan family of natural plant products. They are dimers of 

lignans and have been isolated in a variety of forms, including tetrahydrofuran rings – e.g. cynarinine 

7.1,185 1,4-dioxanes – e.g. strebluslignanol F (7.2),186 Diels-Alder products – e.g. ramonanin A (7.3),187 

and lactol dimers – e.g. (–)-bicubebin A (7.4) (Figure 1).91 

 

 

Figure 7.1: Structures of dilignans 7.1–4. 

 

Bicubebin A (7.4), isolated from Aristolochia pubescens and Aristolochia lagesiana alongside its 

monomeric unit (–)-cubebin 7.5,91 contains six contiguous chiral centers and is the only reported lignan 

dimer containing this structural motif. 

7.2 Results and discussion 

Due to the unique structure, it was decided to explore an approach to bicubebin A (7.4) using the 

putative biological precursor (–)-cubebin 7.5 to confirm the unusual structure and determine absolute 

stereochemistry of 7.4. The synthesis of (–)-cubebin 7.5 began with the coupling of (S)-4-benzyl-

oxazolidin-2-one to carboxylic acid 7.6, which itself was synthesised over three steps from piperonal 

7.7 (Scheme 7.1). This was done through the use of a stabilized Wittig reaction, followed by 

hydrogenation of the resultant α,β-unsaturated ester and subsequent hydrolysis which gave the desired 

carboxylic acid 7.6 in 88% yield over three steps. Carboxylic acid 7.6 was converted to the acid chloride, 
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using oxalyl chloride, prior to addition to the lithium salt of (S)-4-benzyloxazolidin-2-one to give the 

desired oxazolidinone 7.8 in 57% over two steps. A stereoselective allylation was then performed using 

a sterically hindered base and low temperatures to control facial selectivity,188,189 giving (+)-(S,S)- 7.9 

in 77% yield with greater than 99% de (as determined by 1H NMR). The chiral auxiliary was then 

removed through use of 1 mol % OsO4 in tert-butanol–water with NMO as the co-oxidant, resulting in 

simultaneous dihydroxylation and cyclization to form lactone 7.10. Subsequent LiAlH4 reduction of 

lactone 7.10 followed by NaIO4 oxidative cleavage gave lactol 7.11 in 73% yield over three steps. 

 

 

Scheme 7.1: Reagents and conditions: (a) Ph3PCHCO2Et, CH2Cl2, rt, 20 h; (b) Pd/C (10% w/w), H2, MeOH, rt, 1 h; (c) NaOH, 
MeOH/H2O, rt, 2.5 h, 88% (3 steps); (d) (COCl)2, CH2Cl2, rt, 4 h; (e) (S)-4-benzyloxazolidin-2-one, nBuLi, THF, -78 °C, 30 min 
then rt, 17 h, 57% (2 steps); (f) LiHMDS, allyl bromide, THF, -78 °C, 30 min then rt, 22 h, 77% >99% de;  
(g) OsO4 (1 mol %), NMO, tBuOH/THF/H2O, rt, 3 d; (h) LiAlH4, THF, 0 °C to rt, 4 h; (i) NaIO4, MeOH/H2O, rt, 1 h, 73% (3 steps); 
(j) Fétizon’s reagent (Ag2CO3 on Celite), toluene, reflux, 1.5 h, 97%; (k) LDA, piperonyl bromide, THF, -78 °C, 30 min then rt, 
23 h, 81%, 93% de; (l) DIBAL-H, CH2Cl2, -78 °C, 20 min, 56% (1.5:1 dr). 

 

Lactol 7.11 was then oxidized using Fétizon’s reagent183,184 giving lactone 7.12 in 97% yield (Scheme 

7.1). Piperonyl bromide (prepared from piperonal in two steps190) was then added to the lithium enolate 

of lactone 7.12 to yield (–)-hinokinin 7.13 in 81% yield. Reduction of (–)-hinokinin 7.13 with di-iso-butyl 

aluminum hydride gave (–)-cubebin 7.5 in 56% yield as a 1.5:1 ratio of diastereomers at the anomeric 

carbon, C-9. With the synthesis of (–)-cubebin 7.5 completed, dimerization to form bicubebin A (7.4) 

was then attempted. Thermal dimerization was first attempted. However, heating at 125 °C resulted in 

no reaction and heating at temperatures over 250 °C resulted in dehydration to form dihydrofuran 7.14 

(Scheme 2). Next, anhydrous CuSO4 with catalytic H2SO4 in acetone was evaluated as Cubero et al. 
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had shown these conditions were able to dimerise simple lactols.191 Using stoichiometric amounts of 

CuSO4 resulted in cyclization forming isocubebinic ether192 7.15 in quantitative yield. Fortunately, 

reducing the CuSO4 to sub-stoichiometric amounts resulted in dimerization of cubebin with three 

bicubebins being isolated; the unsymmetrical dimer (–)-bicubebin A (7.4), and two previously 

unreported symmetrical bicubebins which were named (–)-bicubebin B (7.16) and (+)-bicubebin C 

(7.17) (Scheme 7.2).  

 

 

Scheme 7.2: Reagents and conditions: (a) >250 °C, neat, 10 min, 42%; (b) CuSO4 (100 mol %), H2SO4 (cat.), acetone, rt, 1h, 
quant.; (c) CuSO4 (10 mol %), H2SO4 (cat.), actone, rt, 19 h, 7.4 10%, 7.16 4%, 7.17 2%, 7.16+17 15% (2:1), 7.5 43%. 

 

The spectroscopic data of synthetic 7.4 was then compared with literature values.91 It was found that 

the 1H and 13C NMR spectra of 7.4 were almost identical (see Table 7.1 for selected NMR peaks and 

Appendix Three (A3) for full details) and the mass spectrum of this compound confirmed that it was a 

dimer (MNa+: 717). As the sign of the optical rotation for synthetic 7.4 (–14.5, c 0.19, CHCl3) was the 

same to that of the isolated compound 7.4 (–54.8, c 0.36, CHCl3),91 this therefore confirms the absolute 

stereochemistry of (–)-bicubebin A (7.4) as (8R,9S,8′R,8′′R,9′′R,8′′′R)-7.4 (see Figure 7.1 for atom 

numbering).  
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Table 7.1: Selected 1H and 13C NMR comparison of synthetic (CDCl3, 400 MHz) and isolated (–)-bicubebin A (7.4) (CDCl3, 500 
MHz).  

 1H NMR 13C NMR 

 synthetic reported synthetic reported 

7 

2.34 dd 
(13.8, 8.1) 

2.46–2.51 m 

 

2.32 dd 
(13.5, 8.0) 

2.47 dd 
(13.5, 7.5) 

38.5 38.5 

7′ 2.52 d (7.7) 2.51 d (8.0) 39.4 39.4 

7′′ 

2.43 dd 
(13.8, 6.0) 

2.46–2.51 m 

 

2.43 dd 
(13.5, 6.5) 

2.49 dd 
(13.5, 8.5) 

33.9 33.9 

7′′′ 

2.36 dd 
(13.3, 9.1) 

2.61 dd 
(13.3, 4.9) 

2.36 dd 
(13.5, 9.5) 

2.60 dd 
(13.5, 5.0) 

39.4 39.4 

9 4.77 d (1.6) 4.76 d (2.0) 108.6 108.6 

9′ 

3.63 dd 
(8.4, 7.7) 
3.93 dd 

(8.4, 7.8) 

3.62 dd 
(8.5, 7.5) 

3.92 t (8.5) 
 

72.4 72.4 

9′′ 4.81 d (4.6) 4.81 d (5.0) 104.2 104.2 

9′′′ 
3.52 dd 

(8.3, 6.9) 
4.01 t (8.3) 

3.51 dd 
(8.5, 7.0) 

4.00 t (8.5) 
72.5 72.4 

a) Chemical shifts are reported relative to the solvent 
peak of chloroform (δ 7.2 for 1H and δ 77.16 for 13C) 
for comparison to literature values. 

 

Upon further inspection of the experimental data for synthetic (–)-bicubebin B (7.16), it was discovered 

that 1H and 13C NMR data (Table A3.1) and optical rotation values matched that of previously reported  

(–)-cis-cubebin 7.18, which was isolated alongside 7.4. de Pascoli et al. reported that 7.18 was isolated 

as a single lactol anomer which was unusually unable to be oxidized to the lactone cis-hinokinin.91 This 

led us to the belief that the natural product given the structure cis-cubebin was in fact a symmetrical 

dimer and not the lactol reported.  

A third bicubebin, (+)-bicubebin C (7.17) which was also isolated alongside bicubebin A (7.4) and B 

(7.16), is also a symmetrical dimer varying only in the stereochemistry at C-9 with comparison to 7.16. 

The structure of 7.17 was confirmed using mass spectrometry which concluded that this is in fact a 

dimer, 2D NMR (Figure A3.2) and coupling constants to determine the stereochemistry. An 8–9-H 

coupling constant of 1.5 Hz for bicubebin B (7.16) relates to a trans-relationship between vicinal protons 

whereas an 8–9-H coupling constant of 5.0 Hz for bicubebin C (7.17) is indicative of a cis-

relationship.193,194 Therefore the absolute stereochemistry for the symmetrical dimers (–)-bicubebin B is 

(8R,9S,8′R)-7.16  and (+)-bicubebin C is (8R,9R,8′R)-7.17. 
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Scheme 7.3: Reagents and conditions: (a) (COCl)2, CH2Cl2, rt, 4h; (b) TiCl4·2THF, iPr2NEt, CH2Cl2, rt, 21 h, 92% (2 steps); (c) I2, 
THF/H2O, rt, 17 h; (d) Zn dust, AcOH, reflux, 22 h; (e) LiAlH4, THF, reflux, 21 h 48% (3 steps); (f) NaH, BnBr, THF, 0 °C to rt, 16 
h, 90%; (g) OsO4 (1 mol %), NMO, tBuOH/H2O, rt, 8 d; (h) NaIO4, MeOH/H2O, rt, 40 min, 80% (2 steps); (i) 1-bromo-3,4-
(methylenedioxy)benzene, tBuLi, THF, -78 °C, 2.5 h, 89% (1:0.6 dr); (j) Pd/C (10% w/w), H2, conc. HCl (cat.), MeOH, rt, 22 h, 
61%; (k) DMP, CH2Cl2, quant. (1:0.3 ar). 

 

To unequivocally confirm the data attributed to (–)-cis-cubebin 7.18 was in fact an alternative bicubebin; 

(–)-bicubebin B (7.16), it was decided to prepare the reported structure of 7.18. The synthesis began 

with an acyl-Claisen rearrangement118,125,126,179,181,182,195 of the acid chloride formed from acid 7.6 and 

allylic morpholine 7.19 giving syn-substituted morpholine amide 7.20 in 92% yield (Scheme 7.3). Iodo-

lactonization followed by zinc mediated reductive cleavage gave a carboxylic acid which underwent 

LiAlH4 reduction giving alcohol 7.21 in 48% yield over three steps. Alcohol 7.21 was then protected 

using benzyl bromide giving bis-benzyl ether 7.22 in 90% yield. The olefin of 7.22 was then oxidatively 

converted to aldehyde 7.23 in 80% yield over two steps. To complete the synthesis, aryl lithium 7.24 

was added to aldehyde 7.23 to yield the desired secondary alcohol 7.25 in 89% yield as a 2:1 mixture 

of diastereomers at the newly formed stereocentre (Scheme 7.3). Hydrogenolysis, in the presence of 

catalytic acid, removed both benzyl protecting groups and the benzylic alcohol giving the meso-diol 

7.26 in 61% yield. Finally, Dess-Martin periodinane oxidation of 7.26 gave lactol 7.18 in quantitative 
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yield as a 1:0.3 mixture of diastereomers at the anomeric carbon, C-9. The spectroscopic data for 

synthetic lactol 7.18 was then compared with that reported for cis-cubebin and was found to be 

significantly different. Most notably the 1H signals for synthetic cis-cubebin were shifted downfield and 

the methylenedioxy signals had a distinctive pattern of two singlets compared to the reported four 

doublets (Table A3.2). It can therefore be confirmed that the lactol structure reported as cis-cubebin is 

in fact a second dimeric lignin (–)-bicubebin B (7.16). 

In conclusion, the first total synthesis of the unique dimeric lignan (–)-bicubebin A has been completed 

alongside the synthesis of the symmetric dimers (–)-bicubebin B and (+)-bicubebin C. Comparison of 

the experimental data for synthetic bicubebin B as well as the synthesis of the proposed structure for 

cis-cubebin has confirmed the corrected structure of cis-cubebin as bicubebin B.  

  

  



 

  



 

Chapter 8 

Total Synthesis of Ovafolinins A and B: Unique Polycyclic 

Benzoxepin Lignans through a Cascade Cyclisation 

 

Having successfully synthesised three lignan dimers, (–)-bicubebins A, B and (+)-bicubebin C, and 

confirmed the corrected structure of reported cis-cubebin as that of (–)-bicubebin B, we decided to 

attempt the synthesis of a structurally complex family of aryl tetralin lignans, ovafolinins A–E. It was 

envisaged that by using an oxygenated allylic morpholine and propionyl chloride the polycyclic core 

structure of ovafolinins A–C could be achieved. The following chapter reports both the attempted and 

successful synthetic routes used for the synthesis of ovafolinins A and B and the subsequent modified 

route to enable the synthesis of (+)-ovafolinins A and B. 

Reprinted (adapted) with permission from Samuel J. Davidson and David Barker, Angew. Chem. Int. 

Ed. 2017, 56 (32), 9483–9486. Copyright 2017 Wiley-VCH. 

DOI: 10.1002/anie.201705575. 

A copy of the publication can be found in Appendix Five. 

Experimental details of compounds prepared in this chapter can be found in Appendix Three. 
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8.1 Introduction 

Ovafolinins A–C (8.1–3) are isolated from Lyonia ovalifolia var. elliptica; a deciduous tree found in areas 

of Taiwan, China and Japan, are classical lignans that have a unique bridged structure containing a 7-

membered benzoxepin and an aryl tetralin (Figure 8.1).196 Ovafolinin B (8.2) has also been isolated 

from Sinocalamus affinis (Rendle) McClure (Poaceae),197 which is found and cultivated in the southwest 

of China and much of the plant has been used as a traditional Chinese medicine.197,198 We have 

previously shown160,167,168 that the acyl-Claisen rearrangement,169,199 which has excellent 

diastereoselectivity when compared to many other Claisen variants, is a useful transformation to 

construct the 8–8′ linkage present in classical lignans (Figure 8.2).160,167  

 

 

Figure 8.1: Structures of ovafolinins A–C (8.1–3) 

 

8.2 Results and Discussion 

We now report the use of acyl-Claisen reactions to prepare the unique lignan scaffolds found in 

ovafolinins A–C (8.1–3). It was envisaged that this could be accomplished through the acyl-Claisen 

rearrangement of oxygenated allylic morpholine 8.4 and acid chloride 8.5 to give an oxymethylene 

disubstituted amide 8.6. Stereoselective addition of the appropriately substituted aryl groups, directed 

by the defined stereochemistry of amide 8.6, and cyclisations therein would give a convenient approach 

to the synthesis of ovafolinins A–C (8.1–3; Figure 8.3).  

Our initial approach involved the reaction of allylic morpholine 8.4 and acid chloride 8.5 (see Scheme 

A4.1 and A4.2 in Appendix Four (A4) for synthesis) to give morpholine amide 8.6 (Figure 8.3). However, 

this resulted in the formation of acrylate 8.7 when using AlCl3, or phenol 8.8 when using TiCl4·2THF, 

which is likely due to the reactivity of the formed ketene with the very electron-rich aryl group promoting 

rearrangement (Table 8.1). A screen of various acid chlorides showed oxygenation at the β–position 

gave only trace amounts of amide products, however alkyl (8.9–10), vinyl (8.11), and aryl (8.12) groups, 

as well as oxygenated allylic morpholine 8.4, were well tolerated in the acyl-Claisen rearrangement 

(Table 8.1).  
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Figure 8.2: Acyl-Claisen approach to the synthesis of lignan subclasses. 

 

 

Figure 8.3: Initial synthetic approach to ovafolinins A–C (8.1–3). 
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Table 8.1: Acyl-Claisen attempts towards ovafolinin B (8.2). 

acid chloride product yield 

  
8.7 

24%a,c 

  
8.8 

n.d.b 

 
 

traceb 

 
 

traceb 

  
8.9 

93%c 

  
8.10 

>99%c 

  
8.11 

91%c 

  
8.12 

90%c 

a)  AlCl3 was used in place of TiCl4·2THF 
b)  Identified by 1H NMR spectroscopy 
c)  Isolated yields 
n.d.  Yield not determined 
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Based on the results of this acyl-Claisen study, a new synthetic method towards the synthesis of 

ovafolinin B was investigated, whereby acid chloride 8.13, which was synthesised over five high yielding 

steps (Scheme A4.3), was reacted with allylic morpholine 8.4 to give morpholine amide 8.14 as a single 

diastereoisomer in excellent yield (Scheme 8.1). An isopropyl protecting group was used on phenol 

8.15 as opposed to the previous benzyl protecting group, which would need to be selectively removed 

to form the reactive aldehyde site. 

Following synthesis of morpholine amide 8.14, the amide functionality was converted into alcohol 8.16 

over three steps, then coupled to phenol 8.15, which was synthesised from syringaldehyde in four steps, 

in a Mitsunobu reaction to give aryl ether 8.17. The olefin was then converted to alcohol 8.18 in 84% 

over three steps through alkene oxidation followed by reduction. 

 

 

Scheme 8.1: Reagents and conditions: (a) TiCl4·2THF (100 mol%), 8.4, iPr2NEt, CH2Cl2, 3 h, 99%; (b) I2, THF/H2O (1:1), 16 h; 
(c) Zinc dust, AcOH, 80 °C, 19 h, 92% (2 steps); (d) LiAlH4, THF, reflux, 3 h, 97%; (e) K2CO3, iPrBr, DMF, 80 °C, 17 h, 99%; (f) 
mCPBA, CH2Cl2, 0 °C, 22 h; (g) KOH, MeOH, 10 min, 57% (2 steps); (h) NBS, CH2Cl2, -78 °C, 1 h, 73%; (i) Ph3P, DIAD, 8.16, 
toluene, 18 h, 82%; (j) OsO4 (2.5 mol%), NMO, tBuOH/H2O (1:1), 5 d, 94%; (k) NaIO4, MeOH/H2O (3:1), 30 min, 92%; (l), NaBH4, 
MeOH, 2 h, 97%. 

 

Initial attempts at the synthesis of ovafolinin B from alcohol 8.18 involved the use of a methoxymethyl 

protecting group, however these compounds were unstable and lead to decomposition products 

(Scheme A4.4). The more stable and bulky tert-butyldiphenylsilyl (TBDPS) group was trialed in order 

to avoid decomposition, while simple modelling also suggested that a TBDPS group at C-9′ should 

result in the aldehyde being closer in proximity to the two aromatic rings, which we believed should 

increase subsequent reactivity (Figure 8.4). 
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Figure 8.4: 3D stick and space filling models of TBDPS derivative structure of 17 showing proximity of aldehyde to the two highly 
oxygenated aromatic rings: C = gray, O = red, Si = purple, Br = brown, hydrogen atoms not shown. 

 

Therefore, alcohol 8.18 was protected as TBDPS ether 8.19, and hydrogenation gave an inseparable 

mixture of brominated and debrominated alcohol 8.20. Dess-Martin periodinane oxidation of 8.20 then 

resulted in formation of the aldehyde, which underwent a cascade cyclisation (Figure A4.1) during 

workup to give protected ovafolinin B (8.21) and bromo-8.21 which were easily separable. We propose 

that the mildly acidic conditions following the periodinane oxidation combined with the proximity of the 

aldehyde to both aromatic rings due to the steric effects of the TBDPS group enabled a cascade 

cyclisation to give the tetracyclic ovafolinin B skeleton (Scheme 8.2). Benzylic oxidation of 8.21 was 

attempted using PCC–Celite which has been shown to oxidize other tetralin lignans.200 However, in this 

case, the highly oxygenated aromatic ring was instead oxidized to give a ring-opened diester (Scheme 

A4.5). To our knowledge, this is the first example of a chromium-based oxidant leading to the oxidative 

ring opening of an aryl ring and opens up synthetic routes towards lignans containing similar oxidatively 

opened rings.201–204  

Debromination of 8.21 and deprotection gave phenol 8.22. Removal of the TBDPS ether in 8.22 

surprisingly gave not only ovafolinin B (8.2) but also ovafolinin A (8.1). It was unanticipated that TBAF 

would result in the oxidative cyclisation to give pentacyclic ovafolinin A (8.1) alongside ovafolinin B (8.2), 

and suggested that the highly electron-rich 8.2 can undergo aerial oxidation to form 8.1. Comparison of 

NMR data (Table A4.1) of synthetic 8.1 and 8.2 and isolated 8.1 and 8.2 confirmed the reported 

structures of these polycyclic natural products.196,197 Ovafolinin B (8.2) has been isolated from two 

different plant sources with similar reported optical rotations.196,197 Whilst the initial report proposed only 

relative stereochemistry further analysis by Xiong et al.196,197 proposed the absolute stereochemistry 

through the use of circular dichroism (CD). 
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Scheme 8.2: Reagents and conditions: (a) TBDPSCl, imidazole, DMF, 0 °C, 4 d, 92%; (b) H2, Pd/C, MeOH, 4 h, 99%; (c) DMP, 
CH2Cl2, 1 h, Br-61%, H-28%; (d) HCO2NH4, Pd/C, MeOH, reflux, 5 h, 99%; (e) AlCl3, CH2Cl2, 10 min, 88%; (f) TBAF, THF, 0 °C, 
5 h, (8.1) 19%, (8.2) 25%. 

 

Following the successful racemic synthesis of 8.1 and 8.2, an enantioselective synthesis was then 

attempted to determine the absolute stereochemistry of these natural products. Initial attempts at an 

enantioselective aza-Claisen rearrangement124,167 were unsuccessful (see Scheme A4.6). Coupling of 

the carboxylic acid, formed from the hydrolysis of racemic amide 8.14, to the chiral amine (S)-(–)-α-

methyl-benzylamine gave an inseparable mixture of diastereomers, thus confirming that had the chiral 

aza-Claisen been successful the diastereomers formed would not have been separable, which is in 

contrast to previous aza-Claisen derived amides.124,167 Therefore, a new strategy was designed using 

an Evan’s chiral auxiliary, for which a stereoselective allylation would allow for the induction of the 

desired stereocenters (Scheme 8.3). 

Synthesis began from acid chloride 8.13, with acylation with (S)-4-benzyloxazolidin-2-one giving 8.23, 

followed by a stereoselective allylation188,189 to give (+)-(S,S)-8.24 in 78% yield with >97:3 dr 

Dihydroxylation of olefin 8.24 then gave lactone 8.25, with concomitant removal of the chiral auxiliary, 

followed by a reduction and two oxidative steps gave lactone 8.26 in 52% yield over 4 steps.  
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Scheme 8.3: Reagents and conditions: (a) (S)-4-benzyloxazolidin-2-one, nBuLi, THF, -78 °C, 1 h, 74%; (b) LiHMDS, THF, -78 °C, 
4 h, 78%; (c) OsO4 (1 mol%), NMO, tBuOH/THF/H2O (1:1:1), 44 h, 86%; (d) LiAlH4, THF, 3 h; (e) NaIO4, MeOH/H2O (3:1), 1 h; 
(f) Fétizon’s reagent, toluene, reflux, 5 h, 61% (3 steps); (g) BOMCl, LDA, THF, -78 °C, 18 h, 47%; (h) LiAlH4, THF, 0 °C, 9 h, 
94%; (i) TBDPSCl, imidazole, CH2Cl2, 19 h; (j) Ph3P, DIAD, 4-isopropoxy-3,5-dimethoxyphenol, 0 °C, 17 h; (k) H2, Pd/C, MeOH, 
16 h, 20% (3 steps); (l), DMP, CH2Cl2, 1 h, 87%; (m) AlCl3, CH2Cl2, 0 °C, 20 min, 79%; (n) TBAF, THF, 0 °C, 2 h, (8.1) 17%, (8.2) 
17%. 

 

The desired benzyloxymethyl group was then introduced to lactone 8.26 through stereoselective 

alkylation to give lactone 8.27, followed by reduction gave diol 8.28 in 44% yield over two steps with 

more than 95:5 dr. Mono-TBDPS protection of diol 8.28 gave a 1:1 inseparable mixture of regioisomers. 

However, a subsequent Mitsunobu reaction with 4-isopropoxy-3,5-dimethoxyphenol and 

hydrogenolysis of the benzyl protecting group gave (+)-debromo-8.20 in 20% yield over three steps, 

which was easily separable from the regioisomer. With (+)-8.20 in hand, oxidation with Dess-Martin 

periodinane facilitated the cascade cyclisation to give tetracyclic 8.21 in 87% yield. Subsequent 

deprotections gave (+)-ovafolinin A (8.1) and (+)-ovafolinin B (8.2) over two steps both with >99:1 d.r. 

The sign of the optical rotation of synthetic 8.1 was found to be opposite to that of natural 8.1, with the 

magnitude being approximately three times greater [synthetic 8.1: +154.8 (c = 0.16, MeOH), natural 

8.1: –37.3 (c = 0.36, MeOH)].196 Synthetic 8.2 has the same sign of rotation as natural 8.2, but again 

the magnitude of rotation was three times greater [synthetic 8.2: +150.0 (c = 0.26, MeOH), natural 8.2: 

+52.0 (c = 0.26, MeOH)196 and +43.3 (c = 0.12, MeOH)].197 

The absolute stereochemistry of synthetic 8.1 and 8.2 is 7R,8R,7′R,8′R and 8R,7′R,8′R respectively. 

Based on the optical rotation data, we propose that these natural products were actually isolated as 

scalemic mixtures, with natural 8.1 being found predominantly as the 7S,8S,7′S,8′S enantiomer whilst 

natural 8.2 is predominantly found with the same absolute stereochemistry as that synthesised. It is 

possible that racemic 8.2 is the first formed natural product and that the 8S,7′S,8′S enantiomer is 
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preferentially oxidized to give 8.1 enriched in the 7S,8S,7′S,8′S enantiomer, that is, (–)-8.1, thus leaving 

8.2 to be enriched in the opposite enantiomer, (+)-8.2. The absolute stereochemistry of (+)-8.2 was 

proposed using CD analysis to be 8S,7′S,8′S, however this has been shown to be incorrect, with this 

synthesis determining the absolute stereochemistry of natural (+)-8.2 to be 8R,7′R,8′R. This is a further 

example where the use of CD as the sole determining method for the absolute stereochemistry in 

complex lignans has been shown to give incorrect assignments.205 

In summary, the unique polycyclic structures of both ovafolinins A (8.1) and B (8.2) were confirmed 

through the use of a high-yielding synthesis resulting in 9% and 11% overall yield from allylic morpholine 

8.4 over 14 linear steps, respectively, which utilises a spontaneous cascade cyclisation giving the 

tetracyclic structure in a single step. Following confirmation of the relative stereochemistry of 8.1 and 

8.2, an enantioselective synthesis was used to determine the absolute stereochemistry of these 

complex natural products. This synthesis was also achieved in 14 steps with an overall yield of 0.3% 

each for 8.1 and 8.2, with the reduced yield being due to the difficulty transforming 8.28 into (+)-8.20. 

From these findings, it is proposed that natural 8.1 and 8.2 are present as scalemic mixtures and may 

be formed through the preferential oxidation of one enantiomer in vivo. Furthermore, the original 

stereochemical assignment of ovafolinin B (8.2) using CD spectra was shown to be incorrect, thus 

highlighting the value of synthesis in conclusively determining absolute stereochemistry in complex 

natural products. 

 

  



 



 

Chapter 9 

Summary and Future Work 



  Chapter 9 

114 
 

To summarise, the research in this thesis has explored the acyl-Claisen rearrangement and its use in 

the synthesis of lignans and lignan analogues. Namely, the synthesis of multiple sub-classes of classical 

lignans has been achieved including: 7,7-diaryl-8,8′-dimethylbutanol lignans, aryl tetralin lignans, 

dibenzyl butyrolactone lignans, the proposed structure for lactol lignan cis-cubebin and complex aryl 

tetralin lignans ovafolinin A and B. The development of these methods for the synthesis of lignans can 

therefore be broken down to a simple diagram, such that the design of selected allylic morpholine and 

acid chlorides as substrates for the acyl-Claisen could give rise to numerous lignans structures (Figure 

9.1). 

 

 

Figure 9.1: Synthesis of various lignan sub-classes utilising the acyl-Claisen rearrangement. 

 

More specifically, the divergent synthesis of 7,7-diaryl butanol lignans and aryl tetralin lignans has been 

investigated, resulting from the rearrangements of 1,4-diaryl butan-1-ols. This allowed for a set of rules 

to be devised for the assignment of the relative stereochemistry of 7,7-diaryl-8,8′-dimethylbutanol 

lignans. This is useful as in this class of lignan most isolated natural products are reported without 

assigned stereochemistry due to their flexible structure. Furthermore, the unusual rearrangement 

leading to these compounds was investigated using deuterium labelling as a method for probing the 

reaction mechanism. This method of deuterium labelling proved to be fruitful as new light was shed on 

this unique rearrangement such that the occurance of OTBS migration was identified as the cause for 

the generation of aryl tetralin structures in the presence of the expected 7,7-diaryl butanal products 

(Figure 9.2). 
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Figure 9.2: The location of the deuterium label in the product indicated the importance of OTBS migration in the reaction 
mechanism. 

 

The synthesis of dibenzyl butyrolactone lignans using the acyl-Claisen rearrangement was also applied 

as a modular method for the synthesis of these bioactive natural products and their corresponding 

hydroxymethyl analogues (Figure 9.3). This method allowed for access to these substituted lignan 

analogues to which further modifications would be possible to find compounds with better biological 

activities or pharmacokinetic profiles. The tested compounds showed these hydroxymethyl analogues 

to have higher cyctotoxic profiles, with comparison to their natural dibenzyl butyrolactone lignan 

counterparts, against Jurkat T-leukaemia cells with low levels of necrosis. Further work in this area 

could exploit the hydroxymethyl substituent as a new synthetic handle for subsequent modifications to 

probe the bioactivity of this class of compounds. 

 

 

Figure 9.3: Hinokinin and corresponding cytotoxic hydroxymethanol analogue. 

 

Following the acyl-Claisen approach to dibenzyl butyrolactone lignans, an enantioselective approach 

to the synthesis of lactol lignan (–)-cubebin was then conducted using a chiral oxazolidinone auxiliary. 

The dimerisation of this lignan and subsequent separation of diastereomers then gave natural dilignan 

(–)-bicubebin A as well as (–)-bicubebin B and (+)-bicubebin C. The spectral data of bicubebin B was 

found to match that of isolated (–)-cis-cubebin therefore a synthesis of the proposed structure of cis-

cubebin was then carried out using an acyl-Claisen approach. As the structure synthesised for cis-

cubebin did not match that of the isolated compound, it was then confirmed that the isolated structure 

was infact the dilignan (–)-bicubebin B (Figure 9.4). 
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Figure 9.4: Proposed structure of cis-cubebin and the corrected structure, (–)-bicubebin B. 

 

Finally, the synthesis of complex lignans, ovafolinins A and B, was then conducted using the acyl-

Claisen method. Initial attempts at this were unsuccessful due to the instability of the oxygenated acid 

chloride, therefore following identification of the scope for the acyl-Claisen rearrangement by testing a 

range of acid chlorides, a new method was developed for the synthesis of ovafolinins A and B. The 

selective use of TBDPS as a bulky protecting group promoted the cascade cyclisation following 

generation of the aldehyde such that the aryl tetralin tetracyclic core was generated in a single step 

from a linear precursor. Deprotection steps then yielded ovafolinin B as well as partial oxidation to give 

ovafolinin A during the TBDPS deprotection step. Spectra data for both compounds were in agreement 

with the isolated compounds, thus confirming their relative stereochemistry and overall structure. A 

subsequent enantioselective synthesis of ovafolinin A and B was then performed using a silimar 

approach to that used to synthesise the dilignans bicubebins A–C. Following the successful synthesis 

of (+)-ovafolinins A and B, the absolute stereochemistry could then be assigned, which gave conflicting 

results to that of the isolation papers. This therefore emphasises the importance of synthesis in the 

determination of the absolute stereochemistry of natural products as methods such as comparison of 

CD spectra and use of the Cotton effect have previously been shown to give unreliable results. The 

synthesis of (+)-ovafolinin A and B also provided the hypothesis that (–)-ovafolinin A is preferentially 

oxidised from (±)-ovafolinin B resulting in scalemic mixtures of (–)-ovafolinin A and (+)-ovafolinin B the 

major component is the opposite enantiomer for each natural sample.  

 

 

Figure 9.5: Absolute stereochemistry of (+)-ovafolinin A and B. 
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Future research utilising the methods reported in this thesis could be applied to the synthesis of 

nirtetralin B (1.32) which is a recently isolated tetralin lignan with an 8–8′ cis-relationship. This 

stereochemistry can be installed through a similar method to that used to synthesise cis-cubebin with 

two possible syntheses depending on the initial orientation chosen for the acyl-Claisen rearrangement 

(Figure 9.6). This showcases the flexibility of the acyl-Claisen rearrangement as multiple pathways 

could be utilised to synthesise the same compound. A synthesis of this newly isolated compound would 

also allow for the confirmation of the relative stereochemistry for this lignan with an uncommon 8–8′ cis-

stereochemical assignment. 

 
Figure 9.6: Retrosynthetic analysis of nirtetralin B (1.32) utilising the acyl-Claisen approach to lignan synthesis. 
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General Methods 

All reactions were carried out with oven-dried glassware and under a nitrogen atmosphere in dry, freshly 

distilled solvents unless otherwise noted. Diisopropylethylamine was distilled from CaH2 and stored 

over activated 4Å molecular sieves. Infrared (IR) spectra were recorded using a Perkin Elmer 

Spectrum1000 FT-IR spectrometer. NMR spectra were recorded on a 400 MHz spectrometer. Chemical 

shifts are reported relative to the solvent peak of chloroform (δ 7.26 for 1H and δ 77.16 ± 0.06 for 13C). 
1H NMR data is reported as position (δ), relative integral, multiplicity (s, singlet; d, doublet; dd, doublet 

of doublets; ddd, doublet of doublet of doublets; dt, doublet of triplets; dq, doublet of quartets; t, triplet; 

td, triplet of doublets; q, quartet; m, multiplet), coupling constant (J, Hz), and the assignment of the 

atom. 13C NMR data are reported as position (δ) and assignment of the atom. NMR assignments were 

performed using COSY, HSQC and HMBC experiments. High-resolution mass spectroscopy (HRMS) 

was carried out by electrospray ionization (ESI) on a MicroTOF-Q mass spectrometer. Unless noted, 

chemical reagents were used as purchased.   
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Tables 

Table A1.1: NMR data for syn and anti-butanol lignans in CDCl3, 400 MHz. 

 

10a 10b 10csyn 10canti 
1H     
H-2 7.19–7.22, m 7.21, d, 8.7 Hz 7.23, d, 8.7 Hz 7.21, d, 8.8 Hz 
H-3 6.78–6.81, m 6.81, d, 8.7 Hz 6.81, d, 8.7 Hz 6.82, d, 8.8 Hz 
H-7 3.56, d, 11.6 Hz 3.54, d, 12.8 Hz 3.54, d, 12.0 Hz 3.75, d, 11.6 Hz 
H-8 2.58–2.63, m 2.56–2.61, m 2.55–2.65, m 2.30–2.36, m 
H-9 0.68, d, 6.7 Hz 0.70, d, 6.7 Hz 0.69, d, 6.8 Hz 0.79, d, 7.1 Hz 
H-2′ 7.19–7.22, m 6.80, d, 1.6 Hz 6.79, d, 1.9 Hz 6.76, d, 1.9 Hz 
H-5′ 6.78–6.81, m 6.67, d, 7.8 Hz 6.76, d, 8.0 Hz 6.76, d, 8.0 Hz 
H-6′ - 6.75, dd, 1.6, 7.8 Hz 6.84, dd, 1.9, 8.0 Hz 6.84, dd, 1.9, 8.0 Hz 

H-7′α 3.45, dd, 6.7, 10.6 Hz 3.44, dd, 6.7, 10.6 Hz 3.45, dd, 6.6, 10.6 Hz 3.36, dd, 7.7, 10.8 Hz 
H-7′β 3.50, dd, 8.1, 10.6 Hz 3.49, dd, 8.2, 10.6 Hz 3.51, dd, 8.2, 10.6 Hz 3.67, dd, 5.6, 10.8 Hz 
H-8′ 1.70–1.76, m 1.70–1.75, m 1.70–1.78, m 1.75–1.81, m 
H-9′ 0.75, d, 6.9 Hz 0.74, d, 6.9 Hz 0.75, d, 7.0 Hz 0.99, d, 7.1 Hz 

10′-Hα - 5.86, d, 1.5 Hz - - 
10′-Hβ - 5.88, d, 1.5 Hz - - 
4-OMe 3.74, s 3.75, s 3.75, s 3.76, s 
3′-OMe - - 3.86, s 3.85, s 
4′-OMe 3.74, s - 3.81, s 3.81, s 

13C     
C-1 136.7 136.5 136.7 136.7 
C-2 128.6 128.7 128.6 128.6 
C-3 113.9 114.1 114.1 114.1 
C-4 157.7 157.9 157.8 157.8 
C-7 55.2 55.6 55.6 54.5 
C-8 36.1 36.0 36.0 40.8 
C-9 11.9 11.8 11.8 13.3 
C-1′ 136.8 139.4 137.9 137.9 
C-2′ 128.7 108.0 111.3 111.3 
C-3′ 114.0 147.8 148.9 148.9 
C-4′ 157.7 145.7 147.2 147.2 
C-5′ - 108.1 111.2 111.2 
C-6′ - 120.9 119.7 119.6 
C-7′ 67.1 67.0 67.1 64.8 
C-8′ 36.1 36.0 36.1 36.5 
C-9′ 9.5 9.5 9.5 16.6 
C-10′ - 100.8 - - 

4-OMe 55.1 55.2 55.2 55.2 
3′-OMe - - 55.9 55.9 
4′-OMe 55.1 - 55.8 55.8 
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Table A1.2: NMR data for syn and anti-butanol lignans in CDCl3, 400 MHz. 

 

10dsyn 10danti 1syn 1anti 

1H     
H-2 7.24, d, 8.7 Hz 7.23, d, 8.7 Hz 6.70–6.82, m 6.70–6.82, m 
H-3 6.83, d, 8.7 Hz 6.83, d, 8.7 Hz - - 
H-5 - - 6.70–6.82, m 6.70–6.82, m 
H-6 - - 6.70–6.82, m 6.70–6.82, m 
H-7 3.52, d, 11.5 Hz 3.72–3.77, m 3.48, d, 11.7 Hz 3.61, d, 11.7 Hz 
H-8 2.58–2.63, m 2.28–2.34, m 2.41–2.48, m 2.25–2.32, m 
H-9 0.71, d, 6.8 Hz 0.80, d, 6.8 Hz 0.69, d, 6.6 Hz 0.76, d, 6.6 Hz 
H-2′ 6.50, s 6.47, s 6.70–6.82, m 6.70–6.82, m 
H-5′ - - 6.70–6.82, m 6.70–6.82, m 
H-6′ - - 6.70–6.82, m 6.70–6.82, m 

H-7′α 3.46–3.53, m 3.36, dd, 7.6, 10.7 Hz 3.90, dd, 7.2, 10.8 Hz 3.80, dd, 8.6, 10.9 Hz 
H-7′β - 3.66, dd, 6.0, 10.7 Hz 3.96, dd, 7.4, 10.8 Hz 4.15, dd, 5.0, 10.9 Hz 
H-8′ 1.67–1.78, m 1.76–1.82, m 1.88–1.98, m 1.88–1.98, m 
H-9′ 0.74, d, 7.0 Hz 0.98, d, 6.9 Hz 0.79, d, 7.0 Hz 0.99, d, 7.0 Hz 

3-OMe - - 3.86, s 3.86, s 
4-OMe 3.76, s 3.76, s - - 
4-OH - - 5.44, br s 5.44, br s 

3′-OMe 3.84, s 3.84, s 3.86, s 3.86, s 
4′-OMe 3.77, s 3.77, s - - 
4′-OH - - 5.44, br s 5.44, br s 

13C     
C-1 136.3 136.3 136.2 136.4 
C-2 128.7 128.7 110.3 110.5 
C-3 114.1 114.1 144.8 144.8 
C-4 158.0 158.0 146.5 146.4 
C-5 - - 114.4 114.3 
C-6 - - 119.9 120.1 
C-7 56.4 53.5 55.9 56.1 
C-8 36.0 40.6 36.9 41.0 
C-9 11.9 13.5 12.0 13.0 
C-1′ 140.9 140.9 136.2 136.8 
C-2′ 104.8 104.8 110.4 110.6 
C-3′ 153.1 153.1 144.8 144.8 
C-4′ 136.3 136.3 146.5 146.4 
C-5′ - - 114.4 114.3 
C-6′ - - 119.9 120.1 
C-7′ 67.0 64.5 68.6 65.9 
C-8′ 36.1 36.5 32.6 32.9 
C-9′ 9.5 16.5 9.8 17.1 

3-OMe - - 55.8 55.8 
4-OMe 55.2 55.2 - - 
3′-OMe 56.1 56.1 55.8 55.8 
4′-OMe 60.8 60.8 - - 
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Experimental Procedures 

(E)-4-(But-2-en-1-yl)morpholine 4.14 

 

To a solution of (E)-1-chlorobut-2-ene (6.0 g, 66.3 mmol) in CH2Cl2 (60 mL, under an atmosphere of 

nitrogen at 0 °C, was added morpholine (7.09 mL, 74.2 mmol) dropwise. The mixture was stirred at 

0 °C for 20 min before the addition of Et3N (20.5 mL, 148.4 mmol). The resultant mixture was allowed 

to warm to room temperature and stirred for 24 h. The mixture was quenched with water (60 mL), the 

organic layer separated and the aqueous phase further extracted with CH2Cl2 (3 × 60 mL). The organic 

extracts were combined, washed with aqueous NaOH (1 M, 30 mL) and dried (MgSO4). Solvent was 

removed in vacuo and the crude product purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 4.14 (4.5 g, 48%, 5:1, E/Z) as a yellow oil.  

Rf = 0.23 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.69 (3H, d, J = 6.2 Hz, 4-H), 2.42 (4H, t, 

J = 4.2 Hz, O(CH2CH2)2N), 2.91 (2H, d, J = 6.8 Hz, 1-H), 3.72 (4H, t, J = 4.8 Hz, O(CH2CH2)2N), 5.45–

5.69 (2H, m, 2, 3-H). δC (100 MHz; CDCl3) 17.9 (C-4), 53.7 (O(CH2CH2)2N), 61.4 (C-1), 67.1 

(O(CH2CH2)2N), 127.2 (C-2), 129.7 (C-3). 

The 1H and 13C NMR data were in agreement with literature values.206  

 

(2R*,3S*)-2,3-Dimethyl-1-morpholinopent-4-en-1-one 4.13/5.6 

 

To a stirred suspension of AlCl3 (1.06 g, 8.0 mmol) in CH2Cl2 (60 mL), under an atmosphere of nitrogen, 

was added a solution of (E)-4-(but-2-en-1-yl)morpholine 4.12/4.14 (4.5 g, 31.9 mmol) in CH2Cl2 (30 mL) 

dropwise, followed by iPr2NEt (8.33 mL, 47.8 mmol) dropwise. The mixture was stirred at room 

temperature for 20 min followed by addition of propanoyl chloride 26 (3.34 mL, 38.2 mmol) in CH2Cl2 

(30 mL) dropwise and the resultant mixture stirred for 24 h. The reaction mixture was quenched with 

aqueous NaOH (1 M, 60 mL), the organic layer was separated and the aqueous phase further extracted 

with CH2Cl2 (3 × 60 mL). The organic extracts were combined, washed with brine (30 mL) and dried 

(MgSO4). Solvent was removed in vacuo and the crude product purified by column chromatography 

(2:1 hexanes, ethyl acetate) to give the title compound 4.13/5.6 (4.8 g, 76%) as a yellow oil.  

Rf = 0.13 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.03 (3H, d, J = 6.6 Hz, 3-CH3), 1.10 (3H, 

d, J = 6.9 Hz, 2-CH3), 2.46 (1H, sextet, J = 7.0 Hz, 3-H), 2.59 (1H, quin, J = 7.0 Hz, 2-H), 3.49–3.70 

(8H, m, O(CH2CH2)2N), 4.95–5.06 (2H, m, 5-CH2), 5.76 (1H, ddd, J = 17.4, 10.0, 7.5 Hz, 4-H). δC (100 
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MHz; CDCl3) 14.6 (2-CH3), 16.1 (3-CH3), 40.2, 40.3 (C-2, 3), 42.2, 46.4 (O(CH2CH2)2N), 66.9, 67.2 

(O(CH2CH2)2N), 114.1 (C-5), 142.2 (C-4), 174.6 (C-1). 

The 1H and 13C NMR data were in agreement with literature values.207  

 

(2R*,3S*)-1-(4′-Methoxyphenyl)-2,3-dimethylpent-4-en-1-one 5.4 

 

To a solution of 4-bromoanisole (0.95 g, 5.06 mmol) in THF (20 mL), under an atmosphere of nitrogen 

at -78 °C, was added tBuLi (7.6 mL, 1.6 M in pentane) and the mixture stirred for 10 min. Amide 4.13/5.6 

(0.83 g, 4.22 mmol) in THF (10 mL) was added dropwise and the resultant mixture stirred at room 

temperature for 1 h. The reaction mixture was quenched with saturated aqueous NH4Cl (50 mL), the 

organic layer separated and the aqueous phase further extracted with ethyl acetate (3 × 30 mL). The 

organic extracts were combined, washed with brine (10 mL) and dried (MgSO4). Solvent was removed 

in vacuo and the crude product purified by column chromatography (14:1 hexanes, ethyl acetate) to 

give the title compound 5.4 (0.76 g, 82%) as a colourless oil.  

Rf = 0.77 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.00 (3H, d, J = 6.9 Hz, 3-CH3), 1.13 (3H, 

d, J = 6.8 Hz, 2-CH3), 2.64 (1H, sextet, J = 6.9 Hz, 3-H), 3.42 (1H, quin, J = 6.8 Hz, 2-H), 3.87 (3H, s, 

4′-OCH3), 4.93 (1H, dt, J = 10.5, 1.8 Hz, 5-HA), 5.00 (1H, dt, J = 17.5, 1.8 Hz, 5-HB), 5.81 (1H, ddd, J = 

17.5, 10.5, 6.9 Hz, 4-H), 6.94 (2H, d, J = 8.9 Hz, 3′-H), 7.93 (2H, d, J = 8.9 Hz, 2′-H). δC (100 MHz; 

CDCl3) 13.5 (2-CH3), 15.7 (3-CH3), 40.0 (C-3), 45.0 (C-2), 55.6 (4′-OCH3), 113.9 (C-3′), 114.0 (C-5), 

130.2 (C-1′), 130.7 (C-2′), 142.3 (C-4), 163.4 (C-4′), 202.4 (C-1). 

The 1H and 13C NMR data were in agreement with literature values.208 

 

(1R*,2R*,3S*)-1-(4′-Methoxyphenyl)-2,3-dimethylpent-4-en-1-ol 5.5a 

 

To a solution of ketone 5.4 (0.76 g, 3.46 mmol) in methanol (20 mL), under an atmosphere of nitrogen 

at -78 °C, was added NaBH4 (0.39 g, 10.4 mmol), the resultant mixture allowed to slowly warm to room 

temperature and stirred for 2 h. The reaction mixture was quenched with water (30 mL) and the 

methanol removed in vacuo and the aqueous mixture extracted with diethyl ether (3 × 30 mL). The 

organic extracts were combined, washed with brine (10 mL), dried (MgSO4) and solvent removed in 

vacuo. The crude product was purified by column chromatography (4:1 hexanes, ethyl acetate) to give 

the title compound 5.5a (0.74 g, 98%) as a colourless oil.  
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Rf = 0.67 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.52 (3H, d, J = 7.0 Hz, 2-CH3), 1.00 (3H, 

d, J = 6.9 Hz, 3-CH3), 1.79 (1H, br s, 1-OH), 1.89 (1H, dqd, J = 9.0, 7.0, 4.3 Hz, 2-H), 2.69–2.77 (1H, 

m, 3-H), 3.80 (3H, s, 4′-OCH3), 4.42 (1H, d, J = 9.0 Hz, 1-H), 5.03 (1H, dt, J = 10.5, 1.5 Hz, 5-HA), 5.05 

(1H, dt, J = 17.2, 1.5 Hz, 5-HB), 5.89 (1H, ddd, J = 17.2, 10.5, 6.9 Hz, 4-H), 6.87 (2H, d, J = 8.7 Hz, 3′-

H), 7.26 (2H, d, J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) 11.1 (2-CH3), 13.1 (3-CH3), 37.2 (C-3), 44.4 (C-

2), 55.4 (4′-OCH3), 76.8 (C-1), 113.3 (C-5), 113.9 (C-3′), 128.2 (C-2′), 136.1 (C-1′), 144.4 (C-4), 159.3 

(C-4′). 

The 1H and 13C NMR data were in agreement with literature values.208 

 

(1R*,2R*,3S*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-1-(tert-butyldimethylsiloxy)pent-4-ene 3.7/A1.1a 

 

To a stirred solution of alcohol 5.5a (1.41 g, 6.46 mmol) in DMF (40 mL), under an atmosphere of 

nitrogen, was added imidazole (2.31 g, 33.9 mmol) and the mixture cooled to 0 °C. TBSCl (2.45 g, 16.3 

mmol) was added, the mixture was allowed to warm to room temperature and stirred for 48 h. Ethyl 

acetate (40 mL) and water (25 mL) were added and the organic layer separated. The aqueous layer 

was extracted with ethyl acetate (3 × 25 mL). The organic extracts were combined and washed with 

water (3 × 20 mL) dried (MgSO4) and the solvent removed in vacuo. The crude product was purified by 

column chromatography (9:1 hexanes, ethyl acetate) to give the title compound 3.7/A1.1a (2.2 g, 

quant.) as a colourless oil.  

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.32, 0.00 (2 × 3H, s, Si-CH3), 0.48 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.85 (9H, s, SiC(CH3)3), 0.93 (3H, d, J = 6.8 Hz, 3-CH3), 1.79 (1H, dqd, J = 8.2, 

7.0, 4.0 Hz, 2-H), 2.66–2.75 (1H, m, 3-H), 3.80 (3H, s, 4′-OCH3), 4.36 (1H, d, J = 8.2 Hz, 1-H), 4.97–

5.04 (2H, m, 5-CH2), 5.85 (1H, ddd, J = 17.8, 10.0, 6.3 Hz, 4-H), 6.82 (2H, d, J = 8.7 Hz, 3′-H), 7.18 

(2H, d, J = 8.6 Hz, 2′-H). δC (100 MHz; CDCl3) -5.0, -4.3 (2 × Si-CH3), 10.4 (2-CH3), 12.7 (3-CH3), 18.3 

(Si-C(CH3)3), 26.0 (SiC(CH3)3), 36.4 (C-3), 45.8 (C-2), 55.3 (4′-OCH3), 77.2 (C-1), 112.9 (C-5), 113.3 

(C-3′), 128.3 (C-2′), 136.6 (C-1′), 145.0 (C-4), 158.8 (C-4′). 

The 1H and 13C NMR data were in agreement with literature values.208 
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(1R*,2R*,3R*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-1-(tert-butyldimethylsiloxy)-4-butanal 3.6/5.7a 

 

To a stirred solution of olefin 3.7 (0.308 g, 0.897 mmol) in tBuOH/H2O (20 mL, 1:1) was added NMO 

(0.315 g, 2.69 mmol). OsO4 (0.09 mL, 0.009 mmol, 2.5% w/v) was added dropwise and the resultant 

mixture stirred at room temperature for 24 h. The reaction mixture was quenched with saturated 

aqueous Na2SO3 (25 mL) and stirred for 1 h. The organic layer was separated and the aqueous layer 

further extracted with ethyl acetate (3 × 50 mL). The organic extracts were combined, washed with 

aqueous KOH (1 M, 30 mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product 

purified by column chromatography (2:1 hexanes, ethyl acetate) to give the diol (0.28 g, 83%) as a 

colourless oil, which was used immediately without further purification. 

To a stirred solution of diol (0.28 g, 0.76 mmol) in MeOH/H2O (32 mL, 3:1) at 0 °C was added NaIO4 

(0.20 g, 0.91 mmol) and the resultant mixture stirred for 1 h. The mixture was quenched with addition 

of brine (20 mL) and extracted with ethyl acetate (3 × 30 mL). The organic extracts were combined, 

washed with water (2 × 20 mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product 

purified by column chromatography (9:1 hexanes, ethyl acetate) to give the title compound 3.6/5.7a 

(0.26 g, quant.) as a pale yellow oil.  

Rf = 0.80 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.31, -0.01 (2 × 3H, s, Si-CH3), 0.52 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.84 (9H, s, SiC(CH3)3), 1.05 (3H, d, J = 7.0 Hz, 3-CH3), 2.36 (1H, dqd, J = 8.6, 

7.0, 3.5 Hz, 3-H), 2.93 (1H, qd, J = 7.0, 3.5 Hz, 2-H), 3.81 (3H, s, 4′-OCH3), 4.31 (1H, d, J = 8.6 Hz, 

1-H), 6.85 (2H, d, J = 8.7 Hz, 3′-H), 7.19 (2H, d, J = 8.7 Hz, 2′-H), 9.66 (1H, s, 4-H). δC (100 MHz; 

CDCl3) -5.1, -4.3 (2 × Si-CH3), 7.6 (3-CH3), 11.8 (2-CH3), 18.2 (Si-C(CH3)3), 26.0 (SiC(CH3)3), 40.8 (C-

3), 47.2 (C-2), 55.3 (4′-OCH3), 77.3 (C-1), 113.6 (C-3′), 128.3 (C-2′), 135.8 (C-1′), 159.1 (C-4′), 205.9 

(C-4). 

The 1H and 13C NMR data were in agreement with literature values.208 

 

(1R*,2R*,3R*,4S*)-1-(4′-Methoxyphenyl)-4-(3′′,4′′-dimethoxyphenyl)-2,3-dimethyl-1-(tert-

butyldimethylsiloxy)butan-4-ol 3.8b/4.11c/5.3a 

 

To a solution of 4-bromoveratrole (0.17 g, 0.78 mmol) in THF (14 mL), under an atmosphere of nitrogen 

at -78 °C, was added tBuLi (1.12 mL, 1.6 M in pentane) stirred at -78 °C for 10 min. Aldehyde 3.6 (0.176 

g, 0.52 mmol) in THF (7 mL) was added dropwise, allowed to warm to room temperature stirred for 24 
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h. The mixture was quenched with saturated NH4Cl (20 mL), the organic layer separated and the 

aqueous phase further extracted with ethyl acetate (3 × 20 mL). The organic extracts were combined, 

washed with brine (5 mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product 

purified by column chromatography (4:1 hexanes, ethyl acetate) to give the title compound 

3.8b/4.11c/5.3a (55 mg, 22%, 4:1 dr) as a pale yellow oil.  

Rf = 0.52 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.37, -0.01 (2 × 3H, s, Si-CH3), 0.53 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.86 (9H, s, SiC(CH3)3), 1.05 (3H, d, J = 6.8 Hz, 3-CH3), 1.45–1.55 (1H, m, 2-H), 

2.44 (1H, dqd, J = 8.9, 6.8, 2.2 Hz, 3-H), 3.76 (3H, s, 4′-OCH3), 3.84, 3.88 (2 × 3H, s, 3′′, 4′′-OCH3), 

4.27 (1H, d, J = 8.4 Hz, 1-H), 4.37 (1H, d, J = 8.9 Hz, 4-H), 6.75 (2H, d, J = 8.7 Hz, 3′-H), 6.77–6.82 

(3H, m, 2′′, 5′′, 6′′-H), 6.99 (2H, d, J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) -5.1, -4.4 (2 × Si-CH3), 10.3 

(3-CH3), 11.1 (2-CH3), 18.2 (Si-C(CH3)3), 26.0 (SiC(CH3)3), 38.5 (C-3), 41.9 (C-2), 55.2 (4′-OCH3), 55.8, 

56.0 (3′′, 4′′-OCH3), 77.8 (C-1), 78.8 (C-4), 109.3 (C-2′′), 110.7 (C-5′′), 113.3 (C-3′), 119.5 (C-6′′), 128.1 

(C-2′), 136.5 (C-1′), 136.7 (C-1′′), 148.5,  149.3 (C-3′′, 4′′), 158.7 (C-4′). IR: νMAX (film)/cm-1; 3341, 2945, 

1611, 1512, 1460, 1252, 864, 836, 775, 632. HRMS (ESI+) Found (MNa+): 497.2699; C27H42NaO5Si 

requires 497.2694. 

 

(2R*,3S*,4S*)-4-(3,4-Dimethoxyphenyl)-4-(4-methoxyphenyl)-2,3-dimethylbutanal 3.9b/5.10a 

(1R*,2S*)-6,7-Dimethoxy-1-(4-methoxyphenyl)-2,3-dimethyl-1,2-dihydronaphthalene 3.10b/5.13a 

 

To a stirred solution of alcohol 3.8b (38 mg, 0.08 mmol) in CH2Cl2 (4 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.034 mL, 0.24 mmol) and the mixture stirred for 10 min. A solution 

of MsCl (0.2 mL, 1 M in CH2Cl2, 0.20 mmol) was added and the resultant mixture stirred at room 

temperature for 23 h. The reaction mixture was quenched with saturated aqueous NaHCO3 (5 mL), the 

organic layer separated and the aqueous phase further extracted with CH2Cl2 (3 × 5 mL). The organic 

extracts were combined, dried (MgSO4) and the solvent removed in vacuo. The crude mixture was 

purified by column chromatography (14:1 hexanes, ethyl acetate) to give the title compound 

3.10b/5.13a (10 mg, 37%) as a pale yellow oil, (9:1 hexanes, ethyl acetate) in a second fraction the title 

compound 3.9b/5.10a (17 mg, 63%) as a pale yellow oil. 

Butanal 3.9b/5.10a:  

Rf = 0.48 (2:1 hexanes, ethyl acetate).  
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δH (400 MHz; CDCl3) 0.71 (3H, d, J = 6.7 Hz, 3-CH3), 1.02 (3H, d, J = 7.0 Hz, 2-CH3), 2.34–2.40 (1H, 

m, 2-H), 2.98–3.03 (1H, m, 3-H), 3.57 (1H, d, J = 11.8 Hz, 4-H), 3.75 (3H, s, 4′-OCH3), 3.82 (3H, s, 

4′′-OCH3), 3.87 (3H, s, 3′′-OCH3), 6.76–6.90 (5H, m, 3′, 2′′, 5′′, 6′′-H), 7.24 (2H, d, J = 8.7 Hz, 2′-H), 9.64 

(1H, s, 1-H). δC (100 MHz; CDCl3) 6.36 (2-CH3), 13.7 (3-CH3), 35.7 (C-3), 47.9 (C-2), 55.1 (C-4), 55.9 

(4′′-OCH3), 56.0 (4′, 3′′-OCH3), 111.2 (C-2′′), 111.4 (C-5′′), 114.5 (C-3′), 119.7 (C-6′′), 128.8 (C-2′), 135.8 

(C-1′), 136.5 (C-1′′), 147.5 (C-4′′), 149.0 (C-3′′), 158.2 (C-4′), 205.5 (C-1). IR: νMAX (film)/cm-1; 3671, 

2979, 2903, 1407, 1382, 1246, 1059, 886. HRMS (ESI+) Found (MNa+) 365.1728; C21H26NaO4 requires 

365.1723.  

Dihydronaphthalene 3.10b/5.13a: 

Rf = 0.73 (2:1 hexanes, ethyl acetate). 

δH (400 MHz; CDCl3) 1.08 (3H, d, J = 7.1 Hz, 3-CH3), 1.78 (3H, s, 2-CH3), 2.33–2.39 (1H, m, 3-H), 3.69 

(1H, d, J = 2.8 Hz, 4-H), 3.75 (3H, s, 4′-OCH3), 3.78, 3.88 (2 × 3H, s, 6, 7-OCH3), 6.13 (1H, s, 1-H), 6.55 

(1H, s, 5-H), 6.62 (1H, s, 8-H), 6.75 (2H, d J = 8.7 Hz, 3′-H), 6.96 (2H, d J = 8.7 Hz, 2′-H). δC (100 MHz; 

CDCl3) 18.7 (3-CH3), 22.2 (2-CH3), 42.1 (C-3), 50.4 (C-4), 55.2 (4′-OCH3), 55.9, 56.0 (6, 7-OCH3), 109.2 

(C-8), 112.9 (C-5), 113.6 (C-3′), 121.1 (C-1), 127.1 (C-8a), 127.3 (C-4a), 128.5 (C-2′), 137.6 (C-1′), 

138.6 (C-2), 147.5 (C-6, 7), 157.9 (C-4′). IR: νMAX (film)/cm-1; 3671, 2982, 2901, 1396, 1236, 1061. 

HRMS (ESI+) Found (MNa+): 347.1619; C21H24NaO3 requires 347.1618. 

 

(2R*,3S*,4S*)-4-(3′′,4′′-Dimethoxyphenyl)-4-(4′-methoxyphenyl)-2,3-dimethylbutan-1-ol 

3.17b/4.10c/5.11a 

 

To a stirred solution of aldehyde 3.9b/5.10a (22 mg, 0.064 mmol) in methanol (1 mL), under an 

atmosphere of nitrogen at -78 °C, was added NaBH4 (10 mg, 0.26 mmol) and stirred for 23 h. Water (1 

mL) was added and the methanol removed in vacuo and the remaining aqueous mixture was extracted 

with ethyl acetate (3 × 5 mL). The combined organic extracts were washed with brine (5 mL), dried 

(MgSO4) and solvent removed in vacuo. The crude product was purified by column chromatography 

(1:2 hexanes, ethyl acetate) to give the title compound 3.17b/4.10c/5.11a (22 mg, quant., 3.4:1 dr) as 

a pale yellow oil.  

Rf = 0.38 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.70 (3H, d, J = 6.7 Hz, 3-CH3), 0.75 (3H, 

d, J = 6.9 Hz, 2-CH3), 1.68–1.78 (1H, m, 2-H), 2.28 (1H, dqd, J = 12.0, 6.7, 2.4 Hz, 3-H), 3.46 (1H, dd, 

J = 10.6, 6.6 Hz, 1-HA), 3.50 (1H, dd, J = 10.6, 8.3 Hz, 1-HB), 3.55 (1H, d, J = 12.0 Hz, 4-H), 3.75 (3H, 

s, 4′-OCH3), 3.81 (3H, s, 4′′-OCH3), 3.86 (3H, s, 3′′-OCH3), 6.76 (1H, d, J = 8.4 Hz, 5′′-H), 6.79 (1H, d, 



  Appendix One 

129 
 

J = 2.0 Hz, 2′′-H), 6.81 (2H, d, J = 8.7 Hz, 3′-H), 6.85 (1H, dd, J = 8.4, 2.0 Hz, 6′′-H), 7.23 (2H, d, 

J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) 9.5 (2-CH3), 11.8 (3-CH3), 36.0 (C-3), 36.1 (C-2), 55.2 (4′-OCH3), 

55.6 (C-4), 55.8 (4′′-OCH3), 55.9 (3′′-OCH3), 67.1 (C-1), 111.2 (C-5′′), 111.3 (C-6′′), 114.1 (C-3′), 119.7 

(C-2′′), 128.6 (C-2′), 136.7 (C-1′), 137.9 (C-1′′), 147.2 (C-4′′), 148.9 (C-3′′), 157.8 (C-4′). IR: νMAX 

(film)/cm-1; 3318, 2946, 2832, 1647, 1450, 1410, 1021, 637. HRMS (ESI+) Found (MNa+) 367.1882; 

C21H28NaO4 requires 367.1880. 

 

(1R*,2R*,3R*,4S*)-1-(4′-Methoxyphenyl)-4-(4′′-methoxyphenyl)-2,3-dimethyl-1-(tert-

butyldimethylsiloxy)butan-4-ol 3.8a/4.11a/5.8a 

 

To a solution of 4-bromoanisole (0.22 g, 1.16 mmol) in THF (25 mL), under an atmosphere of nitrogen 

at -78 °C, was added tBuLi (1.45 mL, 1.6 M in pentane) stirred at -78 °C for 10 min. Aldehyde 3.6/5.7a 

(0.26 g, 0.77 mmol) in THF (12 mL) was added dropwise and the resultant mixture stirred at room 

temperature for 21 h. The mixture was quenched with saturated aqueous NH4Cl (20 mL), the organic 

layer separated and the aqueous layer further extracted with ethyl acetate (3 × 40 mL). The organic 

extracts were combined, washed with brine (10 mL), dried (MgSO4) and solvent removed in vacuo. The 

crude product was purified by column chromatography (9:1 hexanes, ethyl acetate) to give the title 

compound 3.8a/4.11a/5.8a (113 mg, 33%, 4:1 dr) as a pale yellow oil.  

Rf = 0.76 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.38, -0.00 (2 × 3H, s, Si-CH3), 0.49 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.87 (9H, s, SiC(CH3)3), 1.03 (3H, d, J = 6.9 Hz, 3-CH3), 1.47–1.54 (1H, m, 2-H), 

2.47 (1H, dqd, J = 8.9, 6.9, 2.1 Hz, 3-H), 3.77, 3.82 (2 × 3H, s, 4′, 4′′-OCH3), 4.25 (1H, d, J = 8.4 Hz, 

1-H), 4.39 (1H, d, J = 8.9 Hz, 4-H), 6.76, 6.85 (2 × 2H, d, J = 8.7 Hz, 3′, 3′′-H), 7.00, 7.19 (2 × 2H, d, 

J = 8.7 Hz, 2′, 2′′-H). δC (100 MHz; CDCl3) -5.2, -4.5 (2 × Si-CH3), 10.1 (3-CH3), 11.0 (2-CH3), 18.1 

(Si-C(CH3)3), 25.9 (SiC(CH3)3), 38.4 (C-2), 41.7 (C-3), 55.2 (C-1), 55.2, 55.3 (4′, 4′′-OCH3), 78.3 (C-4), 

113.1, 113.7 (C-3′, 3′′), 128.0 (C-2′, 2′′), 138.8 (C-1′, C-1′′), 158.5, 158.9 (C-4′, 4′′).  

The 1H and 13C NMR data were in agreement with literature values.208 
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(2R*,3S*)-4,4-Bis(4′-methoxyphenyl)-2,3-dimethylbutanal 3.9a/5.9a 

(1R*,2R*,E)-1,4-Bis(4′-methoxyphenyl)-2,3-dimethylbut-3-en-1-yl)oxy)(tert-butyl)dimethylsilane 

3.10a/5.14a 

 

To a stirred solution of alcohol 3.8a/5.8a (0.115 g, 0.26 mmol) in CH2Cl2 (20 mL) under an atmosphere 

of nitrogen at 0 °C, was added Et3N (0.10 mL, 0.74 mmol) and the mixture stirred for 10 min. MsCl (0.02 

mL, 0.30 mmol) was added and the mixture and stirred for 2 h before saturated aqueous NaHCO3 (20 

mL). The organic layer was separated and the aqueous layer further extracted with CH2Cl2 (3 × 20 mL). 

The organic extracts were combined, dried (MgSO4) and the solvent removed in vacuo. The crude 

product was purified by column chromatography (14:1 hexanes, ethyl acetate) to give the title 

compound 3.10a/5.14a (40 mg, 36%) as a colourless oil, then (9:1 hexanes, ethyl acetate) to give the 

title compound 3.9a/5.9a (42 mg, 52%) as a colourless oil.  

Butanal 3.9a/5.9a: 

Rf = 0.68 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.70 (3H, d, J = 6.8 Hz, 3-CH3), 1.01 (3H, 

d, J = 7.0 Hz, 2-CH3), 2.68 (1H, qd, J = 7.0, 2.7 Hz, 2-H), 3.02 (1H, dqd, J = 11.6, 6.8, 2.7 Hz, 3-H), 

3.60 (1H, d, J = 11.7 Hz, 4-H), 3.746, 3.751 (2 × 3H, s, 4′-OCH3), 6.817, 6.823 (2 × 2H, d, J = 8.7 Hz, 

3′-H), 7.23 (4H, d, J = 8.7 Hz, 2′-H), 9.64 (1H, s, 1-H). δC (100 MHz; CDCl3) 6.4 (2-CH3), 13.8 (3-CH3), 

35.8 (C-3), 48.1 (C-2), 54.8 (C-4), 55.3 (4′-OCH3), 114.1, 114.4 (C-3′), 128.6, 128.8 (C-2′), 136.1 (C-1′), 

158.1, 158.2 (C-4′), 205.5 (C-1).  

The 1H and 13C NMR data were in agreement with literature values.208 

Alkene 3.10a/5.14a: 

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) -0.12, -0.04 (2 × 3H, s, Si-CH3), 0.80 (9H, 

s, Si-C(CH3)3), 0.94 (3H, d, J = 6.8 Hz, 2-CH3), 1.47 (3H, d, J = 1.4 Hz, 3-CH3), 2.84 (1H, dq, J = 11.6, 

6.8 Hz, 2-H), 3.68 (1H, d, J = 11.6 Hz, 1-H), 3.72, 3.75 (2 × 3H, s, 4′, 4′′-OCH3), 6.04 (1H, d J = 1.4 Hz, 

4-H), 6.74 (2H, d, J = 8.7 Hz, 3′/3′′-H), 6.80 (2H, d, J = 8.6 Hz, 3′/3′′-H), 7.13 (2H, d, J = 8.6 Hz, 2′/2′′-H), 

7.22 (2H, d, J = 8.7 Hz, 2′/2′′-H). 

Sample degraded prior to carbon acquisition. 
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(2R*,3S*)-4,4-Bis(4′-methoxyphenyl)-2,3-dimethylbutan-1-ol 3.17a/4.10a/5.12a 

 

To a stirred solution of aldehyde 3.9a (17 mg, 0.05 mmol) in methanol (2 mL), under an atmosphere of 

nitrogen at -78 °C, was added NaBH4 (7 mg, 0.20 mmol) and the mixture stirred for 24 h. Water (2 mL) 

was added, methanol removed in vacuo and the remaining aqueous mixture was extracted with ethyl 

acetate (3 × 10 mL). The combined organic extracts were washed with brine (5 mL), dried (MgSO4) and 

solvent removed in vacuo. The crude product was purified by column chromatography (2:1 hexanes, 

ethyl acetate) to give the title compound 3.17a/4.10a/5.12a (11.7 mg, 64%) as a pale yellow oil.  

Rf = 0.5 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.68 (3H, d, J = 6.9 Hz, 3-CH3), 0.75 (3H, 

d, J = 6.9 Hz, 2-CH3), 1.73 (1H, dqdd, J = 8.0, 6.9, 6.8, 2.4 Hz, 2-H), 2.61 (1H, dqd, J = 11.6, 6.9, 2.4 

Hz, 3-H), 3.45 (1H, dd, J = 10.6, 6.8 Hz, 1-HA), 3.50 (1H, dd, J = 10.6, 8.0 Hz, 1-HB), 3.56 (1H, d, 

J = 11.6 Hz, 4-H), 3.74 (6H, s, 4′-OCH3), 6.79, 6.80 (2 × 2H, d, J = 8.7 Hz, 3′-H), 7.20, 7.21 (2 × 2H, d, 

J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) 9.6 (2-CH3), 12.0 (3-CH3), 36.2 (C-2, 3), 55.2 (C-4), 55.3 

(4′-OCH3), 67.2 (C-1), 114.0, 114.2 (C-3′), 128.8, 128.9 (C-2′), 136.9, 137.5 (C-1′), 157.87, 157.89 

(C-4′). IR: νMAX (film)/cm-1; 3387, 2961, 1737, 1611, 1509, 1247, 1178, 1034, 828. HRMS (ESI+) Found 

(MNa+) 337.1781; C20H26NaO3 requires 337.1774. 

The 1H and 13C NMR data were in agreement with literature values.208 

 

(1R*,2R*,3R*,4S*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-4-phenyl-1-(tert-butyldimethylsiloxy)butan-4-ol 

3.8e 

 

To a solution of bromobenzene (0.18 g, 1.14 mmol) in THF (25 mL), under an atmosphere of nitrogen 

at -78 °C, was added tBuLi (1.43 mL, 1.6 M in pentane) the mixture stirred at -78 °C for 10 min. A 

solution of aldehyde 3.6 (0.256 g, 0.76 mmol) in THF (12 mL) was added dropwise, the mixture brought 

to room temperature and stirred for 21 h before saturated aqueous NH4Cl (25 mL) was added. The 

organic layer was separated and the aqueous layer was further extracted with ethyl acetate (3 × 30 

mL). The organic extracts were combined, washed with brine (10 mL), dried (MgSO4) and the solvent 

removed in vacuo. The crude product was purified by column chromatography (9:1 hexanes, ethyl 

acetate) to give the title compound 3.8e (74 mg, 24%, 5:1 dr) as a pale yellow oil.  
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Rf = 0.72 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.38, -0.01 (2 × 3H, s, Si-CH3), 0.52 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.86 (9H, s, SiC(CH3)3), 1.02 (3H, d, J = 6.9 Hz, 3-CH3), 1.54 (1H, dqd, J = 8.3, 

7.0, 2.4 Hz, 2-H), 1.78 (1H, d, 3.5 Hz, 4-OH), 2.49 (1H, dqd, J = 8.4, 6.9, 2.4 Hz, 3-H), 3.77 (3H, s, 4′-

OCH3), 4.26 (1H, d, J = 8.3 Hz, 1-H), 4.46 (1H, dd, J = 8.4, 3.5 Hz, 4-H), 6.76 (2H, d, J = 8.7 Hz, 3′-H), 

6.99 (2H, d, J = 8.7 Hz, 2′-H), 7.23–7.35 (5H, m, Ph-H). δC (100 MHz; CDCl3) -5.0, -4.4 (2 × Si-CH3), 

10.2 (3-CH3), 11.3 (2-CH3), 17.7 (SiC(CH3)3), 26.0 (SiC(CH3)3), 38.7 (C-3), 42.0 (C-2), 55.3 (4′-OCH3), 

77.7 (C-1), 78.9 (C-4), 113.3 (C-3′), 126.9 (Ph-CH), 127.7 (Ph-CH) 128.1 (C-2′), 128.5 (Ph-CH), 136.7 

(C-1′, Ph-C), 158.4 ( C-4′). IR: νMAX (film)/cm-1: 3261, 2988, 1648, 1394, 1250, 1066, 581. HRMS (ESI+) 

Found (MNa+): 437.2470; C25H38NaO3Si requires 437.2482. 

 

(2R*,3S*,4R*)-4-(4′-Methoxyphenyl)-2,3-dimethyl-4-phenylbutanal 3.9e 

(2R*,3R*,4R*,5S*)-2-(4′-Methoxyphenyl)-3,4-dimethyl-5-phenyltetrahydrofuran 3.10e 

 

To a stirred solution of alcohol 3.8e (68 mg, 0.16 mmol) in CH2Cl2 (12 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.04 mL, 0.26 mmol) and the mixture stirred for 10 min. A solution of 

MsCl (0.1 mL, 2 M in CH2Cl2, 0.20 mmol) was added and the mixture and stirred for 2.5 h. Saturated 

aqueous NaHCO3 (10 mL) was added, the organic layer was separated and the aqueous layer further 

extracted with CH2Cl2 (3 × 15 mL). The organic extracts were combined, dried (MgSO4) and solvent 

removed in vacuo to give the crude mixture which was purified by column chromatography (19:1 

hexanes, ethyl acetate) to give the title compound 3.10e (6 mg, 13%, 5.5:1 dr) as a pale yellow oil, (19:1 

hexanes, ethyl acetate) in a second fraction the title compound 3.9e (6 mg, 13%) as a cloudy oil.  

Butanal 3.9e:  

Rf = 0.80 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.70 (3H, d, J = 6.8 Hz, 3-CH3), 1.02 (3H, 

d, J = 7.0 Hz, 2-CH3), 2.39 (1H, qd, J = 7.0, 2.7 Hz, 2-H), 3.07 (1H, dqd, J = 11.8, 6.7, 2.7 Hz, 3-H), 

3.63 (1H, d, J = 11.8 Hz, 4-H), 3.75 (3H, s, 4′-OCH3), 6.82 (2H, d, J = 8.6 Hz, 3′-H), 7.13–7.18 (1H, m, 

Ph-H), 7.23–7.30 (4H, m, 2′-H, Ph-H), 7.31–7.35 (2H, m, Ph-H), 9.65 (1H, s, 1-H). δC (100 MHz; CDCl3) 

6.4 (2-CH3), 13.8 (3-CH3), 35.7 (C-3), 48.1 (C-2), 55.3 (4′-OCH3), 55.7 (C-4), 114.5 (C-3′), 126.5 (Ph-

CH), 128.0 (C-2′), 128.8 (2 × Ph-CH), 135.7 (C-1′), 143.9 (Ph-C), 158.4 (C-4′), 205.5 (C-1). IR: νMAX 

(film)/cm-1; 2324, 1740, 1373, 1218. HRMS (ESI+) Found (MNa+) 305.1518; C19H22NaO2 requires 

305.1512. 
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Tetrahydrofuran 3.10e: 

Rf = 0.83 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.63 (3H, d, J = 7.0 Hz, 4-CH3), 1.04 (3H, 

d, J = 6.6 Hz, 3-CH3), 1.77 (1H, ddq, J = 9.3, 9.0, 6.6 Hz, 3-H), 2.27 (1H, ddq, J = 9.0, 8.7, 7.0 Hz, 4-

H), 3.83 (3H, s, 4′-OCH3), 4.41 (1H, d, J = 9.3 Hz, 2-H), 5.17 (1H, d, J = 8.7 Hz, 5-H), 6.94 (2H, d, J = 

8.6 Hz, 3′-H), 7.29–7.34 (5H, m, Ph-H), 7.44 (2H, d, J = 8.6 Hz, 2′-H). δC (100 MHz; CDCl3) 15.0 (3-

CH3), 15.3 (4-CH3), 45.9 (C-4), 48.5 (C-3), 55.3 (4′-OCH3), 83.0 (C-5), 87.3 (C-2), 113.8 (C-3′), 127.0 

(3 × Ph-CH), 127.9 (C-2′), 132.6 (C-1′), 140.6 (Ph-C), 158.7 (C-4′). IR: νMAX (film)/cm-1; 3674, 2960, 

2907, 1614, 1515, 1455, 1382, 1247, 1038, 825, 703. HRMS (ESI+) Found (MK+): 321.1267; C19H22KO2 

requires 321.1251. 

The 1H and 13C NMR data were in agreement with literature values.209 

 

(2R*,3S*,4R*)-4-(4′-Methoxyphenyl)-2,3-dimethyl-4-phenylbutan-1-ol 3.17e 

 

To a stirred solution of aldehyde 3.9e (5 mg, 0.018 mmol) in methanol (1 mL), under an atmosphere of 

nitrogen at -78 °C, was added NaBH4 (5 mg, 0.14 mmol) and the mixture stirred for 17 h. Water (1 mL) 

was added, methanol removed in vacuo and the remaining aqueous mixture extracted with ethyl acetate 

(3 × 5 mL). The organic extracts were combined, washed with brine (5 mL), dried (MgSO4) and solvent 

removed in vacuo. The crude product was purified by column chromatography (4:1 hexanes, ethyl 

acetate) to give the title compound 3.17e (5 mg, quant.) as a pale yellow oil.  

Rf = 0.61 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.68 (3H, d, J = 6.7 Hz, 3-CH3), 0.76 (3H, 

d, J = 6.8 Hz, 2-CH3), 1.70–1.80 (1H, m, 2-H), 2.66 (1H, dqd, J = 11.8, 6.7, 2.4 Hz, 3-H), 3.45 (1H, dd, 

J = 10.5, 6.7 Hz, 1-HA), 3.51 (1H, dqd, J = 10.5, 8.1 Hz, 1-HB), 3.61 (1H, d, J = 11.8 Hz, 4-H), 3.74 (3H, 

s, 4′-OCH3), 6.80 (2H, d, J = 8.8 Hz, 3′-H), 7.09–7.14 (1H, m, Ph-H), 7.21–7.26 (4H, m, 2′, Ph-H), 7.27–

7.32 (2H, m, Ph-H). δC (100 MHz; CDCl3) 9.6 (2-CH3), 12.0 (3-CH3), 36.0 (C-3), 36.2 (C-2), 55.3 (4′-

OCH3), 56.1 (C-4), 67.2 (C-1), 114.2 (C-3′), 126.1 (Ph-CH), 128.1 (Ph-CH), 128.6 (C-2′), 128.9 (Ph-

CH), 136.6 (C-1′), 145.2 (Ph-C), 158.0 (C-4′). IR: νMAX (film)/cm-1; 3346, 2973, 1739, 1612, 1510, 1452, 

1376, 1243, 1033, 700. HRMS (ESI+) Found (MNa+) 307.1672; C19H24NaO2 requires 307.1669. 
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(1R*,2R*,3R*,4S*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-4-(thiophen-3′′-yl)-1-(tert-

butyldimethylsiloxy)butan-4-ol 3.8f 

 

To a solution of 3-bromothiophene (0.10 mL, 1.11 mmol) in THF (25 mL), under an atmosphere of 

nitrogen at -78 °C, was added tBuLi (1.39 mL, 1.6M in pentane) stirred at -78 °C for 2 min. A solution of 

aldehyde 3.6 (0.24 g, 0.71 mmol) in THF (12 mL) was added dropwise, the mixture brought to room 

temperature stirred for 24 h. The mixture was quenched with saturated aqueous NH4Cl (25 mL), the 

organic layer separated and the aqueous layer further extracted with ethyl acetate (3 × 30 mL). The 

organic extracts were combined and washed with brine (10 mL), dried (MgSO4) and the solvent 

removed in vacuo. The crude product was purified by column chromatography (9:1 hexanes, ethyl 

acetate) to give the title compound 3.8f (0.31 g, quant., 3:1 dr) as a pale yellow oil.  

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.34, 0.01 (2 × 3H, s, Si-CH3), 0.55 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.88 (9H, s, SiC(CH3)3), 1.01 (3H, d, J = 6.8 Hz, 3-CH3), 1.70–1.72 (1H, m, 2-H), 

2.44–2.48 (1H, m, 3-H), 3.79 (3H, s, 4′-OCH3), 4.28 (1H, d, J = 8.4 Hz, 1-H), 4.59 (1H, d, J = 8.3 Hz, 4-

H), 6.77–7.29 (7H, m, 2′, 3′, 2′′, 4′′, 5′′-H). δC (100 MHz; CDCl3) -5.2, -4.2 (2 × Si-CH3), 10.0 (3-CH3), 

11.5 (2-CH3), 18.3 (Si-C(CH3)3), 25.9 (SiC(CH3)3), 39.5 (C-3), 42.2 (C-2), 55.2 (4′-OCH3), 73.7 (C-4), 

77.7 (C-1), 113.3 (C-3′), 125.3 (C-2′′), 126.9 (C-4′′), 128.1 (C-5′′), 128.5 (C-2′), 136.2 (C-1′), 149.3 (C-

1′′), 158.7 (C-4′). IR: νMAX (film)/cm-1; 3675, 2972, 2903, 1702, 1412, 1250, 1066, 864, 781. HRMS 

(ESI+) Found (MK+): 459.1797; C23H36KO3SSi requires 459.1786. 

 

(2R*,3S*,4S*)-4-(4′-Methoxyphenyl)-2,3-dimethyl-4-(thiophen-3′′-yl)butanal 3.9f 

(4R*,5S*)-4-(4′-Methoxyphenyl)-5,6-dimethyl-4,5-dihydrobenzo[c]thiophene 3.10f  

 

To a stirred solution of alcohol 3.8f (0.20 g, 0.48 mmol) in CH2Cl2 (40 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.122 mL, 0.88 mmol) and the mixture stirred for 10 min. MsCl (0.05 

mL, 0.066 mmol) was added to the mixture and stirred for 1 hour. The mixture was quenched with 

saturated NaHCO3 (10 mL), the organic and aqueous layers separated and the aqueous layer was 

further extracted with CH2Cl2 (3 × 25 mL). The organic extracts were combined and dried with MgSO4. 

Solvent was removed in vacuo and the crude mixture separated by column chromatography (14:1 
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hexanes, ethyl acetate) to give the title compound 3.10f (98 mg, 62%) as a pale yellow oil and (9:1 

hexanes, ethyl acetate) in a second fraction the title compound 3.9f (34 mg, 21%) as a pale yellow oil. 

Butanal 3.9f: 

Rf = 0.75 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.75 (3H, d, J = 6.8 Hz, 3-CH3), 0.99 (3H, 

d, J = 7.0 Hz, 2-CH3), 2.29–2.32 (1H, m, 2-H), 2.90–2.96 (1H, m, 3-H), 3.75 (3H, s, 4′-OCH3), 3.79 (1H, 

d, J = 12.7 Hz, 4-H), 6.82–7.25 (7H, m, 2′, 3′, 2′′, 4′′, 5′′-H), 9.60 (1H, s, 1-H). δC (100 MHz; CDCl3) 6.33 

(2-CH3), 13.8 (3-CH3), 36.5 (C-3), 48.0 (C-2), 50.7 (C-4), 55.2 (4′-OCH3), 114.3 (C-3′), 124.2 (C-2′′), 

125.9 (C-4′′), 128.6 (C-5′′) 128.7 (C-2′), 135.2 (C-1′), 145.4 (C-3′′), 158.2 (C-4′), 205.3 (C-1). IR: νMAX 

(film)/cm-1; 2973, 2154, 2017, 1980, 1740, 1421, 1366, 1230, 1217. HRMS (ESI+) Found (MNa+) 

311.1088; C17H20NaO2S requires 311.1076. 

Dihydrobenzothiophene 3.10f: 

Rf = 0.9 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.05 (3H, d, J = 6.7 Hz, 5-CH3), 1.83 (3H, 

dd, J = 4.8, 1.4 Hz, 6-CH3), 2.76–2.81 (1H, m, 5-H), 3.74 (3H, s, 4′-OCH3), 4.02 (1H, d, J = 11.3 Hz, 4-

H), 6.00 (1H, s, 7-H), 6.77 (2H, m, 3′-H), 7.01–7.04 (2H, m, 1, 3-H), 7.12–7.18 (2H, m, 2′-H). δC (100 

MHz; CDCl3) 18.5 (5-CH3), 22.0 (6-CH3), 43.9 (C-5), 51.1 (C-4), 55.2 (4′-OCH3), 113.7 (C-3′), 119.5 (C-

6), 126.9 (C-2′), 123.3 (C-1, 3), 136.1 (C-7), 136.1 (C-1′), 136.6 (C-7a), 149.1 (C-3a), 157.8 (C-4′). IR: 

νMAX (film)/cm-1; 2957, 1611, 1462, 1303, 1248, 1176, 1035, 857, 776. HRMS (ESI+) Found (MNa+) 

271.1146; C17H19OS requires 271.1151. 

 

(2R*,3S*,4S*)-4-(4′-Methoxyphenyl)-2,3-dimethyl-4-(thiophen-3′′-yl)butan-1-ol 3.17f 

 

To a stirred solution of aldehyde 3.9f (34 mg, 0.12 mmol) in methanol (5 mL), under an atmosphere of 

nitrogen at -78 °C, was added NaBH4 (39 mg, 1.0 mmol) and the mixture stirred for 22 h. Water (5 mL) 

was added, the methanol removed in vacuo and aqueous mixture extracted with ethyl acetate (3 × 20 

mL). The combined organic extracts were washed with brine (10 mL), dried (MgSO4) and solvent 

removed in vacuo. The crude product was purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 3.17f (5 mg, 15%) as a pale yellow oil.  

Rf = 0.49 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.73 (3H, d, J = 7.0 Hz, 2-CH3), 0.79 (3H, 

d, J = 6.8 Hz, 3-CH3), 1.62–1.71 (1H, m, 2-H), 2.52 (1H, dqd, J = 11.4, 6.8, 2.5 Hz, 3-H), 3.43 (1H, dd, 

J = 10.6, 6.7 Hz, 1-HA), 3.48 (1H, dd, J = 10.6, 7.9 Hz, 1-HB), 3.76 (3H, s, 4′-OCH3), 3.91 (1H, d, J = 

11.4 Hz, 4-H), 6.83 (2H, d, J = 8.7 Hz 3′-H), 6.85–6.89 (2H, m, 2′′, 5′′-H), 7.09 (1H, dd, J = 4.5, 1.5 Hz, 

4′′-H), 7.23–7.27 (1H, m, 2′-H). δC (100 MHz; CDCl3) 9.6 (2-CH3), 12.1 (3-CH3), 36.4 (C-2), 38.6 (C-3), 

51.4 (C-4), 55.3 (4′-OCH3), 67.1 (C-1), 114.2 (C-3′), 123.4 (C-4′′), 123.9 (C-2′′), 126.5 (C-5′′), 128.9 (C-
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2′), 136.1 (C-1′), 149.6 (C-3′′), 158.2 (C-4′). IR: νMAX (film)/cm-1; 3391, 2960, 1728, 1610, 1463, 1380, 

1249, 1178, 1035, 832, 694. HRMS (ESI+) Found (MNa+) 313.1236; C17H22NaO2S requires 313.1233. 

 

(1R*,2R*,3R*,4S*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-4-(3′′,4′′-methylenedioxyphenyl)-1-(tert-

butyldimethylsiloxy)butan-4-ol 3.8c/4.11b 

 

To a solution of 4-bromo-1,2-methylenedioxybenzene (0.22 g, 1.11 mmol) in THF (25 mL), under an 

atmosphere of nitrogen at -78 °C, was added tBuLi (1.39 mL, 1.6 M in pentane) and stirred at -78 °C for 

10 min. Aldehyde 3.6 (0.25 g, 0.74 mmol) in THF (12 mL) was added dropwise and the resultant mixture 

stirred at room temperature for 20 h. The mixture was quenched with saturated aqueous NH4Cl (25 mL) 

and the organic layer separated and the aqueous phase further extracted with ethyl acetate (3 × 30 

mL). The organic extracts were combined, washed with brine (10 mL) and dried (MgSO4). Solvent was 

removed in vacuo and the crude product purified by column chromatography (9:1 hexanes, ethyl 

acetate) to give the title compound 3.8c/4.11b (0.28 g, 82%, 4.4:1 dr) as a pale yellow oil.  

Rf = 0.75 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.37, 0.00 (2 × 3H, s, Si-CH3), 0.51 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.87 (9H, s, SiC(CH3)3), 1.02 (3H, d, J = 6.9 Hz, 3-CH3), 1.49–1.58 (1H, m, 2-H), 

1.73 (1H, d, J = 2.5 Hz, 4-OH), 2.40 (1H, dqd, J = 8.8, 6.9, 2.1 Hz 3-H), 3.78 (3H, s, 4′-OCH3), 4.26 (1H, 

d, J = 8.1 Hz, 1-H), 4.35 (1H, dd, J = 8.9, 2.5 Hz, 4-H), 5.95 (1H, d, J = 1.5 Hz, OCHAO), 5.96 (1H, d, J 

= 1.5 Hz, OCHBO), 6.70 (1H, dd, J = 8.0, 1.5 Hz, 6′′-H), 6.72–6.76 (2H, m, 2′′, 5′′-H), 6.77 (2H, d, J = 

8.5 Hz, 3′-H), 7.01 (2H, d, J = 8.5 Hz, 2′-H). δC (100 MHz; CDCl3) -5.0, -4.4 (2 × Si-CH3), 10.4 (3-CH3), 

11.3 (2-CH3), 18.2 (Si-C(CH3)3), 26.0 (SiC(CH3)3), 38.6 (C-3), 41.8 (C-2), 55.3 (4′-OCH3), 77.8 (C-1), 

78.6 (C-4), 101.1 (OCH2O), 107.3 (C-2′′), 108.0 (C-5′′), 113.3 (C-3′), 120.4 (C-6′′), 128.1 (C-2′), 136.6 

(C-1′), 138.0 (C-1′′), 147.0 (C-3′′), 147.9 (C-4′′), 158.7 (C-4′). IR: νMAX (film)/cm-1; 3401, 2962, 1611, 

1511, 1441, 1248, 1066, 1042, 864, 775. HRMS (ESI+) Found (MNa+): 497.2111; C26H38KO5Si requires 

497.2120. 
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(2R*,3S*,4S*)-4-(3′′,4′′-Methylenedioxyphenyl)-4-(4′-methoxyphenyl)-2,3-dimethylbutanal 3.9c 

(5R*,6S*)-5-(4′-Methoxyphenyl)-6,7-dimethyl-5,6-dihydronaphtho[2,3-d][1,3]dioxole 3.10c  

 

To a stirred solution of alcohol 3.8c (0.23 g, 0.51 mmol) in CH2Cl2 (40 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.11 mL, 0.82 mmol) and the mixture stirred for 10 min. MsCl (0.05 

mL, 0.61 mmol) was added and the resultant mixture stirred for 1 h. The reaction mixture was quenched 

with saturated aqueous NaHCO3 (20 mL), the organic layer separated and the aqueous layer further 

extracted with CH2Cl2 (3 × 30 mL). The organic extracts were combined, dried (MgSO4) and the solvent 

removed in vacuo. The crude mixture was purified by column chromatography (14:1 hexanes, ethyl 

acetate) to give the title compound 3.10c (124 mg, 53%, 2.5:1) as a pale yellow oil and (9:1 hexanes, 

ethyl acetate) in a second fraction the title compound 3.9c (79 mg, 47%) as a pale yellow oil. 

Butanal 3.9c: 

Rf = 0.75 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.72 (3H, d, J = 6.7 Hz, 3-CH3), 1.00 (3H, 

d, J = 7.0 Hz, 2-CH3), 2.37 (1H, qd, J = 7.0, 2.7 Hz, 2-H), 2.99 (1H, dqd, 11.8, 6.7, 2.7 Hz, 3-H), 3.57 

(1H, d, J = 11.8 Hz, 4-H), 3.75 (3H, s, 4′-OCH3), 5.88 (1H, d, J = 1.5 Hz, OCHAO), 5.89 (1H, d, J = 1.5 

Hz, OCHBO), 6.71 (1H, d, J = 8.0 Hz, 5′′-H), 6.78 (1H, dd, J = 8.0, 2.0 Hz, 6′′-H), 6.84 (2H, d, J = 8.8 

Hz, 3′-H), 6.84 (1H, d, J = 2.0 Hz, 2′′-H), 7.23 (2H, d, J = 8.8 Hz, 2′-H), 9.64 (1H, s, 1-H). δC (100 MHz; 

CDCl3) 6.4 (2-CH3), 13.7 (3-CH3), 35.7 (C-3), 48.0 (C-2), 55.3 (C-4), 55.3 (4′-OCH3), 101.0 (OCH2O), 

108.0 (C-2′′), 108.4 (C-5′′), 114.5 (C-3′), 121.0 (C-6′′), 128.6 (C-2′), 135.7 (C-1′), 138.0 (C-1′′), 146.1 (C-

4′′), 148.0 (C-3′′), 158.3 (C-4′), 205.4 (C-1). IR: νMAX (film)/cm-1; 2966, 1721, 1610, 1510, 1486, 1246, 

1179, 1037, 908, 835, 728. HRMS (ESI+) Found (MH+) 327.1592; C20H23O4 requires 327.1591. 

Dihydronaphthodioxole 3.10c: 

Rf = 0.87 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.08 (3H, d, J = 7.1 Hz, 6-CH3), 1.79 (3H, 

d, J = 1.3 Hz, 7-CH3), 2.37 (1H, qd, J = 7.1, 3.2 Hz, 6-H), 3.66 (1H, d, J = 3.2 Hz, 5-H), 3.76 (3H, s, 4′-

OCH3), 5.87 (1H, d, J = 1.5 Hz, OCHAO), 5.89 (1H, d, J = 1.5 Hz, OCHBO), 6.10 (1H, q, J = 1.3 Hz 8-

H), 6.51 (1H, s, 4-H), 6.58 (1H, s, 9-H), 6.76 (2H, d, J = 8.8 Hz, 3′-H), 6.99 (1H, d, J = 8.8 Hz, 2′-H). δC 

(100 MHz; CDCl3) 18.7 (6-CH3), 22.2 (7-CH3), 41.8 (C-6), 50.9 (C-5), 55.3 (4′-OCH3), 100.8 (C-2), 106.1 

(C-9), 110.0 (C-4), 113.8 (C-3′), 121.6 (C-8), 128.3 (C-8a), 128.6 (C-2′), 129.0 (C-4a), 137.6 (C-1′), 

138.8 (C-7), 146.0 (C-3a), 146.3 (C-9a), 158.1 (C-4′). HRMS (ESI+) Found (MH+): 309.1490; C20H21O3 

requires 309.1485. IR: νMAX (film)/cm-1; 2958, 1722, 1610, 1509, 1481, 1364, 1245, 1177, 1037, 937, 

870, 797.  
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(2R*,3S*,4S*)-4-(3′′,4′′-Methylenedioxyphenyl)-4-(4′-methoxyphenyl)-2,3-dimethylbutan-1-ol 

3.17c/4.10b 

 

To a stirred solution of aldehyde 3.9c (79 mg, 0.24 mmol) in methanol (10 mL), under an atmosphere 

of nitrogen at -78 °C, was added NaBH4 (37 mg, 0.97 mmol) and the resulting mixture stirred at room 

temperature for 22 h. Water (10 mL) was added, methanol removed in vacuo and the aqueous mixture 

extracted with ethyl acetate (3 × 30 mL). The organic extracts were combined, washed with brine (10 

mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified by column 

chromatography (1:3 hexanes, ethyl acetate) to give the title compound 3.17c/4.10b (79 mg, quant.) as 

a cloudy oil.  

Rf = 0.38 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.70 (3H, d, J = 6.7 Hz, 3-CH3), 0.74 (3H, 

d, J = 6.9 Hz, 2-CH3), 1.73 (1H, dqdd, J = 8.0, 6.9, 6.7, 2.4 Hz, 2-H), 2.86 (1H, dqd, J = 11.8, 6.7, 2.4 

Hz, 3-H), 3.44 (1H, dd, J = 10.6, 6.7 Hz, 1-HA), 3.49 (1H, dd, J = 10.6, 8.0 Hz, 1-HB), 3.54 (1H, d, J = 

11.8 Hz, 4-H), 3.75 (3H, s, 4′-OCH3), 5.86 (1H, d, J = 1.4 Hz, OCHAO), 5.88 (1H, d, J = 1.4 Hz, OCHBO), 

6.69 (1H, d, J = 8.0 Hz, 5′′-H), 6.75 (1H, dd, J = 8.0, 1.7 Hz, 6′′-H), 6.79–6.83 (2H, m, 3′, 2′′-H), 7.21 

(2H, d, J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) 9.6 (2-CH3), 11.9 (3-CH3), 36.1 (C-2, 3), 55.3 (4′-OCH3), 

55.7 (C-4), 67.1 (C-1), 100.9 (OCH2O), 108.1 (C-2′′), 108.2 (C-5′′), 114.2 (C-3′), 121.0 (C-6′′), 128.8 (C-

2′), 136.6 (C-1′), 139.4 (C-1′′), 145.7 (C-4′′), 147.8 (C-3′′), 158.0 (C-4′). IR: νMAX (film)/cm-1; 3431, 2834, 

1512, 1420, 1032, 918, 736. HRMS (ESI+) Found (MNa+): 351.1557; C20H24NaO4 requires 351.1567. 

 

(5S*,6S*)-5-(4′-Methoxyphenyl)-6,7-dimethyl-5,6-dihydronaphtho[2,3-d][1,3]dioxole 3.11 

 

To a stirred solution of aldehyde 3.9c (29 mg, 0.09 mmol) in toluene (2 mL) was added p-toluene 

sulfonic acid (3.4 mg, 0.018 mmol) and the mixture heated at reflux for 30 min. The reaction mixture 

was quenched with saturated aqueous NaHCO3 (5 mL) and toluene removed in vacuo. CH2Cl2 (10 mL) 

was added and washed with water (3 × 2 mL), brine (2 mL) and dried (MgSO4). Solvent removed in 

vacuo and the crude product purified by column chromatography (4:1 hexanes, ethyl acetate) to give 

the title compound 3.11 (14.4 mg, 50% yield) as pale yellow solid. 
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Rf = 0.77 (2:1 hexanes, ethyl acetate). Melting point: 139–141 °C. δH (400 MHz; CDCl3) 0.85 (3H, d, 

J = 7.2 Hz, 6-CH3), 1.87 (3H, s, 7-CH3), 2.41–2.49 (1H, m, 6-H), 3.80 (3H, s, 4′-OCH3), 4.02 (1H, d, J = 

6.5 Hz, 5-H), 5.85 (1H, d, J = 1.4 Hz, OCHAO), 5.86 (1H, d, J = 1.4 Hz, OCHBO), 6.13 (1H, s, 8-H), 6.54, 

6.56 (2 × 1H, s, 4, 9-H), 2.84 (2H, d, J = 8.6 Hz, 3′-H), 7.17 (2H, d, J = 8.6 Hz, 2′-H). δC (100 MHz; 

CDCl3) 13.1 (6-CH3), 21.5 (7-CH3), 39.4 (C-6), 50.1 (C-5), 55.4 (4′-OCH3), 100.8 (OCH2O), 106.3 (C-

9), 108.8 (C-4), 113.6 (C-3′), 122.4 (C-8), 129.0 (C-8a), 131.0 (C-2′), 131.3 (C-4a), 133.1 (C-1′), 140.2 

(C-7), 145.8 (C-9a), 146.0 (C-3a), 158.4 (C-4′). IR: νMAX (film)/cm-1; 2963, 1611, 1510, 1481, 1365, 

1247, 1179, 1039, 939, 876. HRMS (ESI+) Found (MNa+): 331.1308; C20H20NaO3 requires 331.1305. 

 

(1R*,2R*,3R*,4S*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-4-(3′′,4′′,5′′-trimethoxyphenyl)-1-(tert-
butyldimethylsiloxy)butan-4-ol 3.8d/4.11d 

 

To a stirred solution of aldehyde 3.6 (50 mg, 0.15 mmol) in THF (8 mL), under an atmosphere of nitrogen 

at -78 °C, was added 3,4,5-trimethoxyphenylmagnesium bromide (0.59 mL, 0.5M in THF) dropwise and 

the mixture brought to room temperature stirred for 23 h. The mixture was quenched with saturated 

aqueous NH4Cl (5 mL), the organic layer separated and the aqueous layer further extracted with ethyl 

acetate (3 × 15 mL). The organic extracts were combined and washed with brine (5 mL), dried (MgSO4) 

and the solvent removed in vacuo. The crude product was purified by column chromatography (4:1 

hexanes, ethyl acetate) to give the title compound 3.8d/4.11d (39 mg, 52%, 3.4:1 dr) as a pale yellow 

oil.  

Rf = 0.54 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) -0.36, -0.01 (2 × 3H, s, Si-CH3), 0.59 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.87 (9H, s, SiC(CH3)3), 1.03 (3H, d, J = 6.8 Hz, 3-CH3), 1.53–1.61 (1H, m, 2-H), 

2.40 (1H, dqd, J = 8.4, 6.8, 2.1 Hz, 3-H), 3.78 (3H, s, 4′-OCH3), 3.82 (6H, s, 3′′-OCH3), 3.84 (3H, s, 4′′-

OCH3), 4.30 (1H, d, J = 7.9 Hz, 1-H), 4.38 (1H, d, J = 8.4 Hz, 4-H), 6.47 (2H, s, 2′′-H), 6.77 (2H, d, J = 

8.6 Hz, 3′-H), 7.02 (2H, d, J = 8.6 Hz, 2′-H). δC (100 MHz; CDCl3) -5.1, -4.4 (2 × Si-CH3), 10.2 (3-CH3), 

11.4 (2-CH3), 18.3 (Si-C(CH3)3), 26.0 (SiC(CH3)3), 38.6 (C-3), 42.1 (C-2), 55.2 (4′-OCH3), 56.1 (3′′-

OCH3), 61.0 (4′′-OCH3), 77.9 (C-1), 79.2 (C-4), 103.7 (C-2′′), 113.4 (C-3′), 128.0 (C-2′), 136.6 (C-1′, 4′′), 

139.7 (C-1′′), 153.3 (C-3′′), 158.7 (C-4′). IR: νMAX (film)/cm-1; 3467, 2936, 1744, 1591, 1463, 1248, 1128, 

1060, 866, 776. HRMS (ESI+) Found (MK+): 543.2539; C28H44KO6Si requires 543.2539. 
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(2R*,3S*,4S*)-4-(4′-Methoxyphenyl)-2,3-dimethyl-4-(3′′,4′′,5′′-trimethoxyphenyl)butanal 3.9d 

(1R*,2S*)-6,7,8-Trimethoxy-1-(4′-methoxyphenyl)-2,3-dimethyl-1,2-dihydronaphthalene 3.10d  

 

To a stirred solution of alcohol 3.8d (52 mg, 0.10 mmol) in CH2Cl2 (25 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.03 mL, 0.21 mmol) and the mixture stirred for 10 min. MsCl (0.01 

mL, 0.16 mmol) was added and the mixture stirred for 19 h. Saturated aqueous NaHCO3 (10 mL) was 

added, the organic layer separated and the aqueous layer further extracted with CH2Cl2 (3 × 20 mL). 

The organic extracts were combined, dried (MgSO4) and the solvent removed in vacuo. The crude 

mixture was separated by column chromatography (9:1 hexanes, ethyl acetate) to give the title 

compound 3.10d (21 mg, 42%) as a pale yellow oil, (2:1 hexanes, ethyl acetate) in a second fraction 

the title compound 3.9d (22 mg, 58%, 3.3:1 dr) as a pale yellow oil. 

Butanal 3.9d: 

Rf = 0.47 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.73 (3H, d, J = 6.8 Hz, 3-CH3), 1.02 (3H, 

d, J = 7.1 Hz, 2-CH3), 2.36 (1H, qd, J = 7.1, 2.7 Hz, 2-H), 3.00 (1H, dqd, J = 11.8, 6.8, 2.7 Hz, 3-H), 

3.54 (1H, d, J = 11.8 Hz, 4-H), 3.76 (3H, s, 4′-OCH3), 3.78 (3H, s, 4′′-OCH3), 3.86 (6H, s, 3′′-OCH3), 

6.53 (2H, s, 2′′-H), 6.84 (2H, d, J = 8.6 Hz, 3′-H), 7.26 (2H, d, J = 8.6 Hz, 2′-H), 9.65 (1H, s, 1-H). δC 

(100 MHz; CDCl3) 6.5 (2-CH3), 13.8 (3-CH3), 35.8 (C-3), 48.0 (C-2), 55.4 (4′-OCH3), 56.0 (C-4), 56.3 

(3′′-OCH3), 60.9 (4′′-OCH3), 105.0 (C-2′′), 114.5 (C-3′), 128.7 (C-2′), 135.5 (C-1′), 136.7 (C-4′′), 139.6 

(C-1′′), 153.4 (C-3′′), 158.5 (C-4′), 205.5 (C-1). IR: νMAX (film)/cm-1; 2932, 1720, 1588, 1509, 1461, 1244, 

1127, 1034, 1008, 835. HRMS (ESI+) Found (MNa+) 395.1837; C22H28NaO5 requires 395.1829. 

Tetralin 3.10d: 

Rf = 0.84 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.10, 0.20 (2 × 3H, s, Si-CH3), 0.90 (9H, 

s, SiC(CH3)3), 0.98 (3H, d, J = 6.7 Hz, 2-CH3), 1.04 (3H, d, J = 6.7 Hz, 3-CH3), 1.46–1.56 (1H, m, 3-H), 

1.99 (1H, ddq, J = 11.7, 8.7, 6.7 Hz, 2-H), 3.02 (3H, s, 8-OCH3), 3.47 (1H, d, J = 8.9 Hz, 1-H), 3.75 (3H, 

s, 7-OCH3), 3.77 (3H, s, 4′-OCH3), 3.85 (3H, s, 6-OCH3), 4.46 (1H, d, J = 1.8 Hz, 4-H), 6.51 (1H, s, 5-

H), 6.77 (2H, d, J = 8.7 Hz, 3′-H), 7.16 (2H, d, J = 8.7, 2′-H). δC (100 MHz; CDCl3) -4.2, -3.1 (2 × Si-

CH3), 17.1 (3-CH3), 17.4 (2-CH3), 18.5 (Si-C(CH3)3), 26.1 (SiC(CH3)3), 37.6 (C-2), 40.7 (C-3), 49.1 (C-

1), 55.3 (4′-OCH3), 56.1 (6-OCH3), 59.4 (8-OCH3), 60.5 (7-OCH3), 75.1 (C-4), 107.7 (5-C), 113.2 (C-3′), 

127.4 (C-8a), 130.0 (C-2′), 135.5 (C-4a), 141.8 (C-1′), 142.5 (C-7), 151.5 (C-6), 152.1 (C-8), 157.5 (C-

4′). IR: νMAX (film)/cm-1; 2927, 1509, 1462, 1352, 1247, 1127, 1109, 1024, 869, 774. HRMS (ESI+) Found 

(MH+): 487.2881; C28H43O5Si requires 487.2874. 
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(2R*,3S*,4S*)-4-(4′-Methoxyphenyl)-2,3-dimethyl-4-(3′′,4′′,5′′-trimethoxyphenyl)butan-1-ol 3.17d/4.10d 

 

To a stirred solution of aldehyde 3.9d (22 mg, 0.06 mmol) in methanol (10 mL), under an atmosphere 

of nitrogen at -78°C, was added NaBH4 (12 mg, 0.32 mmol) and the resultant mixture stirred for 21 h. 

Water (5 mL) was added and methanol removed in vacuo. The aqueous mixture was extracted with 

ethyl acetate (3 × 10 mL), the organic extracts combined, washed with brine (5 mL) and dried (MgSO4). 

Solvent was removed in vacuo the crude product was purified by column chromatography (1:2 hexanes, 

ethyl acetate) to give the title compound 3.17d/4.10d (17mg, 79%, 3.3:1:1 dr) as a pale yellow oil.  

Rf = 0.16 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 0.71 (3H, d, J = 6.8 Hz, 3-CH3), 0.74 (3H, 

d, J = 6.9 Hz, 2-CH3), 1.67–1.79 (1H, m, 2-H), 2.61 (1H, dqd, J = 11.8, 6.8, 2.4 Hz, 3-H), 3.42–3.52 (3H, 

m, 1, 4-H), 3.52 (1H, d, J = 11.5 Hz, 4-H), 3.76 (3H, s, 4′-OCH3), 3.77 (3H, s, 4′′-OCH3), 3.84 (6H, s, 3′′-

OCH3), 6.50 (2H, s, 2′′-H), 6.83 (2H, d, J = 8.7, 3′-H), 7.24 (2H, d, J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) 

9.5 (2-CH3), 11.9 (3-CH3), 36.0 (C-3), 36.1 (C-2), 55.2 (4′-OCH3), 56.1 (3′′-OCH3), 56.4 (C-4), 60.8 (4′′-

OCH3), 67.0 (C-1), 104.8 (C-2′′), 114.1 (C-3′), 128.7 (C-2′), 136.3 (C-1′), 136.3 (C-4′′), 140.9 (C-1′′), 

153.1 (C-3′′), 158.0 (C-4′). IR: νMAX (film)/cm-1; 3490, 2926, 1731, 1588, 1509, 1461, 1241, 1127, 1035, 

1008, 823. HRMS (ESI+) Found (MNa+) 397.1991; C22H30NaO5 requires 397.1985. 

 

1-d-(1R*,2R*,3S*)-1-(4′-Methoxyphenyl)-2,3-dimethylpent-4-en-1-ol 5.5b 

 

To a stirred solution of ketone 5.4 (0.696 g, 3.19 mmol) in THF (12 mL), under an atmosphere of nitrogen 

at -78 °C, was added LiAlD4 (0.054 g, 1.28 mmol) and the resulting mixture stirred for 2 h. The reaction 

mixture was quenched with water (20 mL) and extracted with ethyl acetate (3 × 30 mL). The organic 

extracts were combined, washed with brine (10 mL), dried (MgSO4) and solvent removed in vacuo to 

give the crude product which was purified by column chromatography (14:1 hexanes, ethyl acetate) to 

give the title compound 5.5b (0.591 g, 84%) as a colourless oil. 

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) 0.53 (3H, d, J = 7.0 Hz, 2-CH3), 1.01 (3H, 

d, J = 6.9 Hz, 3-CH3), 1.89 (1H, qd, J = 7.0, 4.2 Hz, 2-H), 2.68–2.77 (1H, m, 3-H), 3.81 (3H, s, 4′-OCH3), 

5.03 (1H, ddd, J = 10.4, 1.6, 1.6 Hz, 5-HA), 5.06 (1H, ddd, J = 17.2, 1.6, 1.6 Hz, 5-HB), 5.90 (1H, ddd, J 

= 17.2, 10.4, 6.7 Hz, 4-H), 6.87 (2H, d, J = 8.8 Hz, 3′-H), 7.26 (2H, d, J = 8.8 Hz, 2′-H). δC (100 MHz; 

CDCl3) 11.0 (2-CH3), 13.1 (3-CH3), 37.2 (C-3), 44.3 (C-2), 55.4 (4′-OCH3), 113.4 (C-5), 113.9 (C-3′), 
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128.2 (C-2′), 136.1 (C-1′), 144.4 (C-4), 159.3 (C-4′). IR: νMAX (film)/cm-1; 3424, 2965, 1612, 1511, 1246, 

1036, 832. HRMS (ESI+) Found (MNa+) 244.1416; C14H19DNaO2 requires 244.1418. 

 

1-d-(1R*,2R*,3S*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-1-(tert-butyldimethylsiloxy)pent-4-ene A1.1b 

 

To a stirred solution of alcohol 5.5b (0.592 g, 2.67 mmol) in DMF (20 mL), under an atmosphere of 

nitrogen, was added imidazole (0.911 g, 13.4 mmol) and the mixture cooled to 0 °C. TBSCl (0.968 g, 

6.42 mmol) was added, the mixture allowed to warm to room temperature and stirred for 4 h. Ethyl 

acetate (20 mL) and water (12 mL) were added and the organic phase separated and the aqueous 

phase extracted with ethyl acetate (3 × 20 mL). The organic extracts were combined, washed with water 

(3 × 10 mL), brine (5 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified 

by flash chromatography (14:1 hexanes, ethyl acetate) to give the title compound A1.1b (0.851 g, 95%) 

as a colourless oil. 

Rf = 0.92 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) -0.32, 0.00 (2 × 3H, s, Si-CH3), 0.48 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.84 (9H, s, SiC(CH3)3), 0.93 (3H, d, J = 7.0 Hz, 3-CH3), 1.78 (1H, qd, J = 7.0, 

4.0 Hz, 2-H), 2.66–2.75 (1H, m, 3-H), 3.80 (3H, s, 4′-OCH3), 4.97–5.04 (2H, m, 5-CH2), 5.85 (1H, ddd, 

J = 17.8, 9.9, 6.2 Hz, 4-H), 6.82 (2H, d, J = 8.8 Hz, 3′-H), 7.18 (2H, d, J = 8.8 Hz, 2′-H). δC (100 MHz; 

CDCl3) -5.0, -4.3 (2 × Si-CH3), 10.4 (2-CH3), 12.7 (3-CH3), 18.3 (Si-C(CH3)3), 26.0 (SiC(CH3)3), 36.4 (C-

3), 45.7 (C-2), 55.3 (4′-OCH3), 112.9 (C-5), 113.3 (C-3′), 128.3 (C-2′), 136.5 (C-1′), 145.0 (C-4), 158.8 

(C-4′). IR: νMAX (film)/cm-1; 2958, 2857, 1612, 1512, 1247, 1083, 833, 773. HRMS (ESI+) Found (MNa+) 

358.2269; C20H33DNaO2Si requires 358.2283. 

 

1-d-(1R*,2R*,3R*)-1-(4′-Methoxyphenyl)-2,3-dimethyl-1-(tert-butyldimethylsiloxy)-4-butanal 5.7b 

 

To a stirred solution of olefin A1.1b (0.845 g, 2.52 mmol) in 1:1 water/tBuOH (30 mL) was added NMO 

(0.885 g, 7.55 mmol). A solution of OsO4 (0.23 mL, 0.025 mmol, 2.5 % w/v) was added dropwise and 

the resultant mixture stirred at room temperature for 18 h. The reaction mixture was quenched with 

saturated aqueous Na2SO3 (30 mL) and stirred for 1 h. The organic phase was separated and the 

aqueous phase further extracted with ethyl acetate (3 × 30 mL). The organic extracts were combined, 

washed with aqueous KOH (1M, 10 mL), dried (MgSO4) and solvent removed in vacuo to give diol which 

was used immediately without further purification. 
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To a stirred solution of diol (0.930 g, 2.52 mmol) in 3:1 MeOH/water (28 mL) was added NaIO4 (0.646 

g, 3.02 mmol) and stirred for 1 h. The reaction mixture was then quenched with brine (50 mL) and 

extracted with ethyl acetate (3 × 30 mL). The organic extracts were combined, washed with water (2 × 

10 mL), brine (10 mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product purified 

by flash chromatography (9:1 hexanes, ethyl acetate) to give the title compound 5.7b (0.70 g, 83%, 2 

steps) as a colourless oil.  

Rf = 0.80 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) -0.32, -0.01 (2 × 3H, s, Si-CH3), 0.52 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.84 (9H, s, SiC(CH3)3), 1.05 (3H, d, J = 7.0 Hz, 3-CH3), 2.36 (1H, qd, J = 7.0, 

3.6 Hz, 3-H), 2.93 (1H, qd, J = 7.0, 3.6 Hz, 2-H), 3.81 (3H, s, 4′-OCH3), 6.85 (2H, d, J = 8.6 Hz, 3′-H), 

7.19 (2H, d, J = 8.6 Hz, 2′-H), 9.66 (1H, s, 4-H). δC (100 MHz; CDCl3) -5.0, -4.3 (2 × Si-CH3), 7.6 (3-

CH3), 11.8 (2-CH3), 18.2 (Si-C(CH3)3), 26.0 (Si-C(CH3)3), 40.7 (C-3), 47.2 (C-2), 55.4 (4′-OCH3), 113.6 

(C-3′), 128.3 (C-2′), 135.7 (C-1′), 159.1 (C-4′), 205.9 (C-4). IR: νMAX (film)/cm-1; 2957, 2857, 1720, 1511, 

1243, 1082, 835, 773. HRMS (ESI+) Found (MNa+): 360.2062; C19H31DNaO3Si requires 360.2076 

 

1-d-(1R*,2R*,3R*)-1-(4′-Methoxyphenyl)-4-(3′′,4′′-dimethoxyphenyl)-2,3-dimethyl-1-(tert-

butyldimethylsiloxy)butan-4-ol 5.3b 

 

To a solution of 4-bromoveratrole (0.17 g, 0.78 mmol) in THF (14 mL), under an atmosphere of nitrogen 

at -78 °C, was added tBuLi (1.12 mL, 1.6 M in pentane) stirred at -78 °C for 3 min. Aldehyde 5.7b (0.260 

g, 0.77 mmol) in THF (10 mL) was added dropwise, allowed to warm to room temperature stirred for 24 

h. The mixture was quenched with saturated NH4Cl (20 mL), the organic layer separated and the 

aqueous phase further extracted with ethyl acetate (3 × 20 mL). The organic extracts were combined, 

washed with brine (5 mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product 

purified by column chromatography (4:1 hexanes, ethyl acetate) to give the title compound 5.3b (54 

mg, 15%, 2:1 dr) as a colourless oil.  

Rf = 0.52 (2:1 hexanes, ethyl acetate). Major: δH (400MHz; CDCl3) -0.38, -0.01 (2 × 3H, s, Si-CH3), 

0.52 (3H, d, J = 7.0 Hz, 2-CH3), 0.86 (9H, s, Si-C(CH3)3), 1.04 (3H, d, J = 6.9 Hz, 3-CH3), 1.49 (1H, qd, 

J = 6.9, 1.9 Hz, 3-H), 1.83 (1H, br s, 4-OH), 2.37–2.48 (1H, m, 2-H), 3.76 (3H, s, 4′-OCH3), 3.84 (3H, s, 

3′′-OCH3), 3.88 (3H, s, 4′′-OCH3), 4.37 (1H, d, J = 8.9 Hz, 4-H), 6.73–6.85 (5H, m, Ar-H), 6.99 (2H, d, 

J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) -5.1, -4.4 (2 × Si-CH3), 10.3 (3-CH3), 11.1 (2-CH3), 18.2 

(Si-C(CH3)3), 26.0 (SiC(CH3)3), 38.5 (C-2), 41.7 (C-3), 55.2 (4′-OCH3), 55.8, 56.0 (3′′, 4′′-OCH3), 78.8 

(C-4), 109.3 (C-2′′), 110.7 (C-5′′), 113.2 (C-3′), 119.5 (C-6′′), 128.0 (C-2′), 136.5, 136.6 (C-1′, 1′′), 148.5 

(C-4′′), 149.2 (C-3′′), 158.6 (C-4′). Minor: δH (400MHz; CDCl3) -0.35, -0.02 (2 × 3H, s, Si-CH3), 0.54 

(3H, d, J = 6.8 Hz, 2-CH3), 0.56 (3H, d, J = 7.0 Hz, 3-CH3), 0.86 (9H, s, Si-C(CH3)3), 1.96 (1H, br s, 4-

OH), 2.37–2.48 (1H, m, 2-H), 2.54 (1H, dqd, J = 9.8, 7.0, 2.5 Hz, 3-H), 3.80 (3H, s, 4′-OCH3), 3.88 (6H, 
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s, 3′′, 4′′-OCH3), 4.27 (1H, d, J = 9.8 Hz, 4-H), 6.73–6.85 (4H, m, Ar-H), 6.92 (1H, br s, 6′′-H), 7.20 (2H, 

d, J = 8.5 Hz, 2′-H). δC (100 MHz; CDCl3) -5.1, -4.2 (2 × Si-CH3), 10.1 (3-CH3), 10.4 (2-CH3), 18.3 

(Si-C(CH3)3), 26.0 (SiC(CH3)3), 38.7 (C-2), 40.2 (C-3), 55.3 (4′-OCH3), 55.8, 56.0 (3′′, 4′′-OCH3), 77.5 

(C-4), 109.2 (C-2′′), 110.7 (C-5′′), 113.4 (C-3′), 119.7 (C-6′′), 128.4 (C-2′), 136.9, 137.4 (C-1′, 1′′), 148.6 

(C-4′′), 149.3 (C-3′′), 158.8 (C-4′). IR: νMAX (film)/cm-1; 3524, 2957, 2857, 1612, 1511, 1247, 1028, 835, 

774. HRMS (ESI+) Found (MNa+): 498.2748; C27H41DNaO5Si requires 498.2756. 

 

1-d-(2R*,3S*,4S*)-4-(3,4-Dimethoxyphenyl)-4-(4-methoxyphenyl)-2,3-dimethylbutanal 5.10b 

4-d-(1R*,2S*)-6,7-Dimethoxy-1-(4-methoxyphenyl)-2,3-dimethyl-1,2-dihydronaphthalene 5.13b 

 

To a stirred solution of alcohol 5.3b (41 mg, 0.09 mmol) in CH2Cl2 (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.027 mL, 0.19 mmol) and the mixture stirred for 10 min. MsCl (0.01 

mL, 0.16 mmol) was added and the mixture stirred for 18 h. Saturated aqueous NaHCO3 (10 mL) was 

added, the organic layer separated and the aqueous layer further extracted with CH2Cl2 (3 × 20 mL). 

The organic extracts were combined, dried (MgSO4) and the solvent removed in vacuo. The crude 

mixture was separated by column chromatography (14:1 hexanes, ethyl acetate) to give the title 

compound 5.13b (6 mg, 21%) as a colourless oil, then (9:1 hexanes, ethyl acetate) in a second fraction 

the title compound 5.10b (17 mg, 57%) as a colourless oil which was used immediately. 

Dihydronaphthalene 5.13b: 

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.08 (3H, d, J = 7.0 Hz, 3-CH3), 1.78 (3H, 

d, J = 1.2 Hz, 2-CH3), 2.35 (1H, q, J = 7.0 Hz, 3-H), 3.75 (3H, s, 4′-OCH3), 3.78, 3.88 (2 × 3H, s, 6, 7-

OCH3), 6.13 (1H, d, J = 1.2 Hz, 1-H), 6.55 (1H, s, 5-H), 6.62 (1H, s, 8-H), 6.75 (2H, d, J = 8.7 Hz, 3′-H), 

6.96 (2H, d, J = 8.7 Hz, 2′-H). δC (100 MHz; CDCl3) 18.8 (3-CH3), 22.4 (2-CH3), 42.2 (C-3), 55.3 (4′-

OCH3), 56.0 (6, 7-OCH3), 109.1 (C-8), 113.0 (C-5), 113.7 (C-3′), 121.3 (C-1), 127.3 (C-8a), 127.4 (C-

4a), 128.6 (C-2′), 137.8 (C-1′), 138.8 (C-2), 147.7 (C-6, 7), 158.0 (C-4′). IR: νMAX (film)/cm-1; 2957, 2852, 

1607, 1506, 1245, 1032, 832, 751. HRMS (ESI+) Found (MNa+): 348.1676; C21H23DNaO3 requires 

348.1680. 
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1,1-d2-(2R*,3S*,4S*)-4-(3′′,4′′-Dimethoxyphenyl)-4-(4′-methoxyphenyl)-2,3-dimethylbutan-1-ol 5.11b 

 

To a stirred solution of aldehyde 5.10b (17 mg, 0.05 mmol) in THF (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added LiAlD4 (4 mg, 0.08 mmol) and the resulting mixture stirred for 2 h. The 

reaction mixture was quenched with water (10 mL) and extracted with ethyl acetate (3 × 20 mL). The 

organic extracts were combined, washed with brine (5 mL), dried (MgSO4) and solvent removed in 

vacuo to give the crude product which was purified by column chromatography (1:2 hexanes, ethyl 

acetate) to give the title compound 5.11b (17 mg, >99%) as a colourless oil. 

Rf = 0.38 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) 0.69 (3H, d, J = 6.8 Hz, 3-CH3), 0.75 (3H, 

d, J = 6.9 Hz, 2-CH3), 1.57 (1H, s, 1-OH), 1.72 (1H, qd, J = 6.9, 2.1 Hz, 2-H), 2.61 (1H, dqd, J = 11.7, 

6.8, 2.1 Hz, 3-H), 3.55 (1H, d, J = 11.7 Hz, 4-H), 3.75 (3H, s, 4′-OCH3), 3.81 (3H, s, 4′′-OCH3), 3.86 (3H, 

s, 3′′-OCH3), 6.76 (1H, d, J = 8.2 Hz, 5′′-H), 6.79 (1H, d, J = 1.8 Hz, 2′′-H), 6.81 (2H, d, J = 8.6 Hz, 3′-

H), 6.85 (1H, dd, J = 8.2, 1.8 Hz, 6′′-H), 7.23 (2H,  d, J = 8.6 Hz, 2′-H). δC (100 MHz; CDCl3) 9.6 (2-

CH3), 12.0 (3-CH3), 36.0 (C-3), 36.1 (C-2), 55.3 (4′-OCH3), 55.7 (C-4), 56.0 (3′′, 4′′-OCH3), 111.3 (C-5′′), 

111.4 (C-2′′), 114.2 (C-3′), 119.9 (C-6′′), 128.8 (C-2′), 136.8 (C-1′), 138.0 (C-1′′), 147.4 (C-4′′), 149.0 (C-

3′′), 158.0 (C-4′). IR: νMAX (film)/cm-1; 3425, 2960, 2835, 1609, 1509, 1233, 1142, 1026, 831, 752. HRMS 

(ESI+) Found (MNa+) 369.1994; C21H26D2NaO4 requires 369.2005. 

 

1-d-(1R*,2R*,3R*)-1-(4′-Methoxyphenyl)-4-(4′′-methoxyphenyl)-2,3-dimethyl-1-(tert-

butyldimethylsiloxy)butan-4-ol 5.8b 

 

To a solution of 4-bromoanisole (0.123 g, 0.66 mmol) in THF (12 mL), under an atmosphere of nitrogen 

at -78 °C, was added tBuLi (0.83 mL, 1.6 M in pentane) stirred at -78 °C for 3 min. Aldehyde 5.7b (0.148 

g, 0.44 mmol) in THF (8 mL) was added dropwise, allowed to warm to room temperature stirred for 

24 h. The mixture was quenched with saturated NH4Cl (20 mL), the organic layer separated and the 

aqueous phase further extracted with ethyl acetate (3 × 20 mL). The organic extracts were combined, 

washed with brine (5 mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product 

purified by column chromatography (9:1 hexanes, ethyl acetate) to give the title compound 5.8b (41 

mg, 21%, 3.3:1 dr) as a colourless oil.  
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Rf = 0.72 (2:1 hexanes, ethyl acetate). Major: δH (400MHz; CDCl3) -0.38, 0.00 (2 × 3H, s, Si-CH3), 0.49 

(3H, d, J = 7.0 Hz, 2-CH3), 0.87 (9H, s, Si-C(CH3)3), 1.03 (3H, d, J = 6.9 Hz, 3-CH3), 1.51 (1H, qd, J = 

6.9, 1.9 Hz, 3-H), 1.78 (1H, br s, 4-OH), 2.47 (1H, dqd, J = 8.9, 7.0, 2.1 Hz, 2-H), 3.78 (3H, s, 4′-OCH3), 

3.82 (3H, s, 4′′-OCH3), 4.39 (1H, d, J = 8.8 Hz, 4-H), 6.76 (2H, d, J = 8.5 Hz, 3′/3′′-H), 6.85 (2H, d, J = 

8.5 Hz, 3′/3′′-H), 7.00 (2H, d, J = 8.5 Hz, 2′/2′′-H), 7.19 (2H, d, J = 8.5 Hz, 2′/2′′-H). δC (100 MHz; CDCl3) 

-5.0, -4.4 (2 × Si-CH3), 10.3 (3-CH3), 11.1 (2-CH3), 18.2 (Si-C(CH3)3), 26.0 (Si-C(CH3)3), 38.5 (C-2), 

41.7 (C-3), 55.3, 55.4 (4′, 4′′-OCH3), 78.4 (C-4), 113.3, 113.9 (C-3′, 3′′), 128.1 (C-2′, 2′′), 136.1, 136.6 

(C-1′, 1′′), 158.7, 159.1 (C-4′, 4′′). Minor: δH (400MHz; CDCl3) -0.33, -0.02 (2 × 3H, s, Si-CH3), 0.55 (3H, 

d, J = 7.0 Hz, 2-CH3), 0.58 (3H, d, J = 7.1 Hz, 3-CH3), 0.86 (9H, s, Si-C(CH3)3), 1.26 (1H, br s, 4-OH), 

2.38 (1H, qd, J = 7.0, 2.1 Hz, 2-H), 2.48–2.55 (1H, m, 3-H), 3.80, 3.81 (6H, s, 4′, 4′′-OCH3), 4.30 (1H, 

d, J = 9.8 Hz, 4-H), 6.84 (2H, d, J = 8.6 Hz, 3′/3′′-H), 6.88 (2H, d, J = 8.6 Hz, 3′/3′′-H), 7.21 (2H, d, 

J = 8.6 Hz, 2′/2′′-H), 7.24 (2H, d, J = 8.6 Hz, 2′/2′′-H). δC (100 MHz; CDCl3) -5.0, -4.3 (2 × Si-CH3), 10.3 

(3-CH3), 10.6 (2-CH3), 18.3 (Si-C(CH3)3), 26.0 (SiC(CH3)3), 38.8 (C-2), 40.3 (C-3), 55.3, 55.4 (4′, 4′′-

OCH3), 77.5 (C-4), 113.4, 113.9 (C-3′, 3′′), 128.4 (C-2′, 2′′), 136.9, 137.0 (C-1′, 1′′), 158.8, 159.2 (C-4′, 

4′′). IR: νMAX (film)/cm-1; 3458, 2958, 2856, 1612, 1511, 1247, 1030, 832, 774. HRMS (ESI+) Found 

(MNa+): 468.2633; C26H39DNaO4Si requires 468.2651. 

 

1-d-(2R*,3S*)-4,4-Bis(4′-methoxyphenyl)-2,3-dimethylbutanal 5.9b 

4-d-(1R*,2R*,E)-1,4-Bis(4′-methoxyphenyl)-2,3-dimethylbut-3-en-1-yl)oxy)(tert-butyl)dimethylsilane 

5.14b 

 

To a stirred solution of alcohol 5.8b (36 mg, 0.08 mmol) in CH2Cl2 (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (0.027 mL, 0.19 mmol) and the mixture stirred for 10 min. MsCl (0.01 

mL, 0.16 mmol) was added and the mixture stirred for 18 h. Saturated aqueous NaHCO3 (10 mL) was 

added, the organic layer separated and the aqueous layer further extracted with CH2Cl2 (3 × 20 mL). 

The organic extracts were combined, dried (MgSO4) and the solvent removed in vacuo. The crude 

mixture was separated by column chromatography (14:1 hexanes, ethyl acetate) to give the title 

compound 5.14b (10 mg, 29%) as a colourless oil, then (9:1 hexanes, ethyl acetate) in a second fraction 

the title compound 5.9b (14 mg, 57%) as a colourless oil which was used immediately. 

Alkene 5.14b: 

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) -0.12, -0.05 (2 × 3H, s, Si-CH3), 0.79 (9H, 

s, Si-C(CH3)3), 0.93 (3H, d, J = 6.8 Hz, 2-CH3), 1.46 (3H, s, 3-CH3), 2.83 (1H, dq, J = 11.5, 6.8 Hz, 2-
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H), 3.67 (0.85H (15% D), d, J = 11.5 Hz, 1-H), 3.72, 3.75 (2 × 3H, s, 4′, 4′′-OCH3), 6.03 (0.15H(85% D), 

s, 4-H), 6.73 (2H, d, J = 8.6 Hz, 3′/3′′-H), 6.81 (2H, d, J = 8.6 Hz, 3′/3′′-H), 7.12 (2H, d, J = 8.6 Hz, 2′/2′′-

H), 7.21 (2H, d, J = 8.6 Hz, 2′/2′′-H).  

The sample rearranged to a diastereomeric mixture of 5.9b overnight, prior to 13C NMR acquisition. 

5.9b was then used in the subsequent reaction without further characterisation. 

 

1,1-d2-(2R*,3S*)-4,4-Bis(4′-methoxyphenyl)-2,3-dimethylbutan-1-ol 5.12b 

 

To a stirred solution of aldehyde 5.9b (14 mg, 0.05 mmol) in THF (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added LiAlD4 (4 mg, 0.08 mmol) and the resulting mixture stirred for 2 h. The 

reaction mixture was quenched with water (10 mL) and extracted with ethyl acetate (3 × 20 mL). The 

organic extracts were combined, washed with brine (5 mL), dried (MgSO4) and solvent removed in 

vacuo to give the crude product which was purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 5.12b (10 mg, 69%) as a colourless oil. 

Rf = 0.33 (2:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) 0.68 (3H, d, J = 6.8 Hz, 3-CH3), 0.75 (3H, 

d, J = 6.9 Hz, 2-CH3), 1.15 (1H, s, 1-OH), 1.72 (1H, qd, J = 6.9, 2.2 Hz, 2-H), 2.61 (1H, dqd, J = 11.7, 

6.8, 2.2 Hz, 3-H), 3.43 (1H(85% D), d, J = 6.5 Hz, 1-HA), 3.48 (1H(92% D), d, J = 8.1 Hz, 1-HB), 3.56 

(1H(23% D), d, J = 11.7 Hz, 4-H), 3.75 (6H, s, 4′-OCH3), 6.79, 6.80 (2H, d, J = 8.6 Hz, 3′-H), 7.20, 7.21 

(2H, d, J = 8.6 Hz, 2′-H). δC (100 MHz; CDCl3) 9.6 (2-CH3), 12.0 (3-CH3), 36.0 (C-3), 36.2 (C-2), 55.2 

(C-4), 55.3 (4′-OCH3), 114.0, 114.2 (C-3′), 128.8, 128.9 (C-2′), 137.0, 137.5 (C-1′), 157.9 (C-4′). IR: νMAX 

(film)/cm-1; 3378, 2961, 2835, 1608, 1507, 1242, 1176, 1033, 811, 770. HRMS (ESI+) Found (MNa+) 

339.1888; C20H24D2NaO3 requires 339.1900. 
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1,1-d2-4,4-Bis(4′-methoxyphenyl)-2,3-dimethylbutan-1-ol 5.12b 

 

To a stirred solution of aldehyde dia-5.9b (9 mg, 0.03 mmol) in THF (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added LiAlD4 (2 mg, 0.05 mmol) and the resulting mixture stirred for 2 h. The 

reaction mixture was quenched with water (10 mL) and extracted with ethyl acetate (3 × 20 mL). The 

organic extracts were combined, washed with brine (5 mL), dried (MgSO4) and solvent removed in 

vacuo to give the crude product which was purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 5.12b (8.5 mg, 93%, 2:1 syn/anti) as a colourless oil. 

Rf = 0.36 (2:1 hexanes, ethyl acetate). Anti: δH (400MHz; CDCl3) 0.76 (3H, d, J = 6.9 Hz, 3-CH3), 0.98 

(3H, d, J = 7.0 Hz, 2-CH3), 1.26 (1H, s, 1-OH), 1.73–1.81 (1H, m, 2-H), 2.33 (1H, dqd, J = 11.3, 6.9, 2.6 

Hz, 3-H), 3.33 (1H(~90% D), d, J = 7.8 Hz, 1-HA), 3.65 (1H(~90% D), d, J = 5.5 Hz, 1-HB), 3.75 (7H(~10% 

D), s, d overlap, 4-H, 4′-OCH3), 6.76–6.82 (2H, m, 3′-H), 7.15–7.23 (2H, m, 2′-H). δC (100 MHz; CDCl3) 

13.5 (2-CH3), 16.6 (3-CH3), 36.5 (C-3), 40.9 (C-2), 55.3 (C-4, 4′-OCH3), 114.0, 114.2 (C-3′), 128.8 (C-

2′), 137.3, 137.6 (C-1′), 157.9 (C-4′). IR: νMAX (film)/cm-1; 3404, 2960, 2835, 1608, 1507, 1242, 1176, 

1033, 812, 770. HRMS (ESI+) Found (MNa+) 339.1901; C20H24D2NaO3 requires 339.1900. 
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General Methods 

All reactions were carried out with oven-dried glassware and under a nitrogen atmosphere in dry, freshly 

distilled solvents unless otherwise noted. Diisopropylethylamine was distilled from CaH2 and stored 

over activated 4Å molecular sieves. Infrared (IR) spectra were recorded using a Perkin Elmer 

Spectrum1000 FT-IR spectrometer. NMR spectra were recorded on a 400 MHz spectrometer. Chemical 

shifts are reported relative to the solvent peak of chloroform (δ 7.26 for 1H and δ 77.16 ± 0.06 for 13C). 
1H NMR data is reported as position (δ), relative integral, multiplicity (s, singlet; d, doublet; dd, doublet 

of doublets; ddd, doublet of doublet of doublets; dt, doublet of triplets; dq, doublet of quartets; t, triplet; 

td, triplet of doublets; q, quartet; m, multiplet), coupling constant (J, Hz), and the assignment of the 

atom. 13C NMR data are reported as position (δ) and assignment of the atom. NMR assignments were 

performed using COSY, HSQC and HMBC experiments. High-resolution mass spectroscopy (HRMS) 

was carried out by electrospray ionization (ESI) on a MicroTOF-Q mass spectrometer. Fetizon’s reagent 

was prepared following a literature procedure.210 Unless noted, chemical reagents were used as 

purchased.   
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Experimental procedures 

General Procedure A: Acyl-Claisen 
To a stirred suspension of TiCl4·2THF (1 mmol) in CH2Cl2 (5 mL), under an atmosphere of nitrogen, 

was added a solution of allylic morpholine (1 mmol) in CH2Cl2 (2.5 mL) followed by dropwise addition 

of iPr2NEt (1.5 mmol). After stirring for 10 min a solution of acid chloride (1.2 mmol) in CH2Cl2 (2.5 mL) 

was added dropwise and the resultant mixture stirred for the specified time. The reaction mixture was 

quenched with aqueous NaOH (12 mL, 1 M) and the aqueous phase extracted with CH2Cl2 (3 × 10 mL). 

The combined organic extracts were washed with brine (6 mL), dried (MgSO4), the solvent removed in 

vacuo and the crude product purified by column chromatography. 

General Procedure B: Dihydroxylation 
To a stirred solution of morpholine pentenamide (1 mmol) in tBuOH/H2O (1:1, 20 mL) or tBuOH/H2O/THF 

(1:1:1, 30 mL) was added NMO (3 mmol). A solution of OsO4 (0.08 mmol, 2.5% w/v in tBuOH) was then 

added dropwise and the resultant mixture stirred for the specified time. The mixture was quenched with 

saturated aqueous Na2SO3 (30 mL) and stirred for a further 1 h. The aqueous phase was extracted with 

ethyl acetate (3 × 20 mL), the combined organic extracts washed with aqueous KOH (5 mL, 1 M), dried 

(MgSO4), the solvent removed in vacuo and the crude product purified by column chromatography. 

General Procedure C: Lithium aluminium hydride reduction 
To a stirred suspension of LiAlH4 (1.4 mmol) in THF (10 mL), under an atmosphere of nitrogen at 0 °C, 

was added a solution of lactone (1 mmol) in THF (10 mL) and the mixture stirred for the specified time. 

After warming to room temperature, the mixture was quenched with the addition of water (30 mL) and 

the aqueous phase extracted with ethyl acetate (3 × 40 mL). The combined organic extracts were 

washed with brine (25 mL), dried (MgSO4) and the solvent removed in vacuo. 

General Procedure D: Periodate cleavage 
To a stirred solution of triol (1 mmol) in MeOH/H2O (3:1, 50 mL) was added NaIO4 (1.2 mmol) and the 

resultant mixture stirred for the specified time. The reaction mixture was quenched with brine (40 mL) 

and extracted with ethyl acetate (3 × 80 mL). The organic layers were combined, washed with water (2 

× 40 mL), dried (MgSO4) and solvent removed in vacuo to give the crude product which was purified by 

column chromatography if necessary. 

General Procedure E: Fétizon’s oxidation 
To a stirred solution of lactol (1 mmol) in toluene (60 mL), under an atmosphere of nitrogen, was added 

Fétizon′s reagent (2 mmol) and heated at reflux for the specified time. The reaction mixture was allowed 

to cool and filtered, the solvent removed in vacuo and the crude product purified by column 

chromatography. 
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General Procedure F: Benzyl deprotection 
To a stirred solution of benzyl ether (1 mmol) in MeOH (30 mL) was added 10% palladium on carbon 

(20% w/w) and the resultant mixture stirred under and atmosphere of hydrogen for the specified time. 

The reaction mixture was filtered through celite, washed with methanol (3 × 20 mL), the solvent removed 

in vacuo and the crude product purified by column chromatography if necessary. 
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(E)-Ethyl 4-(3′,4′-dimethoxyphenyl)but-2-enoate 6.8 

 

To a stirred solution of NMO (7.9 g, 67.3 mmol) in H2O/tBuOH (1:1, 80 mL) was added 4-allyl-1,2-

dimethoxybenzene 6.6 (3.86 mL, 22.4 mmol). A solution of OsO4 (0.6 mL, 0.059 mmol, 2.5% w/v in 
tBuOH) was then added dropwise and the resulting mixture stirred at room temperature for 4 days. The 

mixture was then quenched with saturated aqueous Na2SO3 (100 mL) and stirred for 1 h. The mixture 

was extracted with ethyl acetate (3 × 50 mL), the organic layers combined, washed with aqueous KOH 

(1 M, 20 mL) and dried (MgSO4). Solvent was removed in vacuo to give diol (4.8 g, quant.) as a white 

solid which was used without further purification. 

To a stirred solution of diol (4.8 g, 22.8 mmol) in methanol/H2O (3:1, 100 mL) was added NaIO4 (5.9 g, 

27.4 mmol) and stirred for 30 min. The reaction mixture was then quenched with addition of brine (50 

mL) and extracted with ethyl acetate (3 × 40 mL). The organic extracts were combined, washed with 

water (2 × 20 mL) and dried (MgSO4). Solvent was removed in vacuo to give aldehyde (2.68 g, 65%) 

as a pale yellow oil which was used without further purification. 

To a stirred solution of 2-(3,4-dimethoxyphenyl)acetaldehyde (2.68 g, 14.8 mmol) in CH2Cl2 (100 mL), 

under an atmosphere of nitrogen, was added (carbethoxymethylene)triphenylphosphorane (5.7 g, 16.3 

mmol) and the resulting mixture stirred for 16 h. Solvent was removed in vacuo and the crude product 

purified by column chromatography (3:1, hexanes, ethyl acetate) to give the title compound 6.8 (3.13 

g, 84%) as a colourless oil.  

Rf = 0.56 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.27 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 3.45 

(2H, dd, J = 1.5, 6.7 Hz, 4-H), 3.86 (6H, s, 3′, 4′-H), 4.17 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 5.80 (1H, td, 

J = 1.6, 15.5 Hz, 2-H), 6.67 (1H, d, J = 1.9 Hz, 2′-H), 6.71 (1H, dd, J = 1.9, 8.1 Hz, 6′-H), 6.81 (1H, d, J 

= 8.1 Hz, 5′-H), 7.07 (1H, td, J = 6.7, 15.5 Hz, 3-H). δC (100 MHz; CDCl3) 14.3 (1-OCH2CH3), 38.1 (C-

4), 55.9, 56.0 (3′, 4′-OCH3), 60.3 (1-OCH2CH3), 111.5 (C-5′), 112.1 (C-2′), 120.8 (C-6′), 122.2 (C-2), 

130.2 (C-1′), 147.6 (C-3), 147.9 (C-4′), 149.1 (C-3′), 166.6 (C-1). 

Values are in agreement with literature data.211 

 

(E)-4-(3′,4′-Dimethoxyphenyl)but-2-en-1-ol 6.10 

 

To a stirred solution of ester 6.8 (1.0 g, 4.0 mmol) in CH2Cl2 (20 mL), under an atmosphere of nitrogen 

at -78 °C, was added DIBAL (12 mL, 1 M in cyclohexane) and the resulting mixture stirred for 10 min. 

The reaction mixture was quenched with addition of 2M HCl until gas evolution ceased, the organic 
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phase separated and the aqueous phase further extracted with CH2Cl2 (3 × 10 mL). The organic layers 

were combined then washed with water (10 mL) and dried (MgSO4). Solvent was removed in vacuo 

and the crude product purified by column chromatography (1:1 hexanes, ethyl acetate) to give the title 

compound 6.10 (0.76 g, 92%) as a colourless oil. 

Rf = 0.18 (2:1, hexanes, ethyl acetate). δH (400MHz; CDCl3) 3.30 (2H, d, J = 6.6 Hz, 4-H), 3.82 (3H, s, 

4′-OCH3), 3.83 (3H, s, 3′-OCH3), 4.08 (2H, d, J = 5.6 Hz, 1-H), 5.64–5.69 (1H, m, 2-H), 5.78–5.83 (1H, 

m, 3-H), 6.68 (1H, s, 2′-H), 6.69 (1H, d, J = 8.0 Hz, 6′-H), 6.77 (1H, d, J = 8.0 Hz, 5′-H). δC (100 MHz; 

CDCl3) 38.2 (C-4), 55.8 and 55.9 (3′ and 4′-OCH3), 63.3 (C-1), 111.4 (C-5′), 112.0 (C-2′), 120.4 (C-6′), 

130.2 (C-2), 131.6 (C-3), 132.7 (C-1′), 147.4 (C-4′), 148.9 (C-3′). IR: νMAX (film)/cm-1; 3391 (broad), 

2933, 2835, 1591, 1512, 1463, 1417, 1258, 1232, 1137, 1025, 971, 852, 806, 762. HRMS (ESI+) Found 

(MNa+): 231.0995; C12H16NaO3 requires 231.0992. 

 

(E)-4-(4-(3′,4′-Dimethoxyphenyl)but-2-en-1-yl)morpholine 6.5a 

 

To a stirred solution of alcohol 6.10 (0.73 g, 3.5 mmol) in CH2Cl2 (20 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (1.5 mL, 10.5 mmol) and stirred for 5 min. MsCl (0.48 mL, 4.2 mmol) 

was added and stirred for 10 min. Morpholine (0.50 mL, 5.3 mmol) was added and the mixture brought 

to room temperature and stirred for 2 h. Saturated aqueous NaHCO3 (20 mL) and water (4 mL) was 

then added and the aqueous layer further extracted with CH2Cl2 (3 × 20 mL). The organic layers were 

then combined, dried (MgSO4) and the solvent removed in vacuo. The crude product was purified by 

column chromatography (1:1 hexanes, ethyl acetate) to give the title compound 6.5a (0.60 g, 62%) as 

a colourless oil. 

Rf = 0.31 (1:2 hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.41–2.44 (4H, m, O(CH2CH2)2N), 2.96 

(2H, d, J = 6.8 Hz, 1-H), 3.30 (2H, d, J = 6.7 Hz, 4-H), 3.68–3.71 (4H, m, O(CH2CH2)2N), 3.83 (6H, s, 

3′, 4′-OCH3), 5.52–5.57 (1H, m, 3-H), 5.71–5.78 (1H, m, 2-H), 6.67–6.70 (2H, m, 2′ and 6′-H), 6.78 (1H, 

d, J = 7.9 Hz, 5′-H). δC (100 MHz; CDCl3) 38.5 (C-4), 53.6 (O(CH2CH2)2N), 55.8, 56.0 (3′, 4′-OCH3), 

61.1 (C-1), 67.0 (O(CH2CH2)2N), 111.4 (C-5′), 111.9 (C-2′), 120.3 (C-6′), 127.1 (C-3), 132.8 (C-1′), 133.8 

(C-2), 147.5 (C-4′), 149.0 (C-3′). IR: νMAX (film)/cm-1; 2934, 2851, 1591, 1453, 1260, 1138, 1028, 976, 

864, 805, 763. HRMS (ESI+) Found (MH+): 278.1762; C16H24NO3 requires 278.1751. 
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(E)-Ethyl 4-(3′,4′-methylenedioxyphenyl)but-2-enoate 6.9 

 

To a stirred solution of NMO (8.67 g, 74.0 mmol) in H2O/tBuOH (1:1, 80 mL) was added safrole 6.7 (4.0 

mL, 27 mmol). A solution of OsO4 (0.75 mL, 0.074 mmol, 2.5% w/v in tBuOH) was added dropwise and 

the resultant mixture stirred at room temperature for 17 h. The reaction mixture was quenched with 

saturated aqueous Na2SO3 (100 mL) and stirred for 1 h. The mixture was extracted with ethyl acetate 

(3 × 50 mL), the organic layers were combined, washed with aqueous KOH (1 M, 20 mL) and dried 

(MgSO4). Solvent was removed in vacuo to give diol (5.2 g, quant.) as a white solid which was used 

without further purification. 

To a stirred solution of diol (5.2 g, 27 mmol) in methanol/H2O (3:1, 100 mL) was added NaIO4 (6.8 g, 

32 mmol) and stirred for 2 h. The mixture was then quenched with addition of brine (50 mL) and 

extracted with ethyl acetate (3 × 50 mL). The organic extracts were combined, washed with water (2 × 

20 mL), brine (10 mL) and dried (MgSO4). Solvent was removed in vacuo to give aldehyde (4.4 g, 

quant.) as a yellow oil which was used without further purification. 

To a stirred solution of 2-(3,4-methylenedioxyphenyl)acetaldehyde (4.4 g, 27 mmol) in CH2Cl2 (50 mL), 

under an atmosphere of nitrogen, was added (carbethoxymethylene)triphenylphosphorane (10.4 g, 30 

mmol) and the resulting mixture stirred for 16 h. Solvent was removed in vacuo and the crude product 

purified by column chromatography (19:1, hexanes, ethyl acetate) to give the title compound 6.9 (3.54 

g, 56%) as a colourless oil. 

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.27 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 3.42 

(2H, dd, J = 6.6, 1.6 Hz, 4-H), 4.17 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 5.78 (1H, dt, J = 15.5, 1.6 Hz, 2-

H), 5.93 (2H, s, OCH2O), 6.61 (1H, dd, J = 8.0, 2.0 Hz, 6′-H), 6.64 (1H, d, J = 2.0 Hz, 2′-H), 6.74 (1H, 

d, J = 8.0 Hz, 5′-H), 7.04 (1H, dt, J = 15.5, 6.6 Hz, 3-H). δC (100 MHz; CDCl3) 14.4 (1-OCH2CH3), 38.2 

(C-4), 60.4 (1-OCH2CH3), 101.1 (OCH2O), 108.5 (C-5′), 109.4 (C-2′), 121.9 (C-6′), 122.4 (C-2), 131.5 

(C-1′), 146.5 (C-4′), 147.5 (C-3), 148.0 (C-3′), 166.6 (C-1). 

Values are in agreement with literature data.212 

 

(E)-4-(3′,4′-Methylenedioxyphenyl)but-2-en-1-ol 6.11 

 

To a stirred solution of ester 6.9 (3.2 g, 13.7 mmol) in toluene (100 mL), under an atmosphere of nitrogen 

at -10 °C, was added DIBAL (30 mL, 1 M in toluene) and the resultant mixture stirred for 10 min. The 

reaction mixture was quenched with addition of 2 M HCl until gas evolution ceased, the organic layer 



  Appendix Two 

156 
 

was separated and the aqueous phase further extracted with CH2Cl2 (3 × 50 mL). The organic layers 

were combined, washed with brine (30 mL) and dried (MgSO4). Solvent was removed in vacuo and the 

crude product purified by column chromatography (3:1 hexanes, ethyl acetate) to give the title 

compound 6.11 (2.59 g, 98%) as a pale yellow oil. 

Rf = 0.42 (hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.41 (1H, br s, 1-OH), 3.30 (2H, d, J = 6.6 Hz, 

4-H), 4.12 (2H, br d, J = 4.5 Hz, 1-H), 5.64–5.72 (1H, m, 2-H), 5.77–5.85 (1H, m, 3-H), 5.92 (2H, s, 

OCH2O), 6.63 (1H, dd, J = 7.9, 1.9 Hz, 6′-H), 6.67 (1H, d, J = 1.9 Hz, 2′-H), 6.73 (1H, d, 7.9 Hz, 5′-H). 

δC (100 MHz; CDCl3) 38.4 (C-4), 63.6 (C-1), 101.0 (OCH2O), 108.3 (C-5′), 109.2 (C-2′), 121.4 (C-6′), 

130.4, 131.8 (C-2, 3), 133.9 (C-1′), 146.0, 147.8 (C-3′, 4′). 

Values are in agreement with literature data.212 

 

(E)-4-(4-(3′,4′-Methylenedioxyphenyl)but-2-en-1-yl)morpholine 6.5b 

 

To a stirred solution of alcohol 6.11 (1.66 g, 8.6 mmol) in CH2Cl2 (15 mL), under an atmosphere of 

nitrogen at 0 °C, was added Et3N (3.6 mL, 25.9 mmol) and stirred for 5 min. MsCl (1.2 mL, 10.4 mmol) 

was added and stirred for 10 min. Morpholine (1.3 mL, 13.8 mmol) was added and the mixture brought 

to room temperature and stirred for 18 h. Saturated aqueous NaHCO3 (25 mL) and water (5 mL) was 

added and the aqueous layer further extracted with CH2Cl2 (3 × 30 mL). The organic layers were 

combined, dried (MgSO4) and the solvent removed in vacuo. The crude product was purified by column 

chromatography (2:1 hexanes, ethyl acetate) to give the title compound 6.5b (1.4 g, 60%) as a pale 

yellow oil. 

Rf = 0.39 (1:2 hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.43 (4H, br t, J = 4.7 Hz, NCH2CH2O), 

2.96 (2H, d, J = 6.5 Hz, 1-H), 3.28 (2H, d, J = 7.0 Hz, 4-H), 3.71 (4H, t, J = 4.7 Hz, NCH2CH2O), 5.49–

5.56 (1H, m, 2-H), 5.69–5.76 (1H, m, 3-H), 5.91 (2H, d, J = 2.0 Hz, OCH2O), 6.61 (1H, dd, J = 7.5, 2.0 

Hz, 6′-H), 6.65 (1H, d, J = 2.0 Hz, 2′-H), 6.72 (1H, d, J = 7.5 Hz, 5′-H). δC (100 MHz; CDCl3) 38.7 (C-4), 

53.7 (NCH2CH2O), 61.2 (C-1), 67.1 (NCH2CH2O), 100.9 (OCH2O), 108.3 (C-5′), 109.1 (C-2′), 121.4 (C-

6′), 127.4 (C-2), 133.7 (C-3), 134.1 (C-1′), 146.0 (C-4′), 147.8 (C-3′). IR: νMAX (film)/cm-1; 2855, 1739, 

1488, 1242, 1115, 1036, 926, 864, 736. HRMS (ESI+) Found (MH+): 262.1428; C15H20NO3 requires 

262.1438. 
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(E)-Ethyl-3-(3′,4′-methylenedioxyphenyl)prop-2-enoate 6.15 

 

To a stirred solution of piperonal 6.12 (5.0 g, 33 mmol) in CH2Cl2 (100 mL), under an atmosphere of 

nitrogen, was added (carbethoxymethylene)triphenylphosphorane (12.8 g, 37.0 mmol) and the resulting 

mixture stirred for 20 h. Solvent was then removed in vacuo and the crude product purified by column 

chromatography (3:1, hexanes, ethyl acetate) to give the title compound 6.15 (6.97 g, 95%) as a white 

solid. 

Rf = 0.68 (2:1 hexanes, ethyl acetate). Melting point: 62–64 °C. δH (400 MHz; CDCl3) 1.32 (3H, t, J = 

7.2 Hz, 1-OCH2CH3), 4.25 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 6.00 (2H, s, -OCH2O-), 6.25 (1H, d, J = 15.9 

Hz, 2-H), 6.80 (1H, d, J = 8.0 Hz, 5′-H), 7.00 (1H, dd, J = 1.4, 8.0 Hz, 6′-H), 7.02 (1H, d, J = 1.4 Hz, 6′-

H), 7.58 (1H, d, J = 15.9 Hz, 3-H). δC (100 MHz; CDCl3) 14.5 (1-OCH2CH3), 60.5 (1-OCH2CH3), 101.7 

(-OCH2O-), 106.6 (C-5′), 108.7 (C-2′), 116.4 (C-2), 124.5 (C-6′), 129.1 (C-1′), 144.4 (C-3), 148.5 (C-4′), 

149.7 (C-3′), 167.3 (C-1). 

Values are in agreement with literature data.213 

 

(E)-Ethyl-3-(3′,4′,5′-trimethoxyphenyl)prop-2-enoate 6.16 

 

To a stirred solution of 3,4,5-trimethoxybenzaldehyde 6.13 (3.0 g, 15.3 mmol) in CH2Cl2 (100 mL), under 

an atmosphere of nitrogen, was added (carbethoxymethylene)triphenylphosphorane (5.9 g, 16.8 mmol) 

and the resulting mixture stirred for 3 h. Solvent was then removed in vacuo and the crude product 

purified by column chromatography (3:1, hexanes, ethyl acetate) to give the title compound 6.16 (4.0 

g, 94%) as a white solid. 

Rf = 0.52 (2:1 hexanes, ethyl acetate). Melting point: 64–66 °C. δH (400 MHz; CDCl3) 1.34 (3H, t, J = 

7.2 Hz, 1-OCH2CH3), 3.87 (3H, s, 4′-OCH3), 3.88 (6H, s, 3′-OCH3), 4.26 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 

6.34 (1H, d, J = 15.9 Hz, 2-H), 6.75 (2H, s, 2′-H), 7.60 (1H, d, J = 15.9 Hz, 3-H). δC (100 MHz; CDCl3) 

14.5 (1-OCH2CH3), 56.3 (3′-OCH3), 60.6 (1-OCH2CH3), 61.1 (4′-OCH3), 105.3 (C-2′), 117.7 (C-2), 130.1 

(C-1′), 140.2 (C-4′), 144.7 (C-3), 153.6 (C-3′), 167.1 (C-1). 

Values are in agreement with literature data.214 
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3-(3′,4′,5′-Trimethoxyphenyl)propionic acid 6.23 

 

To a stirred solution of 6.16 (5.4 g, 19.4 mmol) in ethyl acetate (30 mL) was added 10% palladium on 

activated carbon (0.54 g, 10% w/w). The solution was flushed with an atmosphere of hydrogen and 

stirred for 2 h. The reaction mixture was then filtered through a plug of celite and washed with ethyl 

acetate, solvent was then removed in vacuo to give saturated ester 6.19 (5.23 g, 96%) which was then 

used without further purification. 

To a stirred solution of ester 6.19 (5.1 g, 17.9 mmol) in methanol (30 mL) was added aqueous NaOH 

(72 mL, 1M, 4 eq.) and stirred for 20 min. The mixture was then extracted with CH2Cl2 (10 mL) and the 

aqueous layer acidified with aqueous 2M HCl. The aqueous phase was then extracted with ethyl acetate 

(3 × 50 mL), dried (MgSO4) and solvent removed in vacuo to give the title compound 6.23 (4.6 g, quant.) 

as a white solid. 

Rf = 0.15 (2:1 hexanes, ethyl acetate). Melting point: 104–105 °C. δH (400 MHz; CDCl3) 2.68 (2H, t, J 

= 7.8 Hz, 2-H), 2.90 (2H, t, J = 7.8 Hz, 3-H), 3.82 (3H, s, 4′-OCH3), 3.84 (6H, s, 3′-OCH3), 6.43 (2H, s, 

2′-H). δC (100 MHz; CDCl3) 31.1 (C-2), 35.8 (C-3), 56.2 (3′-OCH3), 61.0 (4′-OCH3), 105.4 (C-2′), 136.0 

(C-1′), 136.7 (C-4′), 153.4 (C-3′), 178.8 (C-1). 

Values are in agreement with literature data.215 

 

3-(3′,4′-Methylenedioxyphenyl)propionic acid 6.22 

 

To a stirred solution of 6.15 (6.92 g, 31.4 mmol) in ethyl acetate (30 mL) was added 10% palladium on 

activated carbon (0.69 g, 10% w/w). The solution was flushed with an atmosphere of hydrogen and 

stirred for 1 h. The reaction mixture was then filtered through a plug of celite and washed with ethyl 

acetate, solvent was then removed in vacuo to give saturated ester 6.18 (6.9 g, 99%) which was then 

used without further purification. 

To a stirred solution of ester 6.18 (6.74 g, 30.0 mmol) in methanol (30 mL) was added aqueous NaOH 

(121 mL, 1M, 4 eq.) and stirred for 2.5 h. The mixture was then extracted with ethyl acetate (10 mL) 

and the aqueous layer acidified with aqueous 2M HCl. The aqueous phase was then extracted with 

ethyl acetate (3 × 50 mL), dried (MgSO4) and solvent removed in vacuo to give the title compound 6.22 

(5.5 g, 94%) as a white solid. 
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Rf = 0.44 (2:1 hexanes, ethyl acetate). Melting point: 80–82°C. δH (400 MHz; CDCl3) 2.64 (2H, t, J = 

7.7 Hz, 2-H), 2.88 (2H, t, J = 7.7 Hz, 3-H), 5.93 (2H, s, -OCH2O-), 6.66 (1H, dd, J = 7.9, 1.4 Hz, 6′-H), 

6.70 (1H, d, J = 1.4 Hz, 2′-H), 6.74 (1H, d, J = 7.9 Hz, 5′-H). δC (100 MHz; CDCl3) 30.5 (C-2), 36.1 (C-

3), 101.0 (-OCH2O-), 108.4 (C-2′), 108.9 (C-5′), 121.2 (C-6′), 134.1 (C-1′), 146.2 (C-3′), 147.8 (C-4′), 

179.1 (C-1). 

Values are in agreement with literature data.216 

 

3-(3′-Methoxy-4′-benzyloxyphenyl)propionic acid 6.24 

 

To a stirred solution of vanillin 6.14 (3.0 g, 19.7 mmol) in CH2Cl2 (100 mL), under an atmosphere of 

nitrogen, was added (carbethoxymethylene)triphenylphosphorane (7.56 g, 21.7 mmol) and the resulting 

mixture stirred for 18 h. Solvent was then removed in vacuo and the crude product purified by column 

chromatography (2:1, hexanes, ethyl acetate) to give a 2:1 mixture of E and Z isomers of unsaturated 

ester 6.17 (4.13 g, 94%) as a yellow oil which was used immediately. 

To a stirred solution of unsaturated ester 6.17 (4.13 g, 18.6 mmol) in ethyl acetate (30 mL) was added 

10% palladium on activated carbon (0.4 g, 10% w/w). The solution was flushed with an atmosphere of 

hydrogen and stirred for 2 h. The reaction mixture was then filtered through a plug of celite and washed 

with ethyl acetate, solvent was then removed in vacuo to give saturated ester 6.20 (3.9 g, 94%) as a 

yellow oil which was then used without further purification. 

To a stirred solution of phenol 6.20 (3.75 g, 16.7 mmol) in acetonitrile (40 mL), under an atmosphere of 

nitrogen, was added K2CO3 (6.9 g, 50.0 mmol) and stirred for 10 min. Benzyl bromide (6.0 mL, 50.0 

mmol) was then added and the resulting mixture allowed to stir for 65 h. The reaction mixture was then 

quenched with addition of water (50 mL) and extracted with CH2Cl2 (3 × 30 mL). The organic phases 

were combined, washed with water (2 × 10 mL) and dried (MgSO4). Solvent was then removed in vacuo 

and the crude product purified by column chromatography (9:1 hexanes, ethyl acetate) to give benzyl 

ether 6.21 (4.38 g, 83%) as a colourless oil which was used immediately. 

To a stirred solution of ester 6.21 (4.3 g, 13.7 mmol) in methanol (30 mL) was added aqueous NaOH 

(55 mL, 1M, 4 eq.) and stirred for 2.5 h. The mixture was then acidified with aqueous 2M HCl, extracted 

with ethyl acetate (3 × 50 mL), dried (MgSO4) and solvent removed in vacuo to give the title compound 

6.24 (3.85 g, 98%) as a white solid. 

Rf = 0.30 (2:1 hexanes, ethyl acetate). Melting point: 99–100°C. δH (400 MHz; CDCl3) 2.66 (2H, t, J = 

7.7 Hz, 2-H), 2.90 (2H, t, J = 7.7 Hz, 3-H), 3.88 (3H, s, 3′-OCH3), 5.13 (2H, s, 7′-H), 6.68 (1H, dd, J = 

8.2, 2.0 Hz, 6′-H), 6.76 (1H, d, J = 2.0 Hz, 2′-H), 6.81 (1H, d, J = 8.2 Hz, 5′-H), 7.27–7.32 (1H, m, 11′-
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H), 7.34–7.39 (2H, m, 10′-H), 7.41–7.45 (2H, m, 9′-H). δC (100 MHz; CDCl3) 30.4 (C-2), 35.9 (C-3), 56.1 

(3′-OCH3), 71.3 (C-7′), 112.4 (C-2′), 114.5 (C-5′), 120.3 (C-6′), 127.4 (C-9′), 127.9 (C-11′), 128.7 (C-10′), 

133.5 (C-1′), 137.4 (C-8′), 146.9 (C-4′), 149.8 (C-3′), 178.8 (C-1). 

Values are in agreement with literature data.217 

 

3-(3′,4′-Methylenedioxyphenyl)propanoyl chloride 6.26b 

 

To a stirred solution of carboxylic acid 6.22 (0.22 g, 1.2 mmol) in CH2Cl2 (3 mL), under an atmosphere 

of nitrogen, was added oxalyl chloride (0.2 mL, 2.3 mmol) dropwise and the mixture stirred for 4 h. The 

solvent was removed in vacuo to give the title compound 6.26b (0.24 g, quant.) as a green oil, which 

was placed under nitrogen and used without further purification. 

 

3-(3′,4′-Dimethoxyphenyl)propanoyl chloride 6.26a 

 

To a stirred solution of carboxylic acid 6.25 (0.24 g, 1.2 mmol) in CH2Cl2 (5 mL), under an atmosphere 

of nitrogen, was added oxalyl chloride (0.2 mL, 2.3 mmol) dropwise and the mixture stirred for 2.5 h. 

The solvent was removed in vacuo to give the title compound 6.26a (0.26 g, quant.) as a yellow oil, 

which was placed under nitrogen and used without further purification. 

 

3-(3′,4′,5′-Trimethoxyphenyl)propanoyl chloride 6.26c 

 

To a stirred solution of carboxylic acid 6.23 (0.25 g, 1.2 mmol) in CH2Cl2 (3 mL), under an atmosphere 

of nitrogen, was added oxalyl chloride (0.2 mL, 2.3 mmol) dropwise and the mixture stirred for 1.5 h. 

The solvent removed in vacuo to give the title compound 6.26c (0.27 g, quant.) as a green crystalline 

solid, which was placed under nitrogen and used without further purification. 
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3-(3′,4′-Methylenedioxyphenyl)propanoyl chloride 6.26d 

 

To a stirred solution of carboxylic acid 6.24 (0.33 g, 1.2 mmol) in CH2Cl2 (3 mL), under an atmosphere 

of nitrogen, was added oxalyl chloride (0.2 mL, 2.3 mmol) dropwise and the mixture stirred for 4 h. The 

solvent was removed in vacuo to give the title compound 6.26d (0.35 g, quant.) as a yellow oil, which 

was placed under nitrogen and used without further purification. 

 

(2R*,3S*)-2-(3′,4′-Methylenedioxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 

6.27ab 

 

Using general procedure A: Morpholine 6.5a (0.57 g, 2.06 mmol), acid chloride 6.26b (0.52 g, 2.47 

mmol) and reaction time of 24 h. The crude product was purified by column chromatography (2:1 

hexanes, ethyl acetate) to give the title compound 6.27ab (0.39 g, 42%) as a pale yellow amorphous 

solid. 

Rf = 0.58 (1:3, hexanes, ethyl acetate). Melting point: 114–116 °C. δH (400MHz; CDCl3) 2.57 (1H, dd 

J = 13.6, 9.0 Hz, 7′′-HA), 2.66–2.73 (1H, m, 3-H), 2.77–2.85 (2H, m, 7′-HA, OCHACH2N), 2.85–2.94 (4H, 

m, 2-H, 7′-HB, 7′′-HB, OCH2CHAN), 3.06 (1H, ddd, J = 13.3, 7.9, 3.3 Hz, OCH2CHBN), 3.27–3.41 (3H, 

m, OCHCCHCN, OCHBCH2N), 3.53–3.60 (1H, m, OHDCH2N), 3.67–3.75 (1H, m, OCH2CHDN), 3.85 (3H, 

s, 4′′-OCH3), 3.86 (3H, s, 3′′-OCH3), 4.88 (1H, dd, J = 16.9, 1.8 Hz, 5-HA), 4.98 (1H, dd, J = 10.3, 1.8 

Hz, 5-HB), 5.85 (1H, ddd, J = 16.9, 10.3, 9.5 Hz, 4-H), 5.90 (1H, d, J = 1.3 Hz, OCHAO), 5.91 (1H, d, J 

= 1.3 Hz, OCHBO), 6.60 (1H, dd, J = 7.8, 1.6 Hz, 6′-H), 6.64 (1H, d, J = 1.6 Hz, 2′-H), 6.65–6.68 (2H, 

m, 2′′, 6′′-H), 6.70 (1H, d, J = 7.8 Hz, 5′-H), 6.77 (1H, d, J = 8.7 Hz, 5′′-H). δC (100 MHz; CDCl3) 37.4 

(C-7′), 38.3 (C-7′′), 42.0 (OCH2CHCDN), 46.4 (OCH2CHABN), 46.6 (C-2), 48.5 (C-3), 56.0 (3′, 4′-OCH3), 

66.4 (OCHABCH2N), 67.0 (OCHCDCH2N), 101.0 (OCH2O), 108.4 (C-5′), 109.6 (C-2′), 111.1 (C-5′′), 112.4 

(C-2′′), 116.8 (C-5), 121.3 (C-6′′), 122.0 (C-6′), 132.3 (C-1′′), 133.6 (C-1′), 139.3 (C-4), 146.2 (C-4′), 

147.5 (C-4′′), 147.7 (C-3′), 148.9 (C-3′′), 172.6 (C-1). IR: νMAX (film)/cm-1; 2963, 71631, 1515, 1488, 

1442, 1236, 1031, 925, 807, 730. HRMS (ESI+) Found (MH+): 454.2241; C26H32NO6 requires 454.2224. 
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(2R*,3S*)-2-(3′,4′,5′-Trimethoxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 

6.27ac 

 

Using general procedure A: Morpholine 6.5a (0.47 g, 1.7 mmol), acid chloride 6.26c (0.53 g, 2.0 mmol) 

and a reaction time of 19 h. The crude product was purified by column chromatography (1:1 hexanes, 

ethyl acetate) to give the title compound 6.27ac (0.50 g, 58%) as a yellow oil. 

Rf = 0.38 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.59 (1H, dd, J = 13.6, 9.2 Hz, 7′′-HA), 2.67–

2.74 (1H, m, 3-H), 2.78 (1H, ddd, J = 11.4, 7.8, 3.0 Hz, NCH2CHAO), 2.82–2.96 (5H, m, 2-H, 7′-H, 7′′-

HB, NCHACH2O), 3.06 (1H, ddd, J = 13.2, 7.8, 3.0 Hz, NCHBCH2O), 3.25–3.40 (3H, m, NCHBCH2O, 

NCHCCHCO), 3.54–3.61 (1H, m, NCHDCH2O), 3.67–3.73 (1H, m, NCH2CHDO), 3.80 (3H, s, 4′-OCH3), 

3.82 (6H, s, 3′-OCH3), 3.85 (3H, s, 4′′-OCH3), 3.86 (3H, s, 3′′-OCH3), 4.90 (1H, dd, J = 17.0, 1.8 Hz, 5-

HA), 5.00 (1H, dd, J = 10.2, 1.8 Hz, 5-HB), 5.87 (1H, ddd, J = 17.0, 10.2, 9.1 Hz, 4-H), 6.37 (2H, s, 2′-

H), 6.66–6.70 (2H, m, 2′′, 6′′-H), 6.78 (1H, d, J = 8.7 Hz, 5′′-H). δC (100 MHz; CDCl3) 38.1 (C-7′), 38.3 

(C-7′′), 42.0 (NCHCDCH2O), 46.4 (NCHABCH2O), 46.5 (C-2), 48.7 (C-3), 56.0 (3′′, 4′′-OCH3), 56.3 (3′-

OCH3), 61.0 (4′-OCH3), 66.4 (NCH2CHABO), 66.9 (NCH2CHCDO), 106.2 (C-2′), 111.1 (C-5′′), 112.5 (C-

2′′), 116.8 (C-5), 121.2 (C-6′′), 132.3 (C-1′′), 135.6 (C-1′), 136.8 (C-4′), 139.2 (C-4), 147.5 (C-4′′), 148.8 

(C-3′′), 153.3 (C-3′), 172.6 (C-1). IR: νMAX (film)/cm-1; 2940, 1632, 1589, 1459, 1236, 1123, 1028, 913, 

735. HRMS (ESI+) Found (MNa+): 522.2474; C28H37NNaO7 requires 522.2462. 

 

(2R*,3S*)-2-(3′,4′-Dimethoxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 6.27aa 

 

Using general procedure A: Morpholine 6.5a (0.53 g, 1.91 mmol), acid chloride 6.26a (0.52 g, 2.29 

mmol) and a reaction time of 24 h. The crude product was purified by flash chromatography (1:3 

hexanes, ethyl acetate) to give the title compound 6.27aa (0.63 g, 77% yield) as a pale yellow 

amorphous solid. 

Rf = 0.42 (19:1 CH2Cl2, methanol). Melting point: 98–101 °C. δH (400MHz; CDCl3) 2.55–2.63 (1H, m, 

7′′-HA), 2.85–2.93 (1H, m, 7′′-HB), 2.67–2.85 (3H, m, 3-H, OCH2CHABN), 3.29-3.37 (4H, m, OCH2CHCDN, 
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OCHABCH2N), 2.85–3.06 (3H, m, 2-H, 7′-H), 3.50–3.67 (2H, m, OCHCDCH2N), 3.83, 3.84, 3.85, 3.86 

(12H, s, 3′, 4′, 3′′, 4′′-OCH3), 4.89 (1H, dd, J = 17.1, 1.7 Hz, 5-H), 4.99 (1H, dd, J = 10.3, 1.9 Hz, 5-H), 

5.82–5.91 (1H, m, 4-H), 6.67–6.69 (4H, m, 2′, 6′, 2′′, 6′′-H), 6.75–6.78 (2H, m, 5′, 5′′-H). δC (100 MHz; 

CDCl3) 37.2 (C-2), 38.2 (C-7′′), 41.9, 46.5 (OCH2CH2N), 46.2 (C-7′), 48.5 (C-3), 55.8, 55.9 (3′, 4′, 3′′, 4′′-

OCH3), 66.3, 66.8 (OCH2CH2N), 111.0, 111.3 (C-5′, 5′′), 112.4, 112.6 (C-2′, 2′′), 116.6 (C-5), 120.9, 

121.2 (C-6′, 6′′), 132.2, 132.3 (C-1′, 1′′), 139.2 (C-4), 147.3, 147.6 (4′, 4′′-OCH3), 148.7, 148.8 (3′, 3′′-

OCH3), 172.6 (C-1). IR: νMAX (film)/cm-1; 2935, 1628, 1591, 1462, 1260, 1155, 1027, 912, 857, 765. 

HRMS (ESI+) Found (MH+): 470.2537; C27H36NO6 requires 470.2537 

 

(2R*,3S*)-2-(3′-Methoxy-4′-benzyloxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholino-pent-4-en-1-

one 6.27ad 

 

Using general procedure A: Morpholine 6.5a (0.47 g, 1.7 mmol), acid chloride 6.26d (0.62 g, 2.0 mmol) 

and a reaction time of 22 h. The crude product was purified by column chromatography (2:1 hexanes, 

ethyl acetate) to give the title compound 6.27ad (0.59 g, 64%) as a yellow oil. 

Rf = 0.58 (1:3, hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.57 (1H, dd J = 13.5, 9.0 Hz, 7′′-HA), 2.62–

2.68 (1H, m, 3-H), 2.68–2.74 (1H, m, OCHACH2N), 2.75–2.82 (1H, m, OCH2CHAN), 2.83–2.92 (4H, m, 

2-H, 7′-H, 7′′-HB), 2.99 (1H, ddd, J = 13.3, 7.6, 3.2 Hz, OCH2CHBN), 3.20–3.32 (3H, m, OCHBCH2N, 

OCHCCHCN), 3.50–3.55 (1H, m, OCHDCH2N), 3.61–3.67 (1H, m, OCH2CHDN), 3.84 (3H, s, 3′-OCH3), 

3.85 (3H, s, 4′′-OCH3), 3.85 (3H, s, 3′′-OCH3), 4.88 (1H, dd, J = 17.1, 1.9 Hz, 5-HA), 4.97 (1H, dd, J = 

10.3, 1.9 Hz, 5-HB), 5.13 (1H, s, 7′′′-H), 5.85 (1H, ddd, J = 17.1, 10.3, 9.0 Hz, 4-H), 6.59 (1H, dd, J = 

8.1, 1.9 Hz, 6′-H), 6.65–6.68 (2H, m, 2′′-H, 6′′-H), 6.69 (1H, d, J = 1.9 Hz, 2′-H), 6.74 (1H, d, J = 8.1 Hz, 

5′-H), 6.77 (1H, d, J = 8.5 Hz, 5′′-H), 7.25–7.30 (1H, m, 4′′′-H), 7.32–7.37 (2H, m, 3′′′-H), 7.38–7.42 (2H, 

m, 2′′′-H). δC (100 MHz; CDCl3) 37.4 (C-7′), 38.3 (C-7′′), 41.9 (OCH2CHCDN), 46.3 (OCH2CHABN), 46.5 

(C-2), 48.6 (C-3), 56.0, 56.2 (3′, 3′′, 4′′-OCH3), 66.4 (OCHABCH2N), 66.9 (OCHCDCH2N), 71.2 (C-7′′′), 

111.1 (C-5′′), 112.4 (C-2′′), 113.3 (C-2′), 114.6 (C-5′), 116.7 (C-5), 120.9 (C-6′), 121.3 (C-6′′), 127.3 (C-

2′′′), 127.9 (C-4′′′), 128.7 (C-3′′′), 132.4 (C-1′′), 133.1 (C-1′), 137.3 (C-1′′′), 139.3 (C-4), 146.7 (C-4′), 

147.5 (C-4′′), 148.8 (C-3′′), 149.7 (C-3′), 172.7 (C-1). IR: νMAX (film)/cm-1; 2936, 1736, 1633, 1513, 1454, 

1261, 1140, 1028, 915, 733. HRMS (ESI+) Found (MNa+): 568.2671; C33H39NNaO6 requires 568.2670. 
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(2R*,3S*)-2-(3′,4′-Dimethoxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-1-one 

6.27ba 

 

Using general procedure A: Morpholine 6.5b (0.25 g, 0.96 mmol), acid chloride 6.26a (0.26 g, 1.2 mmol) 

and a reaction time of 21 h. The crude product was purified by column chromatography (1:1 hexanes, 

ethyl acetate) to give the title compound 6.27ba (0.36 g, 83%) as a yellow oil.  

Rf = 0.50 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.56 (1H, dd, J = 13.4, 9.0 Hz, 7′′-HA), 2.62–

2.70 (1H, m, 3-H), 2.75–2.94 (6H, m, 2-H, 7′-H, 7′′-HB, NCHACHAO), 3.05 (1H, ddd, J = 13.6, 7.9, 3.1 

Hz, NCHBCH2O), 3.28–3.41 (3H, m, NCH2CHBO, NCHCCHCO), 3.51–3.57 (1H, m, NCH2CHDO), 3.58–

3.64 (1H, m, NCHDCH2O), 3.83 (3H, s, 3′-H), 3.84 (3H, s, 4′-H), 4.89 (1H, dd, J = 17.2, 1.9 Hz, 5-HA), 

4.99 (1H, dd, J = 10.2, 1.9 Hz, 5-HB), 5.86 (1H, ddd, J = 17.2, 10.2, 9.1 Hz, 4-H), 5.92 (1H, d, J = 1.4 

Hz, OCHAO), 5.92 (1H, d, J = 1.4 Hz, OCHBO), 6.58 (1H, dd, J = 7.9, 1.6 Hz, 6′′-H), 6.64 (1H, d, J = 1.6 

Hz, 2′′-H), 6.66–6.70 (2H, m, 2′, 6′-H), 6.71 (1H, d, J = 7.9 Hz, 5′′-H), 6.76 (1H, d, J = 8.1 Hz, 5′-H). δC 

(100 MHz; CDCl3) 37.3 (C-7′), 38.5 (C-7′′), 42.0 (NCHABCH2O), 46.3 (NCHCDCH2O), 46.5 (C-2), 48.8 

(C-3), 56.1 (3′, 4′-OCH3), 66.4 (NCH2CHABO), 66.9 (NCH2CHCDO), 101.0 (OCH2O), 108.1 (C-5′′), 109.6 

(C-2′′), 111.4 (C-5′), 112.7 (C-2′), 116.8 (C-5), 121.0 (C-6′), 122.1 (C-6′′), 132.4 (C-1′), 133.7 (C-1′′), 

139.2 (C-4), 145.9 (C-4′′), 147.6 (C-4′), 147.8 (C-3′′), 149.0 (C-3′), 172.7 (C-1). IR: νMAX (film)/cm-1; 2908, 

1740, 1630, 1515, 1441, 1237, 1029, 923, 730. HRMS (ESI+) Found (MNa+): 476.2042; C26H31NNaO6 

requires 476.2044. 

 

(2R*,3S*)-2-(3′,4′-Methylenedioxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-1-

one 6.27bb 

 

Using general procedure A: Morpholine 6.5b (0.5 g, 1.91 mmol), acid chloride 6.26b (0.49 g, 2.30 mmol) 

and a reaction time of 30 min. The crude product was purified by column chromatography (1:1 hexanes, 

ethyl acetate) to give the title compound 6.27bb (0.798 g, 95%) as a pale yellow solid. 
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Rf = 0.68 (1:3 hexanes, ethyl acetate). Melting point: 131–133 °C. δH (400MHz; CDCl3) 2.54 (1H, dd, 

J = 13.5, 8.9 Hz, 7′′-HA), 2.61–2.69 (1H, m, 3-H), 2.78–2.93 (6H, m, 2-H, 7′-H, 7′′-HB, NCHACHAO), 3.06 

(1H, ddd, J = 13.2, 7.8, 3.1 Hz, NCHBCH2O), 3.29–3.41 (3H, m, NCH2CHBO, NCHCCHCO), 3.53–3.61 

(1H, m, NCH2CHDO), 3.66–3.74 (1H, m, NCHDCH2O), 4.89 (1H, dd, J = 17.0, 1.9 Hz, 5-HA), 4.99 (1H, 

dd, J = 10.2, 1.9 Hz, 5-HB), 5.85 (1H, ddd, J = 17.0, 10.2, 9.1 Hz, 4-H), 5.90 (1H, d, J = 1.4 Hz, 3′-

OCHAO), 5.91 (1H, d, J = 1.4 Hz, 3′-OCHBO), 5.92 (1H, d, J = 1.5 Hz, 3′′-OCHAO), 5.93 (1H, d, J = 1.5 

Hz, 3′′-OCHBO), 6.55–6.61 (2H, m, 6′, 6′′-H), 6.62–6.64 (2H, m, 2′, 2′′-H), 6.70, 6.71 (2 × 1H, 2 × d, J = 

8.0 Hz, 5′, 5′′-H). δC (100 MHz; CDCl3) 37.4 (C-7′), 38.5 (C-7′′), 42.0 (NCHCDCH2O), 46.4 (NCHABCH2O), 

46.5 (C-2), 48.8 (C-3), 66.4 (NCH2CHABO), 67.0 (NCH2CHCDO), 101.0 (2 × OCH2O), 108.2, 108.4 (C-

5′, 5′′), 109.6 (C-2′, 2′′), 116.8 (C-5), 122.1 (C-6′, 6′′), 133.6 (C-1′, 1′′), 139.2 (C-4), 145.9, 146.2 (C-4′, 

4′′), 147.6, 147.7 (C-3′, 3′′), 172.6 (C-1). IR: νMAX (film)/cm-1; 2897, 1630, 1487, 1440, 1244, 1036, 925, 

808, 730. HRMS (ESI+) Found (MNa+): 460.1722; C25H27NNaO6 requires 460.1731. 

 

(2R*,3S*)-2-(3′,4′,5′-Trimethoxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-1-one 

6.27bc 

 

Using general procedure A: Morpholine 6.5b (0.25 g, 0.96 mmol), acid chloride 6.26c (0.27 g, 1.2 mmol) 

and a reaction time of 18 h. The crude product was purified by column chromatography (1:1 hexanes, 

ethyl acetate) to give the title compound 6.27bc (0.40 g, 86%) as a pale yellow solid. 

Rf = 0.55 (1:3 hexanes, ethyl acetate). Melting point: 104–106 °C. δH (400MHz; CDCl3) 2.56 (1H, dd, 

J = 13.4, 9.0 Hz, 7′′-HA), 2.62–2.70 (1H, m, 3-H), 2.75–2.95 (6H, m, 2-H, 7′-H, 7′′-HB, NCHACHAO), 3.06 

(1H, ddd, J = 13.2, 7.7, 3.0 Hz, NCHBCH2O), 3.25–3.40 (3H, m, NCH2CHBO, NCHCCHCO), 3.54–3.60 

(1H, m, NCH2CHDO), 3.65–6.71 (1H, m, NCHDCH2O), 3.80 (3H, s, 4′-OCH3), 3.82 (6H, s, 3′-OCH3), 

4.90 (1H, dd, J = 17.2, 1.9 Hz, 5-HA), 5.00 (1H, dd, J = 10.2, 1.9 Hz, 5-HB), 5.85 (1H, ddd, J = 17.2, 

10.2, 9.0 Hz, 4-H), 5.92 (1H, d, J = 1.4 Hz, OCHAO), 5.93 (1H, d, J = 1.4 Hz, OCHBO), 6.36 (2H, s, 2′-

H), 6.59 (1H, dd, J = 7.9, 1.6 Hz, 6′′-H), 6.65 (1H, d, J = 1.6 Hz, 2′′-H), 6.72 (1H, d, J = 7.9 Hz, 5′′-H). δC 

(100 MHz; CDCl3) 38.1 (C-7′), 38.5 (C-7′′), 42.0 (NCHCDCH2O), 46.4 (C-2, NCHABCH2O), 48.9 (C-3), 

56.4 (3′-OCH3), 61.1 (4′-OCH3), 66.4 (NCH2CHABO), 67.0 (NCH2CHCDO), 101.0 (OCH2O), 106.2 (C-2′), 

108.2 (C-5′′), 109.6 (C-2′′), 116.9 9 (C-5), 122.1 (C-6′′), 133.6 (C-1′′), 135.6 (C-1′), 136.9 (C-4′), 139.1 

(C-4), 145.9 (C-4′′), 147.7 (C-3′′), 153.3 (C-3′), 172.6 (C-1). IR: νMAX (film)/cm-1; 2922, 1632, 1589, 1490, 

1240, 1120, 1036, 925, 730. HRMS (ESI+) Found (MNa+): 506.2145; C27H33NNaO7 requires 506.2149. 
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(2R*,3S*)-2-(3′-Methoxy-4′-benzyloxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-

1-one 6.27bd 

 

Using general procedure A: Morpholine 6.5b (0.25 g, 0.96 mmol), acid chloride 6.26d (0.35 g, 1.2 mmol) 

and a reaction time of 18 h. The crude product was purified by column chromatography (1:1 hexanes, 

ethyl acetate) to give the title compound 6.27bd (0.45 g, 88%) as a yellow oil. 

Rf = 0.67 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.54 (1H, dd, J = 13.5, 8.9 Hz, 7′′-HA), 2.61–

2.70 (2H, m, 3-H, NCH2CHAO), 2.73–2.91 (5H, m, 2-H, 7′-H, 7′′-HB, NCHACH2O), 2.99 (1H, ddd, J = 

13.2, 7.7, 3.0 Hz, NCHBCH2O), 3.20–3.35 (3H, m, NCH2CHBO, NCHCCHCO), 3.53 (1H, ddd, J = 11.0, 

5.5, 2.5 Hz, NCH2CHDO), 3.62 (1H, ddd, J = 13.0, 5.5, 2.5 Hz, NCHDCH2O), 3.84 (3H, s, 3′-OCH3), 4.88 

(1H, dd, J = 17.0, 1.9 Hz, 5-HA), 4.98 (1H, dd, J = 10.2, 1.9 Hz, 5-HB), 5.13 (2H, s, 7′′′-H), 5.84 (1H, ddd, 

J = 17.0, 10.2, 9.1 Hz, 4-H), 5.91 (1H, d, J = 1.4 Hz, OCHAO), 5.92 (1H, d, J = 1.4 Hz, OCHBO), 6.57 

(1H, dd, J = 8.0, 1.9 Hz, 6′′-H), 6.59 (1H, dd, J = 8.2, 1.8 Hz, 6′-H), 6.64 (1H, d, J = 1.8 Hz, 2′′-H), 6.69 

(1H, d, J = 1.9 Hz, 2′′-H), 6.71 (1H, d, J = 8.0 Hz, 5′′-H), 6.75 (1H, d, J = 8.2 Hz, 5′-H), 7.25–7.30 (1H, 

m, 4′′′-H), 7.32–7.37 (2H, m, 3′′′-H), 7.38–7.43 (2H, m, 2′′′-H). δC (100 MHz; CDCl3) 37.4 (C-7′), 38.5 (C-

7′′), 41.9 (NCHCDCH2O), 46.3 (NCHABCH2O), 46.4 (C-2), 48.8 (C-3), 56.2 (3′-OCH3), 66.3 

(NCH2CHABO), 66.9 (NCH2CHCDO), 71.2 (C-7′′′), 100.9 (OCH2O), 108.1 (C-5′′), 109.6 (C-2′′), 113.2 (C-

2′), 114.5 (C-5′), 116.7 (C-5), 121.0 (C-6′), 122.1 (C-6′′), 127.3 (C-2′′′), 127.9 (C-4′′′), 128.6 (C-3′′′), 133.1 

(C-1′) 133.6 (C-1′′), 137.3 (C-1′′′), 139.2 (C-4), 145.9 (C-4′′), 146.7 (C-4′), 147.6 (C-3′′), 149.7 (C-3′), 

172.6 (C-1). IR: νMAX (film)/cm-1; 2920, 1630, 1489, 1231, 1114, 1034, 913, 729. HRMS (ESI+) Found 

(MNa+): 552.2354; C32H35NNaO6 requires 552.2357. 

 

(3R*,4R*)-3-(3′,4′-Methylenedioxybenzyl)-4-(3′′,4′′-dimethoxybenzyl)-5-(hydroxymethyl) 
dihydrofuran-2(3H)-one 6.2ab 

 

Using general procedure B: Amide 6.27ab (0.38 g, 0.84 mmol) in tBuOH/H2O and a reaction time of 3 

days. The crude product was purified by column chromatography (1:1 hexanes, ethyl acetate) to give 

the title compound 6.2ab (180 mg, 54%) as a white foam. 
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Rf = 0.50 (19:1 CH2Cl2, methanol). δH (400MHz; CDCl3) 1.79 (1H, t, J = 6.4 Hz, 6-OH), 2.36–2.44 (1H, 

m, 4-H), 2.51 (1H, dd, J = 13.7, 7.9 Hz, 7′′-HA), 2.58 (1H, dd, J = 13.7, 6.6 Hz, 7′′-HB), 2.68 (1H, ddd, J 

= 9.3, 7.0, 5.5 Hz, 3-H), 2.85 (1H, dd, J = 14.0, 7.0 Hz, 7′-HA), 2.92 (1H, dd, J = 14.0, 5.5 Hz, 7′-HB), 

3.15 (1H, ddd, J = 12.5, 6.4, 5.1 Hz, 6-HA), 3.54 (1H, ddd, J = 12.5, 6.4, 2.5 Hz, 6-HB), 3.83 (3H, s, 3′′-

OCH3), 3.85 (3H, s, 4′′-OCH3), 4.19 (1H, ddd, J = 8.0, 5.1, 2.5 Hz, 5-H), 5.92 (1H, d, J = 1.5 Hz, 

OCHAHBO), 5.93 (1H, d, J = 1.5 Hz, OCHAHBO), 6.47 (1H, d, J = 2.0 Hz, 2′′-H), 6.57–6.60 (2H, m, 6′ 

and 6′′-H), 6.61 (1H, d, J = 1.5 Hz, 2′-H), 6.71 (1H, d, J = 7.8 Hz, 5′-H), 6.77 (1H, d, J = 8.1 Hz, 5′′-H). 

δC (100 MHz; CDCl3) 35.3 (C-7′), 38.7 (C-7′′), 41.6 (C-4), 47.6 (C-3), 56.0 (3′′-OCH3, 4′′-OCH3), 63.2 (C-

6), 84.1 (C-5), 101.2 (OCH2O), 108.3 (C-5′), 109.7 (C-2′), 111.4 (C-5′′), 112.0 (C-2′′), 121.0 (C-6′′), 122.5 

(C-6′), 130.3 (C-1′′), 131.6 (C-1′), 146.6 (C-4′), 148.0 (C-4′′), 148.1 (C-3′), 149.3 (C-3′′), 177.7 (C-2). IR: 

νMAX (film)/cm-1; 3496 (broad), 2936, 2254, 1760, 1515, 1489, 1442, 1239, 1025, 909, 809, 766. HRMS 

(ESI+) Found (MNa+): 423.1427; C22H24NaO7 requires 423.1414. 

 

(3R*,4R*)-3,4-bis(3′,4′-Dimethoxybenzyl)-5-(hydroxymethyl)dihydrofuran-2(3H)-one 6.2aa 

 

Using general procedure B: Amide 6.27aa (0.29 g, 0.61 mmol), in tBuOH/H2O and a reaction time of 6 

days. The crude product was purified by flash chromatography (1:1 hexanes, ethyl acetate) to give the 

title compound 6.2aa (0.18 g, 70%) as a colourless oil. 

Rf = 0.32 (19:1 CH2Cl2, methanol). δH (400MHz; CDCl3) 2.39–2.44 (1H, m, 4-H), 2.53 (1H, dd, J = 13.7, 

7.3 Hz, 7′′-HA), 2.58 (1H, dd, J = 13.7, 6.5 Hz, 7′′-HB), 2.64 (1H, br s, 6-OH), 2.71 (1H, ddd, J = 9.3, 6.7, 

5.7 Hz, 3-H), 2.88 (1H, dd, J = 14.0, 6.7 Hz, 7′-HA), 2.94 (1H, dd, J = 14.0, 5.5 Hz, 7′-HB), 3.16 (1H, dd, 

J = 12.6, 4.9 Hz, 6-HA), 3.53 (1H, dd, J = 12.6, 2.4 Hz, 6-HB), 3.81, 3.83, 3.84 (12H, s, 3′, 4′, 3′′, 4′′-

OCH3), 4.15 (1H, ddd, J = 8.0, 4.9, 2.4 Hz, 5-H), 6.49 (1H, d, J = 1.9 Hz, 2′′-H), 6.57 (1H, dd, J = 8.1, 

1.9 Hz, 6′′-H), 6.66–6.68 (2H, m, 2′, 6′-H), 6.73–6.80 (2H, m, 5′, 5′′-H). δC (100 MHz; CDCl3) 35.0 (C-

7′), 38.5 (C-7′′), 41.6 (C-4), 47.5 (C-3), 55.8 (3′, 4′, 3′′, 4′′-OCH3), 62.9 (C-6), 84.0 (C-5), 111.2, 111.4 

(C-5′, 5′′), 112.1 (C-2′′), 112.6 (C-2′), 120.9 (C-6′′), 121.4 (C-6′), 130.4 (C-1′, 1′′), 147.9 (C-4′, 4′′), 149.0 

(C-3′, 3′′), 178.0 (C-2). IR: νMAX (film)/cm-1; 3505 (br), 2938, 1761, 1591, 1514, 1465, 1259, 1156, 1025, 

910, 808, 766, 647. HRMS (ESI+) Found (MH+): 417.1909; C23H29O7 requires 417.1908. 
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(3R*,4R*)-3-(3′,4′,5′-Trimethoxybenzyl)-4-(3′′,4′′-dimethoxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2ac 

 

Using general procedure B: Amide 6.27ac (0.45 g, 0.90 mmol) in tBuOH/H2O/THF and a reaction time 

of 3 days. The crude product was purified by column chromatography (1:1 hexanes, ethyl acetate) to 

give the title compound 6.2ac (0.17 g, 42%) as a pale yellow solid. 

Rf = 0.31 (19:1 CH2Cl2, methanol). Melting point: 141–142 °C. δH (400MHz; CDCl3) 1.68 (1H, t, J = 

6.5 Hz, 6-OH), 2.38–2.46 (1H, m, 4-H), 2.55 (1H, dd, J = 13.8, 8.2 Hz, 7′′-HA), 2.65 (1H, dd, J = 13.8, 

5.9 Hz, 7′′-HB), 2.72 (1H, ddd, J = 9.7, 6.3, 5.7 Hz, 3-H), 2.90 (1H, dd, J = 14.0, 6.3 Hz, 7′-HA), 2.95 (1H, 

dd, J = 14.0, 5.7 Hz, 7′-HB), 3.15 (1H, ddd, J = 12.4, 5.1, 5.4 Hz, 6-HA), 3.54 (1H, ddd, J = 12.4, 6.5, 2.5 

Hz, 6-HB), 3.82 (6H, s, 4′, 3′′-OCH3), 3.83 (6H, s, 3′-OCH3), 3.85 (3H, s, 4′′-OCH3), 4.20 (1H, ddd, J = 

8.2, 5.1, 2.5 Hz, 5-H), 6.38 (2H, s, 2′-H), 6.49 (1H, d, J = 2.0 Hz, 2′′-H), 6.58 (1H, dd, J = 8.1, 2.0 Hz, 

6′′-H), 6.76 (1H, d, J = 8.1 Hz, 5′′-H). δC (100 MHz; CDCl3) 35.7 (C-7′), 38.6 (C-7′′), 41.8 (C-4), 47.7 (C-

3), 56.0, 56.1 (3′′, 4′′-OCH3), 56.3 (3′-OCH3), 61.0 (4′-OCH3), 63.2 (C-6), 83.9 (C-5), 106.5 (C-2′), 111.5 

(C-5′′), 112.2 (C-2′′), 121.0 (C-6′′), 130.3 (C-1′′), 133.7 (C-1′), 137.2 (C-4′), 148.2 (C-4′′), 149.3 (C-3′′), 

153.5 (C-3′), 177.7 (C-2). IR: νMAX (film)/cm-1; 3527 (br), 2938, 1761, 1590, 1514, 1237, 1126, 1026, 

735. HRMS (ESI+) Found (MNa+): 469.1839; C24H30NaO8 requires 469.1833. 

 

(3R*,4R*)-3-(3′-Methoxy-4′-benzyloxybenzyl)-4-(3′′,4′′-dimethoxybenzyl)-5-(hydroxymethyl) 
dihydrofuran-2(3H)-one 6.2ad 

 

Using general procedure B: Amide 6.27ad (0.59 g, 1.1 mmol) in tBuOH/H2O and a reaction time of 7 

days. The crude product was purified by column chromatography (1:1 hexanes, ethyl acetate) to give 

the title compound 6.2ad (0.30 g, 56%) as a cloudy oil. 

Rf = 0.27 (19:1 CH2Cl2, methanol). δH (400MHz; CDCl3) 1.57 (1H, t, J = 6.5 Hz, 6-OH), 2.34–2.42 (1H, 

m, 4-H), 2.50 (1H, dd, J = 13.5, 8.0 Hz, 7′′-HA), 2.59 (1H, dd, J = 13.5, 6.0 Hz, 7′′-HB), 2.70 (1H, ddd, J 

= 9.7, 6.2, 5.6 Hz, 3-H), 2.90 (1H, dd, J = 14.1, 6.2 Hz, 7′-HA), 2.94 (1H, dd, J = 14.1, 5.6 Hz, 7′-HB), 

3.10 (1H, ddd, J = 12.5, 6.5, 5.2 Hz, 6-HA), 3.48 (1H, ddd, J = 12.5, 6.5, 2.7 Hz, 6-HB), 3.80 (3H, s, 3′′-
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OCH3), 3.86 (6H, s, 3′, 4′′-OCH3), 4.18 (1H, ddd, J = 8.3, 5.2, 2.7 Hz, 5-H), 5.12 (2H, s, 7′′′-H), 6.46 (1H, 

d, J = 2.0 Hz, 2′′-H), 6.56 (1H, dd, J = 8.0, 2.0 Hz, 6′′-H), 6.61 (1H, dd, J = 8.1, 2.0 Hz, 6′-H), 6.72 (1H, 

d, J = 2.0 Hz, 2′-H), 6.75 (1H, d, J = 8.0 Hz, 5′′-H), 6.79 (1H, d, J = 8.1 Hz, 5′-H), 7.25–7.30 (1H, m, 4′′′-

H), 7.31–7.36 (2H, m, 3′′′-H), 7.39–7.42 (2H, m, 2′′′-H). δC (100 MHz; CDCl3) 35.1 (C-7′), 38.6 (C-7′′), 

41.7 (C-4), 47.6 (C-3), 56.0 (3′′, 4′′-OCH3), 56.2 (3′-OCH3), 63.3 (C-6), 71.3 (C-7′′′), 84.0 (C-5), 111.5 

(C-5′′), 112.1 (C-2′′), 113.3 (C-2′), 114.3 (C-5′), 121.0 (C-6′′), 121.6 (C-6′), 127.4 (C-2′′′), 128.0 (C-4′′′), 

128.7 (C-3′′′), 130.3 (C-1′′), 131.1 (C-1′), 137.2 (C-1′′′), 147.2 (C-4′), 148.2 (C-4′′), 149.3 (C-3′′), 150.0 

(C-3′), 177.8 (C-2). IR: νMAX (film)/cm-1; 3523 (br), 2935, 1761, 1514, 1261, 1025, 911, 730. HRMS 

(ESI+) Found (MNa+): 515.2023; C29H32NaO7 requires 515.2040. 

 

(3R*,4R*,5S*)-4-(3′′,4′′-Dimethoxybenzyl)-3-(4′-hydroxy-3′-methoxybenzyl)-5-

(hydroxymethyl)dihydrofuran-2(3H)-one 6.2ae 

 

Using general procedure F: Benzyl ether 6.2ad (0.27 g, 0.55 mmol) to give the title compound 6.2ae 

(0.19 g, 88%) as a yellow solid. 

Rf = 0.43 (19:1 CH2Cl2, methanol). Melting point: 183–185 °C. δH (400MHz; CDCl3) 1.63 (1H, t, J = 

6.5 Hz, 6-OH), 2.34–2.43 (1H, m, 4-H), 2.53 (1H, dd, J = 13.8, 8.1 Hz, 7′′-HA), 2.62 (1H, dd, J = 13.8, 

6.1 Hz, 7′′-HB), 2.69 (1H, dt, J = 9.5, 6.0 Hz, 3-H), 2.92 (2H, d, J = 6.0 Hz, 7′-H), 3.13 (1H, ddd, J = 12.5, 

6.5, 5.3 Hz, 6-HA), 3.51 (1H, ddd, J = 12.5, 6.5, 2.5 Hz, 6-HB), 3.82 (3H, s, 3′-OCH3), 3.84 (3H, s, 3′′-

OCH3), 3.85 (3H, s, 4′′-OCH3), 4.19 (1H, ddd, J = 8.0, 5.3, 2.5 Hz, 5-H), 5.52 (1H, s, 4′-OH), 6.46 (1H, 

d, J = 2.0 Hz, 2′′-H), 6.57 (1H, dd, J = 8.1, 2.0 Hz, 6′′-H), 6.63 (1H, dd, J = 8.0, 1.9 Hz, 6′-H), 6.66 (1H, 

d, J = 1.9 Hz, 2′-H), 6.76 (1H, d, J = 8.1 Hz, 5′′-H), 6.83 (1H, d, J = 8.0 Hz, 5′-H). δC (100 MHz; CDCl3) 

35.1 (C-7′), 38.6 (C-7′′), 41.6 (C-4), 47.7 (C-3), 56.0, 56.1 (3′, 3′′, 4′′-OCH3), 63.4 (C-6), 84.1 (C-5), 111.5 

(C-5′′), 111.9 (C-2′), 112.1 (C-2′′), 114.4 (C-5′), 121.0 (C-6′′), 122.3 (C-6′), 129.7 (C-1′), 130.4 (C-1′′), 

144.7 (C-4′), 146.8 (C-3′), 148.2 (C-4′′), 149.3 (C-3′′), 177.8 (C-2). IR: νMAX (film)/cm-1; 3438 (br), 2937, 

1755, 1514, 1236, 1155, 1025, 907, 723. HRMS (ESI+) Found (MNa+): 425.1564; C22H26NaO7 requires 

425.1571. 
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(3R*,4R*)-3,4-bis(3′,4′-Methylenedioxybenzyl)-5-(hydroxymethyl)dihydrofuran-2(3H)-one 6.2bb 

 

Using general procedure B: Morpholine amide 6.27bb (0.322 g, 0.74 mmol) in tBuOH/H2O/THF and a 

reaction time of 5 days. The crude product was then purified by column chromatography (2:1 hexanes, 

ethyl acetate) to give the title compound 6.2bb (0.145 g, 51%) as a pale yellow oil. 

Rf = 0.59 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.72 (1H, br, 6-OH), 2.32–2.41 (1H, m, 4-

H), 2.47 (1H, dd, J = 13.7, 8.1 Hz, 7′′-HA), 2.56 (1H, dd, J = 13.7, 6.2 Hz, 7′′-HB), 2.65 (1H, ddd, J = 9.0, 

7.5, 5.3 Hz, 3-H), 2.85 (1H, dd, J = 14.0, 7.5 Hz, 7′-HA), 2.96 (1H, dd, J = 14.0, 5.3 Hz, 7′-HB), 3.15 (1H, 

dd, J = 12.6, 4.9 Hz, 6-HA), 3.54 (1H, dd, J = 12.6, 2.5 Hz, 6-HB), 4.18 (1H, ddd, J = 7.7, 4.9, 2.5 Hz, 5-

H), 5.93–5.95 (4H, m, 2 × OCH2O), 6.45–6.49 (2H, m, 2′′, 6′′-H), 6.60 (1H, dd, J = 7.8, 1.7 Hz,  6′-H), 

6.63 (1H, d, J = 1.7 Hz, 2′-H), 6.70 (1H, d, J = 7.8 Hz, 5′′-H), 6.73 (1H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; 

CDCl3) 35.4 (C-7′), 38.9 (C-7′′), 41.8 (C-4), 47.6 (C-3), 63.3 (C-6), 83.9 (C-5), 101.1, 101.2 (2 × OCH2O), 

108.4 (C-5′), 108.6 (C-5′′), 109.2 (C-2′′), 109.6 (C-2′), 121.9 (C-6′′), 122.4 (C-6′), 131.5 (C-1′, 1′′), 146.6 

(C-4′, 4′′), 148.0, 148.1 (C-3′, 3′′), 177.6 (C-2). IR: νMAX (film)/cm-1; 3432 (br), 2922, 1760, 1503, 1490, 

1444, 1247, 1038, 927, 811. HRMS (ESI+) Found (MH+): 385.1279; C21H21O7 requires 385.1282. 

 

(3R*,4R*)-3-(3′,4′-Dimethoxybenzyl)-4-(3′′,4′′-methylenedioxybenzyl)-5-(hydroxymethyl)dihydrofuran-

2(3H)-one 6.2ba 

 

Using general procedure B: Morpholine amide 6.27ba (0.336 g, 0.74 mmol) in tBuOH/H2O/THF and a 

reaction time of 4 days. The crude product was then purified by column chromatography (1:3 hexanes, 

ethyl acetate) to give the title compound 6.2ba (0.103 g, 34%) as a pale yellow oil. 

Rf = 0.48 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.68 (1H, t, J = 6.6 Hz, 6-OH), 2.33–2.42 

(1H, m, 4-H), 2.48 (1H, dd, J = 13.7, 7.9 Hz, 7′′-HA), 2.56 (1H, dd, J = 13.7, 6.3 Hz, 7′′-HB), 2.68 (1H, 

ddd, J = 9.3, 6.9, 5.4 Hz, 3-H), 2.89 (1H, dd, J = 14.0, 6.9 Hz, 7′-HA), 2.96 (1H, dd, J = 14.0, 5.4 Hz, 7′-

HB), 3.15 (1H, ddd, J = 12.5, 6.6, 5.2 Hz, 6-HA), 3.52 (1H, ddd, J = 12.5, 6.6, 2.6 Hz, 6-HB), 3.85 (3H, s, 

3′-OCH3), 3.86 (3H, s, 4′-OCH3), 4.18 (1H, ddd, J = 7.9, 5.2, 2.6 Hz, 5-H), 5.93 (1H, d, J = 1.4 Hz, 

OCHAO), 5.94 (1H, d, J = 1.4 Hz, OCHBO), 6.44 (1H, d, J = 1.6 Hz, 2′′-H), 6.47 (1H, dd, J = 7.8, 1.6 Hz, 



  Appendix Two 

171 
 

6′′-H), 6.67 (1H, d, J = 2.2 Hz, 2′-H), 6.68–6.72 (2H, m, 6′, 5′′-H), 6.79 (1H, d, J = 8.0 Hz, 5′-H). δC (100 

MHz; CDCl3) 35.2 (C-7′), 38.8 (C-7′′), 41.7 (C-4), 47.6 (C-3), 56.0 (3′, 4′-OCH3), 63.4 (C-6), 83.8 (C-5), 

101.3 (OCH2O), 108.5 (C-5′), 109.2 (C-2′′), 111.3 (C-5′′), 112.5 (C-2′), 121.6 (C-6′), 121.9 (C-6′′), 130.3 

(C-1′), 131.5 (C-1′′), 146.7 (C-4′′), 148.1 (C-4′, 3′′), 149.2 (C-3′), 177.7 (C-2). IR: νMAX (film)/cm-1; 3472 

(br), 2933, 1760, 1516, 1490, 1242, 1157, 1028, 925, 810, 730. HRMS (ESI+) Found (MNa+): 423.1423; 

C22H24NaO7 requires 423.1414. 

 

(3R*,4R*)-3-(3′,4′,5′-Trimethoxybenzyl)-4-(3′′,4′′-methylenedioxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2bc 

 

Using general procedure B: Morpholine amide 6.27bc (0.372 g, 0.77 mmol) in tBuOH/H2O/THF and a 

reaction time of 4 days. The crude product was then purified by column chromatography (1:3 hexanes, 

ethyl acetate) to give the title compound 6.2bc (0.084 g, 25%) as a pale yellow oil. 

Rf = 0.38 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.69 (1H, t, J = 6.6 Hz, 6-OH), 2.36–2.45 

(1H, m, 4-H), 2.53 (1H, dd, J = 13.8, 7.6 Hz, 7′′-HA), 2.59 (1H, dd, J = 13.8, 6.8 Hz, 7′′-HB), 2.70 (1H, 

ddd, J = 9.5, 6.7, 5.4 Hz, 3-H), 2.87 (1H, dd, J = 14.0, 6.7 Hz, 7′-HA), 2.93 (1H, dd, J = 14.0, 5.4 Hz, 7′-

HB), 3.22 (1H, ddd, J = 12.7, 6.6, 5.0 Hz, 6-HA), 3.58 (1H, ddd, J = 12.7, 6.6, 2.5 Hz, 6-HB), 3.82 (3H, s, 

4′-OCH3), 3.84 (6H, s, 3′-OCH3), 3.85 (3H, s, 4′′-OCH3), 4.19 (1H, ddd, J = 7.9, 5.0, 2.5 Hz, 5-H), 5.94 

(1H, d, J = 1.4 Hz, OCHAO), 5.94 (1H, d, J = 1.4 Hz, OCHBO), 6.37 (2H, s, 2′-H), 6.46 (1H, d, J = 1.8 

Hz, 2′′-H), 6.48 (1H, dd, J = 7.9, 1.8 Hz, 6′′-H), 6.70 (1H, d, J = 7.9 Hz, 5′′-H). δC (100 MHz; CDCl3) 36.0 

(C-7′), 38.8 (C-7′′), 41.9 (C-4), 47.6 (C-3), 56.3 (3′-OCH3), 61.1 (4′-OCH3), 63.3 (C-6), 83.8 (C-5), 101.3 

(OCH2O), 106.5 (C-2′), 108.5 (C-5′′), 109.2 (C-2′′), 121.9 (C-6′′), 131.4 (C-1′′), 133.6 (C-1′), 137.1 (C-

4′), 146.7 (C-4′′), 148.2 (C-3′′), 153.5 (C-3′), 177.7 (C-2). IR: νMAX (film)/cm-1; 3475 (br), 2941, 1760, 

1591, 1490, 1445, 1244, 1127, 1036, 926. HRMS (ESI+) Found (MNa+): 453.1519; C23H26NaO8 requires 

453.1520. 

 

  



  Appendix Two 

172 
 

(3R*,4R*)-3-(3′-Methoxy-4′-benzyloxybenzyl)-4-(3′′,4′′-methylenedioxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2bd 

 

Using general procedure B: Morpholine amide 6.27bd (0.405 g, 0.77 mmol) in tBuOH/H2O/THF and a 

reaction time of 5 days. The crude product was then purified by column chromatography (1:3 hexanes, 

ethyl acetate) to give the title compound 6.2bd (0.205 g, 56%) as a pale yellow oil. 

Rf = 0.58 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.64 (1H, t, J = 6.6 Hz, 6-OH), 2.31–2.40 

(1H, m, 4-H), 2.46 (1H, dd, J = 13.7, 7.9 Hz, 7′′-HA), 2.53 (1H, dd, J = 13.7, 6.3 Hz, 7′′-HB), 2.67 (1H, 

ddd, J = 9.2, 7.2, 5.3 Hz, 3-H), 2.87 (1H, dd, J = 14.0, 7.2 Hz, 7′-HA), 2.95 (1H, dd, J = 14.0, 5.3 Hz, 7′-

HB), 3.13 (1H, ddd, J = 12.6, 6.6, 5.1 Hz, 6-HA), 3.48 (1H, ddd, J = 12.6, 6.6, 2.6 Hz, 6-HB), 3.86 (3H, s, 

3′-OCH3), 4.17 (1H, ddd, J = 7.8, 5.1, 2.6 Hz, 5-H), 5.13 (2H, s, 7′′′-H), 5.93 (1H, d, J = 1.4 Hz, OCHAO), 

5.94 (1H, d, J = 1.4 Hz, OCHBO), 6.43 (1H, d, J = 1.6 Hz, 2′′-H), 6.45 (1H, dd, J = 7.9, 1.6 Hz, 6′′-H), 

6.64 (1H, dd, J = 8.2, 2.0 Hz, 6′-H), 6.68–6.70 (2H, m, 2′, 5′′-H), 6.81 (1H, d, J = 8.2 Hz, 5′-H), 7.27–

7.30 (1H, m, 4′′′-H), 7.32–7.36 (2H, m, 3′′′-H), 7.40–7.44 (2H, m, 2′′′-H). δC (100 MHz; CDCl3) 35.3 (C-

7′), 38.8 (C-7′′), 41.8 (C-4), 47.6 (C-3), 56.1 (3′-OCH3), 63.4 (C-6), 71.3 (C-7′′′), 83.8 (C-5), 101.3 

(OCH2O), 108.5 (C-5′′), 109.2 (C-2′′), 113.0 (C-2′), 114.4 (C-5′), 121.5 (C-6′), 121.9 (C-6′′), 127.5 (C-

2′′′), 128.0 (C-4′′′), 128.7 (C-3′′′), 131.0 (C-1′), 131.5 (C-1′′), 137.3 (C-1′′′), 146.7 (C-4′′), 147.2 (C-4′), 

148.1 (C-3′′), 150.0 (C-3′), 177.7 (C-2). IR: νMAX (film)/cm-1; 3471 (br), 2940, 1743, 1504, 1490, 1366, 

1230, 1036, 926, 735. HRMS (ESI+) Found (MNa+): 499.1729; C28H28NaO7 requires 499.1727. 

 

(3R*,4R*,5S*)-4-(3′′,4′′-Methylenedioxybenzyl)-3-(4′-hydroxy-3′-methoxybenzyl)-5-

(hydroxymethyl)dihydrofuran-2(3H)-one 6.2be 

 

Using general procedure F: Benzyl ether 6.2bd (0.02 g, 0.04 mmol) and a reaction time of 1 h. The 

crude product was then purified by column chromatography (1:3 hexanes, ethyl acetate) to give the title 

compound 6.2be (0.017 g, quant.) as a colourless oil. 
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Rf = 0.52 (1:3 hexanes, ethyl acetate). δH (400MHz; CDCl3) 1.74 (1H, br, 6-OH), 2.33–2.42 (1H, m, 4-

H), 2.48 (1H, dd, J = 13.7, 8.0 Hz, 7′′-HA), 2.57 (1H, dd, J = 13.7, 6.2 Hz, 7′′-HB), 2.67 (1H, ddd, J = 9.4, 

6.9, 5.5 Hz, 3-H), 2.88 (1H, dd, J = 14.0, 6.9 Hz, 7′-HA), 2.94 (1H, dd, J = 14.0, 5.5 Hz, 7′-HB), 3.15 (1H, 

br d, J = 12.6 Hz, 6-HA), 3.52 (1H, br d, J = 12.6 Hz, 6-HB), 3.86 (3H, s, 3′-OCH3), 4.18 (1H, ddd, J = 

8.0, 5.0, 2.5 Hz, 5-H), 5.54 (1H, s, 4′-OH), 5.93 (1H, d, J = 1.4 Hz, OCHAO), 5.94 (1H, d, J = 1.4 Hz, 

OCHBO), 6.45 (1H, d, J = 1.9 Hz, 2′′-H), 6.47 (1H, dd, J = 7.7, 1.9 Hz, 6′′-H), 6.63 (1H, dd, J = 8.0, 1.9 

Hz, 6′-H), 6.67 (1H, d, J = 1.9 Hz, 2′-H), 6.70 (1H, d, J = 7.7 Hz, 5′′-H), 6.84 (1H, d, J = 8.0 Hz, 5′-H). δC 

(100 MHz; CDCl3) 35.3 (C-7′), 38.8 (C-7′′), 41.7 (C-4), 47.7 (C-3), 56.1 (3′-OCH3), 63.4 (C-6), 83.9 (C-

5), 101.3 (OCH2O), 108.6 (C-5′′), 109.2 (C-2′′), 111.8 (C-2′), 114.5 (C-5′), 121.9 (C-6′′), 122.3 (C-6′), 

129.6 (C-1′), 131.5 (C-1′′), 144.7 (C-4′), 146.7 (C-3′), 146.8 (C-4′′), 148.1 (C-3′′), 177.8 (C-2). IR: νMAX 

(film)/cm-1; 3449 (br), 2933, 1754, 1516, 1490, 1246, 1036, 926, 812. HRMS (ESI+) Found (MNa+): 

409.1246; C21H22NaO7 requires 409.1258. 

 

(±)-Bursehernin 6.1ab 

 

Using general procedure C: Lactone 6.2ab (0.114 g, 0.28 mmol) and a reaction time of 30 min to give 

triol 6.29ab (0.111 g, 97%) as a cloudy oil. 

Using general procedure D: Triol 6.29ab (0.111 g, 0.27 mmol) and a reaction time of 1 hour to give 

lactol 6.30ab (0.093 g, 91%) which was used without further purification. 

Using general procedure E: Lactol 6.30ab (0.093 g, 0.25 mmol) and a reaction time of 2 h. The crude 

product was purified by column chromatography (1:1, hexanes, ethyl acetate) to give the title compound 

6.1ab (0.06 g, 65%) as a pale yellow oil. 

Rf = 0.66 (19:1, CH2Cl2, methanol). δH (400MHz; CDCl3) 2.41–2.62 (4H, m, 8, 7′, 8′-H), 2.88 (1H, dd, 

J = 14.0, 6.9 Hz, 7-HA), 2.96 (1H, dd, J = 14.0, 5.1 Hz, 7-HB), 3.82 (3H, s, 3-OCH3), 3.83–3.86 (4H, m, 

4-OCH3, 9′-HA), 4.10 (1H, dd, J = 9.1, 6.9 Hz, 9′-HB), 5.91 (1H, d, J = 1.4 Hz, OCHAO), 5.92 (1H, d, J = 

1.4 Hz, OCHBO), 6.42 (1H, d, J = 1.5 Hz, 2′-H), 6.44 (1H, dd, J = 7.9, 1.5 Hz, 6′-H), 6.66 (1H, d, J = 1.9 

Hz, 2-H), 6.67–6.70 (2H, m, 6, 5′-H), 6.78 (1H, d, J = 8.0 Hz, 5-H). δC (100 MHz; CDCl3) 34.7 (C-7), 

38.4 (C-7′), 41.2 (C-8′), 46.6 (C-8), 55.9 (3, 4-OCH3), 71.2 (C-9′), 101.1 (OCH2O), 108.4 (C-5′), 108.8 

(C-2′), 111.2 (C-5), 112.3 (C-2), 121.4 (C-6), 121.6 (C-6′), 130.2 (C-1), 131.7 (C-1′), 146.4 (C-4′), 148.0 

(C-3′), 148.1 (C-4), 149.2 (C-3), 178.7 (C-9). IR: νMAX (film)/cm-1; 2907, 1764, 1514, 1489, 1442, 1240, 

1025, 923, 808, 730. HRMS (ESI+) Found (MNa+): 393.1317; C21H22NaO6 requires 393.1309. 
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(±)-Arcitin 6.1aa 

 

Using general procedure C: Lactone 6.2aa (0.16 g, 0.39 mmol) and a reaction time of 2 h to give triol 

6.29aa (0.17 g, quant.) as a colourless oil. 

Using general procedure D: Triol 6.29aa (0.16 g, 0.37 mmol) and a reaction time of 2.5 h to give lactol 

6.30aa (0.14 g, 97%) which was used without further purification. 

Using general procedure E: Lactol 6.30aa (0.054 g, 0.14 mmol) and a reaction time of 3 h. The crude 

product was purified by column chromatography (1:1, hexanes, ethyl acetate) to give the title compound 

6.1aa (0.05 g, 88%) as a pale yellow amorphous solid. 

Rf = 0.45 (19:1, CH2Cl2, methanol). Melting point: 114–116 °C [lit.6,218 113 °C]. δH (400MHz; CDCl3) 

2.45–2.68 (4H, m, 8, 7′, 8′-H), 2.92 (1H, dd, J = 14.3, 6.8 Hz, 7-HA), 2.97 (1H, dd, J = 14.3, 5.5 Hz, 7-

HB), 3.82 (3H, s, 3′-OCH3), 3.83 (3H, s, 3-OCH3), 3.85–3.90 (7H, m, 4, 4′-OCH3, 9′-HA), 4.13 (1H, t, J = 

7.0 Hz, 9′-HB), 6.49 (1H, d, J = 1.9 Hz, 2′-H), 6.55 (1H, dd, J = 8.1, 1.9 Hz, 6′-H), 6.66 (1H, dd, J = 8.1, 

1.9 Hz, 6-H), 6.69 (1H, d, J = 1.9 Hz, 2-H), 6.75 (1H, d, J = 8.1 Hz, 5-H), 6.77 (1H, d, J = 8.1 Hz, 5′-H). 

δC (100 MHz; CDCl3) 34.5 (C-7), 38.2 (C-7′), 41.1 (C-8′), 46.6 (C-8), 55.8, 55.9 (3, 4, 3′, 4′-OCH3), 71.2 

(C-9′), 111.1 (C-5), 111.4 (C-5′), 111.9 (C-2′), 112.4 (C-2), 120.6 (C-6′), 121.4 (C-6), 130.2 (C-1), 130.5 

(C-1′), 147.9 (C-4′), 148.0 (C-4), 149.1 (C-3, 3′), 178.7 (C-9). IR: νMAX (film)/cm-1; 2956, 1753, 1588, 

1513, 1257, 1236, 1153, 1137, 1019, 825, 764. HRMS (ESI+) Found (MH+): 387.1806; C22H27O6 

requires 387.1802. 

 

(±)-4-O-Methyl traxillagenin 6.1ac 

 

Using general procedure C: Lactone 6.2ac (0.119 g, 0.27 mmol) and a reaction time of 45 min to give 

triol 6.29ac (0.11 g, 90%) as a cloudy oil. 

Using general procedure D: Triol 6.29ac (0.11 g, 0.24 mmol) and a reaction time of 15 min. The crude 

product was purified by column chromatography (1:2 hexanes, ethyl acetate) to give lactol 6.30ac (0.06 

g, 60%) as a colourless oil. 
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Using general procedure E: Lactol 6.30ac (0.06 g, 0.15 mmol) and a reaction time of 3 h. The crude 

product purified by column chromatography (1:1, hexanes, ethyl acetate) to give the title compound 

6.1ac (0.044 g, 73%) as a white solid. 

Rf = 0.61 (19:1, CH2Cl2, methanol). Melting point: 126 °C. δH (400MHz; CDCl3) 2.44–2.66 (4H, m, 8, 

7′, 8′-H), 2.91 (1H, dd, J = 14.1, 6.6 Hz, 7-HA), 2.98 (1H, dd, J = 14.1, 5.4 Hz, 7-HB), 3.79 (6H, s, 3′-

OCH3), 3.80 (6H, s, 4′-OCH3), 3.83 (3H, s, 3-OCH3), 3.84 (3H, s, 4-OCH3), 3.87 (1H, dd, J = 9.2, 7.3 

Hz, 9′-HA), 4.14 (1H, dd, J = 9.2, 7.0 Hz, 9′-HB), 6.19 (2H, s, 2′-H), 6.63 (1H, dd, J = 8.0, 2.0 Hz, 6-H), 

6.70 (1H, d, J = 2.0 Hz, 2-H), 6.75 (1H, d, J = 8.0 Hz, 5-H). δC (100 MHz; CDCl3) 34.6 (C-7), 39.0 (C-

7′), 41.2 (C-8′), 46.7 (C-8), 56.0 (3, 4-OCH3), 56.2 (3′-OCH3), 60.9 (4′-OCH3), 71.3 (C-9′), 105.7 (C-2′), 

111.2 (C-5), 112.6 (C-2), 121.4 (C-6), 130.3 (C-1), 133.8 (C-1′), 137.0 (C-4′), 148.1 (C-4), 149.2 (C-3), 

153.5 (C-3′), 178.7 (C-9). IR: νMAX (film)/cm-1; 2938, 1764, 1590, 1509, 1460, 1237, 1123, 1014, 731. 

HRMS (ESI+) Found (MNa+): 439.1716; C23H28NaO7 requires 439.1727. 

 

(±)-4′-O-Benzyl buplerol 6.1ad 

 

Using general procedure C: Lactone 6.2ad (0.505 g, 1.02 mmol) and a reaction time of 3 h to give the 

triol 6.29ad (0.472 g, 93%) as a cloudy oil. 

Using general procedure D: Triol 6.29ad (0.472 g, 0.95 mmol) and a reaction time of 30 minutes to give 

lactol 6.30ad (0.416 g, 94%) as a white solid which was used without further purification. 

Using general procedure E: Lactol 6.30ad (0.416 g, 0.90 mmol) and a reaction time of 1.5 h. The crude 

product was purified by column chromatography (1:1, hexanes, ethyl acetate) to give the title compound 

6.1ad (0.374 g, 90%) as a pale yellow oil. 

Rf = 0.52 (1:1, hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.42–2.66 (4H, m, 8, 7′, 8′-H), 2.91 (1H, 

dd, J = 14.1, 6.2 Hz, 7-HA), 2.95 (1H, dd, J = 14.1, 5.7 Hz, 7-HB), 3.827, 3.829 (6H, 2 × s, 3, 3′-OCH3), 

3.85 (3H, s, 4-OCH3), 3.83–3.88 (1H, m, 9′-HA), 4.11 (1H, dd, J = 8.7, 7.0 Hz, 9′-HB), 5.12 (2H, s, Ph-

CH2), 6.48 (1H, dd, J = 8.0, 2.0 Hz, 6′-H), 6.51 (1H, d, J = 2.0 Hz, 2′-H), 6.64 (1H, dd, J = 8.2, 2.0 Hz, 

6-H), 6.68 (1H, d, J = 2.0 Hz, 2-H), 6.76 (1H, d, J = 8.2 Hz, 5-H), 6.77 (1H, d, J = 8.0 Hz, 5′-H), 7.27–

7.32 (1H, m, Ph-p-H), 7.33–7.38 (2H, m, Ph-m-H), 7.40–7.44 (2H, m, Ph-o-H). δC (100 MHz; CDCl3) 

34.6 (C-7), 38.3 (C-7′), 41.2 (C-8′), 46.7 (C-8), 56.0 (3, 3′-OCH3), 56.1 (4-OCH3), 71.3, 71.4 (C-9′, Ph-

CH2), 111.3 (C-5), 112.5 (C-2), 112.6 (C-5′), 114.5 (C-5′), 120.7 (C-6′), 121.5 (C-6), 127.4 (Ph-o-C), 

128.0 (Ph-p-C), 128.7 (Ph-m-C), 130.3 (C-1), 131.3 (C-1′), 137.3 (Ph-i-C), 147.2 (C-4′), 148.1 (C-4), 
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149.2 (C-3), 149.9 (C-3′), 178.8 (C-9). IR: νMAX (film)/cm-1; 2935, 1763, 1512, 1260, 1233, 1140, 1014, 

736, 697. HRMS (ESI+) Found (MNa+): 485.1934; C28H30NaO6 requires 485.1935. 

 

(±)-Buplerol 6.1ae 

 

Using general procedure F: Lactone 6.1ad (0.336 g, 0.73 mmol) and a reaction time of 3.5 h to give the 

title compound 6.1ae (0.271 g, quant.) as a white solid. 

Rf = 0.33 (1:1, hexanes, ethyl acetate). Melting point: 101–103 °C. δH (400MHz; CDCl3) 2.42–2.66 

(4H, m, 8, 7′, 8′-H), 2.90 (1H, dd, J = 14.1, 6.8 Hz, 7-HA), 2.97 (1H, dd, J = 14.1, 5.3 Hz, 7-HB), 3.81 

(3H, s, 3-OCH3), 3.83 (3H, s, 3′-OCH3), 3.86 (4H, m, 4-OCH3), 3.87 (1H, dd, J = 8.9, 7.1 Hz, 9′-HA), 4.13 

(1H, dd, J = 9.3, 7.1 Hz, 9′-HB), 5.51 (1H, s, 4′-OH), 6.43 (1H, d, J = 1.9 Hz, 2′-H), 6.52 (1H, dd, J = 8.0, 

1.9 Hz, 6′-H), 6.64–6.67 (2H, m, 2, 6-H), 6.77 (1H, d, J = 8.6 Hz, 5-H), 6.80 (1H, d, J = 8.0 Hz, 5′-H). δC 

(100 MHz; CDCl3) 34.7 (C-7), 38.5 (C-7′), 41.3 (C-8′), 46.7 (C-8), 55.9, 56.0 (3, 3′, 4-OCH3), 71.4 (C-

9′), 111.1, 111.2 (C-5, 5′), 112.5 (C-2), 114.6 (C-2′), 121.5 (C-6, 6′), 129.9 (C-1′), 130.4 (C-1), 144.6 (C-

4′), 146.7 (C-3′), 148.1 (C-4), 149.2 (C-3), 178.9 (C-9). IR: νMAX (film)/cm-1; 3417, 2938, 1760, 1513, 

1236, 1148, 1023, 812, 795. HRMS (ESI+) Found (MNa+): 395.1462; C21H24NaO6 requires 395.1465. 

 

(±)-Hinokinin 6.1bb 

 

Using general procedure C: Lactone 6.2bb (0.12 g, 0.31 mmol) and a reaction time of 30 minutes to 

give the triol 6.29bb (0.12 g, quant.) as a cloudy oil. 

Using general procedure D: Triol 6.29bb (0.121 g, 0.31 mmol) and a reaction time of 10 min to give 

lactol 6.30bb (0.096 g, 86%) which was used without further purification. 

Using general procedure E: Lactol 6.30bb (0.089 g, 0.25 mmol) and a reaction time of 1 h. The crude 

product was purified by column chromatography (1:1, hexanes, ethyl acetate) to give the title compound 

6.1bb (0.08 g, 90%) as a pale yellow oil. 
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Rf = 0.73 (1:1, hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.41–2.62 (4H, m, 8, 7′, 8′-H), 2.83 (1H, 

dd, J = 14.1, 7.2 Hz, 7-HA), 2.98 (1H, dd, J = 14.1, 5.0 Hz, 7-HB), 3.85 (1H, dd, J = 9.2, 7.1 Hz, 9′-HA), 

4.12 (1H, dd, J = 9.2, 6.9 Hz, 9′-HB), 5.91–5.94 (4H, m, 2 × OCH2O), 6.44–6.47 (2H, m, 2′, 6′-H), 6.59 

(1H, dd, J = 7.9, 1.8 Hz, 6-H), 6.62 (1H, d, J = 1.8 Hz, 2-H), 6.69 (1H, d, J = 8.4 Hz,  5′-H), 6.72 (1H, d, 

J = 7.9 Hz, 5-H). δC (100 MHz; CDCl3) 34.9 (C-7), 38.4 (C-7′), 41.4 (C-8′), 46.6 (C-8), 71.2 (C-9′), 101.1 

(2 × OCH2O), 108.4 (C-5, 5′), 108.9 (C-2′), 109.5 (C-2), 121.6 (C-6′), 122.3 (C-6), 131.5 (C-1), 131.7 

(C-1′), 146.4 (C-4), 146.6 (C-4′), 148.0 (C-3, 3′), 178.5 (C-9). IR: νMAX (film)/cm-1; 2901, 1764, 1488, 

1441, 1242, 1015, 924, 808, 728. HRMS (ESI+) Found (MNa+): 377.0986; C20H18NaO6 requires 

377.0996. 

 

(±)-Kusunokinin 6.1ba 

 

Using general procedure C: Lactone 6.2ba (0.082 g, 0.20 mmol) and a reaction time of 1 h to give the 

triol 6.29ba (0.083 g, quant.) as a cloudy oil. 

Using general procedure D: Triol 6.29ba (0.083 g, 0.20 mmol) and a reaction time of 15 min to give 

lactol 6.30ba (0.064 g, 84%) which was used without further purification. 

Using general procedure E: Lactol 6.30ba (0.056 g, 0.15 mmol) and a reaction time of 1 h. The crude 

product was purified by column chromatography (2:1, hexanes, ethyl acetate) to give the title compound 

6.1ba (0.051 g, 91%) as a colourless oil. 

Rf = 0.48 (1:1, hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.44–2.65 (4H, m, 8, 7′, 8′-H), 2.84 (1H, 

dd, J = 14.1, 7.0 Hz, 7-HA), 2.95 (1H, dd, J = 14.1, 5.1 Hz, 7-HB), 3.82 (3H, s, 3′-OCH3), 3.85 (3H, s, 4′-

OCH3), 3.87 (1H, dd, J = 9.2, 7.2 Hz, 9′-HA), 4.14 (1H, dd, J = 9.2, 7.0 Hz, 9′-HB), 5.92 (1H, d, J = 1.4 

Hz, OCHAO), 5.93 (1H, d, J = 1.4 Hz, OCHBO), 6.48 (1H, d, J = 2.0 Hz, 2′-H), 6.55–6.60 (3H, m, 2, 6, 

6′-H), 6.71 (1H, d, J = 7.7 Hz, 5-H), 6.76 (1H, d, J = 8.2 Hz, 5′-H). δC (100 MHz; CDCl3) 34.9 (C-7), 38.4 

(C-7′), 41.3 (C-8′), 46.6 (C-8), 55.9 (3′-OCH3), 56.0 (4′-OCH3), 71.4 (C-9′), 101.1 (OCH2O), 108.3 (C-5), 

109.6 (C-2), 111.4 (C-5′), 111.8 (C-2′), 120.8 (C-6′), 122.4 (C-6), 130.6 (C-1′), 131.5 (C-1), 146.6 (C-4), 

148.0 (C-3, 4′), 149.2 (C-3′), 178.6 (C-9). IR: νMAX (film)/cm-1; 2908, 1764, 1515, 1489, 1442, 1242, 

1024, 912, 809, 729. HRMS (ESI+) Found (MNa+): 393.1301; C21H22NaO6 requires 393.1309. 
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(±)-Isoyatein 6.1bc 

 

Using general procedure C: Lactone 6.2bc (0.076 g, 0.18 mmol) and a reaction time of 1 h to give the 

triol 6.29bc (0.077 g, >99%) as a cloudy oil. 

Using general procedure D: Triol 6.29bc (0.077 g, 0.18 mmol) and a reaction time of 1 hour to give 

lactol 6.30bc (0.057 g, 80%) which was used without further purification. 

Using general procedure E: Lactol 6.30bc (0.05 g, 0.12 mmol) and a reaction time of 3 h. The crude 

product was purified by column chromatography (1:1, hexanes, ethyl acetate) to give the title compound 

6.1bc (0.008 g, 16%) as a pale yellow oil. 

Rf = 0.55 (1:1, hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.46–2.64 (4H, m, 8, 7′, 8′-H), 2.86 (1H, 

dd, J = 14.1, 7.0 Hz, 7-HA), 2.98 (1H, dd, J = 14.1, 5.1 Hz, 7-HB), 3.81 (6H, s, 3′-OCH3), 3.82 (3H, s, 4′-

OCH3), 3.89 (1H, dd, J = 9.2, 7.0 Hz, 9′-HA), 4.19 (1H, dd, J = 9.2, 6.8 Hz, 9′-HB), 5.93 (1H, d, J = 1.5 

Hz, OCHAO), 5.94 (1H, d, J = 1.5 Hz, OCHBO), 6.20 (2H, s, 2′-H), 6.58 (1H, dd, J = 7.9, 1.8 Hz, 6-H), 

6.61 (1H, d, J = 1.8 Hz, 2-H), 6.71 (1H, d, J = 7.9 Hz, 5-H). δC (100 MHz; CDCl3) 34.9 (C-7), 39.2 (C-

7′), 41.4 (C-8′), 46.6 (C-8), 56.2 (3′-OCH3), 61.0 (4′-OCH3), 71.4 (C-9′), 101.2 (OCH2O), 105.7 (C-2′), 

108.3 (C-5), 109.6 (C-2), 122.4 (C-6), 131.5 (C-1), 133.8 (C-1′), 137.0 (C-4′), 146.7 (C-4), 148.1 (C-3), 

153.5 (C-3′), 178.5 (C-9). IR: νMAX (film)/cm-1; 2938, 1763, 1590, 1489, 1443, 1241, 1122, 1011, 927, 

813, 732. HRMS (ESI+) Found (MNa+): 423.1400; C22H24NaO7 requires 423.1414. 

 

(±)-4′-O-Benzyl haplomyrfolin 6.1bd 

 

Using general procedure C: Lactone 6.2bd (0.18 g, 0.38 mmol) and a reaction time of 20 min to give 

the triol 6.29bd (0.18 g, quant.) as a cloudy oil. 

Using general procedure D: Triol 6.29bd (0.18 g, 0.38 mmol) and a reaction time of 20 min to give lactol 

6.30bd (0.13 g, 76%) as a white solid which was used without further purification. 
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Using general procedure E: Lactol 6.30bd (0.13 g, 0.28 mmol) and a reaction time of 2 h. The crude 

product was purified by column chromatography (3:1, hexanes, ethyl acetate) to give the title compound 

6.1bd (0.12 g, 94%) as a colourless oil. 

Rf = 0.65 (1:1, hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.43–2.64 (4H, m, 8, 7′, 8′-H), 2.84 (1H, 

dd, J = 14.1, 7.0 Hz, 7-HA), 2.94 (1H, dd, J = 14.1, 5.1 Hz, 7-HB), 3.83 (3H, s, 3′-OCH3), 3.87 (1H, dd, J 

= 9.1, 7.2 Hz, 9′-HA), 4.14 (1H, dd, J = 9.1, 7.0 Hz, 9′-HB), 5.12 (2H, s, 7′′-H), 5.91 (1H, d, J = 1.4 Hz, 

OCHAO), 5.93 (1H, d, J = 1.4 Hz, OCHBO), 6.49–6.52 (2H, m, 2′, 6′-H), 6.57 (1H, dd, J = 7.9, 1.8 Hz, 6-

H), 6.59 (1H, d, J = 1.8 Hz, 2-H), 6.70 (1H, d, J = 7.9 Hz, 5-H), 6.78 (1H, d, J = 8.5 Hz, 5′-H), 7.27–7.32 

(1H, m, 4′′-H), 7.33–7.38 (2H, m, 3′′-H), 7.41–7.45 (2H, m, 2′′-H). δC (100 MHz; CDCl3) 34.8 (C-7), 38.4 

(C-7′), 41.3 (C-8′), 46.5 (C-8), 56.0 (3′-OCH3), 71.2 (C-7′′), 71.3 (C-9′), 101.1 (OCH2O), 108.3 (C-5), 

109.6 (C-2), 112.4 (C-2′), 114.4 (C-5′), 120.7 (C-6′), 122.4 (C-6), 127.4 (C-2′′), 128.0 (C-4′′), 128.6 (C-

3′′), 131.2 (C-1), 131.5 (C-1′), 137.2 (C-1′′), 146.6 (C-4), 147.1 (C-4′), 148.0 (C-3), 149.9 (C-3′), 178.6 

(C-9). IR: νMAX (film)/cm-1; 2907, 1765, 1504, 1489, 1443, 1244, 1140, 1034, 911, 809, 730. HRMS 

(ESI+) Found (MNa+): 469.1612; C27H26NaO6 requires 469.1622. 

 

(±)-Haplomyrfolin 6.1be 

 

Using general procedure F: Lactone 6.1bd (0.119 g, 0.27 mmol) and a reaction time of 1.5 h. The crude 

product was purified by column chromatography (1:1 hexanes, ethyl acetate) to give the title compound 

6.1be (0.086 g, 91%) as a colourless oil. 

Rf = 0.47 (1:1 hexanes, ethyl acetate). δH (400MHz; CDCl3) 2.43–2.63 (4H, m, 8, 7′, 8′-H), 2.84 (1H, dd, 

J = 14.1, 7.0 Hz, 7-HA), 2.95 (1H, dd, J = 14.1, 5.2 Hz, 7-HB), 3.83 (3H, s, 3′-OCH3), 3.86 (1H, dd, J = 

9.1, 7.2 Hz, 9′-HA), 4.13 (1H, dd, J = 9.1, 7.0 Hz, 9′-HB), 5.63 (1H, s, 4′-OH), 5.91 (1H, d, J = 1.4 Hz, 

OCHAO), 5.92 (1H, d, J = 1.4 Hz, OCHBO), 6.46 (1H, d, J = 1.9 Hz, 2′-H), 6.51 (1H, dd, J = 8.0, 1.9 Hz, 

6′-H), 6.58 (1H, dd, J = 7.8, 1.7 Hz, 6-H), 6.60 (1H, d, J = 1.7 Hz, 2-H), 6.70 (1H, d, J = 7.8 Hz, 5-H), 

6.80 (1H, d, J = 8.0 Hz, 5′-H). δC (100 MHz; CDCl3) 34.8 (C-7), 38.3 (C-7′), 41.4 (C-8′), 46.5 (C-8), 55.9 

(3′-OCH3), 71.3 (C-9′), 101.1 (OCH2O), 108.3 (C-5), 109.6 (C-2), 111.2 (C-2′), 114.6 (C-5′), 121.4 (C-

6′), 122.4 (C-6), 129.9 (C-1′), 131.5 (C-1), 144.5 (C-4′), 146.5 (C-4), 146.7 (C-3′), 147.9 (C-3), 178.7 (C-

9). IR: νMAX (film)/cm-1; 3468, 2921, 1762, 1515, 1489, 1443, 1243, 1035, 907, 725. HRMS (ESI+) Found 

(MNa+): 379.1151; C20H20NaO6 requires 379.1152.  
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(E)-Ethyl 4-(3′,4′-dimethoxyphenyl)but-2-enoate 6.8 
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(E)-4-(3′,4′-Dimethoxyphenyl)but-2-en-1-ol 6.10 
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(E)-4-(4-(3′,4′-Dimethoxyphenyl)but-2-en-1-yl)morpholine 6.5a 
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(E)-Ethyl 4-(3′,4′-methylenedioxyphenyl)but-2-enoate 6.9 
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(E)-4-(3′,4′-Methylenedioxyphenyl)but-2-en-1-ol 6.11 
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(E)-4-(4-(3′,4′-Methylenedioxyphenyl)but-2-en-1-yl)morpholine 6.5b 
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3-(3′,4′,5′-Trimethoxyphenyl)propionic acid 6.23 
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3-(3′,4′-Methylenedioxyphenyl)propionic acid 6.22 
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3-(3′-Methoxy-4′-benzyloxyphenyl)propionic acid 6.24 
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(2R*,3S*)-2-(3′,4′-Methylenedioxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 

6.27ab 
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(2R*,3S*)-2-(3′,4′,5′-Trimethoxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 

6.27ac 
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(2R*,3S*)-2-(3′,4′-Dimethoxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 6.27aa 
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(2R*,3S*)-2-(3′-Methoxy-4′-benzyloxybenzyl)-3-(3′′,4′′-dimethoxybenzyl)-1-morpholino-pent-4-en-1-

one 6.27ad 
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(2R*,3S*)-2-(3′,4′-Dimethoxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-1-one 

6.27ba 
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(2R*,3S*)-2-(3′,4′-Methylenedioxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-1-

one 6.27bb 
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(2R*,3S*)-2-(3′,4′,5′-Trimethoxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-1-one 

6.27bc 
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(2R*,3S*)-2-(3′-Methoxy-4′-benzyloxybenzyl)-3-(3′′,4′′-methylenedioxybenzyl)-1-morpholinopent-4-en-

1-one 6.27bd 
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(3R*,4R*)-3-(3′,4′-Methylenedioxybenzyl)-4-(3′′,4′′-dimethoxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2ab 
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(3R*,4R*)-3,4-bis(3′,4′-Dimethoxybenzyl)-5-(hydroxymethyl)dihydrofuran-2(3H)-one 6.2aa 
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(3R*,4R*)-3-(3′,4′,5′-Trimethoxybenzyl)-4-(3′′,4′′-dimethoxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2ac 
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(3R*,4R*)-3-(3′-Methoxy-4′-benzyloxybenzyl)-4-(3′′,4′′-dimethoxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2ad 
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(3R*,4R*,5S*)-4-(3′′,4′′-Dimethoxybenzyl)-3-(4′-hydroxy-3′-methoxybenzyl)-5-

(hydroxymethyl)dihydrofuran-2(3H)-one 6.2ae 
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(3R*,4R*)-3,4-bis(3′,4′-Methylenedioxybenzyl)-5-(hydroxymethyl)dihydrofuran-2(3H)-one 6.2bb 
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(3R*,4R*)-3,4-bis(3′,4′-Methylenedioxybenzyl)-5-(hydroxymethyl)dihydrofuran-2(3H)-one (epi-6.2bb) 
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(3R*,4R*)-3-(3′,4′-Dimethoxybenzyl)-4-(3′′,4′′-methylenedioxybenzyl)-5-(hydroxymethyl)dihydrofuran-

2(3H)-one 6.2ba 

 



  Appendix Two 

205 
 

(3R*,4R*)-3-(3′,4′,5′-Trimethoxybenzyl)-4-(3′′,4′′-methylenedioxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2bc 
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(3R*,4R*)-3-(3′-Methoxy-4′-benzyloxybenzyl)-4-(3′′,4′′-methylenedioxybenzyl)-5-(hydroxymethyl) 

dihydrofuran-2(3H)-one 6.2bd 
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(3R*,4R*,5S*)-4-(3′′,4′′-Methylenedioxybenzyl)-3-(4′-hydroxy-3′-methoxybenzyl)-5-

(hydroxymethyl)dihydrofuran-2(3H)-one 6.2be 
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(±)-Bursehernin 6.1ab 
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(±)-Arcitin 6.1aa 

 

  



  Appendix Two 

210 
 

(3R*,4R*)-3-(3′′,4′′-Dimethoxybenzyl)-4-(3′,4′,5′-trimethoxybenzyl)dihydrofuran-2(3H)-one 6.1ac 
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(±)-4′-O-Benzyl buplerol 6.1ad 
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(±)-Buplerol 6.1ae 

 

  



  Appendix Two 

213 
 

(±)-Hinokinin 6.1bb 
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(±)-Kusunokinin 6.1ba 
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(±)-Isoyatein 6.1bc 
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(±)-4′-O-Benzyl haplomyrfolin 6.1bd 
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(±)-Haplomyrfolin 6.1be 
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Figures and Tables 

 

 

Table SI1. 1H and 13C NMR comparison of reported (–)-cis-cubebin with (–)-bicubebin B and synthestic (±)-cis-cubebin. 

 1H NMR 13C NMR 

 reported bicubebin B synthetic reported bicubebin B synthetic 

1    133.5 133.5 133.5 

2 6.49 d (1.5) 6.49 d (1.5) 6.60 d (1.6) 109.2 109.2 109.1 

3    147.6 147.6 147.7 

4    145.8 145.8 145.9 

5 6.61 d (7.5) 6.61 d (7.9) 6.67 d (7.8) 108.1 108.1 108.2 

6 6.47 dd  
(7.5, 1.5) 

6.47 dd  
(7.9, 1.5) 6.55–6.59 m 121.8 121.8 121.6 

7 

2.33 dd  
(14.0, 8.0) 

2.56 dd  
(14.0, 7.5) 

2.33 dd  
(13.8, 7.4) 

2.56 dd  
(13.8, 7.5) 

2.37 t (11.5) 
2.71 dd  

(11.5, 9.3) 
38.4 38.4 31.6 

8 2.02 m 1.98–2.05 m 2.32–2.36 m 52.3 52.3 49.8 

9 5.04 d (1.5) 5.04 d (1.4) 5.11 s 104.3 104.2 101.7 

1′    134.3 134.3 134.0 

2′ 6.42 d (1.5) 6.39–6.42 m 6.61 d (1.6) 108.9 108.9 108.7 

3′    147.6 147.6 147.7 

4′    145.8 145.8 145.9 

5′ 6.61 d (7.5) 6.61 d (7.9) 6.67 d (7.8) 108.0 108.0 108.2 

6′ 6.41 dd  
(7.5, 1.5) 6.39–6.42 m 6.55–6.59 m 121.4 121.4 121.2 

7′ 2.44 m 

2.41 dd  
(13.6, 7.4) 

2.45 dd  
(13.6, 7.2) 

2.49 dd  
(13.8, 9.7) 

2.72 dd  
(13.8, 6.3) 

39.0 39.0 33.2 

8′ 2.02 m 1.98–2.05 m 2.79–2.89 m 45.7 45.7 41.2 

9′ 
3.32 t (8.5) 

3.83 dd  
(8.5, 7.0) 

3.31 t (8.4) 
3.83 dd  

(8.4, 7.0) 

3.62 t (8.2) 
3.99 dd  

(8.2, 7.4) 
72.1 72.1 71.5 

OCH2O 5.81 d (1.5) 5.81 d (1.5) 5.866 s 100.7 100.8 100.8 

 5.82 d (1.5) 5.82 d (1.5) 5.872 s 100.7 100.8 100.8 

 5.84 d (1.5) 5.84 d (1.5)  100.8 100.8  

 5.85 d (1.5) 5.85 d (1.5)  100.8 100.8  
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Figure SI1. Selected COSY and HMBC signals for (–)-bicubebin B (left) and (+)-bicubebin C (right). 

 

 

Scheme SI1: Reagents and conditions: (a) NaH, benzyl bromide, DMF, 0 °C, 18 h, 82%; (b) OsO4 (0.2 mol%), NMO, tBuOH/H2O, 
18 h, >99%; (c) NaIO4, MeOH/H2O, 10 min, >99%; (d) NaH, triethyl phosphonoacetate, -10 °C, 20 min, 72%; (e) DIBAL-H, CH2Cl2, 
-78 °C, 10 min, 93%; (f) Et3N, MsCl, morpholine, CH2Cl2, 0 °C, 16 h, 65%. 
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General Methods 

All reactions were carried out with oven-dried glassware and under a nitrogen atmosphere in dry, freshly 

distilled solvents unless otherwise noted. Diisopropylethylamine was distilled from CaH2 and stored 

over activated 4Å molecular sieves. Infrared (IR) spectra were recorded using a Perkin Elmer 

Spectrum1000 FT-IR spectrometer. NMR spectra were recorded on a 400 MHz spectrometer. Chemical 

shifts are reported relative to the solvent peak of chloroform (δ 7.26 for 1H and δ 77.16 ± 0.06 for 13C). 
1H NMR data is reported as position (δ), relative integral, multiplicity (s, singlet; d, doublet; dd, doublet 

of doublets; ddd, doublet of doublet of doublets; dt, doublet of triplets; dq, doublet of quartets; t, triplet; 

td, triplet of doublets; q, quartet; m, multiplet), coupling constant (J, Hz), and the assignment of the 

atom. 13C NMR data are reported as position (δ) and assignment of the atom. NMR assignments were 

performed using COSY, HSQC and HMBC experiments. High-resolution mass spectroscopy (HRMS) 

was carried out by electrospray ionization (ESI) on a MicroTOF-Q mass spectrometer. All optical 

rotation measurements were measured using the sodium D line (λ = 589 nm, 0.1 dm cell) with a Rudolph 

Research Analytical Autopol IV automatic polarimeter. Fetizon’s reagent was prepared following a 

literature procedure.210 Unless noted, chemical reagents were used as purchased.   
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Experimental Procedures 

(E)-Ethyl-3-(3′,4′-methylenedioxyphenyl)prop-2-enoate A3.1 

 

To a stirred solution of piperonal 7.7 (5.0 g, 33 mmol) in DCM (100 mL), under an atmosphere of 

nitrogen, was added (carbethoxymethylene)triphenylphosphorane (12.8 g, 37.0 mmol) and the resulting 

mixture stirred for 20 h. Solvent was then removed in vacuo and the crude product purified by column 

chromatography (3:1, hexanes, ethyl acetate) to give the title compound A3.1 (6.97 g, 95%) as a white 

solid. 

Rf = 0.68 (2:1 hexanes, ethyl acetate). Melting point: 62–64 °C [lit. 68–70 °C].213 δH (400 MHz; CDCl3) 

1.32 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 4.25 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 6.00 (2H, s, -OCH2O-), 6.25 

(1H, d, J = 15.9 Hz, 2-H), 6.80 (1H, d, J = 8.0 Hz, 5′-H), 7.00 (1H, dd, J = 1.4, 8.0 Hz, 6′-H), 7.02 (1H, 

d, J = 1.4 Hz, 6′-H), 7.58 (1H, d, J = 15.9 Hz, 3-H). δC (100 MHz; CDCl3) 14.5 (1-OCH2CH3), 60.5 (1-

OCH2CH3), 101.7 (-OCH2O-), 106.6 (C-5′), 108.7 (C-2′), 116.4 (C-2), 124.5 (C-6′), 129.1 (C-1′), 144.4 

(C-3), 148.5 (C-4′), 149.7 (C-3′), 167.3 (C-1).  

The NMR values were in agreement with literature data.213 

 

3-(3′,4′-Methylenedioxyphenyl)propionic acid 7.6 

 

To a stirred solution of A3.1 (6.92 g, 31.4 mmol) in ethyl acetate (30 mL) was added 10% palladium on 

activated carbon (0.69 g, 10% w/w). The solution was placed under an atmosphere of hydrogen and 

stirred for 1 h. The reaction mixture was then filtered through a plug of celite and washed with ethyl 

acetate, solvent was then removed in vacuo to give ethyl-3-(3′,4′-methylenedioxyphenyl)propanoate 

(6.9 g, 99%) which was then used without further purification. 

To a stirred solution of ethyl-3-(3′,4′-methylenedioxyphenyl)propanoate (6.74 g, 30.0 mmol) in methanol 

(30 mL) was added aqueous NaOH (121 mL, 1M, 4 eq.) and stirred for 2.5 h. The mixture was then 

extracted with ethyl acetate (10 mL) and the aqueous layer acidified with aqueous 2M HCl. The aqueous 

phase was then extracted with ethyl acetate (3 × 50 mL), dried (MgSO4) and solvent removed in vacuo 

to give the title compound 7.6 (5.5 g, 94%) as a white solid. 

Rf = 0.44 (2:1 hexanes, ethyl acetate). Melting point: 80–82 °C [lit. 85–86 °C].216 δH (400 MHz; CDCl3) 

2.64 (2H, t, J = 7.7 Hz, 2-H), 2.88 (2H, t, J = 7.7 Hz, 3-H), 5.93 (2H, s, -OCH2O-), 6.66 (1H, dd, J = 7.9, 

1.4 Hz, 6′-H), 6.70 (1H, d, J = 1.4 Hz, 2′-H), 6.74 (1H, d, J = 7.9 Hz, 5′-H). δC (100 MHz; CDCl3) 30.5 
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(C-2), 36.1 (C-3), 101.0 (-OCH2O-), 108.4 (C-2′), 108.9 (C-5′), 121.2 (C-6′), 134.1 (C-1′), 146.2 (C-3′), 

147.8 (C-4′), 179.1 (C-1). 

The NMR values were in agreement with literature data.216 

 

3-(3′,4′-Methylenedioxyphenyl)propanoyl chloride A3.2 

 

To a stirred solution of carboxylic acid 6 (0.22 g, 1.2 mmol) in DCM (3 mL), under an atmosphere of 

nitrogen, was added oxalyl chloride (0.2 mL, 2.3 mmol) dropwise and the mixture stirred for 4 h. The 

solvent was removed in vacuo to give the title compound A3.2 (0.24 g, quant.) as a green oil, which 

was placed under nitrogen and used without further purification. 

 

(+)-(S)-4′′-Benzyl-3′′-(3-(3′,4′-methylenedioxyphenyl)propanoyl)oxazolidin-2′′-one 7.8 

 

To a stirred solution of (S)-4-benzyloxazolidin-2-one (2.74 g, 23.4 mmol) in THF (50 mL), under an 

atmosphere of nitrogen at -78 °C, was added n-BuLi (12 mL, 2M in cyclohexane) and the resulting 

mixture stirred at -78 °C for 30 min. Acid chloride A3.2 (4.98 g, 23.4 mmol) in THF (25 mL) was added 

dropwise and the reaction mixture stirred for 17 h. Saturated aqueous NH4Cl (50 mL) was added and 

extracted with ethyl acetate (3 × 50 mL). The organic extracts were combined, washed with brine (30 

mL) and dried (MgSO4). Solvent was removed in vacuo and the crude product purified by column 

chromatography (3:1 hexanes, ethyl acetate) to give the title compound 7.8 (4.75 g, 57%) as a pale 

yellow solid. 

Rf = 0.45 (2:1 hexanes, ethyl acetate). [α]D
23 = +55.8 (c. 1.105, CHCl3) [lit. +55.5 (c. 2.29, CHCl3)].216 

Melting point: 87–89 °C [lit. 85–87 °C].216 δH (400 MHz; CDCl3) 2.76 (1H, dd, J = 13.4, 9.5 Hz, 4′′-

CHAPh), 2.88–3.00 (2H, m, 3-H), 3.14–3.31 (3H, m, 2-H, 4′′-CHBPh), 4.16 (1H, dd, J = 9.0, 3.4 Hz, 5′′-

HA), 4.19 (1H, dd, J = 9.0, 7.2 Hz, 5′′-HB), 4.63–4.70 (1H, m, 4′′-H), 5.916 (1H, d, J = 1.4 Hz, OCHAO), 

5.921 (1H, d, J = 1.4 Hz, OCHBO), 6.72–6.74 (2H, m, 5′, 6′-H), 6.77 (1H, d, J = 1.2 Hz, 2′-H), 7.16–7.19 

(2H, m, Ph-o-H), 7.25–7.35 (3H, m, Ph-m,p-H). δC (100 MHz; CDCl3) 30.2 (C-3), 37.6 (C-2), 38.0 (4′′-

CH2Ph), 55.3 (C-4′′), 66.3 (C-5′′), 101.0 (OCH2O), 108.4 (C-6′), 109.2 (C-2′), 121.5 (C-5′), 127.5 (Ph-p-
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C), 129.1 (Ph-m-C), 129.6 (Ph-o-C), 134.4 (C-1′), 135.3 (Ph-i-C), 146.1 (C-4′), 147.8 (C-3′), 153.6 (C-

2′′), 172.5 (C-1). 

The NMR values were in agreement with literature data.216 

 

(+)-(S)-3′′-((S)-2-(3′,4′-Methylenedioxyphenylmethyl)pent-4-enoyl)-4′′-benzyloxazolidin-2′′-one 7.9 

 

To a stirred solution of oxazolidinone 7.8 (5.0 g, 14.1 mmol) in THF (50 mL), under an atmosphere of 

nitrogen at -78 °C, was added LiHMDS (17 mL, 1M in THF) and the resulting mixture stirred at -78 °C 

for 30 min. Allyl bromide (2.5 mL, 28.3 mmol) was added dropwise, the reaction mixture allowed to 

warm to room temperature and stirred for 22 h. Saturated aqueous NH4Cl (50 mL) was added and 

extracted with CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with brine (20 mL) 

and dried (MgSO4). Solvent was removed in vacuo and the crude product purified by column 

chromatography (4:1 hexanes, ethyl acetate) to give the title compound 7.9 (4.3 g, 77%) as a pale 

yellow oil. 

Rf = 0.69 (2:1 hexanes, ethyl acetate). [α]D
23 = +97.7 (c. 1.039, CHCl3). δH (400 MHz; CDCl3) 2.28–2.37 

(1H, m, 3-HA), 2.47–2.57 (1H, m, 3-HB), 2.66 (1H, dd, J = 13.4, 9.9 Hz, 4′′-CHAPh), 2.71 (1H, dd, J = 

13.6, 6.7 Hz, 7′-HA), 2.92 (1H, dd, J = 13.6, 8.5 Hz, 7′-HB), 3.25 (1H, dd, J = 13.4, 3.3 Hz, 4′′-CHBPh), 

3.97 (1H, dd, J = 9.0, 7.7 Hz, 5′′-HA), 4.07 (1H, dd, J = 9.0, 2.5 Hz, 5′′-HB), 4.23 (1H, tdd, J = 8.5, 6.7, 

5.7 Hz, 2-H), 4.55 (1H, dddd, J = 9.9, 7.7, 3.3, 2.5 Hz, 4′′-H), 5.05–5.15 (2H, m, 5-H), 5.84 (1H, ddt, J = 

17.1, 10.2, 7.0 Hz, 4-H), 5.90 (2H, s, OCH2O), 6.65 (1H, dd, J = 7.9, 1.6 Hz, 6′-H), 6.70 (1H, d, J = 7.9 

Hz, 5′-H), 6.72 (1H, d, J = 1.6 Hz, 2′-H), 7.18–7.22 (2H, m, Ph-m-H), 7.23–7.29 (1H, m, Ph-p-H), 7.29–

7.34 (3H, m, Ph-o-H). δC (100 MHz; CDCl3) 36.3 (C-3), 37.8 (C-7′), 38.2 (4′′-CH2Ph), 44.4 (C-2), 55.6 

(C-4′′), 66.0 (C-5′′), 101.0 (OCH2O), 108.2 (C-5′), 109.7 (C-2′), 117.6 (C-5), 122.2 (C-6′), 127.4 (Ph-p-

C), 129.1 (Ph-o-C), 129.6 (Ph-m-C), 132.9 (C-1′), 135.2 (C-4), 135.5 (Ph-i-C), 146.2 (C-4′), 147.7 (C-

3′), 153.2 (C-2′′), 175.3 (C-1). IR: νMAX (film)/cm-1; 2922, 1774, 1695, 1489, 1385, 1240, 1207, 1037, 

923, 702. HRMS (ESI+) found (MNa+): 416.1469; C23H23NNaO5 requires 416.1468. 
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(+)-(4R)-4-(3′,4′-Methylenedioxybenzyl)tetrahydrofuran-2-ol 7.11 

 

To a stirred solution of oxazolidinone 7.9 (2.76 g, 7.0 mmol) in tBuOH/THF/H2O (1:1:1, 45 mL) was 

added NMO (1.64 g, 14.0 mmol) followed by OsO4 (0.71 mL, 2.5 g/100 mL, 0.07 mmol) and the resulting 

mixture stirred for 3 days. Saturated aqueous Na2SO3 (80 mL) was added and stirred for 1 h. The 

aqueous mixture was extracted with ethyl acetate (3 × 50 mL), the organic extracts combined, washed 

with KOH (15 mL, 1M) and dried (MgSO4). Solvent was removed in vacuo and the residue taken up in 

THF (50 mL) under an atmosphere of nitrogen at 0 °C. LiAlH4 (0.68 g, 18.0 mmol) was added and the 

resulting mixture warmed to room temperature and stirred for 4 h. The reaction mixture was quenched 

with water (100 mL), extracted with ethyl acetate (3 × 50 mL), the organic extracts combined, washed 

with brine (20 mL) and dried (MgSO4). Solvent was removed in vacuo and the residue taken up in 

MeOH/H2O (3:1, 200 mL). NaIO4 (1.54 g, 7.2 mmol) was added and the resulting mixture stirred for 1 

h. Brine (200 mL) was added and extracted with ethyl acetate (3 × 100 mL). The organic extracts were 

combined, washed with water (2 × 50 mL), brine (50 mL) and dried (MgSO4). Solvent was removed in 

vacuo and the crude product purified by column chromatography (1:1 hexanes, ethyl acetate) to give 

the title compound 7.11 (0.97 g, 73% 3 steps) as an inseparable mixture of diastereomers as a 

colourless oil. 

Rf = 0.48 (1:1 hexanes, ethyl acetate). [α]D
23 = +21.1 (c. 0.963, CHCl3). Major: δH (400 MHz; CDCl3) 

1.69 (1H, dddd, J = 13.0, 6.5, 5.2, 1.0 Hz, 3-HA), 1.99 (1H, ddd, J = 13.0, 7.0, 0.6 Hz, 3-HB), 2.59 (2H, 

d, J = 7.7 Hz, 7′-H), 2.66–2.78 (1H, m, 4-H), 2.97 (1H, dd, J = 3.1, 1.0 Hz, 2-OH), 3.54 (1H, dd, J = 8.3, 

6.8 Hz, 5-HA), 4.08 (1H, dd, J = 8.3, 7.3 Hz, 5-HB), 5.51–5.56 (1H, m, 2-H), 5.92 (2H, s, OCH2O), 6.60 

(1H, dd, J = 7.8, 1.6 Hz, 6′-H), 6.65 (1H, d, J = 1.6 Hz, 2′-H), 6.72 (1H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; 

CDCl3) 38.9 (C-7′), 39.3 (C-4), 39.8 (C-3), 72.3 (C-5), 98.8 (C-2), 101.0 (OCH2O), 108.3 (C-5′), 109.1 

(C-2′), 121.6 (C-6′), 134.3 (C-1′), 146.0 (C-4′), 147.8 (C-3′). Minor: δH (400 MHz; CDCl3) 1.61 (1H, ddd, 

J = 13.5, 6.9, 2.9 Hz, 3-HA), 2.21 (1H, ddd, J = 13.5, 8.6, 5.2 Hz, 3-HB), 2.39–2.52 (1H, m, 4-H), 2.66–

2.78 (2H, m, 7′-H), 3.13 (1H, d, J = 3.1 Hz, 2-OH), 3.72 (1H, t, J = 8.3 Hz, 5-HA), 3.91 (1H, dd, J = 8.3, 

7.3 Hz, 5-HB), 5.51–5.56 (1H, m, 2-H), 5.92 (2H, s, OCH2O), 6.62 (1H, dd, J = 7.7, 1.6 Hz, 6′-H), 6.66 

(1H, d, J = 1.6 Hz, 2′-H), 6.72 (1H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; CDCl3) 39.2 (C-7′), 39.5 (C-3), 

40.6 (C-4), 72.1 (C-5), 99.3 (C-2), 101.0 (OCH2O), 108.3 (C-5′), 109.1 (C-2′), 121.6 (C-6′), 134.6 (C-1′), 

146.0 (C-4′), 147.8 (C-3′). IR: νMAX (film)/cm-1; 3391, 2943, 2882, 1738, 1488, 1441, 1237, 1035, 985, 

922, 807. HRMS (ESI+) found (MNa+): 245.0778; C12H14NaO4 requires 245.0784. 
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(+)-(R)-4-(3′,4′-Methylenedioxybenzyl)dihydrofuran-2(3H)-one 7.12 

 

To a stirred solution of lactol 7.11 (0.91 g, 4.1 mmol) in toluene (50 mL), under an atmosphere of 

nitrogen, was added Fétizon’s reagent210 (2.8 g, 4.9 mmol) and the reaction mixture heated at reflux for 

1.5 h. The reaction mixture was cooled, filtered through a plug of Celite, washed with ethyl acetate (30 

mL) and solvent removed in vacuo. The crude product was purified by column chromatography (3:1 

hexanes, ethyl acetate) to give the title compound 7.12 (0.87 g, 97%) as a yellow oil. 

Rf = 0.66 (1:1 hexanes, ethyl acetate). [α]D
24 = +4.9 (c. 0.870, CHCl3) [lit. +4.87 (c. 0.9 CHCl3)].219 δH 

(400 MHz; CDCl3) 2.27 (1H, dd, J = 17.5, 7.0 Hz, 3-HA), 2.59 (1H, dd, J = 17.5, 8.1 Hz, 3-HB), 2.67 (1H, 

dd, J = 13.7, 8.4 Hz, 7′-HA), 2.71 (1H, dd, J = 13.7, 6.9 Hz, 7′-HB), 2.74–2.85 (1H, m, 4-H), 4.02 (1H, 

dd, J = 9.1, 6.1 Hz, 5-HA), 4.32 (1H, dd, J = 9.1, 6.9 Hz, 5-HB), 5.94 (2H, s, OCH2O), 6.59 (1H, dd, J = 

7.8, 1.7 Hz, 6′-H), 6.63 (1H, d, J = 1.7 Hz, 2′-H), 6.75 (1H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; CDCl3) 

34.2 (C-4), 37.4 (C-3), 38.8 (C-7′), 72.6 (C-5), 101.1 (OCH2O), 108.6 (C-5′), 109.0 (C-2′), 121.7 (C-6′), 

132.0 (C-1′), 146.5 (C-4′), 148.1 (C-3′), 176.9 (C-2). 

The NMR values were in agreement with literature data.219–221 

 

(–)-Hinokinin 7.13 

 

To a stirred solution of lactone 7.12 (0.66 g, 3.0 mmol) in THF (15 mL), under an atmosphere of nitrogen 

at -78 °C, was added LDA (1.7 mL, 2M in THF) and the resulting mixture stirred at -78 °C for 30 min. 

Piperonyl bromide (0.97 g, 4.5 mmol) was added, the reaction mixture allowed to warm to room 

temperature and stirred for 23 h. Saturated aqueous NH4Cl (20 mL) was added and extracted with ethyl 

acetate (3 × 30 mL). The organic extracts were combined, washed with brine (10 mL) and dried 

(MgSO4). Solvent was removed in vacuo and the crude product purified by column chromatography 

(4:1 hexanes, ethyl acetate) to give the title compound 7.13 (0.87 g, 81%) as a pale yellow oil. 

Rf = 0.46 (2:1 hexanes, ethyl acetate). [α]D
22 = –24.7 (c. 1.043, CHCl3) [lit. –30 (c. 0.99, CHCl3)].222 δH 

(400 MHz; CDCl3) 2.42–2.63 (4H, m, 7′, 8, 8′-H), 2.84 (1H, dd, J = 14.1, 7.2 Hz, 7-HA), 2.98 (1H, dd, J 

= 14.1, 5.0 Hz, 7-HB), 3.86 (1H, dd, J = 9.1, 7.1 Hz, 9′-HA), 4.13 (1H, dd, J = 9.1, 7.1 Hz, 9′-HB), 5.92–
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5.95 (4H, m, OCH2O), 6.44–6.48 (2H, m, 2, 6-H), 6.60 (1H, dd, J = 7.8, 1.7 Hz, 6′-H), 6.63 (1H, d, J = 

1.7 Hz, 2′-H), 6.70 (1H, d, J = 8.2 Hz, 5-H), 6.73 (1H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; CDCl3) 35.0 (C-

8′), 38.5 (C-8), 41.4 (C-7′), 46.6 (C-7), 71.3 (C-9′), 101.2 (OCH2O), 108.4, 108.5 (C-5, 5′), 109.0 (C-2′), 

109.6 (C-2), 121.7 (C-6′), 122.4 (C-6), 131.5, 131.7 (C-1, 1′), 146.5, 146.6 (C-4, 4′), 148.0 (C-3, 3′), 

178.5 (C-9). 

The NMR values were in agreement with literature data.222 

 

(–)-Cubebin 7.5 

 

To a stirred solution of (–)-hinokinin 7.13 (0.77 g, 2.2 mmol) in CH2Cl2 (20 mL), under an atmosphere 

of nitrogen at -78 °C, was added DIBAL-H (3.3 mL, 1M in cyclohexane) and the resultant mixture stirred 

for 20 min. Saturated aqueous NH4Cl (30 mL) was added and extracted with CH2Cl2 (3 × 30 mL). The 

organic extracts were combined, washed with brine (20 mL) and dried (MgSO4). Solvent was removed 

in vacuo and the crude product purified by column chromatography (3:1 hexanes, ethyl acetate) to give 

the title compound 7.5 (0.432 g, 56%) as an inseparable mixture of diastereomers as a white solid. 

Rf = 0.56 (1:1 hexanes, ethyl acetate). [α]D
22 = –36.1 (c. 0.773, CHCl3) [lit. –42.5 (c. 1.0 CHCl3)].223 

Melting point: 124–125 °C [lit. 126–128 °C].223 Major: δH (400 MHz; CDCl3) 1.95–2.81 (7H, m, 7, 7′, 

8, 8′-H, 9-OH), 3.79 (1H, dd, J = 8.5, 7.7 Hz, 9′-HA), 4.00 (1H, dd, J = 8.5, 7.1 Hz, 9′-HB), 5.20–5.24 (1H, 

m, 9-H), 5.89–5.94 (4H, m, OCH2O), 6.49–6.75 (6H, m, Ar-H). δC (100 MHz; CDCl3) 38.6 (C-8), 39.4 

(C-8′), 46.1 (C-7′), 53.3 (C-7), 72.4 (C-9′), 101.0 (OCH2O), 103.5 (C-9), 108.3 (C-5, 5′), 109.1 (C-2), 

109.3 (C-2′), 121.6 (C-6), 121.9 (C-6′), 133.5 (C-1), 134.3 (C-1′), 145.9 (C-4), 146.1 (C-4′), 147.7 (C-3′), 

147.9 (C-3). Minor: δH (400 MHz; CDCl3) 1.95–2.81 (7H, m, 7, 7′, 8, 8′-H, 9-OH), 3.58 (1H, dd, J = 8.3, 

7.2 Hz, 9′-HA), 4.10 (1H, t, J = 8.3 Hz, 9′-HB), 5.20–5.24 (1H, m, 9-H), 5.92–5.95 (4H, m, OCH2O), 6.49–

6.75 (6H, m, Ar-H). δC (100 MHz; CDCl3) 33.8 (C-8), 39.1 (C-8′), 43.0 (C-7′), 52.2 (C-7), 72.8 (C-9′), 

99.0 (C-9), 101.0 (OCH2O), 108.3, 108.4 (C-5, 5′), 109.1 (C-2), 109.5 (C-2′), 121.5 (C-6), 121.8 (C-6′), 

134.0 (C-1), 134.7 (C-1′), 145.9 (C-4), 146.1 (C-4′), 147.7 (C-3′), 147.8 (C-3). 

The NMR values were in agreement with literature data.91 
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(+)-9,9′-Epoxy-8,9-dehydroaustrobailignan-5 (7.14) 

 

(–)-Cubebin 7.5 (0.18g, 0.50 mmol), neat, was heated at >250 °C, under high vacuum, for 10 min. The 

crude product was cooled and purified by column chromatography (9:1 hexanes, ethyl acetate) to give 

the title compound 7.14 (0.072 g, 42%) as a colourless oil. 

Rf = 0.86 (1:1 hexanes, ethyl acetate). [α]D
24 = +12.4 (c. 1.024, CHCl3) [lit. +15.6  (c. 3.1, CHCl3)].192 δH 

(400 MHz; CDCl3) 2.41 (1H, dd, J = 13.8, 9.9 Hz, 7′-HA), 2.87 (1H, dd, J = 13.8, 4.7 Hz, 7-HB), 2.93–

3.04 (1H, m, 8′-H), 3.17 (1H, d, J = 15.6 Hz, 7-HA), 3.38 (1H, d, J = 15.6 Hz, 7-HB), 4.05 (1H, dd, J = 

9.3, 6.0 Hz, 9′-HA), 4.21 (1H, t, J = 9.3 Hz, 9′-HB), 5.92 (2H, s, OCH2O), 5.94 (2H, s, OCH2O), 6.12 (1H, 

dd, J = 2.5, 1.7 Hz, 9-H), 6.55–6.59 (2H, m, 2′, 6′-H), 6.65 (1H, dd, J = 7.9, 1.5 Hz, 6-H), 6.69 (1H, d, J 

= 1.5 Hz, 2-H), 6.72 (1H, d, J = 7.6 Hz, 5′-H), 6.74 (1H, d, J = 7.9 Hz, 5-H). δC (100 MHz; CDCl3) 31.0 

(C-7), 38.9 (C-7′), 45.3 (C-8′), 75.2 (C-9′), 100.9 (OCH2O), 108.2, 108.3 (C-5, 5′), 109.1, 109.2 (C-2, 2′), 

117.7 (C-8), 121.5 (C-6), 121.7 (C-6′), 133.4 (C-1), 133.8 (C-1′), 142.0 (C-9), 146.0 (C-4, 4′), 147.8 (C-

3, 3′). IR: νMAX (film)/cm-1; 2890, 1658, 1501, 1486, 1441, 1241, 1033, 825, 804, 734. HRMS (ESI+) 

found (MNa+): 361.1041; C20H18NaO5 requires 361.1046. 

 

(–)-Isocubebinic ether 7.15 

 

To (–)-cubebin 7.5 (0.034 g, 0.095 mmol) and CuSO4 (0.015 g, 0.095 mmol) was added a catalytic 

amount of H2SO4 in acetone (4 mL) and the resultant mixture stirred for 1 h. NaOH (1M, 2 mL) was 

added and extracted with ethyl acetate (3 × 5 mL). The organic extracts were combined, washed with 

brine (2 mL) and dried (MgSO4). Solvent was remove in vacuo and the crude product purified by column 

chromatography (9:1 hexanes, ethyl acetate) to give the title compound 7.15 (0.032 g, >99%) as a 

colourless oil. 

Rf = 0.79 (1:1 hexanes, ethyl acetate). [α]D
24 = –10.0 (c. 0.960, CHCl3). δH (400 MHz; CDCl3) 2.29 (1H, 

t, J = 7.8 Hz, 8′-H), 2.40–2.44 (1H, m, 8-H), 2.58 (1H, dd, J = 13.9, 7.8 Hz, 7′-HA), 2.71 (1H, dd, J = 

13.9, 7.8 Hz Hz, 7′-HB), 2.75 (1H, dd, J = 16.8, 2.3 Hz, 7-HA), 3.03 (1H, ddd, J = 16.8, 2.8, 2.4 Hz, 7-
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HB), 3.68 (1H, d, J = 8.4 Hz, 9-HA), 4.13 (1H, ddd, J = 8.4, 5.8, 2.4 Hz, 9-HB), 4.43 (1H, s, 9′-H), 5.87 

(1H, d, J = 1.5 Hz, OCH2O), 5.88 (1H, d, J = 1.5 Hz, OCH2O), 5.93 (1H, d, J = 1.5 Hz, OCH2O), 5.94 

(1H, d, J = 1.5 Hz, OCH2O), 6.56 (1H, s, 5-H), 6.58 (1H, s, 2-H), 6.66 (1H, dd, J = 7.8, 1.6 Hz, 6′-H), 

6.71 (1H, d, J = 1.6 Hz, 2′-H), 6.75 (1H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; CDCl3) 36.9 (C-7′), 38.2 (C-

8), 38.3 (C-7), 48.6 (C-8′), 71.3 (C-9), 79.9 (C-9′), 100.9 (OCH2O), 107.9 (C-5), 108.3 (C-5′), 109.4 (C-

2, 2′), 122.0 (C-6′), 127.8 (C-6), 133.6 (C-1), 134.1 (C-1′), 145.6 (C-4) 146.0 (C-4′), 147.5 (C-3), 147.8 

(C-3′). IR: νMAX (film)/cm-1; 2881, 1501, 1480, 1441, 1231, 1033, 929, 729. HRMS (ESI+) found (MNa+): 

361.1038; C20H18NaO5 requires 361.1046. 

The NMR values were in agreement with literature.192 

 

(–)-Bicubebin A (7.4), (–)-bicubebin B (7.16), (+)-bicubebin C (7.17) 

 

To (–)-cubebin 7.5 (0.142 g, 0.40 mmol) and CuSO4 (0.006 g, 0.04 mmol) was added a catalytic amount 

of H2SO4 in acetone (1 mL) and the resultant mixture stirred for 19 h. NaOH (1M, 5 mL) was added and 

extracted with ethyl acetate (3 × 15 mL), washed with brine (5 mL) and dried (MgSO4). Solvent was 

removed in vacuo and the crude product purified by column chromatography (4:1 hexanes, ethyl 

acetate) to give a mixture of title compounds 7.16 and 7.17 (30 mg, 22%, 2:1, 7.16:7.17) and in a 

separate fraction a mixture of title compound 7.4 and cubebin 7.5. The mixture of bicubebin B (7.16) 

and C (7.17) was then further purified by column chromatography (100:1 CH2Cl2, ethyl acetate) to give 

pure samples of title compound 7.16 (6 mg, 4%) as a white solid and title compound 7.17 (3 mg, 2%) 

as a white solid and unseparated mixture of title compound 7.16 and 7.17 (21 mg, 15%, 2:1, 7.16:7.17). 

The mixture of bicubebin A (7.4) and cubebin 7.5 was then further purified by column chromatography 

(50:1 CH2Cl2, ethyl acetate) to give the title compound 7.4 (14 mg, 10%) as a white solid and unreacted 

cubebin 5 (61 mg, 43%). 

7.4: 

Rf = 0.75 (1:1 hexanes, ethyl acetate). [α]D
21 = –14.5 (c 0.193, CHCl3). Melting point: 43–44 °C. δH 

(400 MHz; CDCl3) 1.91–2.01 (1H, m, 8′′-H), 2.01–2.09 (1H, m, 8′-H), 2.08–2.17 (1H, m, 8-H), 2.24–2.32 

(1-H, m, 8′′′-H), 2.34 (1H, dd, J = 13.8, 8.1 Hz, 7-HA), 2.36 (1H, dd, J = 13.3, 9.1 Hz, 7′′′-HA), 2.43 (1H, 

dd, J = 13.8, 6.0 Hz, 7′′-HA), 2.46–2.51 (2H, m, 7, 7′′-HB), 2.52 (2H, d, J = 7.7 Hz, 7′-H), 2.61 (1H, dd, J 
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= 13.3, 4.9 Hz, 7′′′-HB), 3.52 (1H, dd, J = 8.3, 6.9 Hz, 9′′′-HA), 3.63 (1H, dd, J = 8.4, 7.7 Hz, 9′-HA), 3.93 

(1H, dd, J = 8.4, 7.8 Hz, 9′-HB), 4.01 (1H, t, J = 8.3 Hz, 9′′′-HB), 4.77 (1H, d, J = 1.6 Hz, 9-H), 4.81 (1H, 

d, J = 4.6 Hz, 9′′-H), 5.78 (1H, d, J = 1.5 Hz, OCH2O), 5.83 (1H, d, J = 1.5 Hz, OCH2O), 5.84–5.87 (6H, 

m, OCH2O), 6.40–6.56 (8H, m, 2, 2′, 2′′, 2′′′, 6, 6′, 6′′, 6′′′-H), 6.59 (1H, d, J = 8.0 Hz, 5, 5′, 5′′, 5′′′-H), 

6.62 (2H, d, J = 8.3 Hz, 5, 5′, 5′′, 5′′′-H), 6.65 (1H, d, J = 7.8 Hz, 5, 5′, 5′′, 5′′′-H). δC (100 MHz; CDCl3) 

33.9 (C-7′′), 38.5 (C-7), 39.36, 39.42 (C-7′, 7′′′), 43.6 (C-8′′′), 45.4 (C-8′), 51.7 (C-8′′), 52.7 (C-8), 72.4 

(C-9′), 72.5 (C-9′′′), 100.8, 100.9 (OCH2O), 104.2 (C-9′′), 108.1, 108.2 (C-5, 5′, 5′′, 5′′′), 108.6 (C-9), 

108.95, 108.97, 109.0, 109.2 (C-2, 2′, 2′′, 2′′′), 121.3, 121.4, 121.5, 121.8 (C-6, 6′, 6′′, 6′′′), 133.5 (C-1), 

134.1 (C-1′′′), 134.2 (C-1′), 134.6 (C-1′′), 145.7, 145.8, 146.0 (C-4, 4′, 4′′, 4′′′), 147.6, 147.70, 147.72 (C-

3, 3′, 3′′, 3′′′). IR: νMAX (film)/cm-1; 2923, 1738, 1503, 1490, 1443, 1246, 1039, 927, 811. HRMS (ESI+) 

found (MNa+): 717.2290; C40H38NaO11 requires 717.2306. 

7.16: 

Rf = 0.81 (1:1 hexanes, ethyl acetate). [α]D
22 = –101.1 (c 0.187, CHCl3). Melting point: 48–50 °C. δH 

(400 MHz; CDCl3) 1.96–2.06 (4H, m, 8, 8′-H), 2.33 (2H, dd, J = 13.8, 7.4 Hz, 7-HA), 2.41 (2H, dd, J = 

13.6, 7.4 Hz, 7′-HA), 2.45 (2H, dd, J = 13.6, 7.2 Hz, 7′-HB), 2.56 (2H, dd, J = 13.8, 7.5 Hz, 7-HB), 3.31 

(2H, t, J = 8.4 Hz, 9′-HA), 3.83 (2H, dd, J = 8.4, 7.0 Hz, 9′-HB), 5.04 (2H, d, J = 1.4 Hz, 9-H), 5.81 (2H, 

d, J = 1.5 Hz, OCH2O), 5.82 (2H, d, J = 1.5 Hz, OCH2O), 5.84 (2H, d, J = 1.5 Hz, OCH2O), 5.85 (2H, d, 

J = 1.5 Hz, OCH2O), 6.39–6.42 (4H, m, 2′, 6′-H), 6.47 (2H, dd, J = 7.9, 1.5 Hz, 6-H), 6.49 (2H, d, J = 

1.5 Hz, 2-H), 6.61 (4H, d, J = 7.9 Hz, 5, 5′-H). δC (100 MHz; CDCl3) 38.4 (C-7), 39.0 (C-7′), 45.7 (C-8′), 

52.3 (C-8), 72.1 (C-9′), 100.8 (OCH2O), 104.2 (C-9), 108.0, 108.1 (C-5, 5′), 108.9 (C-2′), 109.2 (C-2), 

121.4 (C-6′), 121.8 (C-6), 133.5 (C-1), 134.3 (C-1′), 145.8 (C-4, 4′), 147.6 (C-3, 3′). IR: νMAX (film)/cm-1; 

2920, 2853, 1489, 1444, 1257, 1036, 797. HRMS (ESI+) found (MNa+): 717.2298; C40H38NaO11 requires 

717.2306. 

7.17: 

Rf = 0.81 (1:1 hexanes, ethyl acetate). [α]D
27 = +76.9 (c 0.160, CHCl3). Melting point: 45–46 °C. δH 

(400 MHz; CDCl3) 2.04–2.16 (2H, m, 8-H), 2.31–2.42 (2H, m, 8′-H), 2.43 (2H, dd, J = 13.1, 9.5 Hz, 7′-

HA), 2.61 (2H, dd, J = 13.8, 5.4 Hz, 7-HA), 2.74 (2H, dd, J = 13.1, 4.8 Hz, 7′-HB), 2.75 (2H, dd, J = 13.8, 

9.5 Hz, 7-HB), 3.51 (2H, dd, J = 8.5, 7.0 Hz, 9′-HA), 3.74 (2H, t, J = 8.5 Hz, 9′-HB), 5.18 (2H, d, J = 4.5 

Hz, 9-H), 5.88 (2H, d, J = 1.5 Hz, OCH2O), 5.89 (2H, d, J = 1.5 Hz, OCH2O), 5.93 (4H, s, OCH2O), 6.58 

(2H, dd, J = 7.8, 1.7 Hz, 6′-H), 6.63 (2H, dd, J = 7.6, 1.4 Hz, 6-H), 6.63 (2H, d, J = 1.7 Hz, 2′-H), 6.65 

(2H, d, J = 7.6 Hz, 5-H), 6.70 (2H, d, J = 1.4 Hz, 2-H), 6.73 (2H, d, J = 7.8 Hz, 5′-H). δC (100 MHz; 

CDCl3) 34.0 (C-7), 39.3 (C-7′), 43.9 (C-8′), 51.4 (C-8), 72.6 (C-9′), 99.0 (C-9), 100.9, 101.0 (OCH2O), 

108.2 (C-5), 108.4 (C-5′), 109.1 (C-2), 109.2 (C-2′), 121.4 (C-6), 121.5 (C-6′), 134.2 (C-1′), 134.6 (C-1), 

145.9 (C-4), 146.1 (C-4′), 147.7 (C-3), 147.9 (C-3′). IR: νMAX (film)/cm-1; 2962, 2923, 2853, 1258, 1083, 

1011, 789. HRMS (ESI+) found (MNa+): 717.2280; C40H38NaO11 requires 717.2306. 
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(Z)-1,4-Bis(benzyloxy)but-2-ene A3.3 

 

To a suspension of NaH (2.36 g, 59.0 mmol) in DMF (50 mL), under an atmosphere of nitrogen at 0 °C, 

was added a solution of 2-butene-1,4-diol (2.0 g, 22.7 mmol) in DMF (10 mL) and stirred at room 

temperature for 1 h. Benzyl bromide (9.4 mL, 79.4 mmol) was then added dropwise and the resulting 

mixture stirred at room temperature overnight. The reaction mixture was then quenched with saturated 

aqueous NH4Cl (50 mL) and extracted with Et2O (3 × 50 mL). The organic layers were then combined, 

washed with water (2 × 20 mL), brine (20 mL) and dried (MgSO4). The solvent was then removed in 

vacuo and the crude product purified by column chromatography (19:1 hexanes, ethyl acetate) to give 

the title compound A3.3 (5.31 g, 82%) as a colourless oil. 

Rf = 0.76 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 4.08 (4H, d, J = 4.0 Hz, 1-H), 4.50 (4H, s, 

5′-H), 5.81 (2H, t, J = 4.0 Hz, 2-H), 7.29–7.35 (10H, m, 2′, 3′, 4′-H). δC (100 MHz; CDCl3) 65.9 (C-1), 

72.4 (C-5′), 127.8 (C-4′), 127.9 (C-2′), 128.5 (C-3′), 129.7 (C-2), 138.3 (C-1′). 

The NMR values were in agreement with literature data.224,225 

 

(2R*,3S*)-1,4-Bis(benzyloxy)butane-2,3-diol A3.4 

 

To a stirred solution of NMO (6.5 g, 55.6 mmol) in water/tBuOH (1:1, 60 mL) was added olefin A3.3 (5.3 

g, 18.5 mmol). A solution of OsO4 (0.94 mL, 0.093 mmol, 2.5 % w/v in tBuOH) was then added dropwise 

and the resulting mixture stirred at room temperature for 18 h. The mixture was then quenched with 

saturated aqueous Na2SO3 (60 mL) and stirred for 1 h. The mixture was then extracted with Ethyl 

acetate (3 × 50 mL). The organic layers were combined then washed with aqueous KOH (1 M, 20 mL) 

and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by column 

chromatography (2:1 hexanes, ethyl acetate) to give diol A3.4 (5.7 g, quant.) as a white solid. 

Rf = 0.28 (2:1 hexanes, ethyl acetate). Melting point: 54–56 °C. δH (300 MHz; CDCl3) 2.69 (2H, d, J = 

5.1 Hz, 2-OH), 3.60–6.70 (4H, m, 1-H), 3.79–3.89 (2H, m, 2-H), 4.55 (4H, s, 5′-H), 7.27–7.39 (10H, m, 

2′, 3′, 4′-H). δC (75 MHz; CDCl3) 71.2 (C-1), 71.6 (C-2), 73.7 (C-5′), 127.9 (C-2′), 128.0 (C-4′), 128.6 (C-

3′), 137.9 (C 1′). 

The NMR values were in agreement with literature data.225,226 
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(Z)-Ethyl 4-(benzyloxy)but-2-enoate A3.5 and (E)-Ethyl 4-(benzyloxy)but-2-enoate A3.6 

 

To a stirred solution of diol A3.4 (1.0 g, 3.3 mmol) in MeOH/water (3:1, 20 mL) was added NaIO4 (2.1 

g, 9.9 mmol) which was then stirred at room temperature for 10 min. The mixture was then quenched 

with addition of brine (15 mL) and extracted with Ethyl acetate (3 × 20 mL). The organic extracts were 

combined, washed with water (2 × 5 mL) and dried (MgSO4). Solvent was then removed in vacuo and 

used without further purification to give 2-(benzyloxy)acetaldehyde (1.0 g, quant.) as a colourless oil 

which was used without further purification. 

To a stirred suspension of sodium hydride (0.33 g, 8.2 mmol, 60% dispersion in mineral oil) in THF (15 

mL) under an atmosphere of nitrogen at -10 °C, was added triethyl phosphonoacetate (2.0 mL, 10.3 

mmol) and stirred at -10 °C for 30 min. A solution of 2-(benzyloxy)acetaldehyde (1.0 g, 6.7 mmol) in 

THF (3 mL) was added dropwise and the resulting mixture stirred at -10 °C for 20 min. The mixture was 

then quenched with addition of saturated aqueous NH4Cl (10 mL) and THF removed in vacuo. The 

resulting residue was then extracted with diethyl ether (3 × 20 mL), the organic extracts combined, 

washed with brine (5 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product 

purified by column chromatography (19:1 hexanes, ethyl acetate) to give the title compound A3.5 (0.047 

g, 3%) as a colourless oil and in a second fraction (19:1 hexanes, ethyl acetate) the title compound 

A3.6 (1.05 g, 72%) as a colourless oil. 

A3.5: 

Rf = 0.84 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.28 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 4.16 

(2H, q, J = 7.2 Hz, 1-OCH2CH3), 4.55 (2H, s, 5′-H), 4.64 (2H, dd, J = 4.9, 2.5 Hz, 4-H), 5.82 (1H, dt, J = 

11.6, 2.5 Hz, 2-H), 6.43 (1H, dt, J = 11.6, 4.9 Hz, 3-H), 7.26–7.36 (5H, m, 2′, 3′, 4′-H). δC (100 MHz; 

CDCl3) 14.4 (1-OCH2CH3), 60.4 (1-OCH2CH3), 68.6 (C-4), 73.0 (C-5′), 119.7 (C-2), 127.9 (C-4′), 128.0 

(C-2′), 128.6 (C-3′), 138.0 (C-1′), 148.3 (C-3), 166.2 (C-1). 

The NMR values were in agreement with literature data.227 

A3.6: 

Rf = 0.77 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.29 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 4.18 

(2H, dd, J = 4.4, 2.1 Hz, 4-H), 4.21 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 4.57 (2H, s, 5′-H), 6.13 (1H, dt, J = 

15.9, 2.1 Hz, 2-H), 6.98 (1H, dt, J = 15.9, 4.4 Hz, 3-H), 7.28–7.38 (5H, m, 2′, 3′, 4′-H). δC (100 MHz; 

CDCl3) 14.4 (1-OCH2CH3), 60.5 (1-OCH2CH3), 68.8 (C-4), 72.9 (C-5′), 121.6 (C-2), 127.8 (C-2′), 128.0 

(C-4′), 128.6 (C-3′), 137.9 (C-1′), 144.3 (C-3), 166.5 (C-1). 

The NMR values were in agreement with literature data.228 
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(E)-4-(benzyloxy)but-2-en-1-ol A3.7 

 

To a stirred solution of ester A3.6 (2.0 g, 9.1 mmol) in CH2Cl2 (80 mL) under an atmosphere of nitrogen 

at -78 °C, was added DIBAL-H (27 mL, 27 mmol, 1M in cyclohexane) and the mixture stirred for 10 min. 

The resulting mixture was then quenched with slow addition of 2M HCl until the formed precipitate had 

dissolved and extracted with CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with 

water (20 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified 

by column chromatography (3:1 hexanes, ethyl acetate) to give the title compound A3.7 (1.5 g, 93%) 

as a colourless oil. 

Rf = 0.28 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.48 (1H, t, J = 5.9 Hz, 1-OH), 4.04 (2H, 

dd, J = 5.5, 1.0 Hz, 4-H), 4.17 (2H, td, J = 5.9, 1.0 Hz, 1-H), 4.53 (2H, s, 5′-H), 5.81–5.98 (2H, m, 2, 3-

H), 7.26–7.32 (1H, m, 4′-H), 7.32–7.37 (4H, m, 2′, 3′-H). δC (100 MHz; CDCl3) 63.2 (C-1), 70.2 (C-4), 

72.5 (C-5′), 127.8 (C-4′), 127.9 (C-2′), 128.0 (C-2), 128.5 (C-3′), 132.3 (C-3), 138.3 (C-1′). 

The NMR values were in agreement with literature data.229 

 

(E)-4-(4-(Benzyloxy)but-2-en-1-yl)morpholine 7.19 

 

To a stirred solution of alcohol A3.7 (7.47 g, 41.9 mmol) in CH2Cl2 (100 mL) under an atmosphere of 

nitrogen at 0 °C, was added Et3N (17.5 mL, 126 mmol) and MsCl (3.9 mL, 50.0 mmol) and stirred for 

10 min. Morpholine (6.37 mL, 67.1 mmol) was then added and the resultant mixture was then stirred 

for 16 h. The mixture was then quenched with saturated aqueous NaHCO3 (100 mL) and water (20 mL) 

and extracted with CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with water (20 

mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by column 

chromatography (2:1 then 1:2 hexanes, ethyl acetate) to give the title compound 7.19 (6.8 g, 65%) as 

a pale yellow oil. 

Rf = 0.24 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.44 (4H, t, J = 4.7 Hz, -NCH2CH2O-), 3.00 

(2H, dd, J = 4.5, 1.0 Hz, 1-H), 3.71 (4H, t, J = 4.7 Hz, -NCH2CH2O-), 4.02 (2H, dd, J = 3.5, 1.0 Hz, 4-

H), 4.51 (2H, s, 5′-H), 5.72–5.83 (2H, m, 2, 3-H), 7.26–7.31 (1H, m, 4′-H), 7.32–7.37 (4H, m, 2′, 3′-H). 

δC (100 MHz; CDCl3) 53.8 (-NCH2CH2O-), 60.9 (C-1), 67.1 (-NCH2CH2O-), 70.4 (C-4), 72.4 (C-5′), 127.8 

(C-4′), 127.9 (C-2′), 128.5 (C-3′), 129.7 (C-2), 130.6 (C-3), 138.4 (C-1′). IR: νMAX (film)/cm-1; 2854, 1454, 

1116, 1004, 866, 738. HRMS (ESI+) found (MH+): 248.1642; C15H22NO2 requires 248.1645. 
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(2R*,3S*)-2-((3′,4′-Methylenedioxyphenyl)methyl)-3-((benzyloxy)methyl)-1-morpholinopent-4-en-1-one 

7.20 

 

To a stirred solution of TiCl4·2THF (4.3 g, 12.9 mmol) in CH2Cl2 (50 mL), under an atmosphere of 

nitrogen, was added a solution of morpholine 7.19 (3.2 g, 12.9 mmol) in CH2Cl2 (25 mL) followed by 

dropwise addition of iPr2NEt (3.4 mL, 19.3 mmol). After stirring for 5 min a solution of acid chloride A3.2 

(3.3 g, 15.4 mmol) in CH2Cl2 (25 mL) was added dropwise and the resultant mixture stirred for 21 h. 

The mixture was then quenched with 1M NaOH (100 mL) and extracted with CH2Cl2 (3 × 50 mL). The 

combined organic extracts were washed with brine (50 mL), dried (MgSO4) and the solvent removed 

in vacuo. The crude product was purified by column chromatography (2:1 hexanes, ethyl acetate) to 

give the title compound 7.20 (5.0 g, 92%) as an orange oil. 

Rf = 0.28 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.63–2.72 (2H, m, 2-CHA, 3-H), 2.76–2.85 

(2H, m, 2-CHB, NCH2CHAO), 3.03 (1H, ddd, J = 13.4, 5.4, 2.9 Hz, NCHACH2O), 3.16–3.24 (2H, m, 2-H, 

NCHBCH2O), 3.27–3.39 (3H, m, NCHCCHBCO), 3.47 (1H, dd, J = 9.5, 6.0 Hz, 3-CHA), 3.50–3.57 (1H, 

m, NCH2CHDO), 3.61 (1H, dd, J = 9.5, 4.7 Hz, 3-CHB), 3.58–3.66 (1H, m, NCHDCH2O), 4.48 (1H, d, J 

= 12.0 Hz, Ph-CHA), 4.52 (1H, d, J = 12.0 Hz, Ph-CHB), 5.06–5.13 (2H, m, 5-H), 5.89 (1H, d, J = 1.4 

Hz, OCHAO), 5.90 (1H, d, J = 1.4 Hz, OCHBO), 5.95 (1H, ddd, J = 17.1, 10.4, 9.0 Hz, 4-H), 6.59 (1H, 

dd, J = 7.9, 1.6 Hz, 6′-H), 6.63 (1H, d, J = 1.6 Hz, 2′-H), 6.69 (1H, d, J = 7.9 Hz, 5′-H), 7.27–7.37 (5H, 

m, Ph-H). δC (100 MHz; CDCl3) 37.1 (2-CH2), 42.0 (NCHCDCH2O), 43.5 (C-2), 46.4 (NCHABCH2O), 47.1 

(C-3), 66.6 (NCH2CHABO), 67.0 (NCH2CHCDO), 71.3 (3-CH2), 73.5 (Ph-CH2), 100.9 (OCH2O), 108.3 (C-

5′), 109.6 (C-2′), 117.2 (C-5), 122.0 (C-6′), 127.9 (Ph-o-C), 127.9 (Ph-p-C), 128.6 (Ph-m-C), 133.8 (C-

1′), 137.2 (C-4), 138.2 (Ph-i-C), 146.1 (C-4′), 147.6 (C-3′), 172.6 (C-1). IR: νMAX (film)/cm-1; 2857, 1631, 

1488, 1441, 1233, 1113, 1036, 924, 749, 698. HRMS (ESI+) found (MNa+): 446.1940; C25H29NNaO5 

requires 446.1938. 
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(2R*,3S*)-2-((3′,4′-Methylenedioxyphenyl)methyl)-3-((benzyloxy)methyl)pent-4-enoic acid A3.8 

 

To a stirred solution of amide 7.20 (2.3 g, 5.5 mmol) in THF/H2O (50 mL, 1:1) was added I2 (3.5 g, 13.6 

mmol) and the reaction mixture stirred for 17 h in the absence of light. Diethyl ether (50 mL) was added 

and the mixture washed with saturated aqueous Na2SO3 (3 × 30 mL). The organic phase was dried 

(MgSO4), solvent removed in vacuo and the crude residue dissolved in acetic acid (40 mL). Zinc dust 

(3.2 g, 49 mmol) was added and the reaction mixture heated at reflux for 22 h. The reaction mixture 

was allowed to cool, 2M HCl (50 mL) was added and extracted with ethyl acetate (3 × 50 mL). The 

organic extracts were combined, washed with brine (20 mL), dried (MgSO4) and solvent removed in 

vacuo. The crude product was purified by column chromatography (9:1 hexanes, ethyl acetate) to give 

the title compound A3.8 (1.6 g, 82%) as a colourless oil. 

Rf = 0.60 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.59–2.66 (1H, m, 3-H), 2.70 (1H, dd, J = 

13.8, 6.2 Hz, 2-CHA), 2.87 (1H, dd, J = 13.8, 8.9 Hz, 2-CHB), 2.98 (1H, ddd, J = 8.9, 6.2, 5.3 Hz, 2-H), 

3.54 (1H, dd, J = 9.5, 5.7 Hz, 3-CHA), 3.57 (1H, dd, J = 9.5, 6.6 Hz, 3-CHB), 4.48 (1H, d, J = 12.0 Hz, 

Ph-CHA), 4.52 (1H, d, J = 12.0 Hz, Ph-CHB), 5.12–5.20 (2H, m, 5-H), 5.83 (1H, ddd, J = 17.0, 10.4, 9.0 

Hz, 4-H), 5.90 (1H, d, J = 1.4 Hz, OCHAO), 5.91 (1H, d, J = 1.4 Hz, OCHBO), 6.62 (1H, dd, J = 7.8, 1.6 

Hz, 6′-H), 6.67 (1H, d, J = 1.6 Hz, 2′-H), 6.70 (1H, d, J = 7.8 Hz, 5′-H), 7.27–7.37 (5H, m, Ph-H). δC (100 

MHz; CDCl3) 35.4 (2-CH2), 45.8 (C-3), 48.3 (C-2), 71.5 (3-CH2), 73.4 (Ph-CH2), 101.0 (OCH2O), 108.3 

(C-5′), 109.5 (C-2′), 118.5 (C-5), 122.1 (C-6′), 127.8 (Ph-m,p-C), 128.5 (Ph-o-C), 133.0 (C-1′), 135.8 (C-

4), 138.1 (Ph-i-C), 146.2 (C-4′), 147.8 (C-3′), 178.9 (C-1). IR: νMAX (film)/cm-1; 2892 (br), 1704, 1489, 

1242, 1038, 923, 737, 697. HRMS (ESI+) found (MNa+): 377.1360; C21H22NaO5 requires 377.1359. 

 

(2R*,3S*)-2-((3′,4′-Methylenedioxyphenyl)methyl)-3-((benzyloxy)methyl)pent-4-en-1-ol 7.21 

 

To a stirred solution of acid A3.8 (1.5 g, 4.2 mmol) in THF (50 mL), under an atmosphere of nitrogen at 

0 °C, was added LiAlH4 (0.32 g, 8.4 mmol) and the resulting mixture heated at reflux for 21 h. The 

reaction mixture was cooled to 0 °C, quenched with careful addition of water (50 mL) and extracted with 
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ethyl acetate (3 × 75 mL). The organic extracts were combined, washed with brine (20 mL), dried 

(MgSO4) and solvent removed in vacuo. The crude product was purified by column chromatography 

(2:1 hexanes, ethyl acetate) to give the title compound 7.21 (0.83 g, 58%) as a colourless oil. 

Rf = 0.53 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.97–2.05 (1H, m, 2-H), 2.49 (1H, dd, J = 

13.7, 6.6 Hz, 2-CHA), 2.49–2.55 (1H, m, 3-H), 2.56 (1H, dd, J = 13.7, 8.6 Hz, 2-CHB), 2.72 (1H, t, J = 

6.0 Hz, 1-OH), 3.47–3.61 (4H, m, 1-H, 3-CH2), 4.52 (2H, s, Ph-CH2), 5.09–5.19 (2H, m, 5-H), 5.88 (1H, 

ddd, J = 17.2, 10.4, 8.8 Hz, 4-H), 5.91 (2H, s, OCH2O), 6.62 (1H, dd, J = 7.8, 1.6 Hz, 6′-H), 6.68 (1H, 

d, J = 1.6 Hz, 2′-H), 6.72 (1H, d, J = 7.8 Hz, 5′-H), 7.27–7.38 (5H, m, Ph-H). δC (100 MHz; CDCl3) 34.8 

(2-CH2), 45.3 (C-2), 45.6 (C-3), 63.0 (C-1), 72.3 (3-CH2), 73.5 (Ph-CH2), 100.9 (OCH2O), 108.2 (C-5′), 

109.6 (C-2′), 117.3 (C-5), 122.1 (C-6′), 127.9 (Ph-o-C), 128.0 (Ph-p-C), 128.6 (Ph-m-C), 134.5 (C-1′), 

137.4 (C-4), 137.8 (Ph-i-C), 145.9 (C-4′), 147.7 (C-3′). IR: νMAX (film)/cm-1; 3410, 2880, 1502, 1488, 

1243, 1036, 925, 736, 697. HRMS (ESI+) found (MNa+): 363.1581; C21H24NaO4 requires 363.1567. 

 

(2R*,3S*)-2,3-Bis((benzyloxy)methyl)-1-(3′,4′-methylenedioxyphenyl)pent-4-ene 7.22 

 

To a stirred solution of alcohol 7.21 (0.76 g, 2.24 mmol) in THF (20 mL), under an atmosphere of 

nitrogen at 0 °C, was added NaH (0.11 g, 2.68 mmol) followed by benzyl bromide (0.32 mL, 2.68 mmol) 

and the resultant mixture stirred at room temperature for 16 h. Water was added (20 mL) and the mixture 

extracted with ethyl acetate (3 × 30 mL). The organic extracts were combined, washed with brine (20 

mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified by column 

chromatography (9:1 hexanes, ethyl acetate) to give the title compound 7.22 (0.87 g, 90%) as a 

colourless oil. 

Rf = 0.77 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.09–2.18 (1H, m, 2-H), 2.55 (1H, dd, J = 

13.7, 7.0 Hz, 1-HA), 2.53–2.61 (1H, m, 3-H), 2.65 (1H, dd, J = 13.7, 8.0 Hz, 1-HB), 3.33 (1H, dd, J = 9.4, 

5.2 Hz, 2-CHA), 3.40 (1H, dd, J = 9.4, 5.4 Hz, 2-CHB), 3.55 (2H, d, J = 6.3 Hz, 3-CH2), 4.41 (2H, s, 2-

CH2OCH2Ph), 4.46 (2H, s, 3-CH2OCH2Ph), 5.11 (1H, ddd, J = 17.1, 2.0, 0.9 Hz, 5-Hcis), 5.14 (1H, ddd, 

J = 10.4, 2.0, 0.5 Hz, 5-Htrans), 5.79 (1H, ddd, J = 17.1, 10.4, 9.0 Hz, 4-H), 5.92 (2H, s, OCH2O), 6.60 

(1H, dd, J = 7.9, 1.8 Hz, 6′-H), 6.67 (1H, d, J = 1.6 Hz, 2′-H), 6.71 (1H, d, J = 7.9 Hz, 5′-H), 7.25–7.36 

(10H, m, Ph-H). δC (100 MHz; CDCl3) 35.5 (C-1), 41.6 (C-2), 45.2 (C-3), 70.1 (2-CH2), 72.2 (3-CH2), 

73.0 (3-CH2OCH2Ph), 73.2 (2-CH2OCH2Ph), 100.8 (OCH2O), 108.1 (C-5′), 109.7 (C-2′), 117.3 (C-5), 

122.2 (C-6′), 127.56, 127.59 (Ph-p-C), 127.67, 127.71 (Ph-o-C), 128.42, 128.43 (Ph-m-C), 134.8 (C-

1′), 137.9 (C-4), 138.7 (3-CH2OCH2Ph-i-C), 138.8 (2-CH2OCH2Ph-i-C), 145.7 (C-4′), 147.6 (C-3′). IR: 
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νMAX (film)/cm-1; 2857, 1052, 1488, 1244, 1094, 1038, 925, 734, 695. HRMS (ESI+) found (MNa+): 

453.2040; C28H30NaO4 requires 453.2036. 

 

(2S*,3R*)-4-(3′,4′-Methylenedioxyphenyl)-2,3-bis((benzyloxy)methyl)butanal 7.23 

 

To a stirred solution of olefin 7.22 (0.84 g, 1.96 mmol) in tBuOH/H2O (20 mL, 1:1) was added NMO 

(0.68 g, 5.88 mmol) and OsO4 (0.2 mL, 0.020 mmol, 2.5 g/100 mL in tBuOH) and the resulting mixture 

stirred for 8 days. Saturated aqueous Na2SO3 (30 mL) was added and the mixture extracted with ethyl 

acetate (3 × 30 mL). The organic extracts were combined, washed with 1M KOH (10 mL), dried (MgSO4) 

and solvent removed in vacuo. The crude residue was dissolved in MeOH/H2O (28 mL, 3:1), NaIO4 (0.5 

g, 2.35 mmol) was added and the resultant mixture stirred for 40 min. Brine (20 mL) was added and 

extracted with ethyl acetate (3 × 30 mL). The organic extracts were combined, washed with water (10 

mL), brine (10 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified by 

column chromatography (15:1 hexanes, ethyl acetate) to give the title compound 7.23 (0.68 g, 80%) as 

a colourless oil. 

Rf = 0.69 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.40 (1H, ddtd, J = 9.0, 6.4, 5.5, 4.0 Hz, 3-

H), 2.62 (1H, dd, J = 13.7, 9.0 Hz, 4-HA), 2.71 (1H, dd, J = 13.7, 6.4 Hz, 4-HB), 2.77 (1H, dtd, J = 7.2, 

5.5, 2.1 Hz, 2-H), 3.34 (1h, dd, J = 9.5, 5.5 Hz, 3-CHA), 3.41 (1H, dd, J = 9.5, 4.0 Hz, 3-CHB), 3.68 (1H, 

dd, J = 9.7, 5.5 Hz, 2-CHA), 3.87 (1H, dd, J = 9.7, 7.2 Hz, 2-CHB), 4.37 (1H, d, J = 11.9 Hz, 3-

CH2OCHAPh), 4.40 (1H, d, J = 11.9 Hz, 3-CH2OCHBPh), 4.48 (2H, s, 2-CH2OCH2Ph), 5.92 (2H, s, 

OCH2O), 6.58 (1H, dd, J = 7.9, 1.7 Hz, 6′-H), 6.65 (1H, d, J = 1.7 Hz, 2′-H), 6.70 (1H, d, J = 7.9 Hz, 5′-

H), 7.24–7.37 (10H, m, Ph-H), 9.77 (1H, d, J = 2.1 Hz, 1-H). δC (100 MHz; CDCl3) 35.5 (C-4), 40.3 (C-

3), 53.2 (C-2), 67.6 (2-CH2), 69.5 (3-CH2), 73.3 (3-CH2OCH2Ph), 73.4 (2-CH2OCH2Ph), 101.0 (OCH2O), 

108.3 (C-5′), 109.6 (C-2′), 122.2 (C-6′), 127.77 (Ph-p-C), 127.80 (Ph-o-C), 127.83 (Ph-o-C), 127.88 (Ph-

p-C), 128.50 (Ph-m-C), 128.56 (Ph-m-C), 133.7 (C-1′), 138.0 (2-CH2OCH2Ph-i-C), 138.2 (3-

CH2OCH2Ph-i-C), 146.1 (C-4′), 147.8 (C-3′), 203.4 (C-1). IR: νMAX (film)/cm-1; 2860, 1718, 1488, 1244, 

1093, 1037, 926, 735, 696. HRMS (ESI+) found (MNa+): 455.1813; C27H28NaO5 requires 455.1829. 
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(2S*,3R*)-1,4-Bis(3′,4′-methylenedioxyphenyl)-2,3-bis((benzyloxy)methyl)butan-1-ol 7.25 

 

To a stirred solution of 4-bromo-1,2-methylenedioxybenzene (0.36 g, 1.77 mmol) in THF (10 mL), under 

an atmosphere of nitrogen at -78 °C, was added tBuLi (2.2 mL, 1.6 M in pentane) and stirred for 3 min. 

Aldehyde 7.23 (0.64 g, 1.48 mmol) in THF (5 mL) was then added dropwise and the resultant mixture 

stirred for 2.5 h. Saturated aqueous NH4Cl (20 mL) was added and extracted with ethyl acetate (3 × 30 

mL). The organic extracts were combined, washed with brine (10 mL), dried (MgSO4) and solvent 

removed in vacuo. The crude product was purified by column chromatography (9:1 hexanes, ethyl 

acetate) to give the title compound 7.25 (0.72 g, 89%, d.r. 1:0.6) as a colourless oil. 

Rf = 0.62 (2:1 hexanes, ethyl acetate). Major: δH (400 MHz; CDCl3) 2.12–2.18 (1H, m, 2-H), 2.19–2.27 

(1H, m, 3-H), 2.63 (1H, dd, J = 13.5, 10.3 Hz, 4-HA), 2.74 (1H, dd, J = 13.5, 5.2 Hz, 4-HB), 3.34 (1H, dd, 

J = 9.8, 4.3 Hz, 3-CHAOCH2Ph), 3.56 (1H, dd, J = 9.8, 3.0 Hz, 3-CHBOCH2Ph), 3.59 (1H, dd, J = 9.9, 

4.3 Hz, 2-CHAOCH2Ph), 3.65 (1H, dd, J = 9.8, 5.4 Hz, 2-CHBOCH2Ph), 4.40 (3H, s, 1-OH, 2-

CH2OCH2Ph), 4.40 (1H, d, J = 11.7 Hz, 3-CH2OCHAPh), 4.45 (1H, d, J = 11.7 Hz, 3-CH2OCHBPh), 4.97 

(1H, t, J = 4.5 Hz, 1-H), 5.91–5.95 (4H, m, OCH2O), 6.55 (1H, dd, J = 7.8, 1.6 Hz, 6′-H), 6.59 (1H, d, J 

= 1.6 Hz, 2′-H), 6.70 (1H, d, J = 7.8 Hz, 5′-H), 6.73–6.76 (2H, m, 5′′, 6′′-H),  6.81 (1H, d, J = 1.0 Hz, 2′′-

H), 7.23–7.28 (10H, m, Ph-H). δC (100 MHz; CDCl3) 34.9 (C-4), 39.5 (C-3), 46.9 (C-2), 68.4 (2-

CH2OCH2Ph), 68.6 (3-CH2OCH2Ph), 73.3 (C-1), 73.4 (3-CH2OCH2Ph), 73.6 (2-CH2OCH2Ph), 100.9, 

101.0 (OCH2O), 106.7 (C-2′′), 108.0 (C-5′′), 108.2 (C-5′), 109.5 (C-2′), 119.1 (C-6′′), 122.1 (C-6′), 127.7 

(Ph-p-C), 128.0 (Ph-o-C), 128.6 (Ph-m-C), 134.6 (C-1′), 137.9, 138.1 (Ph-i-C), 138.2 (C-1′′), 145.9 (C-

4′), 146.4 (C-4′′), 147.7, 147.8 (C-3′, 3′′). Minor: δH (400 MHz; CDCl3) 2.19–2.27 (1H, m, 2-H), 2.28–

2.36 (1H, m, 3-H), 2.62 (1H, dd, J = 13.6, 10.2 Hz, 4-HA), 2.88 (1H, dd, J = 13.6, 5.4 Hz, 4-HB), 3.36 

(1H, dd, J = 9.7, 5.2 Hz, 2-CHAOCH2Ph), 3.38 (1H, dd, J = 9.7, 6.1 Hz, 3-CHAOCH2Ph), 3.45 (1H, dd, 

J = 9.7, 4.5 Hz, 2-CHBOCH2Ph), 3.51 (1H, dd, J = 9.7, 3.1 Hz, 3-CHBOCH2Ph), 3.63 (1H, d, J = 3.5 Hz, 

1-OH), 4.32 (1H, d, 11.9 Hz, 3-CH2OCHAPh), 4.33 (1H, d, J = 6.5 Hz, 2-CH2OCHAPh), 4.36 (1H, d, J = 

6.5 Hz, 2-CH2OCHBPh), 4.40 (1H, d, J = 11.9 Hz, 3-CH2OCHBPh), 4.84 (1H, dd, J = 7.4, 3.5 Hz, 1-H), 

5.91–5.95 (4H, m, OCH2O), 6.60 (1H, dd, J = 7.8, 1.6 Hz, 6′-H), 6.66 (1H, d, J = 1.6 Hz, 2′-H), 6.70 (1H, 

d, J = 7.8 Hz, 5′-H), 6.77 (1H, d, J = 7.8 Hz, 5′′-H), 6.79 (1H, dd, J = 7.8, 1.4 Hz, 6′′-H), 6.87 (1H, d, J = 

1.4 Hz, 2′′-H), 7.23–7.28 (10H, m, Ph-H). δC (100 MHz; CDCl3) 36.3 (C-4), 40.5 (C-3), 47.1 (C-2), 70.5 

(3-CH2OCH2Ph), 70.9 (2-CH2OCH2Ph), 73.3 (2, 3-CH2OCH2Ph), 74.8 (C-1), 100.9, 101.0 (OCH2O), 

107.1 (C-2′′), 108.0 (C-5′′), 108.1 (C-5′), 109.6 (C-2′), 120.0 (C-6′′), 122.1 (C-6′), 127.8 (Ph-p-C), 127.91, 

127.95 (Ph-o-C), 128.50, 128.53 (Ph-m-C), 135.4 (C-1′), 137.9, 138.1 (Ph-i-C), 138.4 (C-1′′), 145.7 (C-
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4′), 146.8 (C-4′′), 147.6, 147.8 (C-3′, 3′′). IR: νMAX (film)/cm-1; 3415, 2872, 1501, 1487, 1440, 1241, 1037, 

928, 735, 697. HRMS (ESI+) found (MNa+): 577.2176; C34H34NaO7 requires 577.2197. 

 

(2R*,3S*)-2,3-Bis(3′,4′-methylenedioxybenzyl)butane-1,4-diol 7.26 

 

To a stirred solution of benzyl ether 7.25 (0.035 g, 0.06 mmol) in MeOH (5 mL) was added Pd/C (7 mg, 

10% w/w) and conc. HCl (2 drops). The mixture was placed under an atmosphere of hydrogen and the 

resulting mixture stirred for 22 h. The reaction mixture was filtered through Celite®, washed with MeOH 

(20 mL) and solvent removed in vacuo. The crude product was purified by column chromatography (1:1 

hexanes, ethyl acetate) to give the title compound 7.26 (0.014 g, 61%) as a colourless oil. 

Rf = 0.40 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.94–2.03 (2H, m, 2, 3-H), 2.56 (2H, dd, J 

= 13.7, 6.1 Hz, 2, 3-CHA), 2.64 (2H, dd, J = 13.7, 9.3 Hz, 2, 3-CHB), 3.44 (2H, s, 1, 4-OH), 3.50 (2H, dd, 

J = 11.0, 3.0 Hz, 1, 4-HA), 3.58 (2H, dd, J = 11.1, 6.9 Hz, 1, 4-HB), 5.92 (4H, s, OCH2O), 6.63 (2H, dd, 

J = 7.9, 1.7 Hz, 6′-H), 6.67 (2H, d, J = 1.6 Hz, 2′-H), 6.73 (2H, d, J = 7.9 Hz, 5′-H). δC (100 MHz; CDCl3) 

33.7 (2, 3-CH2), 45.4 (C-2, 3), 63.2 (C-1, 4), 101.0 (OCH2O), 108.3 (C-5′), 109.4 (C-2′), 122.0 (C-6′), 

134.3 (C-1′), 146.0 (C-4′), 147.8 (C-3′). 

The NMR values are in agreement with literature data.230,231 

 

(±)-cis-Cubebin 7.18 

 

To a stirred solution of alcohol 7.26 (0.014 g, 0.04 mmol) in CH2Cl2 (5 mL) was added Dess-Martin 

periodinane (0.020 g, 0.05 mmol) and the resultant mixture stirred for 1 h. Water (10 mL) was added 

and the mixture extracted with CH2Cl2 (3 × 10 mL). The organic extracts were combined, washed with 

brine (10 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified by column 

chromatography (2:1 hexanes, ethyl acetate) to give the title compound 7.18 (0.014 g, >99%, 1:0.3 

anomeric ratio) as a white solid.  
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Rf = 0.62 (2:1 hexanes, ethyl acetate). Melting point: 106–108 °C. Major: δH (400 MHz; CDCl3) 2.38–

2.42 (1H, m, 8-H), 2.43 (1H, t, J = 11.5 Hz, 7-HA), 2.55 (1H, dd, J = 13.8, 9.7 Hz, 7′-HA), 2.61 (1H, br s, 

9-OH), 2.77 (1H, dd, J = 11.5, 9.3 Hz, 7-HB), 2.78 (1H, dd, J = 13.8, 6.3 Hz, 7′-HB), 2.85–2.95 (1H, m, 

8′-H), 3.68 (1H, t, J = 8.2 Hz, 9′-HA), 4.05 (1H, dd, J = 8.2, 7.4 Hz, 9′-HB), 5.17 (1H, s, 9-H), 5.926 (2H, 

s, OCH2O), 5.932 (2H, s, OCH2O), 6.61–6.65 (2H, m, 6, 6′-H), 6.66 (1H, d, J = 1.6 Hz, 2-H), 6.67 (1H, 

d, J = 1.6 Hz, 2′-H), 6.73 (2H, d, J = 7.8 Hz, 5, 5′-H). δC (100 MHz; CDCl3) 31.8 (C-7), 33.4 (C-7′), 41.4 

(C-8′), 50.0 (C-8), 71.7 (C-9′), 101.0 (OCH2O), 101.9 (C-9), 108.4 (C-5, 5′), 108.9 (C-2′), 109.3 (C-2), 

121.4 (C-6′), 121.8 (C-6), 133.7 (C-1), 134.2 (C-1′), 146.1 (C-4, 4′), 147.91, 147.93 (C-3, 3′). Minor: δH 

(400 MHz; CDCl3) 2.42–2.50 (2H, m, 8, 8′-H), 2.67 (1H, br s, 9-OH),2.73–2.81 (2H, m, 7, 7′-HA), 2.89–

2.93 (2H, m, 7, 7′-HB), 3.80 (1H, dd, J = 8.8, 6.3 Hz, 9′-HA), 3.88 (1H, dd, J = 8.8, 2.7 Hz, 9′-HB), 5.27 

(1H, d, J = 4.4 Hz, 9-H), 5.91 (2H, s, OCH2O), 5.94 (2H, s, OCH2O), 6.57–6.82 (6H, m, Ar-H). δC (100 

MHz; CDCl3) 31.0 (C-7), 35.9 (C-7′), 41.1 (C-8′), 48.9 (C-8), 72.3 (C-9′), 98.9 (C-9), 100.9 (OCH2O), 

101.0 (OCH2O), 108.3, 108.4 (C-5, 5′), 109.3 (C-2, 2′), 121.6, 121.9 (C-6, 6′), 134.6, 135.2 (C-1, 1′), 

145.9 (C-4, 4′), 147.8 (C-3, 3′). IR: νMAX (film)/cm-1; 3379, 2921, 2895, 1501, 1488, 1443, 1245, 1033, 

923, 802. HRMS (ESI+) found (MNa+): 379.1145; C20H20NaO6 requires 379.1152. 
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(+)-(S)-4′′-Benzyl-3′′-(3-(3′,4′-methylenedioxyphenyl)propanoyl)oxazolidin-2′′-one 7.8 
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(+)-(S)-3′′-((S)-2-(3′,4′-Methylenedioxyphenylmethyl)pent-4-enoyl)-4′′-benzyloxazolidin-2′′-one 7.9 
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(+)-(4R)-4-(3′,4′-Methylenedioxybenzyl)tetrahydrofuran-2-ol 7.11 
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(+)-(R)-4-(3′,4′-Methylenedioxybenzyl)dihydrofuran-2(3H)-one 7.12 
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(–)-Hinokinin 7.13 
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(–)-Cubebin 7.5 
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(+)-9,9′-Epoxy-8,9-dehydroaustrobailignan-5 (7.14) 
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(–)-Isocubebinic ether 7.15 
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(–)-Bicubebin A (7.4) 
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(–)-Bicubebin A (7.4) 
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(–)-Bicubebin B (7.16) 
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(–)-Bicubebin B (7.16) 
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(+)-Bicubebin C (7.17) 
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(+)-Bicubebin C (7.17) 
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(2R*,3S*)-2-((3′,4′-Methylenedioxyphenyl)methyl)-3-((benzyloxy)methyl)-1-morpholinopent-4-en-1-one 

7.20 
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(2R*,3S*)-2-((3′,4′-Methylenedioxyphenyl)methyl)-3-((benzyloxy)methyl)pent-4-enoic acid A3.8 
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(2R*,3S*)-2-((3′,4′-Methylenedioxyphenyl)methyl)-3-((benzyloxy)methyl)pent-4-en-1-ol 7.21 
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(2R*,3S*)-2,3-Bis((benzyloxy)methyl)-1-(3′,4′-methylenedioxyphenyl)pent-4-ene 7.22 
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(2S*,3R*)-4-(3′,4′-Methylenedioxyphenyl)-2,3-bis((benzyloxy)methyl)butanal 7.23 
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(2S*,3R*)-1,4-Bis(3′,4′-methylenedioxyphenyl)-2,3-bis((benzyloxy)methyl)butan-1-ol 7.25 
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(2R*,3S*)-2,3-Bis(3′,4′-methylenedioxybenzyl)butane-1,4-diol 7.26 
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(±)-cis-Cubebin 7.18 
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Schemes and Figures 

 

Scheme A4.1: Reagents and conditions: (a) NaH, benzyl bromide, DMF, 0 °C, 18 h, 82%; (b) OsO4 (0.2 mol%), NMO, 
tBuOH/H2O, 18 h, >99%; (c) NaIO4, MeOH/H2O, 10 min, >99%; (d) NaH, triethyl phosphonoacetate, -10 °C, 20 min, 72%; (e) 
DIBAL-H, CH2Cl2, -78 °C, 10 min, 93%; (f) Et3N, MsCl, morpholine, CH2Cl2, 0 °C, 16 h, 65%. 

 

 

Scheme A4.2: Reagents and conditions: (a) Br2, AcOH, 0 °C, 15 min, 53%; (b) benzyl bromide, K2CO3, CH3CN, 20 h, 39%; (c) 
m-CPBA, CH2Cl2, 0 °C, 24 h, then KOH, MeOH, 10 min, 97%; (d) 3-bromopropan-1-ol, K2CO3, CH3CN, 21 h, >99%; (e) DMP, 
CH2Cl2, 1.5 h, 83%; (f) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH/H2O, 9 h, 77%; (g) (COCl)2, toluene, 19 h, >99%. 

 

Initial attempts towards the synthesis of ovafolinin B involved the use of a methoxymethyl (MOM) 

protecting group of the primary alcohol of 8.18, however, all attempts at cyclisation following oxidation 

to give aldehyde A4.24 we unsuccessful giving either recovered starting material or decomposition 

products (scheme A4.4). It was also observed that aldehyde A4.24 would undergo elimination in 

chloroform to give trace amounts of an acrylaldehyde A4.27, therefore suggesting that the MOM 

protecting group is unstable leading to the use of the more stable TBDPS protecting group. 
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Scheme A4.3: Reagents and conditions: (a) iPrBr, K2CO3, DMF, 80 °C, 17 h, 99%; (b) (carbethoxymethylene)triphenyl-
phosphorane, CH2Cl2, 17 h, >99%; (c) Pd/C, H2, MeOH, 4 h, 96%; (d) NaOH, MeOH/H2O, 15 min, 99%; (e) (COCl)2, CH2Cl2, 2 h, 
>99%. 

 

 

Scheme A4.4: Reagents and conditions: (a) iPr2NEt, MOMCl, CH2Cl2, 0 °C, 23 h, 86% (b) HCO2NH4, Pd/C, MeOH, reflux, 3 h, 
86%; (c) H2, Pd/C, MeOH, 1 h, >99%; (d) NBS, CH2Cl2, -78 °C, 2.5 h, >99%; (e) DMP, CH2Cl2, 20 min, 84%; (f) nBuLi, THF, -78 °C, 
1 h, decomposition; (g) Mg, THF, 2 h, recovered starting material; (h) Sc(OTf)3, CH2Cl2, 1 h, complex mixture; (i) BF3·OEt2, 
CH2Cl2, 16 h, complex mixture. (j) CDCl3, 24 h, trace amounts. 

 



  Appendix Four 

268 
 

 

Figure A4.1: Proposed mechanism for the acid catalysed tandem cyclisation to give the ovafolinin B skeleton. 

 

Following the successful synthesis of protected ovafolinin B (8.21) oxidation at the benzylic position 

was attempted as the oxidation of an aryl tetralin to an aryl tetralone has been reported using PCC-

Celite as the oxidant.200 However, in this case the highly electron rich aromatic ring was instead 

oxidatively ring opened to give diester A4.25 which is a structural motif found in other natural products 

(scheme A4.5).201–203  

 

 

Scheme A4.5: Reagents and conditions: (a) PCC-Celite, toluene, 90 °C, 21 h, 55%. 
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Attempted enantioselective synthesis of ovafolinin A and B  

Following the successful racemic synthesis of ovafolinin A and B a modification of the acyl-Claisen 

rearrangement; the aza-Claisen rearrangement, was then attempted as an enantioselective synthesis 

of ovafolinin A and B (scheme A4.6). This was attempted using R-(+)-α-methylbenzylamine as the chiral 

auxiliary which was acylated with acid chloride 8.13 followed by addition of the benzyloxy allyl group. 

However, when the standard conditions were applied none of the desired product was isolated with the 

only isolated compound being benzyl alcohol, suggesting that the benzyloxy allyl group is unstable 

under rearrangement conditions. Furthermore, racemic carboxylic acid A4.16 was coupled to R-(+)-α-

methylbenzylamine using DCC which gave an inseparable mixture of diastereomers suggesting that 

had the aza-Claisen been successful the diastereomers formed would not have been easily separated.  

 

Scheme A4.6: Reagents and conditions: (a) R-(+)-α-methylbenzylamine, Et3N, CH2Cl2, 0 °C, 21 h, 92%; (b) NaH, (E)-(((4-
bromobut-2-en-1-yl)oxy)methyl)benzene, TBAI, DMF, 0 °C, 20 h, 43%; (c) LiHMDS, toluene, 140 °C, 15 h, decomposition; (d) R-
(+)-α-methylbenzylamine, DCC, DMAP, CH2Cl2, 0 °C, 22 h, 99%. 
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Table A4.1: 1H NMR data of synthetic (400 MHz) and natural (500 MHz) ovafolinin A and B in CDCl3. 

H ovafolinin A natural ovafolinin A synthetic ovafolinin B natural ovafolinin B synthetic 

6 6.52 (1H, s) 6.53 (1H, s) 6.38 (1H, s) 6.39 (1H, s) 

7 4.75 (1H, br d, 4.4) 4.76 (1H, d, 4.5) 
2.86 (1H, br d, 17.4) 

3.03 (1H, dd, 7.1, 17.4) 
2.89 (1H, d, 17.4) 

3.08 (1H, dd, 7.1, 17.4) 

8 2.32 (1H, *) 2.31–2.35 (1H, m) 2.24 (1H, *) 2.21–2.29 (1H, m) 

9 
3.96 (1H, dd, 2.8, 13.3) 
4.51 (1H, *br d, 13.3) 

3.99 (1H, dd, 3.0 13.3) 
4.54 (1H, dd, 1.6, 13.3) 

3.82 (1H, *) 
4.41 (1H, dd, 2.7, 12.1) 

3.83 (1H, br d, 12.0) 
4.44 (1H, dd, 2.9, 12.0) 

6′ 6.26 (1H, s) 6.27 (1H, s) 6.25 (1H, s) 6.26 (1H, s) 

7′ 4.49 (1H, d, 2.3) 4.51 (1H, d, 2.5) 4.59 (1H, br s) 4.60 (1H, br s) 

8′ 2.60 (1H, *) 2.59–2.63 (1H, m) 2.22 (1H, *) 2.12–2.29 (1H, m) 

9′ 
3.73 (1H, br d, 8.5) 

4.11 (1H, dd, 2.7, 8.5) 
3.75 (1H, br d, 8.6) 

4.14 (1H, dd, 5.8, 8.6) 
3.62 (1H, dd, 7.1, 10.6) 

3.72 (1H, *) 
3.64 (1H, dd, 7.3, 10.5) 
3.74 (1H, dd, 7.6, 10.5) 

3-OMe 4.06 (3H, s) 3.25 (3H, s) 4.06 (3H, s) 3.44 (3H, s) 

4-OH  5.37 (1H, s)  5.19 (1H, s) 

5-OMe 3.86 (3H, s) 3.88 (3H, s) 3.81 (3H, s) 3.83 (3H, s) 

3′-OMe 3.77 (3H, s) 4.07 (3H, s) 3.74 (3H, s) 3.99 (3H, s) 

4′-OH  5.33 (1H, s)  5.33 (1H, s) 

5′-OMe 3.23 (3H, s) 3.78 (3H, s) 3.42 (3H, s) 3.76 (3H, s) 

 

  



  Appendix Four 

271 
 

General Methods 

All reactions were carried out with oven-dried glassware and under a nitrogen atmosphere in dry, freshly 

distilled solvents unless otherwise noted. Diisopropylethylamine was distilled from CaH2 and stored 

over activated 4Å molecular sieves. Infrared (IR) spectra were recorded using a Perkin Elmer 

Spectrum1000 FT-IR spectrometer. NMR spectra were recorded on a 400 MHz spectrometer. Chemical 

shifts are reported relative to the solvent peak of chloroform (δ 7.26 for 1H and δ 77.16 ± 0.06 for 13C). 
1H NMR data is reported as position (δ), relative integral, multiplicity (s, singlet; d, doublet; dd, doublet 

of doublets; ddd, doublet of doublet of doublets; dt, doublet of triplets; dq, doublet of quartets; t, triplet; 

td, triplet of doublets; q, quartet; m, multiplet), coupling constant (J, Hz), and the assignment of the 

atom. 13C NMR data are reported as position (δ) and assignment of the atom. NMR assignments were 

performed using COSY, HSQC and HMBC experiments. High-resolution mass spectroscopy (HRMS) 

was carried out by electrospray ionization (ESI) on a MicroTOF-Q mass spectrometer. All optical 

rotation measurements were measured using the sodium D line (λ = 589 nm, 0.1 dm cell) with a Rudolph 

Research Analytical Autopol IV automatic polarimeter. Fetizon’s reagent was prepared following a 

literature procedure.210 Unless noted, chemical reagents were used as purchased. 
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Experimental Procedures 

(Z)-1,4-Bis(benzyloxy)but-2-ene A4.1 

 

To a suspension of NaH (2.36 g, 59.0 mmol) in DMF (50 mL), under an atmosphere of nitrogen at 0 °C, 

was added a solution of 2-butene-1,4-diol (2.0 g, 22.7 mmol) in DMF (10 mL) and stirred at room 

temperature for 1 h. Benzyl bromide (9.4 mL, 79.4 mmol) was then added dropwise and the resulting 

mixture stirred at room temperature overnight. The reaction mixture was then quenched with saturated 

aqueous NH4Cl (50 mL) and extracted with Et2O (3 × 50 mL). The organic layers were then combined, 

washed with water (2 × 20 mL), brine (20 mL) and dried (MgSO4). The solvent was then removed in 

vacuo and the crude product purified by column chromatography (19:1 hexanes, ethyl acetate) to give 

the title compound A4.1 (5.31 g, 82%) as a colourless oil. 

Rf = 0.76 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 4.08 (4H, d, J = 4.0 Hz, 1-H), 4.50 (4H, s, 

5′-H), 5.81 (2H, t, J = 4.0 Hz, 2-H), 7.29–7.35 (10H, m, 2′, 3′, 4′-H). δC (100 MHz; CDCl3) 65.9 (C-1), 

72.4 (C-5′), 127.8 (C-4′), 127.9 (C-2′), 128.5 (C-3′), 129.7 (C-2), 138.3 (C-1′). 

Values were in agreement with literature data.224,225 

 

(2R*,3S*)-1,4-Bis(benzyloxy)butane-2,3-diol A4.2 

 

To a stirred solution of NMO (6.5 g, 55.6 mmol) in water/tBuOH (1:1, 60 mL) was added olefin A4.1 (5.3 

g, 18.5 mmol). A solution of OsO4 (0.94 mL, 0.093 mmol, 2.5 % w/v in tBuOH) was then added dropwise 

and the resulting mixture stirred at room temperature for 18 h. The mixture was then quenched with 

saturated aqueous Na2SO3 (60 mL) and stirred for 1 h. The mixture was then extracted with Ethyl 

acetate (3 × 50 mL). The organic layers were combined then washed with aqueous KOH (1 M, 20 mL) 

and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by column 

chromatography (2:1 hexanes, ethyl acetate) to give diol A4.2 (5.7 g, quant.) as a white solid. 

Rf = 0.28 (2:1 hexanes, ethyl acetate). Melting point: 54–56 °C. δH (300 MHz; CDCl3) 2.69 (2H, d, J = 

5.1 Hz, 2-OH), 3.60–6.70 (4H, m, 1-H), 3.79–3.89 (2H, m, 2-H), 4.55 (4H, s, 5′-H), 7.27–7.39 (10H, m, 

2′, 3′, 4′-H). δC (75 MHz; CDCl3) 71.2 (C-1), 71.6 (C-2), 73.7 (C-5′), 127.9 (C-2′), 128.0 (C-4′), 128.6 (C-

3′), 137.9 (C 1′). 

Values were in agreement with literature data.225,226 
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(Z)-Ethyl 4-(benzyloxy)but-2-enoate A4.3 and (E)-Ethyl 4-(benzyloxy)but-2-enoate A4.4 

 

To a stirred solution of diol A4.2 (1.0 g, 3.3 mmol) in MeOH/water (3:1, 20 mL) was added NaIO4 (2.1 

g, 9.9 mmol) which was then stirred at room temperature for 10 min. The mixture was then quenched 

with addition of brine (15 mL) and extracted with Ethyl acetate (3 × 20 mL). The organic extracts were 

combined, washed with water (2 × 5 mL) and dried (MgSO4). Solvent was then removed in vacuo and 

used without further purification to give 2-(benzyloxy)acetaldehyde (1.0 g, quant.) as a colourless oil. 

To a stirred suspension of sodium hydride (0.33 g, 8.2 mmol, 60% dispersion in mineral oil) in THF (15 

mL) under an atmosphere of nitrogen at -10 °C, was added triethyl phosphonoacetate (2.0 mL, 10.3 

mmol) and stirred at -10 °C for 30 min. A solution of 2-(benzyloxy)acetaldehyde (1.0 g, 6.7 mmol) in 

THF (3 mL) was added dropwise and the resulting mixture stirred at -10 °C for 20 min. The mixture was 

then quenched with addition of saturated aqueous NH4Cl (10 mL) and THF removed in vacuo. The 

resulting residue was then extracted with diethyl ether (3 × 20 mL), the organic extracts combined, 

washed with brine (5 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product 

purified by column chromatography (19:1 hexanes, ethyl acetate) to give the title compound A4.3 (0.047 

g, 3%) as a colourless oil and in a second fraction (19:1 hexanes, ethyl acetate) the title compound 

A4.4 (1.05 g, 72%) as a colourless oil. 

A4.3 

Rf = 0.84 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.28 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 4.16 

(2H, q, J = 7.2 Hz, 1-OCH2CH3), 4.55 (2H, s, 5′-H), 4.64 (2H, dd, J = 4.9, 2.5 Hz, 4-H), 5.82 (1H, dt, J = 

11.6, 2.5 Hz, 2-H), 6.43 (1H, dt, J = 11.6, 4.9 Hz, 3-H), 7.26–7.36 (5H, m, 2′, 3′, 4′-H). δC (100 MHz; 

CDCl3) 14.4 (1-OCH2CH3), 60.4 (1-OCH2CH3), 68.6 (C-4), 73.0 (C-5′), 119.7 (C-2), 127.9 (C-4′), 128.0 

(C-2′), 128.6 (C-3′), 138.0 (C-1′), 148.3 (C-3), 166.2 (C-1). 

Values were in agreement with literature data.227 

A4.4 

Rf = 0.77 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.29 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 4.18 

(2H, dd, J = 4.4, 2.1 Hz, 4-H), 4.21 (2H, q, J = 7.2 Hz, 1-OCH2CH3), 4.57 (2H, s, 5′-H), 6.13 (1H, dt, J = 

15.9, 2.1 Hz, 2-H), 6.98 (1H, dt, J = 15.9, 4.4 Hz, 3-H), 7.28–7.38 (5H, m, 2′, 3′, 4′-H). δC (100 MHz; 

CDCl3) 14.4 (1-OCH2CH3), 60.5 (1-OCH2CH3), 68.8 (C-4), 72.9 (C-5′), 121.6 (C-2), 127.8 (C-2′), 128.0 

(C-4′), 128.6 (C-3′), 137.9 (C-1′), 144.3 (C-3), 166.5 (C-1). 

Values were in agreement with literature data.228 
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(E)-4-(Benzyloxy)but-2-en-1-ol A4.5 

 

To a stirred solution of ester A4.4 (2.0 g, 9.1 mmol) in CH2Cl2 (80 mL) under an atmosphere of nitrogen 

at -78 °C, was added DIBAL-H (27 mL, 27 mmol, 1M in cyclohexane) and stirred for 10 min. The 

resulting mixture was then quenched with slow addition of 2M HCl until the formed precipitate had 

dissolved and extracted with CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with 

water (20 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified 

by column chromatography (3:1 hexanes, ethyl acetate) to give the title compound A4.5 (1.5 g, 93%) 

as a colourless oil. 

Rf = 0.28 (2:1 hexanes, Ethyl acetate). δH (400 MHz; CDCl3) 1.48 (1H, t, J = 5.9 Hz, 1-OH), 4.04 (2H, 

dd, J = 5.5, 1.0 Hz, 4-H), 4.17 (2H, td, J = 5.9, 1.0 Hz, 1-H), 4.53 (2H, s, 5′-H), 5.81–5.98 (2H, m, 2, 3-

H), 7.26–7.32 (1H, m, 4′-H), 7.32–7.37 (4H, m, 2′, 3′-H). δC (100 MHz; CDCl3) 63.2 (C-1), 70.2 (C-4), 

72.5 (C-5′), 127.8 (C-4′), 127.9 (C-2′), 128.0 (C-2), 128.5 (C-3′), 132.3 (C-3), 138.3 (C-1′). 

Values were in agreement with literature data.229 

 

(E)-4-(4-(Benzyloxy)but-2-en-1-yl)morpholine 8.4 

 

To a stirred solution of alcohol A4.5 (7.47 g, 41.9 mmol) in CH2Cl2 (100 mL) under an atmosphere of 

nitrogen at 0 °C, was added Et3N (17.5 mL, 126 mmol) and MsCl (3.9 mL, 50.0 mmol) and stirred for 

10 min. Morpholine (6.37 mL, 67.1 mmol) was then added and the resultant mixture was then stirred 

for 16 h. The mixture was then quenched with saturated aqueous NaHCO3 (100 mL) and water (20 mL) 

and extracted with CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with water (20 

mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by column 

chromatography (2:1 then 1:2 hexanes, ethyl acetate) to give the title compound 8.4 (6.8 g, 65%) as a 

pale yellow oil. 

Rf = 0.24 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.44 (4H, t, J = 4.7 Hz, -NCH2CH2O-), 3.00 

(2H, dd, J = 4.5, 1.0 Hz, 1-H), 3.71 (4H, t, J = 4.7 Hz, -NCH2CH2O-), 4.02 (2H, dd, J = 3.5, 1.0 Hz, 4-

H), 4.51 (2H, s, 5′-H), 5.72–5.83 (2H, m, 2, 3-H), 7.26–7.31 (1H, m, 4′-H), 7.32–7.37 (4H, m, 2′, 3′-H). 

δC (100 MHz; CDCl3) 53.8 (-NCH2CH2O-), 60.9 (C-1), 67.1 (-NCH2CH2O-), 70.4 (C-4), 72.4 (C-5′), 127.8 

(C-4′), 127.9 (C-2′), 128.5 (C-3′), 129.7 (C-2), 130.6 (C-3), 138.4 (C-1′). IR: νMAX (film)/cm-1; 2854, 1454, 

1116, 1004, 866, 738. HRMS (ESI+) found (MH+): 248.1642; C15H22NO2 requires 248.1645. 
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2-Bromo-4-hydroxy-3,5-dimethoxybenzaldehyde A4.6 

 

To a stirred solution of syringaldehyde (5.19 g, 28.5 mmol) in AcOH (20 mL) under an atmosphere of 

nitrogen at 0 °C, was added bromine (1.61 mL, 31.3 mmol) and stirred for 15 min. The reaction mixture 

was then poured onto ice, filtered and the filtrate washed with water. Excess water was then removed 

in vacuo to give the title compound A4.6 (3.98 g, 53%) as a beige solid.  

Rf = 0.38 (2:1 hexanes, ethyl acetate). Melting point: 182–185 °C. δH (400 MHz; CDCl3) 3.95 (3H, s, 

3-OCH3), 3.96 (3H, s, 5-OCH3), 6.17 (1H, s, 4-OH), 7.32 (1H, s, 6-H), 10.26 (1H, s, 1-CHO). δC (100 

MHz; CDCl3) 56.7 (5-OCH3), 61.0 (3-OCH3), 106.8 (C-6), 116.5 (C-2), 125.8 (C-1), 144.3 (C-3), 145.6 

(C-4), 147.3 (C-5), 191.0 (1-CHO). IR: νMAX (film)/cm-1; 3148, 1664, 1569, 1304, 1170, 1092, 911, 734. 

HRMS (ESI+) found (MNa+): 282.9576; C9H9BrNaO4 requires 282.9576. 

 

4-(Benzyloxy)-2-bromo-3,5-dimethoxybenzaldehyde A4.7 

 

To a stirred solution of phenol A4.6 (3.80 g, 14.5 mmol) in CH3CN (50 mL) under an atmosphere of 

nitrogen, was added K2CO3 (6.03 g, 43.6 mmol) followed by benzyl bromide (5.2 mL, 43.6 mmol) and 

stirred for 20 h. The reaction mixture was then quenched with addition of water (50 mL) and extracted 

with CH2Cl2 (3 × 30 mL). The organic extracts were then combined, washed with water (2 × 15 mL) and 

dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by column 

chromatography (19:1 then 14:1 Hexanes, ethyl acetate) to give the title compound A4.7 (2.0 g, 39%) 

as a white solid. 

Rf = 0.78 (2:1 hexanes, ethyl acetate). Melting point: 57–58 °C. δH (400 MHz; CDCl3) 3.89 (3H, s, 3-

OCH3), 3.91 (3H, s, 5-OCH3), 5.16 (2H, s, 4-OCH2Ph), 7.31 (1H, s, 6-H), 7.33–7.48 (5H, m, 4-OCH2Ph-

H), 10.30 (1H, s, 1-CHO). δC (100 MHz; CDCl3) 56.4 (5-OCH3), 61.4 (3-OCH3), 75.7 (4-OCH2Ph), 107.7 

(C-6), 115.7 (C-2), 128.4 (4-OCH2Ph-m-C), 128.5 (4-OCH2Ph-p-C), 128.6 (4-OCH2Ph-o-C), 128.6 (C-

1), 129.2 (C-1), 136.9 (4-OCH2Ph-i-C), 147.8 (C-4), 151.4 (C-3), 153.5 (C-5), 191.2 (1-CHO). 

Values were in agreement with literature data.232 
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4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenol A4.8 

 

To a stirred solution of aldehyde A4.7 (0.89 g, 2.6 mmol) in CH2Cl2 (30 mL) under an atmosphere of 

nitrogen at 0 °C, was added mCPBA (1.32 g, 7.6 mmol) and stirred for 24 h. The reaction mixture was 

then quenched with addition of saturated aqueous Na2S2O3 (40 mL) and extracted with CH2Cl2 (3 × 20 

mL). The organic extracts were then combined, washed with saturated aqueous Na2CO3 (10 mL), then 

saturated aqueous NH4Cl (10 mL), then brine (10 mL), dried (MgSO4) and the solvent removed in vacuo. 

The residue was then dissolved in MeOH (20 mL) and added KOH (0.57 g, 10.2 mmol), upon completion 

by TLC, the reaction mixture was then acidified (2M HCl) and extracted with Ethyl acetate (3 × 30 mL). 

The organic extracts were then combined, washed with saturated aqueous Na2CO3 (10 mL), then brine 

(10 mL) and dried (MgSO4). Solvent was then removed in vacuo to give the title compound A4.8 (0.84 

g, 97%) as a brown oil which was used without further purification. 

Rf = (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 3.80 (3H, s, 5-OCH3), 3.91 (3H, s, 3-OCH3), 

4.95 (2H, s, 4-OCH2Ph), 5.44 (1H, s, 1-OH), 6.45 (1H, s, 6-H), 7.32–7.39 (3H, m, 4-OCH2Ph-m/p-H), 

7.47–7.49 (2H, m, 4-OCH2Ph-o-H). δC (100 MHz; CDCl3) 56.2 (5-OCH3), 61.4 (3-OCH3), 75.9 (4-

OCH2Ph), 95.8 (C-6), 96.3 (C-2), 128.1 (4-OCH2Ph-p-C), 128.5 (4-OCH2Ph-m-C), 128.5 (4-OCH2Ph-o-

C), 135.8 (C-4), 137.6 (4-OCH2Ph-i-C), 149.3 (C-1), 151.2 (C-3), 154.1 (C-5). IR: νMAX (film)/cm-1; 3419, 

2941, 1586, 1456, 1411, 1221, 1105, 979, 739. HRMS (ESI+) found (MNa+): 361.0052; C15H15BrNaO4 

requires 361.0046. 

 

3-(4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propan-1-ol A4.9 

 

To a stirred solution of phenol A4.8 (1.16 g, 3.4 mmol) in CH3CN (20 mL) under an atmosphere of 

nitrogen, was added K2CO3 (2.35 g, 1.7 mmol) followed by 3-bromopropan-1-ol (0.37 mL, 4.1 mmol) 

and stirred for 21 h. The reaction mixture was then quenched with addition of water (40 mL) and 

extracted with CH2Cl2 (3 × 50 mL). The organic extracts were then combined, washed with water (10 

mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by column 

chromatography (4:1 then 2:1 hexanes, ethyl acetate) to give the title compound A4.9 (1.45 g, quant.) 

as an orange oil. 

Rf = 0.25 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.10 (2H, quintet, J = 5.6, 5.6 Hz, 2-H), 

2.19 (1H, br s, 1-OH), 3.82 (3H, s, 5′-OCH3), 3.90 (3-H, s, 3′-OCH3), 3.90–3.95 (2H, m, 1-H), 4.16 (2H, 

t, J = 5.6 Hz, 3-H), 4.96 (2H, s, 5′′-H), 6.37 (1H, s, 6′-H), 7.29–7.34 (1H, m, 4′′-H), 7.34–7.39 (2H, m, 3′′-
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H), 7.48 (2H, d, J = 7.4 Hz, 2′′-H). δC (100 MHz; CDCl3) 32.0 (C-2), 56.5 (5′-OCH3), 61.0 (C-1), 61.3 (3′-

OCH3), 68.4 (C-3), 75.8 (C-5′′), 94.7 (C-6′), 98.7 (C-2′), 128.1 (C-4′′), 128.5 (C-2′′), 128.5 (C-3′′), 136.7 

(C4′), 137.6 (C-1′′), 152.2 (C-3′), 152.2 (C-1′), 153.5 (C-5′). IR: νMAX (film)/cm-1; 3396, 2939, 2877, 1577, 

1465, 1399, 1196, 1109, 1087, 981, 740. HRMS (ESI+) found (MNa+): 419.0457; C18H21BrNaO5 requires 

419.0465. 

 

3-(4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propanal A4.10 

 

To a stirred solution of alcohol A4.9 (0.62 g, 1.6 mmol) in CH2Cl2 (30 mL) was added DMP (0.79 g, 1.9 

mmol) and stirred for 90 min. The reaction mixture was then quenched with addition of saturated 

aqueous Na2S2O5 (25 mL) then saturated aqueous NaHCO3 (25 mL) and extracted with CH2Cl2 (3 × 30 

mL). The organic extracts were then combined, dried (MgSO4), solvent removed in vacuo and the crude 

product purified by column chromatography (2:1 hexanes, ethyl acetate) to give the title compound 

A4.10 (0.51 g, 83%) as a yellow oil. 

Rf = 0.56 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.98 (2H, td, J = 6.3, 1.5 Hz, 2-H), 3.83 

(3H, s, 5′-OCH3), 3.90 (3H, s, 3′-OCH3), 4.33 (2H, t, J = 6.3 Hz, 3-H), 4.97 (2H, s, 5′′-H), 6.40 (1H, s, 6′-

H), 7.29–7.34 (1H, m, 4′′-H), 7.34–7.39 (2H, m, 3′′-H), 7.46–7.50 (2H, m, 2′′-H), 9.93 (1H, t, J = 1.5 Hz, 

1-H). δC (100 MHz; CDCl3) 43.4 (C-2), 56.5 (5′-OCH3), 61.3 (3′-OCH3), 64.1 (C-3), 75.8 (C-5′′), 95.9 

(C-6′), 99.4 (C-2′), 128.2 (C-4′′), 128.5 (C-2′′), 128.5 (C-3′′), 137.2 (C-4′), 137.6 (C-1′′), 152.0 (C-1′), 

152.3 (C-3′), 153.5 (C-5′), 200.1 (C-1). IR: νMAX (film)/cm-1; 2940, 2843, 1722, 1578, 1444, 1400, 1109, 

1090, 985, 741. HRMS (ESI+) found (MNa+): 417.0312; C18H19BrNaO5 requires 417.0308. 

 

3-(4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propanoic acid A4.11 

 

To a stirred solution of aldehyde A4.10 (0.49 g, 1.23 mmol) in tBuOH (26 mL) and 2-methyl-2-butene 

(6.5 mL) was added a solution of NaClO2 (1.23 g, 13.6 mmol) and NaH2PO4 (1.03 g, 8.63 mmol) in 

deionised water (11 mL) dropwise over 5 min then stirred for 9 h. Volatiles were removed in vacuo, 

water (16 mL) was added to the residue, acidified to pH 3 (2M HCl) and extracted with Et2O (3 × 20 

mL). The organic extracts were combined, dried (MgSO4), solvent removed in vacuo and the crude 

product purified by column chromatography (2:1 then 1:2 hexanes, ethyl acetate) to give the title 

compound A4.11 (0.39 g, 77%) as a white solid. 
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Rf = 0.13 (2:1 hexanes, ethyl acetate). Melting point: 117–120 °C. δH (400 MHz; CDCl3) 2.92 (2H, t, J 

= 6.3 Hz, 2-H), 3.83 (5′-OCH3), 3.90 (3′-OCH3), 4.29 (2H, t, J = 6.3 Hz, 3-H), 4.97 (2H, s, 5′′-H), 6.40 

(1H, s, 6′-H), 7.29–7.34 (1H, m, 4′′-H), 7.34–7.39 (2H, m, 3′′-H), 7.46–7.50 (2H, m, 2′′-H). δC (100 MHz; 

CDCl3) 34.5 (C-2), 56.4 (5′-OCH3), 61.3 (3′-OCH3), 65.5 (C-3), 75.8 (C-5′′), 96.0 (C-6′), 99.5 (C-2′), 

128.1 (C-4′′), 128.4 (C-2′′), 128.5 (C-3′′), 137.1 (C-4′), 137.5 (C-1′′), 152.0 (C-1′), 152.2 (C-3′), 153.4 (C-

5′), 176.9 (C-1). IR: νMAX (film)/cm-1; 2939, 1714, 1577, 1443, 1399, 1195, 1108, 1094, 979, 736. HRMS 

(ESI+) found (MNa+): 433.0256; C18H19BrNaO6 requires 433.0257. 

 

4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenyl acrylate 8.7 

 

To a stirred solution of acid A4.11 (0.10 g, 0.24 mmol) in toluene (2 mL), under an atmosphere of 

nitrogen, was added oxalyl chloride (0.05 mL, 0.56 mmol) and the resulting mixture stirred for 19 h. 

Solvent was then removed in vacuo diluted with CH2Cl2 (1 mL), removed in vacuo and placed under 

nitrogen to give 3-(4-(benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propanoyl chloride 8.5 (0.104 g, 

quant.) as a yellow oil which was used immediately. 

To a stirred solution of AlCl3 (0.027 g, 0.20 mmol) in CH2Cl2 (2.4 mL) under an atmosphere of nitrogen, 

was added a solution of morpholine 8.4 (0.05 g, 0.20 mmol) in CH2Cl2 (1.2 mL) followed by iPr2NEt 

(0.05 mL, 0.30 mmol) dropwise and stirred for 5 min. A solution of 3-(4-(benzyloxy)-2-bromo-3,5-

dimethoxyphenoxy)propanoyl chloride (0.104 g, 0.24 mmol) in CH2Cl2 (1.2 mL) was then added 

dropwise and stirred for 23 h. The reaction mixture was then quenched with addition of 1M NaOH (4 

mL) and extracted with CH2Cl2 (3 × 10 mL). The organic extracts were then combined, washed with 

brine (5 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by 

column chromatography (2:1 hexanes, ethyl acetate) to give the title compound 8.7 (0.023 g, 24%) as 

a pale yellow oil. 

Rf = 0.78 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 3.82 (3H, s, 5′-OCH3), 3.92 (3H, s, 3′-

OCH3), 5.02 (2H, s, 7′′-H), 6.08 (1H, dd, J = 10.5, 1.2 Hz, 3-HA), 6.36 (1H, dd, J = 17.4, 10.5 Hz, 2-H), 

6.59 (1H, s, 6′-H), 6.67 (1H, dd, J = 17.4, 1.2 Hz, 3-HB), 7.30–7.42 (3H, m, 3′′, 4′′-H), 7.47–7.52 (2H, m, 

2′′-H). δC (100 MHz; CDCl3) 56.4 (5′-OCH3), 61.5 (3′-OCH3), 75.8 (C-7′′), 103.1 (C-2′), 103.4 (C-6′), 

127.4 (C-2), 128.2 (C-4′′), 128.5 (C-2′′, 3′′), 133.5 (C-3), 137.4 (C-1′′), 140.4 (C-4′), 144.5 (C-1′), 152.1 

(C-3′), 153.4 (C-5′), 163.8 (C-1). IR: νMAX (film)/cm-1; 2940, 1747, 1476, 1398, 1137, 1108, 980, 698. 

HRMS (ESI+) found (MNa+): 415.0152; C18H17BrNaO5 requires 415.0152. 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-methyl-1-morpholinopent-4-en-1-one 8.10 

 

To a stirred solution of TiCl4·2THF (0.135 g, 0.404 mmol) in CH2Cl2 (3 mL) under an atmosphere of 

nitrogen, was added a solution of morpholine 8.4 (0.1 g, 0.404 mmol) in CH2Cl2 (1.5 mL) followed by 
iPr2NEt (0.11 mL, 0.606 mmol) dropwise and stirred for 5 min. A solution of propionyl chloride (0.04 mL, 

0.485 mmol) in CH2Cl2 (1.5 mL) was then added dropwise and stirred for 2 h. The reaction mixture was 

then quenched with addition of 1M NaOH (10 mL) and extracted with CH2Cl2 (3 × 20 mL). The organic 

extracts were then combined, washed with brine (10 mL) and dried (MgSO4). Solvent was then removed 

in vacuo and the crude product purified by column chromatography (2:1 hexanes, ethyl acetate) to give 

the title compound 8.10 (0.124 g, quant.) as a pale yellow oil. 

Rf = 0.45 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.10 (3H, d, J = 7.0 Hz, 2-CH3), 2.53–2.61 

(1H, m, 3-H), 3.02 (1H, dq, J = 14.4, 7.0 Hz, 2-H), 3.47–3.56 (2H, m, -NCHABCH2O-), 3.51 (1H, dd, J = 

9.4, 5.0 Hz, 6-HA), 3.56–3.67 (6H, m, -NCHCDCHABCDO-), 3.58 (1H, dd, J = 9.4, 5.1 Hz, 6-HB), 4.47 (1H, 

d, J = 12.0 Hz, 5′-HA), 4.51 (1H, d, J = 12.0 Hz, 5′-HB), 5.05–5.13 (2H, m, 5-H), 5.91 (1H, ddd, J = 17.2, 

10.4, 8.7 Hz, 4-H), 7.27–7.37 (5H, m, 2′, 3′, 4′-H). δC (100 MHz; CDCl3) 15.6 (2-CH3), 35.5 (C-2), 42.2 

(-NCHCDCH2O-), 46.5 (-NCHABCH2O-), 47.3 (C-3), 67.0, 67.2 (-NCH2CH2O-), 71.0 (C-6), 73.4 (C-5′), 

116.8 (C-5), 127.8 (C-4′, C-2′), 128.5 (C-3′), 138.0 (C-4), 138.4 (C-1′), 174.4 (C-1). IR: νMAX (film)/cm-1; 

2965, 2856, 1639, 1433, 1237, 1115, 1023, 739. HRMS (ESI+) found (MH+): 304.1904; C18H26NO3 

requires 304.1907. 

 

3-((Benzyloxy)methyl)-1-morpholinopent-4-en-1-one 8.9 

 

To a stirred solution of TiCl4·2THF (0.27 g, 0.807 mmol) in CH2Cl2 (5 mL) under an atmosphere of 

nitrogen, was added a solution of morpholine 8.4 (0.2 g, 0.807 mmol) in CH2Cl2 (2.5 mL) followed by 
iPr2NEt (0.21 mL, 1.21 mmol) dropwise and stirred for 5 min. A solution of acetyl chloride (0.07 mL, 0.97 

mmol) in CH2Cl2 (2.5 mL) was then added dropwise and stirred for 2 h. The reaction mixture was then 

quenched with addition of 1M NaOH (15 mL) and extracted with CH2Cl2 (3 × 25 mL). The organic 

extracts were then combined, washed with brine (10 mL) and dried (MgSO4). Solvent was then removed 
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in vacuo and the crude product purified by column chromatography (2:1 hexanes, ethyl acetate) to give 

the title compound 8.9 (0.217 g, 93%) as a colourless oil. 

Rf = 0.50 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.35 (1H, dd, J = 15.0, 7.8 Hz, 2-HA), 2.61 

(1H, dd, J = 15.0, 6.1 Hz, 2-HB), 2.90–2.99 (1H, m, 3-H), 3.44–3.48 (2H, m, -NCHABCH2O-), 3.46 (1H, 

dd, J = 9.3, 6.3 Hz, 6-HA), 3.53 (1H, dd, J = 9.3, 5.3 Hz, 6-HB), 3.58–3.65 (6H, m, -NCHCDCHABCDO-), 

4.51 (2H, s, 5′-H), 5.07–5.15 (2H, m, 5-H), 5.83 (1H, ddd, J = 17.5, 10.2, 7.5 Hz, 4-H), 7.26–7.29 (1H, 

m, 4′-H), 7.29–7.33 (2H, m, 2′-H), 7.33–7.37 (2H, m, 3′-H). δC (100 MHz; CDCl3) 34.8 (C-2), 40.5 (C-3), 

42.1 (-NCHCDCH2O-), 46.3 (-NCHABCH2O-), 66.8, 67.1 (-NCH2CH2O-), 73.0 (C-6), 73.2 (C-5′), 116.0 

(C-5), 127.7 (C-4′, C2′), 128.5 (C-3′), 138.5 (C-1′), 138.8 (C-4), 170.5 (C-1). IR: νMAX (film)/cm-1; 2856, 

1737, 1636, 1432, 1230, 1113, 915, 738, 698. HRMS (ESI+) found (MNa+): 312.1562; C17H23NNaO3 

requires 312.1570. 

 

(2R*,3S*)-3-((Benzyloxy)methyl)-1-morpholino-2-vinylpent-4-en-1-one 8.11 

 

To a stirred solution of TiCl4·2THF (0.034 g, 0.101 mmol) in CH2Cl2 (3 mL) under an atmosphere of 

nitrogen, was added a solution of morpholine 8.4 (0.1 g, 0.404 mmol) in CH2Cl2 (1.5 mL) followed by 
iPr2NEt (0.11 mL, 0.606 mmol) dropwise and stirred for 5 min. A solution of crotonoyl chloride (0.046 

mL, 0.485 mmol) in CH2Cl2 (1.5 mL) was then added dropwise and stirred for 3 h. The reaction mixture 

was then quenched with addition of 1M NaOH (10 mL) and extracted with CH2Cl2 (3 × 20 mL). The 

organic extracts were then combined, washed with brine (10 mL) and dried (MgSO4). Solvent was then 

removed in vacuo and the crude product purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 8.11 (0.116 g, 91%) as a yellow oil. 

Rf = 0.56 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.76–2.83 (1H, m, 3-H), 3.48–3.65 (11H, 

m, -NCH2CH2O-, 2-H, 6-H), 4.44 (1H, d, J = 12.1 Hz, 5′-HA), 4.48 (1H, d, J = 12.1 Hz, 5′-HB), 5.07–5.12 

(2H, m, 5-H), 5.12–5.17 (2H, m, 8-H), 5.78–5.88 (1H, m, 4-H), 5.85–5.95 (1H, m, 7-H), 7.27–7.37 (5H, 

m, 2′, 3′, 4′-H). δC (100 MHz; CDCl3) 42.3, 46.4 (-NCH2CH2O-), 46.2 (C-3), 47.5 (C-2), 66.8, 67.1 (-

NCH2CH2O-), 71.0 (C-6), 73.4 (C-5′), 117.1 (C-5), 118.1 (C-8), 127.7 (C-4′), 127.8 (C-2′), 128.5 (C-3′), 

135.9 (C-4), 137.8 (C-7), 138.5 (C-1′), 171.2 (C-1). IR: νMAX (film)/cm-1; 2856, 1630, 1645, 1434, 1231, 

1115, 920, 739, 699. HRMS (ESI+) found (MNa+): 338.1718; C19H25NNaO3 requires 338.1727. 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-(3′,4′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 8.12 

 

To a stirred solution of 3-(3,4-dimethoxyphenyl)propanoic acid (0.102 g, 0.485 mmol) in CH2Cl2 (5 mL), 

under an atmosphere of nitrogen, was added oxalyl chloride (0.094 mL, 1.12 mmol) and the resulting 

mixture stirred for 19 h. Solvent was then removed in vacuo and placed under nitrogen to give 3-(3,4-

dimethoxyphenyl)propanoyl chloride (0.111 g, quant.) as a yellow oil which was used immediately. 

To a stirred solution of TiCl4·2THF (0.135 g, 0.404 mmol) in CH2Cl2 (3 mL) under an atmosphere of 

nitrogen, was added a solution of morpholine 8.4 (0.1 g, 0.404 mmol) in CH2Cl2 (1.5 mL) followed by 
iPr2NEt (0.11 mL, 0.606 mmol) dropwise and stirred for 5 min. A solution of 3-(3,4-

dimethoxyphenyl)propanoyl chloride (0.111 g, 0.485 mmol) in CH2Cl2 (1.5 mL) was then added 

dropwise and stirred for 17 h. The reaction mixture was then quenched with addition of 1M NaOH (10 

mL) and extracted with CH2Cl2 (3 × 20 mL). The organic extracts were then combined, washed with 

brine (10 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified 

by column chromatography (2:1 hexanes, ethyl acetate) to give the title compound 8.12 (0.161 g, 90%) 

as a pale yellow oil. 

Rf = 0.41 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 2.66–2.73 (1H, m, 3-H), 2.73 (1H, dd, J = 

12.7, 4.2 Hz, 7′-HA), 2.75–2.81 (1H, m, -NCH2CHAO-), 2.83 (1H, dd, J = 12.7, 11.1 Hz, 7′-HB), 2.94 (1H, 

ddd, J = 13.4, 5.9, 2.9 Hz, -NCHACH2O-), 3.15–3.20 (1H, m, -ONCHBCH2O-), 3.20–3.27 (1H, m, 2-H), 

3.27–3.34 (2H, m, -NCH2OCHBCO-), 3.36–3.42 (1H, m, -NCHCCH2O-), 3.48–3.52 (1H, m, -NCH2CHDO-

), 3.50 (1H, dd, J = 9.4, 6.4 Hz, 6-HA), 3.52–3.58 (1H, m, -NCHDCH2O-), 3.64 (1H, dd, J = 9.4, 4.7 Hz, 

6-HB), 3.81 (3H, s, 3′-OCH3), 3.84 (3H, s, 4′-OCH3), 4.49 (1H, d, J = 11.9 Hz, 5′′-HA), 4.54 (1H, d, J = 

11.9 Hz, 5′′-HB), 5.07–5.14 (2H, m, 5-H), 5.97 (1H, ddd, J = 17.2, 10.3, 9.0 Hz, 4-H), 6.66–6.69 (2H, m, 

2′, 6′-H), 6.75 (1H, d, J = 7.9 Hz, 5′-H), 7.27–7.38 (5H, m, 2′′, 3′′, 4′′-H). δC (100 MHz; CDCl3) 37.1 (C-

7′), 42.0 (-NCHCDCH2O-), 43.6 (C-2), 46.4 (-NCHABCH2O-), 47.2 (C-3), 56.0 (3′-OCH3), 56.1 (4′-OCH3), 

66.6 (-NCH2CHABO-), 67.0 (-NCH2CHCDO-), 71.4 (C-6), 73.5 (C-5′′), 111.3 (C-5′), 112.6 (C-2′), 117.2 

(C-5), 121.1 (C-6′), 127.9 (C-2′′), 127.9 (C-4′′), 128.6 (C-3′′), 132.7 (C-1′), 137.3 (C-4), 138.3 (C-1′′), 

147.7 (C-4′), 148.9 (C-3′), 172.8 (C-1). IR: νMAX (film)/cm-1; 2856, 1738, 1632, 1454, 1263, 1233, 1113, 

1028, 698. HRMS (ESI+) found (MH+): 440.2440; C26H34NO5 requires 440.2431. 
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4-Isopropoxy-3,5-dimethoxybenzaldehyde A4.12 

 

To a stirred solution of syringaldehyde (5 g, 27.4 mmol) in DMF (50 mL), under an atmosphere of 

nitrogen, was added K2CO3 (11.4 g, 82.3 mmol) followed by 2-bromopropane (5.2 mL, 54.9 mmol) and 

the resulting mixture heated to 80 °C for 17 h. The reaction mixture was then cooled, quenched with 

water (50 mL) and extracted with ether (3 × 75 mL). The organic extracts were then combined, washed 

with water (2 × 20 mL) and dried (MgSO4). Solvent was then removed in vacuo to give the title 

compound A4.12 (6.11 g, 99%) as a yellow oil. 

Rf = 0.66 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.31 (6H, d, J = 6.2 Hz, 4-OCH(CH3)2), 

3.90 (6H, s, 3-OCH3), 4.53 (1H, heptet, J = 6.2 Hz, 4-OCH(CH3)2), 7.12 (2H, s, 2-H), 9.86 (1H, s, 1-

CHO). δC (100 MHz; CDCl3) 22.7 (4-OCH(CH3)2), 56.4 (3-OCH3), 76.1 (4-OCH(CH3)2), 106.8 (C-2), 

131.7 (C-1), 142.2 (C-4), 154.5 (C-3), 191.3 (1-CHO). 

Values were in agreement with literature data.233 

 

Ethyl (E)-3-(4′-isopropoxy-3′,5′-dimethoxyphenyl)acrylate A4.13 

 

To a stirred solution of aldehyde A4.12 (4.27 g, 19.0 mmol) in CH2Cl2 (50 mL) was added 

(carbethoxymethylene)triphenylphosphorane (7.3 g, 21.0 mmol) and the resulting mixture stirred for 17 

h. Solvent was then removed in vacuo and the crude product purified by column chromatography (9:1 

hexanes, ethyl acetate) to give the title compound A4.13 (5.6 g, quant.) as a white solid. 

Rf = 0.73 (2:1 hexanes, ethyl acetate). Melting point: 51–53 °C. δH (400 MHz; CDCl3) 1.30 (6H, d, J = 

6.3 Hz, 4′-OCH(CH3)2), 1.34 (3H, t, J = 7.2 Hz, 1-OCH2CH3), 3.85 (6H, s, 3′-OCH3), 4.26 (2H, q, J = 7.2 

Hz, 1-OCH2CH3), 4.42 (1H, heptet, J = 6.3 Hz, 4′-OCH(CH3)2), 6.34 (1H, d, J = 15.9 Hz, 2-H), 6.75 (2H, 

s, 2′-H), 7.60 (1H, d, J = 15.9 Hz, 3-H). δC (100 MHz; CDCl3) 14.5 (1-OCH2CH3), 22.7 (4′-OCH(CH3)2), 

56.3 (3′-OCH3), 60.6 (1-OCH2CH3), 75.8 (4′-OCH(CH3)2), 105.4 (C-2′), 117.3 (C-2), 129.8 (C-1′), 138.5 

(C-4′), 144.9 (C-3), 154.2 (C-3′), 167.2 (C-1). IR: νMAX (film)/cm-1; 2977, 1691, 1422, 1247, 1123, 1103, 

977, 933, 818, 742. HRMS (ESI+) found (MNa+): 317.1369; C16H22NaO5 requires 317.1359. 
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Ethyl 3-(4′-isopropoxy-3′,5′-dimethoxyphenyl)propanoate A4.14 

 

To a stirred solution of acrylate A4.13 (5.6 g, 19.0 mmol) in MeOH (50 mL) was added 10% Palladium 

on activated carbon (0.56 g, 10% wt), placed under an atmosphere of hydrogen and the resulting 

mixture stirred for 4 h. The reaction mixture was then filtered through Celite, washed with MeOH (30 

mL) and the solvent removed in vacuo to give the title compound A4.14 (5.4 g, 96%) as a pale yellow 

oil. 

Rf = 0.73 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.23 (3H, t, J = 7.1 Hz, 1-OCH2CH3), 1.27 

(6H, d, J = 6.2 Hz, 4′-OCH(CH3)2), 2.61 (2H, t, J = 8.0 Hz, 2-H), 2.88 (2H, t, J = 8.0 Hz, 3-H), 3.80 (6H, 

s, 3′-OCH3), 4.13 (2H, q, J = 7.1 Hz, 1-OCH2CH3), 4.29 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 6.40 

(2H, s, 2′-H). δC (100 MHz; CDCl3) 14.4 (1-OCH2CH3), 22.6 (4′-OCH(CH3)2), 31.5 (C-3), 36.2 (C-2), 56.2 

(3′-OCH3), 60.5 (1-OCH2CH3), 75.3 (4′-OCH(CH3)2), 105.4 (C-2′), 134.7 (C-4′), 136.0 (C-1′), 153.9 

(C-3′), 173.1 (C-1). IR: νMAX (film)/cm-1; 2973, 1731, 1587, 1231, 1120, 1109, 934, 826. HRMS (ESI+) 

found (MH+): 297.1702; C16H25O5 requires 297.1697. 

 

3-(4′-Isopropoxy-3′,5′-dimethoxyphenyl)propanoic acid A4.15 

 

To a stirred solution of ester A4.14 (9.14 g, 31 mmol) in MeOH (100 mL) was added NaOH (50 mL, 4M) 

and the resulting mixture stirred for 15 min. The reaction mixture was then acidified to pH 3 (2M HCl) 

and extracted with ethyl acetate (3 × 80 mL). The organic extracts were then combined, washed with 

water (2 × 30 mL), dried (MgSO4) and the solvent removed in vacuo to give the title compound A4.15 

(8.17 g, 99%) as a white solid. 

Rf = 0.16 (1:1 hexanes, ethyl acetate). Melting point: 74–75 °C. δH (400 MHz; CDCl3) 1.28 (6H, d, J = 

6.2 Hz, 4′-OCH(CH3)2), 2.68 (2H, t, J = 7.7 Hz, 2-H), 2.90 (2H, t, J = 7.7 Hz, 3-H), 3.81 (6H, s, 3′-OCH3), 

4.31 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 6.41 (2H, s, 2′-H). δC (100 MHz; CDCl3) 22.6 (4′-

OCH(CH3)2), 31.1 (C-3), 35.8 (C-2), 56.2 (3′-OCH3), 75.4 (4′-OCH(CH3)2), 105.4 (C-2′), 134.8 (C-4′), 

135.6 (C-1′), 153.9 (C-2′), 178.8 (C-1). IR: νMAX (film)/cm-1; 2973, 2622, 1697, 1588, 1419, 1215, 1113, 

930, 819. HRMS (ESI+) found (MH+): 269.1383; C14H21O5 requires 269.1384. 
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3-(4′-Isopropoxy-3′,5′-dimethoxyphenyl)propanoyl chloride 8.13 

 

To a stirred solution of acid A4.15 (1.0 g, 3.7 mmol) in CH2Cl2 (10 mL), under an atmosphere of nitrogen, 

was added oxalyl chloride (0.73 mL, 8.6 mmol) and the resulting mixture stirred for 2 h. Solvent was 

then removed in vacuo and placed under nitrogen to give the title compound 8.13 (1.1 g, quant.) as an 

orange oil which was used immediately. 

 

(2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)-1-morpholinopent-4-en-1-

one 8.14 

 

To a stirred solution of TiCl4·2THF (1.04 g, 3.11 mmol) in CH2Cl2 (16 mL) under an atmosphere of 

nitrogen, was added a solution of morpholine 8.4 (0.77 g, 3.11 mmol) in CH2Cl2 (8 mL) followed by 

iPr2NEt (0.81 mL, 4.66 mmol) dropwise and stirred for 5 min. A solution of acid chloride 8.13 (1.1 g, 

3.73 mmol) in CH2Cl2 (8 mL) was then added dropwise and stirred for 19 h. The reaction mixture was 

then quenched with addition of 1M NaOH (25 mL) and extracted with CH2Cl2 (3 × 40 mL). The organic 

extracts were then combined, washed with brine (15 mL) and dried (MgSO4). Solvent was then removed 

in vacuo and the crude product purified by column chromatography (2:1 hexanes, ethyl acetate) to give 

the title compound 8.14 (1.54 g, 99%) as an orange oil. 

Rf = 0.61 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.27 (6H, 2 × d, J = 6.2 Hz, 4′-OCH(CH3)2), 

2.66–2.72 (1H, m, 3-H), 2.72 (1H, dd, J = 12.6, 4.0 Hz, 7′-HA), 2.74–2.80 (1H, m, -NCH2CHAO-), 2.83 

(1H, dd, J = 12.6, 11.3 Hz, 7′-HB), 2.97 (1H, ddd, J = 13.4, 5.4, 2.9 Hz, -NCHACH2O-), 3.17 (1H, ddd, J 

= 13.4, 7.5, 3.0 Hz, -NCHBCH2O-), 3.21–3.33 (3H, m, 2-H, -NCH2CHBCO-), 3.35 (1H, ddd, J = 13.2, 7.7, 

2.5 Hz, -NCHCCH2O-), 3.50 (1H, dd, J = 9.5, 6.0 Hz, 6-HA), 3.49–3.55 (1H, m, -NCH2CHDO-), 3.59 (1H, 

ddd, J = 13.2, 5.7, 2.5 Hz, -NCHDCH2O-), 3.64 (1H, dd, J = 9.4, 4.5 Hz, 6-HB), 3.76 (6H, s, 3′-OCH3), 

4.27 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 4.49 (1H, d, J = 11.9 Hz, 5′′-HA), 4.54 (1H, d, J = 11.9 Hz, 

5′′-HB), 5.07–5.14 (2H, m, 5-H), 5.97 (1H, ddd, J = 17.1, 10.3, 9.1 Hz, 4-H), 6.35 (2H, s, 2′-H), 7.27–

7.32 (1H, m, 4′′-H), 7.32–7.38 (4H, m, 2′′, 3′′-H). δC (100 MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 37.9 (C-7′), 

42.1 (-NCHCDCH2O-), 43.5 (C-2), 46.5 (-NCHABCH2O-), 47.3 (C-3), 56.3 (3′-OCH3), 66.6 (-NCH2CHABO-

), 67.0 (-NCH2CHCDO-), 71.4 (C-6), 73.6 (C-5′′), 75.4 (4′-OCH(CH3)2), 106.2 (C-2′), 117.2 (C-5), 127.9 
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(C-2′′), 127.9 (C-4′′), 128.6 (C-3′′), 134.8 (C-4′), 135.4 (C-1′), 137.2 (C-4), 138.3 (C-1′′), 153.8 (C-3′), 

172.7 (C-1). IR: νMAX (film)/cm-1; 2971, 1738, 1634, 1587, 1456, 1232, 1113, 932, 700. HRMS (ESI+) 

found (MH+): 520.2664; C29H39NNaO6 requires 520.2670. 

 

(2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-enoic acid A4.16 

 

To a stirred solution of morpholine amide 8.14 (0.49 g, 0.98 mmol) in THF:H2O (10:10 mL), in the 

absence of light, was added iodine (0.621 g, 2.45 mmol) and the resulting mixture stirred for 17 h. The 

reaction mixture was then diluted with ether (30 mL), washed with saturated aqueous Na2SO3 (3 × 10 

mL), dried (MgSO4) and the solvent removed in vacuo to give an iodolactone (0.52 g, 96%) which was 

then used without further purification. 

To a stirred solution of iodolactone (0.52 g, 0.94 mmol) in AcOH (10 mL), under an atmosphere of 

nitrogen, was added zinc dust (0.55 g, 8.4 mmol) and heated to reflux for 19 h. The reaction mixture 

was then cooled, quenched with HCl (30 mL, 2M) and extracted with ethyl acetate (3 × 30 mL). The 

organic extracts were then combined, washed with brine (10 mL), dried (MgSO4) and solvent removed 

in vacuo to give the title compound A4.16 (0.39 g, 96%) as a white solid. 

Rf = 0.55 (1:1 hexanes, ethyl acetate). Melting point: 88–90 °C. δH (400 MHz; CDCl3) 1.27 (6H, 2 × d, 

J = 6.2 Hz, 4′-OCH(CH3)2), 2.61–2.68 (1H, m, 3-H), 2.72 (1H, dd, J = 13.9, 6.7 Hz, 7′-HA), 2.93 (1H, dd, 

J = 13.9, 8.4 Hz, 7′-HB), 3.06 (1H, ddd, J = 8.4, 6.7, 5.2 Hz, 2-H), 3.55 (1H, dd, J = 9.5, 5.6 Hz, 6-HA), 

3.60 (1H, dd, J = 9.5, 6.9 Hz, 6-HB), 3.76 (6H, s, 3′-OCH3), 4.30 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 

4.47 (1H, d, J = 11.9 Hz, 5′′-HA), 4.51 (1H, d, J = 11.9 Hz, 5′′-HB), 5.12–5.22 (2H, m, 5-H), 5.84 (1H, 

ddd, J = 17.0, 10.3, 9.1 Hz, 4-H), 6.38 (2H, s, 2′-H), 7.27–7.36 (5H, m, 2′′, 3′′, 4′′-H). δC (100 MHz; 

CDCl3) 22.6 (4′-OCH(CH3)2), 36.1 (C-7′), 45.8 (C-3), 47.8 (C-2), 56.1 (3′-OCH3), 71.6 (C-6), 73.3 (C-5′′), 

75.3 (4′-OCH(CH3)2), 106.1 (C-2′), 118.6 (C-5), 127.8 (C-2′′), 127.8 (C-4′′), 128.5 (C-3′′), 134.4 (C-1′), 

134.8 (C-4′), 135.7 (C-4), 138.1 (C-1′′), 153.8 (C-3′), 178.7 (C-1). IR: νMAX (film)/cm-1; 2934, 1698, 1588, 

1422, 1236, 1123, 1108, 912, 742. HRMS (ESI+) found (MNa+): 451.2074; C25H32NaO6 requires 

451.2091. 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-en-1-ol 8.16 

 

To a stirred solution of acid A4.16 (0.657 g, 1.53 mmol) in THF (20 mL), under an atmosphere of 

nitrogen, was added LiAlH4 (0.55 g, 14.5 mmol) and the resulting mixture heated at reflux for 3 h. The 

reaction mixture was then cooled, quenched with water (50 mL) and extracted with ether (3 × 50 mL). 

The organic extracts were then combined, washed with brine (10 mL), dried (MgSO4) and solvent 

removed in vacuo. The crude product was then purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 8.16 (0.616 g, 97%) as a colourless oil. 

Rf = 0.60 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.28 (6H, d, J = 6.2 Hz, 4′-OCH(CH3)2), 

2.05–2.13 (1H, m, 2-H), 2.50–2.56 (1H, m, 3-H), 2.52 (1H, dd, J = 13.6, 6.7 Hz, 7′-HA), 2.58 (1H, dd J 

= 13.6, 8.5 Hz, 7′-HB), 2.70 (1H, t, J = 6.0 Hz, 1-OH), 3.50–3.62 (2H, m, 1-H), 3.56 (1H, dd, J = 9.4, 4.9 

Hz, 6-HA), 3.61 (1H, dd, J = 9.4, 6.8 Hz, 6-HB), 3.79 (6H, s, 3′-OCH3), 4.30 (1H, heptet, J = 6.2 Hz, 4′-

OCH(CH3)2), 4.52 (2H, s, 5′′-H), 5.10–5.20 (2H, m, 5-H), 5.90 (1H, ddd, J = 17.3, 10.4, 8.8 Hz, 4-H), 

6.38 (2H, s, 2′-H), 7.27–7.38 (5H, m, 2′′, 3′′, 4′′-H). δC (100 MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 35.7 (C-

7′), 45.1 (C-2), 45.7 (C-3), 56.2 (3′-OCH3), 63.2 (C-1), 72.4 (C-6), 73.5 (C-5′′), 75.3 (4′-OCH(CH3)2), 

106.3 (C-2′), 117.3 (C-5), 127.9 (C-2′′), 128.0 (C-4′′), 128.6 (C-3′′), 134.5 (C-4′), 136.0 (C-1′), 137.4 (C-

4), 137.8 (C-1′′), 153.8 (C-3′). IR: νMAX (film)/cm-1; 3431, 2974, 1587, 1456, 1232, 1123, 930, 699. HRMS 

(ESI+) found (MNa+): 437.2282; C25H34NaO5 requires 437.2298. 

 

4-Isopropoxy-3,5-dimethoxyphenol A4.17 

 

To a stirred solution of aldehyde A4.12 (4.0 g, 18.0 mmol) in CH2Cl2 (50 mL), under an atmosphere of 

nitrogen at 0 °C, was added mCPBA (6.0 g, 27.0 mmol) and the resulting mixture allowed to warm to 

room temperature and stirred for 18 h. Solvent was removed in vacuo and the residue dissolved in 

MeOH (40 mL), KOH (4.0 g, 71.0 mmol) and stirred for 1 h. Solvent was removed in vacuo, water (100 

mL) was added, neutralised with 2M HCl and extracted with diethyl ether (3 × 50 mL). The organic 

extacts were combined, dried (MgSO4) and solvent removed in vacuo. The curde product was purified 

by column chromatography (9:1 hexanes, ethyl acetate) to give the title compound A4.17 (2.16 g, 57%) 

as a pale orange solid. 
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Rf = 0.41 (2:1 hexanes, ethyl acetate). Melting point: 107–109 °C. δH (400 MHz; CDCl3) 1.27 (6H, d, 

J = 6.1 Hz, 4-OCH(CH3)2), 3.74 (6H, s, 3-OCH3), 4.23 (1H, heptet, J = 6.1 Hz, 4-OCH(CH3)2), 5.16 (1H, 

s, 1-OH), 6.07 (2H, s, 2-H). δC (100 MHz; CDCl3) 22.5 (4-OCH(CH3)2), 56.0 (3-OCH3), 75.5 (4-

OCH(CH3)2), 93.2 (C-2), 129.8 (C-4), 152.2 (C-1), 154.4 (C-3). IR: νMAX (film)/cm-1; 3275, 2974, 1598, 

1481, 1213, 1108, 997, 808. HRMS (ESI+) found (MNa+): 235.0943; C11H16NaO4 requires 235.0941. 

 

2-Bromo-4-isopropoxy-3,5-dimethoxyphenol 8.15 

 

To a stirred solution of crude phenol A4.17 (2.73 g, 12.9 mmol) in CH2Cl2 (40 mL), under an atmosphere 

of nitrogen at -78 °C, was added NBS (2.29 g, 12.9 mmol) and the resulting mixture stirred for 1 h. The 

reaction mixture was then quenched with saturated aqueous NaHCO3 (30 mL), diluted with water (10 

mL) and extracted with CH2Cl2 (3 × 30 mL). The organic extracts were then combined, dried (MgSO4) 

and the solvent removed in vacuo. The crude product was then purified by column chromatography (9:1 

hexanes, ethyl acetate) to give the title compound 8.15 (2.73 g, 73%) as a yellow solid. 

Rf = 0.70 (2:1 hexanes, ethyl acetate). Melting point: 84–87 °C. δH (400 MHz; CDCl3) 1.28 (6H, d, J = 

6.2 Hz, 4-OCH(CH3)2), 3.80 (3H, s, 5-OCH3), 3.90 (3H, s, 3-OCH3), 4.30 (1H, heptet, J = 6.2 Hz, 4-

OCH(CH3)2), 5.35 (1H, s, 1-OH), 6.45 (1H, s, 6-H). δC (100 MHz; CDCl3) 22.6 (4-OCH(CH3)2), 56.1 (5-

OCH3), 60.9 (3-OCH3), 76.2 (4-OCH(CH3)2), 95.6 (C-6), 96.3 (C-2), 134.8 (C-4), 148.9 (C-1), 151.4 (C-

3), 154.4 (C-5). IR: νMAX (film)/cm-1; 3421, 2974, 1738, 1587, 1404, 1227, 1101, 1057, 925, 865, 831. 

HRMS (ESI+) found (MNa+): 313.0034; C11H15BrNaO4 requires 313.0046. 

 

1′′-(((2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-en-1-yl)oxy)-2′′-

bromo-4′′-isopropoxy-3′′,5′′-dimethoxybenzene 8.17 

 

To a stirred solution of alcohol 8.16 (0.133 g, 0.32 mmol) in toluene (6 mL), under an atmosphere of 

nitrogen, was added triphenylphosphine (0.177 g, 0.68 mmol) followed by phenol 8.15 (0.187 g, 0.64 

mmol) in toluene (3 mL) and stirred for 20 min. DIAD (0.133 mL, 0.68 mmol) was then added at 0 °C 

and the resulting mixture stirred at room temperature for 18 h. Solvent was then removed in vacuo and 
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the crude product purified by column chromatography (19:1 then 9:1 hexanes, ethyl acetate) to give the 

title compound 8.17 (0.182 g, 82%) as a colourless oil. 

Rf = 0.79 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.24, 12.6, 1.27, 1.27 (12H, 4 × d, J = 6.2 

Hz, 4′, 4′′-OCH(CH3)2), 2.24–2.33 (1H, m, 2-H), 2.70–2.76 (1H, m, 3-H), 2.76 (1H, dd, J = 13.3, 5.9 Hz, 

7′-HA), 2.87 (1H, dd, J = 13.3, 9.8 Hz, 7′-HB), 3.63 (6H, s, 3′-OCH3), 3.66–3.72 (3H, m, 1-HA, 6-H), 3.72 

(3H, s, 5′′-OCH3), 3.84–3.89 (1H, m, 1-HB), 3.88 (3H, 3′′-OCH3), 4.27, 4.28 (2H, 2 × heptet, J = 6.2 Hz, 

4′, 4′′-OCH(CH3)2), 4.52 (1H, d, J = 12.3 Hz, 5′′′-HA), 4.55 (1H, d, J = 12.3 Hz, 5′′′-HB), 5.14–5.20 (2H, 

m, 5-H), 5.97 (1H, ddd, J = 16.7, 10.8, 9.3 Hz, 4-H), 6.10 (1H, s, 6′′-H), 6.37 (2H, s, 2′-H), 7.26–7.30 

(1H, m, 4′′′-H), 7.30–7.36 (4H, m, 2′′′, 3′′′-H). δC (100 MHz; CDCl3) 22.5, 22.6 (4′, 4′′-OCH(CH3)2), 35.6 

(C-7′), 41.1 (C-2), 45.9 (C-3), 55.9 (3′-OCH3), 56.2 (5′′-OCH3), 60.8 (3′′-OCH3), 68.0 (C-1), 72.1 (C-6), 

73.3 (C-5′′′), 75.2 (4′-OCH(CH3)2), 76.2 (4′′-OCH(CH3)2), 93.9 (C-6′′), 98.3 (C-2′′), 106.2 (C-2′), 117.5 

(C-5), 127.7 (C-4′′′), 127.8 (C-2′′′), 128.5 (C-3′′′), 134.2 (C-4′), 135.8 (C-1′, 4′′), 138.3 (C-4), 138.6 (C-

1′′′), 152.0 (C-1′′), 152.4 (C-3′′), 153.7 (C-3′), 153.8 (C-5′′). IR: νMAX (film)/cm-1; 2975, 1738, 1587, 1463, 

1233, 1109, 933. HRMS (ESI+) found (MNa+): 709.2328; C36H47BrNaO8 requires 709.2347. 

 

(2S*,3R*)-2-((Benzyloxy)methyl)-4-(2′′-bromo-4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-3-(4′-

isopropoxy-3′,5′-dimethoxybenzyl)butanal A4.19 

 

To a stirred solution of olefin 8.17 (1.07 g, 1.56 mmol) in tBuOH/H2O/THF (1:1:1, 60 mL) was added 

NMO (0.55 g, 4.67 mmol). A solution of OsO4 (0.40 mL, 0.039 mmol, 2.5 % w/v in tBuOH) was then 

added dropwise and the resulting mixture stirred at room temperature for 5 d. The mixture was then 

quenched with saturated aqueous Na2SO3 (40 mL) and stirred for 1 h. The mixture was then extracted 

with ethyl acetate (3 × 50 mL). The organic layers were combined then washed with aqueous KOH (1 

M, 10 mL) and dried (MgSO4). Solvent was then removed in vacuo and the crude product purified by 

column chromatography (1:1 then 1:3 hexanes, ethyl acetate) to give diol A4.18 (1.05 g, 94%) as a 

colourless oil. 

To a stirred solution of diol A4.18 (0.054 g, 0.075 mmol) in MeOH/H2O (3:1, 8 mL) was added NaIO4 

(0.048 g, 0.22 mmol) which was then stirred at room temperature for 30 min. The mixture was then 

quenched with addition of brine (10 mL) and extracted with diethyl ether (3 × 10 mL). The organic 

extracts were combined, washed with water (2 × 5 mL) and dried (MgSO4). Solvent was then removed 

in vacuo and used without further purification to give the title compound A4.19 (0.048 g, 92%) as a 

colourless oil. 
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Rf = 0.55 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.24, 1.26, 1.26, 1.27 (12H, 4 × d, J = 6.2 

Hz, 4′, 4′′-OCH(CH3)2), 2.60–2.67 (1H, m, 3-H), 2.84 (1H, dd, J = 13.3, 5.7 Hz, 7′-HA), 2.92 (1H, dd, J = 

13.3, 10.5 Hz, 7′-HB), 2.97–3.02 (1H, m, 2-H), 3.64 (6H, s, 3′-OCH3), 3.71 (1H, dd, J = 9.4, 4.8 Hz, 4-

HA), 3.72 (3H, s, 5′′-OCH3), 3.87 (3H, s, 3′′-OCH3), 3.93 (1H, dd, J = 9.4, 2.9 Hz, 4-HB), 3.97 (1H, dd, J 

= 9.9, 5.1 Hz, 5-HA), 4.01 (1H, dd, J = 9.9, 6.2 Hz, 5-HB), 4.27, 4.28 (2H, 2 × heptet, J = 6.2 Hz, 4′, 4′′-

OCH(CH3)2), 4.56 (2H, s, 5′′′-H), 6.09 (1H, s, 6′′-H), 6.37 (2H, s, 2′-H), 7.27–7.36 (5H, m, 2′′′, 3′′′, 4′′′-H), 

9.93 (1H, d, J = 1.5 Hz, 1-H). δC (100 MHz; CDCl3) 22.5, 22.5, 22.6 (4′, 4′′-OCH(CH3)2), 35.3 (C-7′), 38.7 

(C-3), 53.4 (C-2), 55.9 (3′-OCH3), 56.2 (5′′-OCH3), 60.8 (3′′-OCH3), 67.2 (C-5), 68.0 (C-4), 73.6 (C-5′′′), 

75.2 (4′-OCH(CH3)2), 76.2 (4′′-OCH(CH3)2), 94.0 (C-6′′), 98.2 (C-2′′), 106.1 (C-2′), 127.9 (C-2′′′), 128.0 

(C-4′′′), 128.6 (C-3′′′), 134.5 (C-4′), 134.7 (C-1′), 135.4 (C-4′′), 137.9 (C-1′′′), 151.5 (C-1′′), 152.4 (C-3′′), 

153.80 (C-5′′), 153.84 (C-3′), 203.3 (C-1). IR: νMAX (film)/cm-1; 2972, 1721, 1463, 1232, 1106, 931, 734. 

HRMS (ESI+) found (MNa+): 711.2127; C35H45BrNaO9 requires 711.2139. 

 

(2R*,3R*)-2-((Benzyloxy)methyl)-4-(2′′-bromo-4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-3-(4′-

isopropoxy-3′,5′-dimethoxybenzyl)butan-1-ol 8.18 

 

To a stirred solution of aldehyde A4.19 (0.795 g, 1.15 mmol) in MeOH (50 mL), under an atmosphere 

of nitrogen, was added NaBH4 (0.26 g, 6.92 mmol) and the resultant mixture allowed to stir for 2 h. The 

reaction mixture was then quenched with water (100 mL) and extracted with diethyl ether (3 × 50 mL). 

The organic layers were then combined, washed with water (2 × 10 mL) and brine (10 mL), dried 

(MgSO4) and solvent removed in vacuo. The crude product was then purified by column 

chromatography (1:1 hexanes, ethyl acetate) to give the title compound 8.18 (0.77 g, 97%) as a 

colourless oil. 

Rf = 0.23 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.23, 1.25, 1.26, 1.27 (12H, 4 × d, J = 6.2 

Hz, 4′, 4′′-OCH(CH3)2), 2.15–2.22 (1H, m, 2-H), 2.31–2.40 (1H, m, 3-H), 2.72 (1H, br s, 1-OH), 2.80 (1H, 

dd, J = 13.1, 5.2 Hz, 7′-HA), 2.92 (1H, dd, J = 13.1, 10.9 Hz, 7′-HB), 3.61 (6H, s, 3′-OCH3), 3.63 (1H, dd, 

J = 9.2, 3.7 Hz, 4-HA), 3.72 (3H, s, 5′′-OCH3), 3.83 (1H, dd, J = 9.4, 4.6 Hz, 5-HA), 3.85–3.90 (1H, m, 

5-HB), 3.87 (3H, s, 3′′-OCH3), 3.93 (1H, br s, 1-H), 4.00 (1H, dd, J = 9.2, 2.5 Hz, 4-HB), 4.26, 4.28 (2H, 

2 × heptet, J = 6.2 Hz, 4′, 4′′-OCH(CH3)2), 4.54 (1H, d, J = 11.8 Hz, 5′′′-HA), 4.59 (1H, d, J = 11.8 Hz, 

5′′′-HB), 6.12 (1H, s, 6′′-H), 6.35 (2H, s, 2′-H), 7.27–7.32 (1H, m, 4′′′-H), 7.32–7.37 (4H, m, 2′′′, 3′′′-H). δC 

(100 MHz; CDCl3) 22.4, 22.5, 22.5 (4′, 4′′-OCH(CH3)2), 35.8 (C-7′), 38.9 (C-3), 42.6 (C-2), 55.8 (3′-

OCH3), 56.1 (5′′-OCH3), 60.7 (3′′-OCH3), 63.9 (C-1), 67.5 (C-4), 72.2 (C-5), 73.6 (C-5′′′), 75.1 (4′-
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OCH(CH3)2), 76.2 (4′′-OCH(CH3)2), 93.7 (C-6′′), 98.0 (C-2′′), 106.1 (C-2′), 127.8 (C-2′′′), 127.9 (C-4′′′), 

128.6 (C-3′′′), 134.2 (C-4′), 135.2 (C-4′′), 135.6 (C-1′), 138.1 (C-1′′′), 151.6 (C-1′′), 152.3 (C-3′′), 153.7 

(C-3′), 153.8 (C-5′′). IR: νMAX (film)/cm-1; 3513, 2972, 1739, 1587, 1463, 1231, 1108, 927, 729. HRMS 

(ESI+) found (MH+): 691.2489; C35H48BrO9 requires 691.2476. 

 

1′′-((2R*,3S*)-4-(Benzyloxy)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)-3-

((methoxymethoxy)methyl)butoxy)-2′′-bromo-4′′-isopropoxy-3′′,5′′-dimethoxybenzene A4.20 

 

To a stirred solution of alcohol 8.18 (0.377 g, 0.55 mmol) in CH2Cl2 (20 mL), under an atmosphere of 

nitrogen at 0 °C, was added iPr2NEt (0.29 mL) followed by MOMCl (0.06 mL) dropwise and the resultant 

mixture stirred at room temperature for 24 h. The reaction mixture was then quenched with saturated 

aqueous NH4Cl (50 mL) and extracted with CH2Cl2 (3 × 50 mL). The organic layers were combined, 

dried (MgSO4) and solvent removed in vacuo. The crude product was then purified by column 

chromatography (2:1 hexanes, ethyl acetate) to give the title compound A4.20 (0.345 g, 86%) as a 

colourless oil. 

Rf = 0.81 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.23, 1.25, 1.27, 1.27 (12H, 4 × d, J = 6.2 

Hz, 4′, 4′′-OCH(CH3)2), 2.29–2.38 (2H, m, 2, 3-H), 2.83 (1H, dd, J = 13.2, 4.9 Hz, 7′-HA), 2.93 (1H, dd, 

J = 13.2, 9.8 Hz, 7′-HB), 3.35 (3H, s, 5-OCH2OCH3), 3.62 (6H, s, 3′-OCH3), 3.68–3.76 (3H, m, 1-HA, 4-

HA, 5-HA), 3.72 (3H, s, 5′′-OCH3), 3.80 (1H, dd, J = 9.5, 5.2 Hz, 4-HB), 3.84 (1H, dd, J = 9.8, 4.4 Hz, 5-

HB), 3.88 (3H, s, 3′′-OCH3), 3.93 (1H, dd, J = 9.2, 2.9 Hz, 1-HB), 4.54 (2H, s, 5′-H), 4.62 (2H, s, 5-

OCH2OCH3), 6.11 (1H, s, 6′′-H), 6.37 (2H, s, 2′-H), 7.23–7.30 (1H, m, 4′′′-H), 7.30–7.36 (4H, m, 2′′′, 3′′′-

H). δC (100 MHz; CDCl3) 22.45, 22.51, 22.55 (4′, 4′′-OCH(CH3)2), 35.4 (C-7′), 39.8 (C-3), 41.0 (C-2), 

55.4 (5-OCH2OCH3), 55.8 (3′-OCH3), 56.2 (5′′-OCH3), 60.7 (3′′-OCH3), 66.9 (C-5), 68.1 (C-1), 69.7 (C-

4), 73.3 (C-5′′′), 75.1 (4′-OCH(CH3)2), 76.2 (4′′-OCH(CH3)2), 93.8 (C-6′′), 96.8 (5-OCH2CH3), 98.2 (C-

2′′), 106.1 (C-2′), 127.6 (C-4′′′), 127.7 (C-2′′′), 128.4 (C-3′′′), 134.2 (C-4′), 135.1 (C-4′′), 135.8 (C-1′), 

138.6 (C-1′′′), 151.9 (C-1′′), 152.4 (C-3′′), 153.7 (C-3′), 153.7 (C-5′′). IR: νMAX (film)/cm-1; 2972, 1587, 

1463, 1231, 1106, 1040, 931, 735. HRMS (ESI+) found (MNa+): 757.2574; C37H51BrNaO10 requires 

757.2558. 

 

 



  Appendix Four 

291 
 

(2S*,3R*)-3-(4′-Isopropoxy-3′,5′-dimethoxybenzyl)-4-(4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-2-

((methoxymethoxy)methyl)butan-1-ol A4.22 

 

To a stirred solution of bromide A4.20 (0.07 g, 0.095 mmol) in methanol (10 mL) was added ammonium 

formate (0.06 g, 0.95 mmol) followed by 10% palladium on carbon (7 mg, 10% wt) and the resulting 

mixture heated at reflux for 2.5 h. The reaction mixture was then cooled, diluted with ethyl acetate (30 

mL), filtered through celite, washed with ethyl acetate (2 × 10 mL) and solvent removed in vacuo to give 

debromo compound A4.21 (0.054 g, 89%) as a colourless oil which was used without further 

purification. 

To a stirred solution of benzyl protected alcohol A4.21 (0.054 g, 0.082 mmol) in methanol (10 mL) was 

added 10% palladium on carbon (11 mg, 20% wt) and the resulting mixture stirred under an atmosphere 

of hydrogen for 1 h. The reaction mixture was then filtered through celite, washed with methanol (3 × 

10 mL) and the solvent removed in vacuo. The crude product was then purified by column 

chromatography (1:3 hexanes, ethyl acetate) to give the title compound A4.22 (0.048 g, quant.) as a 

colourless oil. 

Rf = 0.27 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.24, 1.25, 1.25, 1.26 (12H, 4 × d, J = 6.3 

Hz, 4′, 4′′-OCH(CH3)2), 2.10–2.19 (1H, m, 2-H), 2.23–2.32 (1H, m, 3-H), 2.59 (1H, br s, 1-OH), 2.73 (1H, 

dd, J = 13.3, 10.1 Hz, 7′-HA), 2.84 (1H, dd, J = 13.3, 5.4 Hz, 7′-HB), 3.38 (3H, s, 5-OCH2OCH3), 3.65 

(6H, s, 3′-OCH3), 3.74–3.85 (4H, m, 4, 5-H), 3.76 (6H, s, 3′′-OCH3), 3.91 (2H, br s, 1-H), 4.21 (1H, 

heptet, J = 6.3 Hz, 4′′-OCH(CH3)2), 4.27 (1H, heptet, J = 6.3 Hz, 4′-OCH(CH3)2), 4.63 (2H, s, 5-

OCH2OCH3), 6.07 (2H, s, 2′′-H), 6.34 (2H, s, 2′-H). δC (100 MHz; CDCl3) 22.5, 22.5, 22.6 (4′, 4′′-

OCH(CH3)2), 35.5 (C-7′), 39.4 (C-3), 42.3 (C-2), 55.6 (5-OCH2OCH3), 56.0 (3′-OCH3), 56.2 (3′′-OCH3), 

64.0 (C-1), 67.1 (C-4), 68.9 (C-5), 75.2 (4′-OCH(CH3)2), 75.3 (4′′-OCH(CH3)2), 92.3 (C-2′′), 96.9 (5-

OCH2OCH3), 106.3 (C-2′), 130.5 (C-4′′), 134.5 (C-4′), 135.5 (C-1′), 153.8 (C-3′), 154.4 (C-3′′), 155.2 (C-

1′′). IR: νMAX (film)/cm-1; 3484, 2972, 1588, 1501, 1421, 1222, 1122, 1108, 1036, 731. HRMS (ESI+) 

found (MNa+): 589.2967; C30H46NaO10 requires 589.2983. 
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(2S*,3R*)-4-(2′′-Bromo-4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-3-(4′-isopropoxy-3′,5′-

dimethoxybenzyl)-2-((methoxymethoxy)methyl)butan-1-ol A4.23 

 

To a stirred solution of alcohol A4.22 (0.048 g, 0.085 mmol) in CH2Cl2 (3 mL), under an atmosphere of 

nitrogen at -78 °C, was added NBS (15 mg, 0.085 mmol) and the resulting mixture stirred at -78 °C for 

2.5 h. The reaction mixture was then quenched with saturated aqueous NaHCO3 (10 mL), diluted with 

water (3 mL) and extracted with CH2Cl2 (3 × 10 mL). The organic layers were then combined, washed 

with brine (10 mL), dried (MgSO4) and solvent removed in vacuo to give the title compound A4.23 

(0.049 g, quant.) as a colourless oil which was used without further purification. 

Rf = 0.56 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.22, 1.25, 1.26, 1.27 (12H, 4 × d, J = 6.2 

Hz, 4′, 4′′-OCH(CH3)2), 2.17–2.25 (1H, m, 2-H), 2.27–2.35 (1H, m, 3-H), 2.55 (1H, br s, 1-OH), 2.89 (2H, 

d, J = 8.0 Hz, 7′-H), 3.38 (3H, s, 5-OCH3OCH3), 3.62 (6H, s, 3′-OCH3), 3.70 (1H, dd, J = 9.5, 4.0 Hz, 4-

HA), 3.73 (3H, s, 5′′-OCH3), 3.81 (1H, dd, J = 9.9, 6.4 Hz, 5-HA), 3.85–3.90 (1H, m, 5-HB), 3.87 (3H, s, 

3′′-OCH3), 3.90–3.97 (2H, m, 1-HA, 4-HB), 3.99 (1H, dd, J = 11.2, 4.2 Hz, 1-HB), 4.26 (1H, heptet, J = 

6.2 Hz, 4′-OCH(CH3)2), 4.28 (1H, heptet, J = 6.2 Hz, 4′′-OCH(CH3)2), 4.64 (2H, s, 5-OCH2OCH3), 6.12 

(1H, s, 6′′-H), 6.37 (2H, s, 2′-H). δC (100 MHz; CDCl3) 22.5, 22.5, 22.6 (4′, 4′′-OCH(CH3)2), 35.4 (C-7′), 

39.3 (C-3), 42.7 (C-2), 55.7 (5-OCH2OCH3), 55.9 (3′-OCH3), 56.2 (5′′-OCH3), 60.7 (3′′-OCH3), 64.0 (C-

1), 68.0 (C-4), 69.1 (C-5), 75.2 (4′-OCH(CH3)2), 76.2 (4′′-OCH(CH3)2), 93.8 (C-6′′), 97.0 (5-OCHOCH3), 

98.2 (C-2′′), 106.1 (C-2′), 134.3 (C-4′), 135.3 (C-4′′), 135.5 (C-1′), 151.7 (C-1′′), 152.4 (C-3′′), 153.7 (C-

3′), 153.8 (C-5′′). IR: νMAX (film)/cm-1; 3497, 2972, 1587, 1463, 1232, 1106, 1039, 931, 797. HRMS 

(ESI+) found (MNa+): 667.2090; C30H45BrNaO10 requires 667.2088. 

 

(2R*,3R*)-4-(2′′-Bromo-4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-3-(4′-isopropoxy-3′,5′-

dimethoxybenzyl)-2-((methoxymethoxy)methyl)butanal A4.24 

 

To a stirred solution of alcohol A4.23 (0.049 g, 0.076 mmol) in CH2Cl2 (5 mL) was added Dess-Martin 

periodinane (0.04 g, 0.091 mmol) and the resultant mixture stirred for 20 min. The reaction mixture was 

then quenched with saturated aqueous Na2S2O5 (5 mL) then dropwise addition of saturated aqueous 
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NaHCO3 (5 mL), the organic layer was separated and the aqueous phase further extracted with CH2Cl2 

(3 × 10 mL). The organic layers were combined, dried (MgSO4) and solvent removed in vacuo. The 

crude product was then purified by column chromatography (1:1 hexanes, ethyl acetate) to give the title 

compound A4.24 (0.043 g, 88%) as a pale yellow oil. 

Rf = 0.63 (1:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.23, 1.25, 1.26, 1.27 (12H, 4 × d, J = 6.2 

Hz, 4′, 4′′-OCH(CH3)2), 2.59–2.68 (1H, m, 3-H), 2.82 (1H, dd, J = 13.3, 5.6 Hz, 7′-HA), 2.87–2.95 (2H, 

m, 7′-HB, 2-H), 3.34 (3H, s, 5-OCH2OCH3), 3.66 (6H, s, 3′-OCH3), 3.74 (3H, s, 5′′-OCH3), 3.77 (1H, dd, 

J = 9.3, 4.1 Hz, 4-HA), 3.87 (3H, s, 3′′-OCH3), 3.92 (1H, dd, J = 9.3, 3.4 Hz, 4-HB), 3.99–4.03 (2H, m, 5-

H), 4.27 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 4.29 (1H, heptet, J = 6.2 Hz, 4′′-OCH(CH3)2), 4.60 (1H, 

d, J = 6.6 Hz, 5-OCHAOCH3), 4.62 (1H, d, J = 6.6 Hz, 5-OCHBOCH3), 6.16 (1H, s, 6′′-H), 6.38 (2H, s, 

2′-H), 9.96 (1H, d, J = 1.5 Hz, 1-H). δC (100 MHz; CDCl3) 22.5, 22.5, 22.6 (4′, 4′′-OCH(CH3)2), 35.9 (C-

7′), 38.4 (C-3), 53.7 (C-2), 55.7 (5-OCH2OCH3), 55.9 (3′-OCH3), 56.2 (5′′-OCH3), 60.8 (3′′-OCH3), 64.5 

(C-5), 67.8 (C-4), 75.2 (4′-OCH(CH3)2), 76.2 (4′′-OCH(CH3)2), 94.0 (C-6′′), 96.8 (5-OCH2OCH3), 98.4 

(C-2′′), 106.2 (C-2′), 134.56 (C-4′), 134.61 (C-1′), 135.5 (C-4′′), 151.5 (C-1′′), 152.5 (C-3′′), 153.8 (C-3′, 

5′′), 203.5 (C-1). IR: νMAX (film)/cm-1; 2972, 1724, 1587, 1463, 1232, 1106, 1038, 929, 731. HRMS (ESI+) 

found (MNa+): 665.1956; C30H43BrNaO10 requires 665.1932. 

 

((2S*,3R*)-2-((Benzyloxy)methyl)-3-(4-isopropoxy-3,5-dimethoxybenzyl)-4-(2′′-bromo-4′′-isopropoxy-

3′′,5′′-dimethoxyphenoxy)butoxy)(tert-butyl)diphenylsilane 8.19 

 

To a stirred solution of alcohol 8.18 (0.449 g, 0.65 mmol) in DMF (20 mL), under an atmosphere of 

nitrogen at 0 °C, was added imidazole (0.133 g, 1.95 mmol) followed by TBDPSCl (0.34 mL, 1.30 mmol) 

and the resultant mixture stirred for 4 d. The reaction mixture was then quenched with saturated 

aqueous NaHCO3 (30 mL) and extracted with diethyl ether (3 × 30 mL). The organic layers were 

combined, washed with water (2 × 10 mL), brine (10 mL), dried (MgSO4) and solvent removed in vacuo. 

The crude product was then purified by column chromatography (19:1 then 4:1 hexanes, ethyl acetate) 

to give the title compound 8.19 (0.553 g, 92%) as a colourless oil. 

Rf = 0.91 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.05 (9H, s, 1-OSiPh2C(CH3)3), 1.23, 1.25, 

1.27, 1.28 (12H, 4 × d, J = 6.2 Hz, 4′, 4′′-OCH(CH3)2), 2.27–2.41 (2H, m, 2, 3-H), 2.81 (1H, dd, J = 13.4, 

5.8 Hz, 7′-HA), 2.86 (1H, dd, J = 13.4, 10.2 Hz, 7′-HB), 3.59 (6H, s, 3′-OCH3), 3.64–3.69 (1H, m, 4-HA), 

3.67 (3H, s, 5′′-OCH3), 3.78 (1H, dd, J = 9.4, 6.1 Hz, 5-HA), 3.83–3.87 (2H, m, 4-HB, 5-HB), 3.87–3.91 

(1H, m, 1-HA), 3.90 (3H, s, 3′′-OCH3), 3.98 (1H, dd, J = 10.4, 5.1 Hz, 1-HB), 4.26 (1H, heptet, J = 6.2 



  Appendix Four 

294 
 

Hz, 4′-OCH(CH3)2), 4.28 (1H, heptet, J = 6.2 Hz, 4′′-OCH(CH3)2), 4.51 (2H, s, 5′′′-H), 6.01 (1H, s, 6′′-H), 

6.34 (2H, s, 2′-H), 7.27–7.40 (10H, m, 1-OSi(Ph-Hmp)2C(CH3)3, 2′′′, 3′′′, 4′′′-H), 7.64–7.70 (4H, m, 1-

OSi(Ph-Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.5 (1-OSiPh2C(CH3)3), 22.5, 22.6, 22.6 (4′, 4′′-

OCH(CH3)2), 27.1 (1-OSiPh2C(CH3)3), 35.2 (C-7′), 39.7 (C-3), 43.1 (C-2), 55.9 (3′-OCH3), 56.2 (5′′-

OCH3), 60.8 (3′′-OCH3), 62.8 (C-1), 68.2 (C-4), 69.4 (C-5), 73.2 (C-5′′′), 75.2 (4′-OCH(CH3)2), 76.2 (4′′-

OCH(CH3)2), 93.7 (C-6′′), 98.2 (C-2′′), 106.1 (C-2′), 127.6 (C-4′′′), 127.7 (C-2′′′), 127.8 (1-OSi(Ph-

Cm)2C(CH3)3), 128.4 (C-3′′′), 129.8 (1-OSi(Ph-Cp)2C(CH3)3), 133.8, 133.9 (1-OSi(Ph-Ci)2C(CH3)3), 134.2 

(C-4′), 135.0 (C-4′′), 135.7 (1-OSi(Ph-Co)2C(CH3)3), 136.0 (C-1′), 138.8 (C-1′′′), 151.9 (C-1′′), 152.4 (C-

3′′), 153.7 (C-3′, 5′′). IR: νMAX (film)/cm-1; 2932, 1587, 1463, 1232, 1123, 1108, 932, 701. HRMS (ESI+) 

found (MNa+): 951.3474; C51H65BrNaO9Si requires 951.3473. 

 

(2S*,3R*)-2-(((tert-Butyldiphenylsilyl)oxy)methyl)-3-(4′-isopropoxy-3′,5′-dimethoxybenzyl)-4-(2′′-bromo-

4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)butan-1-ol 8.20 

 

To a stirred solution of benzyl ether 8.19 (0.313, 0.34 mmol) in methanol (50 mL) was added palladium 

on carbon (0.063 g, 20% wt) and the resulting mixture stirred under an atmosphere of hydrogen for 4 

h. The reaction mixture was then filtered through Celite, washed methanol (2 × 30 mL) and solvent 

removed in vacuo. The crude product was then purified by column chromatography (1:2 hexanes, ethyl 

acetate) to give a mixture of bromo and debromo 8.20 (0.276 g, quant.) as a colourless oil. 

Rf = 0.27 (2:1 hexanes, ethyl acetate). δH (400 MHz; CDCl3) 1.07, 1.08* (9H, s, 5-OSiPh2C(CH3)3), 

1.22–1.28 (12H, m, 4′, 4′′-OCH(CH3)2), 1.60 (1H, br s, 1-OH), 2.07–2.15 (1H, m, 2-H), 2.26–2.34 (1H, 

m, 3-H), 2.61–2.86 (2H, m, 7′-H), 3.59*, 3.63 (6H, s, 3′-OCH3), 3.66–3.75 (2H, m, 4-H), 3.70*, 3.73, 

3.87* (6H, s, 3′′, 5′′-OCH3), 3.88–4.06 (4H, m, 1, 5-H), 4.18–4.31 (2H, m, 4′, 4′′-OCH(CH3)2), 5.98, 5.99* 

(1*, 2H, s, 2′′-H, 6′′-H*), 6.32, 6.34* (2H, s, 2′-H), 7.32–7.44 (6H, m, 5-OSi(Ph-Hmp)2C(CH3)3), 7.64–7.68 

(4H, m, 5-OSi(Ph-Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.3 (5-OSiPh2C(CH3)3), 22.5, 22.5, 22.6 (4′, 4′′-

OCH(CH3)2), 27.1 (5-OSiPh2C(CH3)3), 35.2 (C-7′), 39.2 (C-3), 44.2 (C-2), 55.8*, 56.0 (3′-OCH3), 56.2 

(3′′-OCH3), 60.8* (3′′-OCH3), 64.0, 65.1 (C-1, 5), 67.2 (C-4), 75.2, 75.3 (4′, 4′′-OCH(CH3)2), 92.3, 93.7* 

(C-2′′, 6′′*), 106.1*, 106.2 (C-2′), 128.0 (5-OSi(Ph-Cm)2C(CH3)3), 130.1 (5-OSi(Ph-Cp)2C(CH3)3), 130.5 

(C-4′), 133.1 (5-OSi(Ph-Ci)2C(CH3)3), 134.4 (C-4′), 135.7 (C-1′, 5-OSi(Ph-Co)2C(CH3)3), 153.8 (C-3′), 

154.4 (C-3′′), 155.1 (C-1′′). IR: νMAX (film)/cm-1; 3511, 2935, 1588, 1464, 1233, 1125, 1111, 932, 704. 

HRMS (ESI+) found (MNa+): 783.3913; C44H60NaO9Si requires 783.3899. HRMS (ESI+) found (MNa+): 

861.3030; C44H59BrNaO9Si requires 861.3004. 
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(((7R*,13R*,14R*)-4-Bromo-2,11-diisopropoxy-1,3,10,12-tetramethoxy-6,7,8,13-tetrahydro-7,13-

methanodibenzo[b,e]oxonin-14-yl)methoxy)(tert-butyl)diphenylsilane (Br-8.21)  

(((7R*,13R*,14R*)-2,11-Diisopropoxy-1,3,10,12-tetramethoxy-6,7,8,13-tetrahydro-7,13-

methanodibenzo[b,e]oxonin-14-yl)methoxy)(tert-butyl)diphenylsilane 8.21 

 

To a stirred solution of alcohol 8.20 (0.258 g, 0.31 mmol) in CH2Cl2 (20 mL) was added Dess-Martin 

periodinane (0.16 g, 0.38 mmol) and the resultant mixture allowed to stir for 1 h. The reaction mixture 

was then quenched with saturated aqueous Na2S2O5 (20 mL) followed by saturated aqueous NaHCO3 

(20 mL) dropwise. The organic layer was separated and the aqueous phase further extracted with 

CH2Cl2 (3 × 30 mL). The organic layers were combined, dried (MgSO4) and solvent removed in vacuo. 

The crude product was then purified by column chromatography (9:1 hexanes, ethyl acetate) to give 

the title compounds Br-8.21 (0.160 g, 61%) and 8.21 (0.068 g, 28%) as colourless solids. 

Br-8.21 

Rf = 0.83 (2:1 hexanes, ethyl acetate). Melting point: 47–49 °C. δH (400 MHz; CDCl3) 1.05 (9H, s, 15-

OSiPh2C(CH3)3), 1.12 (3H, d, J = 6.2 Hz, 11-OCH(CH3)2), 1.22 (3H, d, J = 6.2 Hz, 11-OCH(CH3)2), 1.25 

(3H, d, J = 6.2 Hz, 2-OCH(CH3)2), 1.36 (3H, d, J = 6.2 Hz, 2-OCH(CH3)2), 2.23 (1H, br t, J = 8.3 Hz, 14-

H), 2.37 (1H, br d, 7.2 Hz, 7-H), 2.90 (1H, d, J = 17.5 Hz, 8-HA), 3.06 (1H, dd, J = 17.5, 7.2 Hz, 8-HB), 

3.42 (3H, s, 12-OCH3), 3.63 (1H, dd, J = 10.2, 8.3 Hz, 15-HA), 3.73–3.79 (1H, m, 15-HB), 3.77 (3H, s, 

10-OCH3), 3.79–3.84 (1H, m, 6-HA), 3.80 (3H, s, 3-OCH3), 3.87 (3H, s, 1-OCH3), 4.20 (1H, heptet, J = 

6.2 Hz, 11-OCH(CH3)2), 4.47 (1H, heptet, J = 6.2 Hz, 2-OCH(CH3)2), 4.55 (1H, dd, J = 12.0, 3.0 Hz, 6-

HB), 4.62 (1H, br s, 13-H), 6.34 (1H, s, 9-H), 7.27–7.42 (6H, m, 15-OSi(Ph-Hmp)2C(CH3)3), 7.56–7.60, 

7.63–7.67 (2 × 2H, m, 15-OSi(Ph-Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.4 (15-OSiPh2C(CH3)3), 22.4, 

22.5, 22.9, 23.0 (2, 11-OCH(CH3)3), 27.0 (15-OSiPh2C(CH3)3), 29.6 (C-8), 30.8 (C-13), 33.7 (C-7), 43.4 

(C-14), 55.7 (10-OCH3), 59.7 (12-OCH3), 60.8 (1-OCH3), 61.4 (3-OCH3), 65.7 (C-15), 75.2 (11-

OCH(CH3)2), 76.0 (2-OCH(CH3)2), 80.1 (C-6), 106.7 (C-9), 106.8 (C-4), 122.1 (C-12a), 127.8 (15-

OSi(Ph-Cm)2C(CH3)3), 129.4 (C-5a), 129.7, 129.8 (15-OSi(Ph-Cp)2C(CH3)3), 131.0 (C-8a), 133.7, 133.8 

(15-OSi(Ph-Ci)2C(CH3)3), 135.7 (15-OSi(Ph-Co)2C(CH3)3), 137.9 (C-11), 141.4 (C-2), 150.1 (C-1), 151.4 

(C-3), 152.4 (C-10), 152.5 (C-12), 153.1 (C-5). IR: νMAX (film)/cm-1; 2932, 1598, 1452, 1426, 1106, 1083, 

908, 729, 701. HRMS (ESI+) found (MNa+): 841.2735; C44H55BrNaO8Si requires 841.2742. 

8.21 

Rf = 0.71 (2:1 hexanes, ethyl acetate). Melting point: 55–57 °C. δH (400 MHz; CDCl3) 1.06 (9H, s, 15-

OSiPh2C(CH3)3), 1.13, 1.20, 1.24, 1.38 (4 × 3H, d, J = 6.2 Hz, 2, 11-OCH(CH3)3), 2.23 (1H, br t, J = 8.9 

Hz, 14-H), 2.37 (1H, br d, J = 7.5 Hz, 7-H), 2.86 (1H, d, J = 17.5 Hz, 8-HA), 3.07 (1H, dd, J = 17.5, 7.2 
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Hz, 8-HB), 3.36 (3H, s, 12-OCH3), 3.63 (1H, dd, J = 10.1, 8.9 Hz, 15-HA), 3.70 (3H, s, 3-OCH3), 3.76–

3.79 (1H, m, 15-HB), 3.77 (3H, s, 10-OCH3), 3.81 (3H, s, 1-OCH3), 3.85 (1H, d, J = 12.0 Hz, 6-HA), 4.24 

(1H, heptet, J = 6.2 Hz, 11-OCH(CH3)2), 4.42 (1H, heptet, J = 6.2 Hz, 2-OCH(CH3)2), 4.46 (1H, dd, J = 

12.0, 2.8 Hz, 6-HB), 4.52 (1H, br s, 13-H), 6.24 (1H, s, 4-H), 6.36 (1H, s, 9-H), 7.27–7.43 (6H, m, 15-

OSi(Ph-Hmp)2C(CH3)3), 7.57–7.61, 7.64–7.67 (2 × 2H, m, 15-OSi(Ph-Ho)2C(CH3)3). δC (100 MHz; CDCl3) 

19.4 (15-OSiPh2C(CH3)3), 22.2, 22.4, 22.9, 23.0 (2, 11-OCH(CH3)3), 27.0 (15-OSiPh2C(CH3)3), 29.6 (C-

8), 30.3 (C-13), 33.6 (C-7), 43.6 (C-14), 55.7 (10-OCH3), 55.8 (3-OCH3), 59.6 (12-OCH3), 61.3 (1-

OCH3), 65.8 (C-15), 75.2 (11-OCH(CH3)2), 75.4 (2-OCH(CH3)2), 80.5 (C-6), 101.4 (C-4), 106.2 (C-9), 

123.0 (C-12a), 124.6 (C-5a), 127.7, 127.8 (15-OSi(Ph-Cm)2C(CH3)3), 129.7 (15-OSi(Ph-Cp)2C(CH3)3), 

130.9 (C-8a), 133.8, 133.9 (15-OSi(Ph-Ci)2C(CH3)3), 135.3 (15-OSi(Ph-Co)2C(CH3)3), 136.3 (C-2), 

138.0 (C-11), 151.9 (C-1), 152.2 (C-3), 152.3 (C-10), 152.6 (C-12), 156.1 (C-5). IR: νMAX (film)/cm-1; 

2932, 1597, 1453, 1125, 1108, 1088, 910, 731, 702. HRMS (ESI+) found (MH+): 741.3829; C44H57O8Si 

requires 741.3817. 

 

(((7R*,13R*,14R*)-2,11-Diisopropoxy-1,3,10,12-tetramethoxy-6,7,8,13-tetrahydro-7,13-

methanodibenzo[b,e]oxonin-14-yl)methoxy)(tert-butyl)diphenylsilane 8.21 

 

To a stirred solution of bromide Br-8.21 (0.161 g, 0.20 mmol) in methanol (15 mL) was added 

ammonium formate (0.124 g, 2.0 mmol) followed by palladium on carbon (32 mg, 20% wt) and the 

resulting mixture heated at reflux for 4.5 h. The reaction mixture was allowed to cool then filtered through 

celite and washed with methanol (2 × 10 mL). Solvent was removed in vacuo, the residue dissolved in 

ethyl acetate (30 mL), washed with water (5 mL), brine (5 mL) and dried (MgSO4). Solvent was removed 

in vacuo to give the title compound 8.21 (0.144 g, 99%) as a colourless solid. 
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(1R*,6R*,12R*)-Methyl 12-(((tert-butyldiphenylsilyl)oxy)methyl)-10-isopropoxy-3-((E)-3'-iso-propoxy-2'-

methoxy-3'-oxoprop-1'-en-1'-yl)-9,11-dimethoxy-1,5,6,7-tetrahydro-1,6-methanobenzo[e]oxonine-2-

carboxylate A4.25 

 

To a stirred solution of PCC (29 mg, 0.14 mmol) in toluene (4 mL) was added Celite (90 mg) followed 

by alkane 8.21 (20 mg, 0.027 mmol) in toluene (1 mL) and the resultant mixture heated at 90 °C for 21 

h. The reaction mixture was allowed to cool, filtered through celite, washed with ethyl acetate (2 × 10 

mL) and solvent removed in vacuo. The crude product was then purified by column chromatography 

(9:1 hexanes, ethyl acetate) to give the title compound A4.25 (11 mg, 55%) as a white solid. 

Rf = 0.70 (2:1 hexanes, ethyl acetate). Melting point: 193–195 °C. δH (400 MHz; CDCl3) 1.05 (9H, s, 

13-OSiPh2C(CH3)3), 1.12 (3H, d, J = 6.3 Hz, 3′-OCH(CH3)2), 1.22 (3H, d, J = 6.3 Hz, 3′-OCH(CH3)2), 

1.23, 1.25 (6H, 2 × d, J = 6.2 Hz, 10-OCH(CH3)2), 2.17–2.24 (2H, m, 6, 12-H), 2.61 (1H, d, J = 17.5 Hz, 

7-HA), 2.85 (1H, dd, J = 17.5, 6.9 Hz, 7-HB), 3.52 (1H, dd, J = 10.1, 7.3 Hz, 13-HA), 3.62–3.68 (1H, m, 

13-HB), 3.67 (3H, s, 2′-OCH3), 3.71 (1H, d, J = 12.0 Hz, 5-HA), 3.71 (3H, s, 11-OCH3), 3.75 (3H, s, 9-

OCH3), 3.80 (3H, s, 2a-OCH3), 4.07 (1H, dd, J = 12.0, 2.9 Hz, 5-HB), 4.29 (1H, heptet, J = 6.2 Hz, 10-

OCH(CH3)2), 4.41 (1H, br s, 1-H), 5.01 (1H, heptet, J = 6.2 Hz, 3′-OCH(CH3)2), 6.22 (1H, s, 8-H), 6.60 

(1′-H), 7.27–7.41 (6H, m, 13-OSi(Ph-Hmp)2C(CH3)3), 7.53–7.57, 7.63–7.66 (2 × 2H, m, 13-OSi(Ph-

Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.4 (13-OSiPh2C(CH3)3), 21.6, 21.9 (3′-OCH(CH3)2), 22.7 (10-

OCH(CH3)2), 26.9 (13-OSiPh2C(CH3)3), 29.1 (C-7), 32.8 (C-1), 32.9 (C-6), 41.5 (C-12), 51.6 (2a-OCH3), 

55.9 (9-OCH3), 56.5 (2′-OCH3), 60.1 (11-OCH3), 65.4 (C-13), 69.0 (3′-OCH(CH3)2), 75.1 (10-

OCH(CH3)2), 80.2 (C-5), 99.1 (C-1′), 106.2 (C-8), 120.3 (C-2), 123.2 (C-11a), 127.7, 127.8 (13-OSi(Ph-

Cm)2C(CH3)3), 129.7, 129.8 (13-OSi(Ph-Cp)2C(CH3)3), 130.2 (C-7a), 133.8, 134.0 (13-OSi(Ph-

Ci)2C(CH3)3), 135.7 (13-OSi(Ph-Co)2C(CH3)3), 137.8 (C-10), 152.1 (C-11), 152.4 (C-9), 155.4 (C-2′), 

164.2 (C-3), 164.4 (C-3′), 169.0 (C-2a).  IR: νMAX (film)/cm-1; 2934, 1734, 1700, 1622, 1232, 1108, 1073, 

704. HRMS (ESI+) found (MNa+): 795.3555; C44H56NaO10Si requires 795.3535. 
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(7R*,13R*,14R*)-14-(((tert-Butyldiphenylsilyl)oxy)methyl)-1,3,10,12-tetramethoxy-6,7,8,13-tetrahydro-

7,13-methanodibenzo[b,e]oxonine-2,11-diol 8.22 

 

To a stirred solution of isopropyl ether 8.21 (0.085 g, 0.11 mmol) in CH2Cl2 (10 mL), under an 

atmosphere of nitrogen, was added AlCl3 (0.076 g, 0.57 mmol) and the resultant mixture stirred for 10 

min. The reaction mixture was then quenched with 2 M HCl (10 mL), the organic layer separated and 

the aqueous phase further extracted with CH2Cl2 (3 × 20 mL). The organic layers were combined, 

washed with brine (10 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was then 

purified by column chromatography (1:1 hexanes, ethyl acetate) to give the title compound 8.22 (0.066 

g, 88%) as a pale yellow solid. 

Rf = 0.20 (2:1 hexanes, ethyl acetate). Melting point: 90–92 °C. δH (400 MHz; CDCl3) 1.06 (9H, s, 15-

OSiPh2C(CH3)3), 2.26–2.35 (2H, m, 7, 14-H), 2.85 (1H, d, J = 17.4 Hz, 8-HA), 3.02 (1H, dd, J = 17.4, 

7.2 Hz, 8-HB), 3.46 (3H, s, 12-OCH3), 3.66 (1H, dd, J = 10.2, 8.0 Hz, 15-HA), 3.74–3.78 (1H, m, 15-HB), 

3.75 (3H, s, 3-OCH3), 3.81 (3H, s, 10-OCH3), 3.83–3.86 (1H, m, 6-HA), 3.83 (3H, s, 1-OCH3), 4.45 (1H, 

dd, J = 12.0, 2.9 Hz, 6-HB), 4.59 (1H, br s, 13-H), 5.20 (1H, s, 11-OH), 5.34 (1H, s, 2-OH), 6.26 (1H, s, 

4-H), 6.35 (1H, s, 9-H), 7.27–7.42 (6H, m, 15-OSi(Ph-Hmp)2C(CH3)3), 7.56–7.60, 7.64–7.67 (2 × 2H, m, 

15-OSi(Ph-Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.4 (15-OSiPh2C(CH3)3), 27.0 (15-OSiPh2C(CH3)3), 

29.3 (C-8), 30.1 (C-13), 33.8 (C-7), 43.4 (C-14), 55.9 (10-OCH3), 56.1 (3-OCH3), 59.8 (12-OCH3), 61.7 

(1-OCH3), 65.8 (C-15), 80.6 (C-6), 101.2 (C-4), 105.5 (C-9), 122.7 (C-12a), 124.1 (C-5a), 126.4 (C-8a), 

127.7, 127.8 (15-OSi(Ph-Cm)2C(CH3)3), 129.7 (15-OSi(Ph-Cp)2C(CH3)3), 133.6, 133.8 (15-OSi(Ph-

Ci)2C(CH3)3), 134.7 (C-2), 135.6 (15-OSi(Ph-Co)2C(CH3)3), 136.4 (C-11), 144.8 (C-1), 145.5 (C-3, 12), 

146.1 (C-10), 153.0 (C-5). IR: νMAX (film)/cm-1; 3527, 2933, 1617, 1497, 1298, 1106, 1085, 910, 732, 

703. HRMS (ESI+) found (MNa+): 679.2694; C38H44NaO8Si requires 679.2698. 

 

(±)-Ovafolinin A (8.1) and (±)-Ovafolinin B (8.2) 

 

To a stirred solution of TBDPS ether 8.22 (0.066 g, 0.10 mmol) in THF (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added TBAF in THF (0.4 mL, 1 M) and the resultant mixture stirred at room 
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temperature for 3.5 h. The reaction mixture was then quenched with saturated aqueous NaHCO3 (10 

mL) and extracted with diethyl ether (3 mx 30 mL). The organic layers were combined, washed with 

brine (5 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was then purified by 

column chromatography (1:2 hexanes, ethyl acetate) to give the title compounds 8.1 (8.1 mg, 19%) and 

8.2 (10.6 mg, 25%) as white solids.  

(±)-Ovafolinin A (8.1) 

Rf = 0.22 (1:2 hexanes, ethyl acetate). Melting point: 219–221 °C. δH (400 MHz; CDCl3) 2.31–2.35 

(1H, m, 8-H), 2.59–2.63 (1H, m, 8′-H), 3.25 (3H, s, 3-OCH3), 3.75 (1H, br d, J = 8.6 Hz, 9′-HA), 3.78 (3H, 

s, 5′-OCH3), 3.88 (3H, s, 5-OCH3), 3.99 (1H, dd, J = 13.3, 3.0 Hz, 9-HA), 4.07 (3H, s, 3′-OCH3), 4.14 

(1H, dd, J = 8.6, 5.8 Hz, 9′-HB), 4.51 (1H, d, J = 2.5 Hz, 7′-H), 4.54 (1H, dd, J = 13.3, 1.6 Hz, 9-HB), 4.76 

(1H, d, J = 4.5 Hz, 7-H), 5.33 (1H, s, 4′-OH), 5.37 (1H, s, 4-OH), 6.27 (1H, s, 6′-H), 6.53 (1H, s, 6-H). 

δC (100 MHz; CDCl3) 37.6 (C-7′), 39.9 (C-8′), 43.2 (C-8), 56.1 (5-OCH3), 56.2 (5′-OCH3), 59.4 (3-OCH3), 

60.8 (3′-OCH3), 69.6 (C-9), 72.7 (C-9′), 79.3 (C-7), 100.9 (C-6′), 104.9 (C-6), 123.1 (C-1), 124.8 (C-2′), 

129.0 (C-2), 135.2 (C-4′), 138.8 (C-4), 144.1 (C-3′), 145.2 (C-3), 145.9 (C-5′), 146.3 (C-5), 152.2 (C-1′). 

IR: νMAX (film)/cm-1; 3390, 2926, 1738, 1615, 1494, 1316, 1132, 967, 882, 733. HRMS (ESI+) found 

(MNa+): 439.1353; C22H24NaO8 requires 439.1363. 

Values were in agreement with literature data.196 

(±)-Ovafolinin B (8.2) 

Rf = 0.16 (1:2 hexanes, ethyl acetate). Melting point: 126–128 °C. δH (400 MHz; CDCl3) 2.21–2.29 

(2H, m, 8, 8′-H), 2.89 (1H, d, J = 17.4 Hz, 7-HA), 3.08 (1H, dd, J = 17.4, 7.1 Hz, 7-HB), 3.44 (3H, s, 3-

OCH3), 3.64 (1H, dd, J = 10.5, 7.3 Hz, 9′-HA), 3.74 (1H, dd, J = 10.5, 7.6 Hz, 9′-HB), 3.76 (3H, s, 5′-

OCH3), 3.83 (1H, br d, J = 12.0 Hz, 9-HA), 3.83 (3H, s, 5-OCH3), 3.99 (3H, s, 3′-OCH3), 4.44 (1H, dd, J 

= 12.0, 2.9 Hz, 9-HB), 4.60 (1H, br s, 7′-H), 5.19 (1H, s, 4-OH), 5.33 (1H, s, 4′-OH), 6.26 (1H, s, 6′-H), 

6.39 (1H, s, 6-H). δC (100 MHz; CDCl3) 29.4 (C-7), 30.1 (C-7′), 34.0 (C-8), 43.6 (C-8′), 55.9 (5-OCH3), 

56.1 (5′-OCH3), 59.9 (3-OCH3), 61.7 (3′-OCH3), 65.1 (C-9′), 80.5 (C-9), 101.3 (C-6′), 105.5 (C-6), 122.6 

(C-2), 124.0 (C-2′), 126.3 (C-1), 134.8 (C-4′), 136.5 (C-4), 144.7 (C-3′), 145.5 (C-3, 5′), 146.3 (C-5), 

153.0 (C-1′). IR: νMAX (film)/cm-1; 3411, 2927, 1615, 1497, 1460, 1299, 1193, 1122, 1088, 910, 733. 

HRMS (ESI+) found (MNa+): 441.1508; C22H26NaO8 requires 441.1520. 

Values were in agreement with literature data.196,197 
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(+)-(S)-4′′-Benzyl-3′′-(3-(4′-isopropoxy-3′,5′-dimethoxyphenyl)propanoyl)oxazolidin-2′′-one 8.23 

 

To a stirred solution of (S)-4-benzyloxazolidin-2-one (0.6 g, 3.4 mmol) in THF (10 mL), under an 

atmosphere of nitrogen at -78 °C, was added n-BuLi (1.8 mL, 2M) and the resulting mixture stirred at -

78 °C for 30 min. Acid chloride 8.13 (1.07 g, 3.7 mmol) in THF (5 mL) was added dropwise and the 

reaction mixture stirred for 10 min. Saturated aqueous NH4Cl (20 mL) was added and extracted with 

ethyl acetate (3 × 15 mL). The organic extracts were combined, washed with brine (10 mL) and dried 

(MgSO4). Solvent was removed in vacuo and the crude product purified by column chromatography 

(4:1 hexanes, ethyl acetate) to give the title compound 8.23 (1.08 g, 74%) as a colourless oil. 

Rf = 0.40 (2:1 hexanes, ethyl acetate). [α]D
20.9 = +42.6 (c. 0.947, CHCl3). δH (400 MHz; CDCl3) 1.28, 1.28 

(6H, 2 × d, J = 6.2 Hz, 4′-OCH(CH3)2), 2.76 (1H, dd, J = 13.4, 9.4 Hz, 4′′-CHAPh), 2.88–3.04 (2H, m, 3-

H), 3.18–3.37 (3H, m, 2-H, 4′′-CHBPh), 3.82 (6H, s, 3′-OCH3), 4.13–4.21 (2H, m, 5′′-H), 4.30 (1H, heptet, 

J = 6.2 Hz, 4′-OCH(CH3)2), 4.63–4.71 (1H, m, 4′′-H), 6.48 (2H, s, 2′-H), 7.15–7.19 (2H, m, Ph-o-H), 

7.25–7.35 (3H, m, Ph-m,p-H). δC (100 MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 31.0 (C-3), 37.3 (C-2), 38.0 

(4′′-CH2Ph), 55.3 (C-4′′), 56.2 (3′-OCH3), 66.3 (C-5′′), 75.3 (4′-OCH(CH3)2), 105.8 (C-2′), 127.5 (Ph-p-

C), 129.1 (Ph-m-C), 129.5 (Ph-o-C), 134.7 (C-4′), 135.3 (Ph-i-C), 135.8 (C-1′), 153.6 (C-2′′), 153.9 (C-

3′), 172.6 (C-1). IR: νMAX (film)/cm-1; 2980, 1777, 1698, 1587, 1456, 1380, 1213, 1108, 750, 702. HRMS 

(ESI+) found (MNa+): 450.1883; C24H29NNaO6 requires 450.1887. 

 

(+)-(S)-4′′-Benzyl-3′′-((S)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-enoyl)oxazolidin-2′′-one 8.24 

 

To a stirred solution of oxazolidinone 8.23 (3.96 g, 9.3 mmol) in THF (50 mL), under an atmosphere of 

nitrogen at -78 °C, was added LiHMDS (11 mL, 1M in THF) and the resulting mixture stirred at -78 °C 

for 30 min. Allyl bromide (1.6 mL, 18.5 mmol) was added dropwise, the reaction mixture allowed to 

warm to room temperature and stirred for 4 h. Saturated aqueous NH4Cl (50 mL) was added and 

extracted with CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with brine (10 mL) 

and dried (MgSO4). Solvent was removed in vacuo and the crude product purified by column 

chromatography (9:1 hexanes, ethyl acetate) to give the title compound 8.24 (3.38 g, 78%) as a pale 

yellow oil. 
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Rf = 0.67 (2:1 hexanes, ethyl acetate). [α]D
20.8 = +110.7 (c. 1.034, CHCl3). δH (400 MHz; CDCl3) 1.25, 

1.26 (6H, 2 × d, J = 6.2 Hz, 4′-OCH(CH3)2), 2.33–2.42 (1H, m, 3-HA), 2.52–2.62 (1H, m, 3-HB), 2.66 (1H, 

dd, J = 13.4, 9.7 Hz, 4′′-CHAPh), 2.80 (1H, dd, J = 13.3, 6.9 Hz, 7′-HA), 2.85 (1H, dd, J = 13.3, 8.9 Hz, 

7′-HB), 3.20 (1H, dd, J = 13.4, 3.2 Hz, 4′′-CHBPh), 3.78–3.83 (7H, m, 3′-OCH3, 5′′-HA), 4.00 (1H, dd, J = 

9.0, 2.3 Hz, 5′′-HB), 4.28 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 4.36–4.44 (2H, m, 2, 4′′-H), 5.06–5.17 

(2H, m, 5-H), 5.87 (1H, ddt, J = 17.0, 10.1, 6.9 Hz, 4-H), 6.43 (2H, s, 2′-H), 7.15–7.19 (2H, m, Ph-o-H), 

7.22–7.33 (3H, m, Ph-m,p-H). δC (100 MHz; CDCl3) 22.47, 22.53 (4′-OCH(CH3)2), 36.5 (C-3), 38.1 (4′′-

CH2Ph), 39.2 (C-7′), 43.7 (C-2), 55.7 (C-4′′), 56.1 (3′-OCH3), 65.9 (C-5′′), 75.2 (4′-OCH(CH3)2), 106.0 

(C-2′), 117.4 (C-5), 127.4 (Ph-p-C), 129.0 (Ph-m-C), 129.4 (Ph-o-C), 134.1 (C-1′), 134.6 (C-4′), 135.2 

(C-4), 135.4 (Ph-i-C), 153.2 (C-2′′), 153.6 (C-3′), 175.5 (C-1). IR: νMAX (film)/cm-1; 2980, 1774, 1695, 

1587, 1382, 1232, 1108, 919, 702. HRMS (ESI+) found (MNa+): 490.2192; C27H33NNaO6 requires 

490.2200. 

 

(–)-(3R)-5-(Hydroxymethyl)-3-(4′-isopropoxy-3′,5′-dimethoxybenzyl)dihydrofuran-2(3H)-one 8.25 

 

To a stirred solution of oxazolidinone 8.24 (3.34 g, 7.1 mmol) in tBuOH/THF/H2O (1:1:1, 60 mL) was 

added NMO (1.67 g, 14.3 mmol) followed by OsO4 (0.73 mL, 2.5 g/100 mL, 0.07 mmol) and the resulting 

mixture stirred for 44 h. Saturated aqueous Na2SO3 (100 mL) was added and stirred for 1 h. The 

aqueous mixture was extracted with ethyl acetate (3 × 75 mL), the organic extracts combined, washed 

with KOH (20 mL, 1M) and dried (MgSO4). Solvent was removed in vacuo and the crude product purified 

by column chromatography (1:1 hexanes, ethyl acetate) to give an inseparable 1.2:1 mixture of title 

compounds 8.25 (1.99 g, 86%) as a colourless oil. 

Rf = 0.30 (1:2 hexanes, ethyl acetate). [α]D
18.0 = –40.6 (c. 1.019, CHCl3). Major: δH (400 MHz; CDCl3) 

1.27 (6H, d, J = 6.2 Hz, 4′-OCH(CH3)2), 2.02–2.26 (3H, m, 4-H, 6-OH), 2.74 (1H, dd, J = 13.2, 8.2 Hz, 

7′-HA), 3.00–3.12 (2H, m, 3-H, 7′-HB) 3.51–3.63 (1H, m, 6-HA), 3.81 (6H, s, 3′-OCH3), 3.81–3.90 (1H, 

m, 6-HB), 4.26–4.36 (1H, m, 4′-OCH(CH3)2), 4.40 (1H, dtd, J = 8.5, 4.3, 3.1 Hz, 5-H), 6.39 (2H, s, 2′-H). 

δC (100 MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 28.9 (C-4), 37.3 (C-7′), 41.6 (C-3), 56.3 (2′-OCH3), 64.6 (C-

6), 75.4 (4′-OCH(CH3)2), 78.7 (C-5), 106.1 (C-2′), 133.5 (C-1′), 135.1 (C-4′), 154.0 (C-3′), 179.2 (C-2). 

Minor: δH (400 MHz; CDCl3) 1.27 (6H, d, J = 6.2 Hz, 4′-OCH(CH3)2), 1.88 (1H, ddd, J = 12.5, 11.6, 10.0 

Hz, 4-HA), 2.02–2.26 (2H, m, 4-HB, 6-OH), 2.68 (1H, dd, J = 13.9, 9.5 Hz, 7′-HA), 2.95 (1H, dtd, J = 11.6, 

9.5, 4.1 Hz, 3-H), 3.20 (1H, dd, J = 13.9, 4.1 Hz, 7′-HB), 3.51–3.63 (1H, m, 6-HA), 3.81 (6H, s, 3′-OCH3), 

3.81–3.90 (1H, m, 6-HB), 4.26–4.36 (1H, m, 4′-OCH(CH3)2), 4.48 (1H, dddd, J = 10.0, 6.0, 5.0, 3.0 Hz, 

5-H), 6.39 (2H, s, 2′-H). δC (100 MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 29.4 (C-4), 36.8 (C-7′), 42.9 (C-3), 

56.3 (2′-OCH3), 63.7 (C-6), 75.4 (4′-OCH(CH3)2), 79.0 (C-5), 106.0 (C-2′), 133.9 (C-1′), 135.0 (C-4′), 
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154.0 (C-3′), 178.1 (C-2). IR: νMAX (film)/cm-1; 3461, 2973, 1761, 1587, 1458, 1231, 1120, 929, 729. 

HRMS (ESI+) found (MNa+): 347.1463; C17H24NaO6 requires 347.1465. 

 

(+)-(R)-4-(4′-Isopropoxy-3′,5′-dimethoxybenzyl)dihydrofuran-2(3H)-one 8.26 

 

To a stirred solution of lactones 8.25 (1.99 g, 6.1 mmol) in THF (50 mL), under an atmosphere of 

nitrogen at 0 °C, was added LiAlH4 (0.47 g, 12.3 mmol), the resulting mixture warmed to room 

temperature and stirred for 3 h. The reaction mixture was quenched with water (100 mL), extracted with 

ethyl acetate (3 × 75 mL), the organic extracts combined, washed with brine (20 mL) and dried (MgSO4). 

Solvent was removed in vacuo and the residue taken up in MeOH/H2O (3:1, 180 mL). NaIO4 (1.57 g, 

7.4 mmol) was added and the resulting mixture stirred for 1 h. Brine (100 mL) was added and extracted 

with ethyl acetate (3 × 100 mL). The organic extracts were combined, washed with water (2 × 30 mL), 

brine (20 mL) and dried (MgSO4). Solvent was removed in vacuo, the residue taken up in toluene (50 

mL) and placed under an atmosphere of nitrogen. Fétizon’s reagent (4.5 g, 8.8 mmol) was added and 

the reaction mixture heated at reflux for 5 h. The reaction mixture was cooled, filtered through a plug of 

Celite, washed with ethyl acetate (30 mL) and solvent removed in vacuo. The crude product was purified 

by column chromatography (3:1 hexanes, ethyl acetate) to give the title compound 8.26 (1.10 g, 61% 3 

steps) as a yellow oil. 

Rf = 0.70 (1:2 hexanes, ethyl acetate). [α]D
20.1 = +5.5 (c. 1.060, CHCl3). δH (400 MHz; CDCl3) 1.28 (6H, 

d, J = 6.0 Hz, 4′-OCH(CH3)2), 2.30 (1H, dd, J = 17.5. 6.7 Hz, 3-HA), 2.62 (1H, dd, J = 17.5, 8.2 Hz, 3-

HB), 2.68 (1H, dd, J = 13.8, 8.4 Hz, 7′-HA), 2.72 (1H, dd, J = 13.8, 7.2 Hz, 7′-HB), 2.79–2.91 (1H, m, 

4-H), 3.82 (6H, s, 3′-OCH3), 4.05 (1H, dd, J = 9.1, 6.0 Hz, 5-HA), 4.26–4.37 (2H, m, 5-HB, 4′-OCH(CH3)2), 

6.34 (2H, s, 2′-H). δC (100 MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 34.4 (C-3), 37.3 (C-4), 39.5 (C-7′), 56.3 

(3′-OCH3), 72.8 (C-5), 75.4 (4′-OCH(CH3)2), 105.8 (C-2′), 133.6 (C-1′), 135.2 (C-4′), 154.1 (C-3′), 177.0 

(C-2). IR: νMAX (film)/cm-1; 2972, 2919, 1772, 1587, 1458, 1232, 1169, 1120, 1014, 930, 836. HRMS 

(ESI+) found (MNa+): 317.1364; C16H22NaO5 requires 317.1359. 
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(+)-(3S,4R)-3-((Benzyloxy)methyl)-4-(4′-isopropoxy-3′,5′-dimethoxybenzyl)dihydrofuran-2(3H)-one 

8.27 

 

To a stirred solution of lactone 8.26 (0.10 g, 0.35 mmol) in THF (1 mL) under an atmosphere of nitrogen 

at -78 °C, was added LDA (0.19 mL, 2M, 0.38 mmol) and the resulting mixture stirred for 30 min. Benzyl 

chloromethyl ether (0.1 mL, 0.42 mmol, 60%) was then added, allowed to warm to room temperature 

and stirred for 18 h. Saturated aqueous NH4Cl (3 mL) was added and extracted with ethyl acetate (3 × 

10 mL). The organic extracts were combined, washed with brine (5 mL) and dried (MgSO4). Solvent 

was removed in vacuo and the crude product purified by column chromatography (2:1 hexanes, ethyl 

acetate) to give the title compound 8.27 (0.067 g, 47%) as a colourless oil. 

Rf = 0.33 (2:1 hexanes, ethyl acetate). [α]D
21.6 = +12.9 (c. 1.075, CHCl3). δH (400 MHz; CDCl3) 1.28 (6H, 

d, J = 6.2 Hz, 4′-OCH(CH3)2), 2.50 (1H, ddd, J = 8.6, 4.6, 3.6 Hz, 3-H), 2.71 (1H, dd, J = 13.7, 8.4 Hz, 

7′-HA), 2.84 (1H, dd, J = 13.7, 6.7 Hz, 7′-HB), 2.88–3.00 (1H, m, 4-H), 3.54 (1H, dd, J = 9.5, 3.6 Hz, 6-

HA), 3.77–3.80 (7H, m, 6-HB, 3′-OCH3), 3.93 (1H, t, J = 8.5 Hz, 5-HA), 4.27–4.38 (2H, m, 5-HB, 4′-

OCH(CH3)2), 4.44 (1H, d, J = 12.0 Hz, Ph-CHA), 4.51 (1H, d, J = 12.0 Hz, Ph-CHB), 6.35 (2H, s, 2′-H), 

7.25–7.37 (5H, m, Ph-H). δC (100 MHz; CDCl3) 22.5 (4′-OCH(CH3)2), 39.0 (C-7′), 39.7 (C-4), 46.3 (C-

3), 56.2 (3′-OCH3), 68.1 (C-6), 71.6 (C-5), 73.5 (Ph-CH2), 75.3 (4′-OCH(CH3)2), 105.8 (C-2′), 127.6 (Ph-

o-C), 127.8 (Ph-p-C), 128.5 (Ph-m-C), 133.4 (C-1′), 135.0 (C-4′), 137.9 (Ph-i-C), 154.0 (C-3′), 177.3 (C-

2). IR: νMAX (film)/cm-1; 2973, 2934, 1766, 1587, 1459, 1244, 1122, 1011, 928, 737. HRMS (ESI+) found 

(MNa+): 437.1923; C24H30NaO6 requires 437.1935. 

 

(2R,3R)-2-((Benzyloxy)methyl)-3-(4′-isopropoxy-3′,5′-dimethoxybenzyl)butane-1,4-diol 8.28 

 

To a stirred solution of lactone 8.27 (1.63 g, 3.93 mmol) in THF (25 mL) under an atmosphere of nitrogen 

at 0 °C, was added LiAlH4 (0.45 g, 11.8 mmol), the resulting mixture allowed to warm to room 

temperature and stirred for 9 h. Water (50 mL) was added and extracted with ethyl acetate (3 × 50 mL). 

The organic extracts were combined, dried (MgSO4) and solvent was removed in vacuo. The crude 

product was purified by column chromatography (1:1 hexanes, ethyl acetate) to give the title compound 

8.28 (1.55 g, 94%) as a colourless oil. 
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Rf = 0.37 (1:2 hexanes, ethyl acetate). [α]D
21.5 = +3.6 (c. 1.213, CHCl3). δH (400 MHz; CDCl3) 1.28 (6H, 

d, J = 6.2 Hz, 4′-OCH(CH3)2), 1.94–2.02 (1H, m, 2-H), 2.02–2.11 (1H, m, 3-H), 2.62 (1H, dd, J = 13.7, 

6.3 Hz, 7′-HA), 2.68 (1H, dd, J = 13.7, 9.0 Hz, 7′-HB), 2.81 (1H, s, OH), 3.01 (1H, s, OH), 3.53 (1H, dd, 

J = 11.4, 5.2 Hz, 4-HA), 3.66 (1H, dd, J = 11.1, 3.0 Hz, 4-HB), 3.67 (2H, d, J = 5.7 Hz, 5-H), 3.79 (6H, s, 

3′-OCH3), 3.81 (1H, dd, J = 7.4, 4.6 Hz, 1-HA), 3.86 (1H, dd, J = 11.3, 4.4 Hz, 1-HB), 4.30 (1H, heptet, J 

= 6.2 Hz, 4′-OCH(CH3)2), 4.52 (2H, s, Ph-CH2), 6.38 (2H, s, 2′-H), 7.27–7.37 (5H, m, Ph-H). δC (100 

MHz; CDCl3) 22.6 (4′-OCH(CH3)2), 36.2 (C-7′), 42.6 (C-3), 42.9 (C-2), 56.2 (3′-OCH3), 61.97, 62.01 (C-

1, 4), 71.5 (C-5), 73.6 (Ph-CH2), 75.3 (4′-OCH(CH3)2), 106.2 (C-2′), 127.9 (Ph-o-C), 128.0 (Ph-p-C), 

128.6 (Ph-m-C), 134.5 (C-4′), 135.9 (C-1′), 137.9 (Ph-i-C), 153.8 (C-3′). IR: νMAX (film)/cm-1; 3368, 2934, 

1738, 1587, 1455, 1420, 1230, 1123, 930, 698. HRMS (ESI+) found (MNa+): 441.2261; C24H34NaO6 

requires 441.2248. 

 

(+)-(2S,3R)-2-(((tert-Butyldiphenylsilyl)oxy)methyl)-3-(4′-isopropoxy-3′,5′-dimethoxybenzyl)-4-(4′′-

isopropoxy-3′′,5′′-dimethoxyphenoxy)butan-1-ol 8.20 

(–)-(2S,3R)-4-((tert-Butyldiphenylsilyl)oxy)-3-(4′-isopropoxy-3′,5′-dimethoxybenzyl)-2-((4′′-isopropoxy-

3′′,5′′-dimethoxyphenoxy)methyl)butan-1-ol A4.26 

 

To a stirred solution of diol 8.28 (1.55 g, 3.7 mmol) in CH2Cl2 (50 mL), under an atmosphere of nitrogen, 

was added imidazole (0.3 g, 4.4 mmol), TBDPSCl (0.87 mL, 3.3 mmol) and the resultant mixture stirred 

for 19 h. Water (30 mL), the organic layer separated and the aqueous phase further extracted with 

CH2Cl2 (3 × 50 mL). The organic extracts were combined, washed with brine (20 mL) and dried 

(MgSO4). Solvent was removed in vacuo and the crude product purified by column chromatography 

(4:1 hexanes, ethyl acetate) to give an inseparable mixture of regio-isomers (1:1, 1.64 g, 67%). Toluene 

(20 mL), triphenyl phosphine (0.76 g, 2.9 mmol) and phenol A4.17 (0.62 g, 2.9 mmol) were added, 

placed under an atmosphere of nitrogen and cooled to 0 °C. DIAD (0.57 mL, 2.9 mmol) was then added 

and the resultant mixture allowed to warm to room temperature and stirred for 17 h. Solvent was 

removed in vacuo and the crude product was purified by column chromatography (9:1 hexanes, ethyl 

acetate) to give an inseparable mixture of regio-isomers (1:1, 1.82 g, 88%). MeOH (50 mL), palladium 

on carbon (0.17 g, 10% w/w) was added, placed under an atmosphere of hydrogen and the resultant 

mixture stirred for 16 h. The reaction mixture was then filtered through Celite, washed with MeoH (30 

mL) and solvent removed in vacuo. The crude product was then purified by column chromatography 



  Appendix Four 

305 
 

(4:1 hexanes, ethyl acetate) to give the title compound 8.20 (0.53 g, 34%) as a pale yellow oil and title 

compound A4.26 (0.25 g, 16%) as a pale yellow oil. 

8.20: 

Rf = 0.27 (2:1 hexanes, ethyl acetate). [α]D
21.7 = +32.4 (c. 1.175, CHCl3). δH (400 MHz; CDCl3) 1.08 (9H, 

s, 5-OSi(Ph)2C(CH3)3), 1.23–1.28 (12H, m, 4′, 4′′-OCH(CH3)2), 2.07–2.14 (1H, m, 2-H), 2.26–2.34 (1H, 

m, 3-H), 2.65–2.73 (2H, m, 7′-HA, 1-OH), 2.82 (1H, dd, J = 13.3, 5.2 Hz, 7′-HB), 3.63 (6H, s, 3′-OCH3), 

3.68 (1H, dd, J = 9.6, 3.4 Hz, 4-HA), 3.70–3.75 (1H, m, 4-HB), 3.74 (6H, s, 3′′-OCH3), 3.85–4.00 (4H, m, 

1, 5-H), 4.18–4.31 (2H, m, 4′, 4′′-OCH(CH3)2), 5.98 (2H, s, 2′′-H), 6.32 (2H, s, 2′-H), 7.32–7.44 (6H, m, 

5-OSi(Ph-Hmp)2C(CH3)3), 7.64–7.68 (4H, m, 5-OSi(Ph-Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.2 (5-

OSiPh2C(CH3)3), 22.3, 22.4, 22.5 (4′, 4′′-OCH(CH3)2), 26.9 (5-OSiPh2C(CH3)3), 35.1 (C-7′), 39.0 (C-3), 

44.1 (C-2), 55.8, 56.0 (3′, 3′′-OCH3), 63.6, 64.8 (C-1, 5), 67.1 (C-4), 75.0, 75.1 (4′, 4′′-OCH(CH3)2), 92.1, 

(C-2′′), 106.1 (C-2′), 127.8 (5-OSi(Ph-Cm)2C(CH3)3), 129.9 (5-OSi(Ph-Cp)2C(CH3)3), 130.2 (C-4′), 132.9, 

133.0 (5-OSi(Ph-Ci)2C(CH3)3), 134.2 (C-4′), 135.5 (C-1′, 5-OSi(Ph-Co)2C(CH3)3), 153.6 (C-3′), 154.2 (C-

3′′), 155.0 (C-1′′). 

A4.26: 

Rf = 0.22 (2:1 hexanes, ethyl acetate). [α]D
21.4 = –5.0 (c. 1.020, CHCl3). δH (400 MHz; CDCl3) 1.07 (9H, 

s, 4-OSi(Ph)2C(CH3)3), 1.28 (12H, d, J = 6.2 Hz, 4′, 4′′-OCH(CH3)2), 2.18–2.27 (1H, m, 3-H), 2.26–2.35 

(1H, m, 2-H), 2.67 (2H, dd, J = 13.6, 8.6 Hz, 7′-HA, 1-OH), 2.81 (1H, dd, J = 13.7, 5.9 Hz, 7′-HB), 3.64–

3.73 (2H, m, 4-H), 3.70 (6H, s, 3′′-OCH3), 3.77 (6H, s, 4′-OCH3), 3.84–3.92 (2H, m, 1-H), 4.00 (1H, dd, 

J = 8.7, 5.6 Hz, 5-HA), 4.03 (1H, dd, J = 8.8, 4.7 Hz, 5-HB), 4.24 (1H, heptet, J = 6.2 Hz, 4′′-OCH(CH3)2), 

4.31 (1H, heptet, J = 6.2 Hz, 4′-OCH(CH3)2), 6.08 (2H, s, 2′′-H), 6.35 (2H, s, 2′-H), 7.28–7.35 (4H, m, 4-

OSi(Ph-Hm)2C(CH3)3), 7.35–7.41 (2H, m, 4-OSi(Ph-Hp)2C(CH3)3), 7.58–7.62 (4H, m, 4-OSi(Ph-

Ho)2C(CH3)3). δC (100 MHz; CDCl3) 19.3 (4-OSiPh2C(CH3)3), 22.4, 22.5 (4′, 4′′-OCH(CH3)2), 27.0 (4-

OSiPh2C(CH3)3), 35.7 (C-7′), 42.2, 42.3 (C-2, 3), 56.0, 56.1 (3′, 3′′-OCH3), 63.2 (C-1), 63.9 (C-4), 68.1 

(C-5), 75.1, 75.2 (4′, 4′′-OCH(CH3)2), 92.3 (C-2′′), 106.1 (C-2′), 127.7 (4-OSi(Ph-Cm)2C(CH3)3), 129.8, 

129.9 (4-OSi(Ph-Cp)2C(CH3)3), 130.4 (C-4′′), 133.0, 133.2 (4-OSi(Ph-Ci)2-C(CH3)3), 134.4 (C-4′), 135.6 

(4-OSi(Ph-Co)2C(CH3)3), 135.9 (C-1′), 153.7 (C-3′′), 154.2 (C-3′), 155.2 (C-1′′). IR: νMAX (film)/cm-1; 3512, 

2934, 1588, 1501, 1223, 1124, 1108, 702. HRMS (ESI+) found (MNa+): 783.3895; C44H60NaO9Si 

requires 783.3899. 
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(+)-(((7R,13R,14R)-2,11-Diisopropoxy-1,3,10,12-tetramethoxy-6,7,8,13-tetrahydro-7,13-

methanodibenzo[b,e]oxonin-14-yl)methoxy)(tert-butyl)diphenylsilane 8.21 

 

To a stirred solution of alcohol 8.20 (0.355 g, 0.47 mmol) in CH2Cl2 (30 mL) was added Dess-Martin 

periodinane (0.24 g, 0.56 mmol) and the resultant mixture allowed to stir for 1 h. The reaction mixture 

was then quenched with saturated aqueous Na2S2O5 (20 mL) followed by saturated aqueous NaHCO3 

(20 mL) dropwise. The organic layer was separated and the aqueous phase further extracted with 

CH2Cl2 (3 × 30 mL). The organic layers were combined, dried (MgSO4) and solvent removed in vacuo. 

The crude product was then purified by column chromatography (9:1 hexanes, ethyl acetate) to give 

the title compound 8.21 (0.30 g, 87%) as a white solid. The NMR data was identical to the previously 

prepared racemic samples. 

[α]D
19.2 = +118.2 (c. 1.050, MeOH) 

 

(+)-(7R,13R,14R)-14-(((tert-Butyldiphenylsilyl)oxy)methyl)-1,3,10,12-tetramethoxy-6,7,8,13-

tetrahydro-7,13-methanodibenzo[b,e]oxonine-2,11-diol 8.22 

 

To a stirred solution of isopropyl ether 8.21 (0.053 g, 0.07 mmol) in CH2Cl2 (10 mL), under an 

atmosphere of nitrogen at 0 °C, was added AlCl3 (0.048 g, 0.36 mmol) and the resultant mixture stirred 

for 20 min. The reaction mixture was then quenched with 2 M HCl (10 mL), the organic layer separated 

and the aqueous phase further extracted with CH2Cl2 (3 × 20 mL). The organic layers were combined, 

washed with brine (10 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was then 

purified by column chromatography (1:1 hexanes, ethyl acetate) to give the title compound 8.22 (0.037 

g, 79%) as a pale yellow solid. The NMR data was identical to the previously prepared racemic samples. 

[α]D
21.6 = +122.8 (c. 0.893, MeOH) 
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(+)-Ovafolinin A (8.1) and (+)-Ovafolinin B (8.2) 

 

To a stirred solution of TBDPS ether 8.22 (0.037 g, 0.06 mmol) in THF (5 mL), under an atmosphere of 

nitrogen at 0 °C, was added TBAF in THF (0.2 mL, 1 M) and the resultant mixture stirred at room 

temperature for 2 h. Solvent was then removed in vacuo and the crude product was then purified by 

column chromatography (1:2 hexanes, ethyl acetate) to give the title compounds 8.1 (4 mg, 17%) and 

8.2 (4 mg, 17%) as white solids. The NMR data was identical to the previously prepared racemic 

samples. 

(+)-Ovafolinin A (8.1) 

[α]D
21.3 = +154.8 (c. 0.157, MeOH) 

(+)-Ovafolinin B (8.2) 

[α]D
19.2 = +150.0 (c. 0.258, MeOH) 
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2-bromo-4-hydroxy-3,5-dimethoxybenzaldehyde A4.6 
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4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenol A4.8 
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3-(4-(benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propan-1-ol A4.9 
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3-(4-(benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propanal A4.10 
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3-(4-(benzyloxy)-2-bromo-3,5-dimethoxyphenoxy)propanoic acid A4.11 
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(E)-4-(4-(benzyloxy)but-2-en-1-yl)morpholine 8.4 
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4-(Benzyloxy)-2-bromo-3,5-dimethoxyphenyl acrylate 8.7 
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(2R*,3S*)-3-((benzyloxy)methyl)-2-methyl-1-morpholinopent-4-en-1-one 8.10 
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3-((Benzyloxy)methyl)-1-morpholinopent-4-en-1-one 8.9 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-(3′,4′-dimethoxybenzyl)-1-morpholinopent-4-en-1-one 8.12 
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(2R*,3S*)-3-((benzyloxy)methyl)-1-morpholino-2-vinylpent-4-en-1-one 8.11 
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Ethyl (E)-3-(4′-isopropoxy-3′,5′-dimethoxyphenyl)acrylate A4.13 
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Ethyl 3-(4′-isopropoxy-3′,5′-dimethoxyphenyl)propanoate A4.14 
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3-(4′-Isopropoxy-3′,5′-dimethoxyphenyl)propanoic acid A4.15 
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4-isopropoxy-3,5-dimethoxyphenol A4.17 
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2-Bromo-4-isopropoxy-3,5-dimethoxyphenol 8.15 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)-1-morpholinopent-4-en-1-

one 8.14 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-enoic acid A4.16 
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(2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-en-1-ol 8.16 

 

 



  Appendix Four 

327 
 

1′′-(((2R*,3S*)-3-((Benzyloxy)methyl)-2-(4′-isopropoxy-3′,5′-dimethoxybenzyl)pent-4-en-1-yl)oxy)-2′′-

bromo-4′′-isopropoxy-3′′,5′′-dimethoxybenzene 8.17 
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(2S*,3R*)-2-((benzyloxy)methyl)-4-(2′′-bromo-4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-3-(4′-

isopropoxy-3′,5′-dimethoxybenzyl)butanal A4.19 
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(2R*,3R*)-2-((benzyloxy)methyl)-4-(2′′-bromo-4′′-isopropoxy-3′′,5′′-dimethoxyphenoxy)-3-(4′-
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(±)-Ovafolinin B 8.2 
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(2R,3R)-2-((Benzyloxy)methyl)-3-(4′-isopropoxy-3′,5′-dimethoxybenzyl)butane-1,4-diol 8.28 
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(+)-Ovafolinin B (8.2) 
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