
 

 

i 

Synthetic Approaches to Naturally 

Occurring Strigolactones and Selected 

Analogues  

 

 

Steven-Alan G. Abel 

BSc (Hons) 

A thesis submitted in fulfilment of the requirements 

for the degree of Doctor of Philosophy 

School of Physical Sciences (Chemistry) 

University of Tasmania 

2019



 

 

 

i 

Table of contents 

DECLARATION   II 

ACKNOWLEDGEMENTS   III 

ABSTRACT   IV 

ABBREVIATION LIST   V 

CHAPTER 1 – INTRODUCTION   1 

1.1 Strigolactone Natural Products   1 

1.2 Overview of Synthetic Strategies to Strigol   3 

1.3 Overview of Synthetic Strategies to Orobanchol   18 

1.4 Overview of Synthetic Strategies to GR24 and Other Analogues   21 

1.5 Novel Synthetic Strategies for the Access of Strigol and Orobanchol  25 

1.6 Summary   27 

1.7 Project Aims   28 

CHAPTER 2 – INVESTIGATIONS TOWARD THE SYNTHESIS OF 

STRIGOL          31 

2.1 Introduction         31 

2.2 Pathway to (±)-Strigol From Geranic Acid     31 

2.3 Asymmetric Preparation of Strigol via Asymmetric Transfer Hydrogenation 41 

2.4 Methods of preparation of the tricyclic ABC core of strigol and orobanchol 46 

2.5 Conclusion         82 

CHAPTER 3 – INVESTIGATIONS TOWARD THE SYNTHESIS OF 

OROBANCHOL         84 

3.1 Introduction         84 

3.2 Epoxidation of the Common Intermediate 65     84 

3.3 Ring-Opening Experiments on the Epoxides 68a and 68b   91 

3.4 Asymmetric Synthesis of Orobanchol via Asymmetric Transfer Hydrogenation 97 

3.5 Conclusion         107 

CHAPTER 4 – INVESTIGATIONS TOWARD THE SYNTHESIS OF 

MISCELLANEOUS STRIGOLACTONE ANALOGUES   108 

4.1 Introduction         108 

4.2 Preparation of a Sclareolide-based strigolactone analogue   108 

4.3 Preparation of Hydroxy-GR24       113 

4.4 Preparation of Untethered Lactone Analogues     121 



 

 

 

ii 

4.5 Preparation of D5-5-Deoxystrigol      131 

4.6 Conclusion         139 

4.7 Final Conclusion         139 

CHAPTER 5 – EXPERIMENTAL       142 

5.1 General Experimental         142 

5.2 Experimental          144 

  



iii 

Declaration 

This thesis contains no material which has been accepted for a degree or diploma by 

the University or any other institution, except by way of background information and 

duly acknowledged in the thesis, and to the best of my knowledge and belief no 

material previously published or written by another person except where due 

acknowledgement is made in the text of the thesis, nor does the thesis contain any 

material that infringes copyright. 

Steven Abel 

June 2019 

Authority of Access: 

This thesis is not to be made available for loan or copying for two years following the 

date this statement was signed. Following that time the thesis may be made available 

for loan and limited copying and communication in accordance with the Copyright 

Act 1968 



iv 

Acknowledgements 

With gratitude I would like to thank the following people and institutions without whom 

completing this PhD would have not been possible:  

Firstly, I would like to thank my supervisors Dr. Jason Smith and Dr. Alex Bissember 

for their excellent guidance, support and friendship throughout this project.  

Secondly, I would like to thank the Australian Government for the Australian 

Postgraduate Award (APA), without which this research would not have been possible. 

I would like to thank all of the staff and students at the University of Tasmania, 

especially those within the department of chemistry who have supported and helped me 

throughout my time there.  

Furthermore, I would like to thank my group members especially, Kieran Rihak, 

Krystel Woolley, Jeremy Just, Bianca Deans, Reyne Pullen, Isabel Hyland, Ali Gouran, 

Adrian Wolfenden and Tom Nicholls for making my time at the University of Tasmania 

a pleasant one. 

I would like to offer a special thanks to Dr. James Howard as a friend and as a colleague 

without whom this would not have been possible. 

Lastly, I would like to thank my friends and most importantly my family. Without your 

love and support over the years I would have never been able to do any of this.  



v 

Abstract 

Strigolactones (SLs) are carotenoid-derived plant hormones, that have garnered 

great interest from the scientific community for their wide range of biological activities 

promising many agricultural applications. Due to their structural complexity and the 

importance of stereochemistry to their biological activity, synthetic routes to natural 

SLs are often lengthy and cumbersome. As a result, investigation into synthetic 

methodologies that allow access to the natural isomers of SLs is of great importance.  

This thesis sets out to provide a review of current existing methodologies for the 

synthesis of natural SLs as well as develop novel synthetic routes to SLs.  

In the first chapter this thesis will discuss the current existing methodologies for the 

synthesis of the natural SLs strigol and orobanchol, as well as a synthetic analogue 

GR24. 

In the second chapter this thesis will discuss an enantioselective approach to the natural 

SL strigol by employing a Noyori asymmetric transfer hydrogenation to install a chiral 

centre. Strigol 1a was produced through existing and novel chemistry both racemically 

and asymmetrically. The application of a variety of novel methods to access the 

intermediate 65 were met with mixed success. Overall, strigol was prepared racemically 

in eleven steps (3% yield) and was synthesized enantioselectively in twelve steps 

(0.34% yield).  

In the third chapter this thesis will discuss a similar methodology for obtaining the 

natural SL orobanchol. This synthesis constitutes the first asymmetric preparation of 

orobanchol since its structural revision in 2011. Racemic orobanchol 2a was obtained 

in a 0.67% yield over 4 steps from the ABC system 65. Enantiopure orobanchol (–)-2a 

was obtained in a 0.12% yield over ten steps from the ABC intermediate 65. The latter 

constitutes the first asymmetric synthesis of orobanchol since its structural revision by 

Ueno and co-workers in 2011. 

In the fourth and final chapter this thesis will discuss the synthesis of selected synthetic 

analogues employing the Noyori asymmetric transfer hydrogenation. 
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Chapter 1 – Introduction 

1.1 Strigolactone Natural Products 

Strigolactones (SLs) are carotenoid-derived signalling compounds (hormones) 

made by plants and secreted into the soil around their roots.1 Historically, SLs were 

identified as the compounds in root exudate necessary for the germination of plant 

species of the genus Striga but were later found to behave as hormones, displaying 

activity for shoot branching inhibition and as promoters for symbiotic relations 

between the plants and soil microbes.1 Some parasitic plants have co-evolved 

alongside strigolactones-exuding plants.1 These plants have evolved to have the 

germination of their seeds triggered by encountering SLs in the soil. This enables the 

parasite to germinate in close proximity to root system of the host allowing rapid 

parasitisation of the host, as the so called witch weeds, are unable to sustain themselves 

photosynthetically.2 

Figure 1: Depiction of the generic strigolactone structure with atom numbering. The 

molecules generally feature a tricyclic ABC system fused to a D ring via an enol ether 

linkage.  

SLs have been discovered to have a vast array of biological roles, both in and 

outside of the plant.3 There is much evidence to suggest that SLs stimulate the 

branching of hypha (long filamentous structures) in symbiotic fungi that then penetrate 

the cortical cells of the host plant. Arbuscular mycorrhizae (AM) is the name given to 

the structure that is formed in this symbiotic relationship. Once formed, these 

arbuscules are used for nutrient exchange between the fungus and plant.4,5 The host 

plant derives benefit as the hyphae of the fungus spreads into the soil and acquires 

mineral nutrients, while the fungus can receive up to 20% of the hosts carbon intake.5 
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As endogenous hormones, SLs act to suppress secondary shoot growth 

encouraging the plant to invest more energy into root development.6,7 Consequently, 

in times of mineral scarcity, strigolactone production increases in order to: a) grow the 

root system to scavenge more nutrients, b) promote symbiosis with AM fungi for more 

nutrients, and c) conserve resources by suppressing shoot growth.1 As many fertilisers 

are products of non-renewable resources, future crop varieties will need to be more 

efficient, and a means of manipulating that symbiotic relationship may prove 

beneficial.  

SL analogues may also prove beneficial as a means to trigger suicidal 

germination of parasitic seeds.8,9 As SLs are incredibly active (active in concentrations 

<10-5 ppm) and decompose rapidly in the rhizosphere, they consequently occur in low 

abundance. As a result, the development of synthetic methodologies providing 

sustainable and reliable access to SLs and SL analogue is necessary and important to 

facilitate further research. This has prompted a great deal of research into the accurate 

structure elucidation of natural SLs to allow synthetic chemists to prepare these 

scaffolds in the laboratory. Natural SLs typically contain a fused tricyclic ABC-ring 

system conjoined via an enol ether bridge to a butenolide D-ring (Figure 1). 

In order to determine the bioactive portion of natural SLs, a structure-activity 

study was carried out by Mangnus and Zwanenburg. They found that the CD portion 

of the molecule is principally responsible for activity. As absolute stereochemistry 

dictates the mode of action in SLs, installation of the appropriate configuration is key 

to achieving high levels of activity. Currently two groups of SLs are known, the strigol 

and the orobanchol classes, which differ most notably in the stereochemistry of the C-

ring (i.e. two enantiotopic classes) (Figure 2). 
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Figure 2: Examples of natural strigolactones and the synthetic analogue GR24. 

1.2 Overview of Synthetic Strategies to Strigol 

1.2.1 Strigol 

Strigol was first isolated in 1966 by Cook and co-workers who also elucidated 

the chemical structure in 1972.10,11 The first total synthesis of racemic strigol followed 

in 1976 by MacAlpine and co-workers.12 
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Figure 3: Depiction of all eight possible stereoisomers of strigol. 

1.2.2 MacAlpine Synthesis (1976)12 

MacAlpine and co-workers began from the readily available 2,2-

dimethylcyclohexanone (7) which underwent addition with either the Grignard or 

lithio-derivative of THP-protected alkyne to obtain the diol 8 in an 73% yield over 2 

steps. Diol 8 was treated with phosphorous pentoxide in methanesulphonic acid to 

generate the bicyclic enone 9 in a 53% yield. The transformation is believed to occur 

via a Rupe rearrangement followed by a Nazarov-type cyclisation. Enone 9 was 

reacted with NaH and diethyl oxalate before alkylating with methylbromoacetate. The 

removal of the oxalyl group with sodium methoxide gave the crystalline ester 10. 

Allylic bromination of ester 10 with N-bromosuccinimide followed by treatment with 

silver acetate in acetic acid gave a racemic mix of acetoxy ester diastereomers 11. 

Hydrolysis of this mixture with NaOH in MeOH gave a keto-acid which, when treated 

with diisobutylaluminium hydride (DIBAL), was reduced to the ketone, and the 
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subsequent alcohol spontaneously lactonised with the carbonyl of the acid to form the 

epimeric γ-lactones ((±)-12a and (±)-12b). Purification (via preparative TLC) of the 

gummy mixture afforded faster-moving epimer (±)-12b (oil) and slower-moving 

epimer (±)-12a (solid) (Scheme 1) The latter was recrystallised from  benzene-light 

petroleum solution. 

 

 

(a) P4O10, CH3SO3H, (53%); (b) (i) diethyl oxalate, NaH, BrCH2CO2CH3, (ii) NaOMe, (52%); (c) (i) 

NBS, AIBN, (ii) AgOAc, AcOH, (64%); (d) (i) NaOH, MeOH, (ii) DIBAL, –70 ˚C, (22% (±)-12a and 

23% (±)-12b) 

Scheme 1: Overview of MacAlpine’s synthesis to the ABC intermediates. 

 

Hydroxylactone (±)-12a was converted to the enol compound (±)-13 by a 

Claisen reaction with methyl formate and NaH. Alkylation of methylene compound 

(±)-13 with the bromobutenolide (14) gave a separable mixture of (±)-strigol ((±)-1a) 

(Rf = 0.18 in 4:1 chloroform-acetone) and (±)-2’-epi-strigol ((±)-1b) (Rf = 0.34 in 4:1 

chloroform-acetone) (a small amount of the starting lactone (±)-12a was also present, 

exhibiting an intermediate mobility to the products). This method has come to 

represent the standard approach for D-ring coupling in the synthesis of strigolactones 

synthesis. 
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(a) NaH (60%), HCO2CH3, Et2O, 40 h; (b) [(CH3)2N]3PO, K2CO3, 18 h 

Scheme 2: Racemic D-ring attachment. 

 

Whilst being the first published synthesis to strigol, this method suffers from 

poor yields and a lack of enantio- or diastereoselectivity. MacAlpine and co-workers 

also produced (±)-5-epi-strigol (±)-1b and (±)-2'-epi-5-epi-strigol (±)-1c from the 

epimer (±)-12b using the same chemistry. 

 

 

Figure 3: Other diastereomers of strigol (1). 

 

An alternative approach to producing hydroxy lactone (±)-12a was also 

outlined in the same paper. Starting from methyl vinyl ketone (15), the reaction with 

nitromethane gave 5-nitro-2-pentanone (16) which underwent a Michael addition with 

pentanone to give 3-(1-nitro-4-oxopentyl)cyclopentanone (17). Cyclopentanone 17 

then underwent an acid catalysed cyclisation to form bicyclic enone 18. MacAlpine 

intended to generate the gem-dimethyl product by a conjugate addition with a Gilman 

reagent (lithium dimethylcuprate), however, the reagent left the starting material 

unchanged even under a variety of conditions. Instead, enone 18 was treated with 

titanium trichloride and the corresponding diketone was selectively converted to the 

mono-acetal 19. Acetal 19 underwent a conjugate addition with lithium 
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dimethylcuprate to form the saturated ketone 20 before transformation to diester 21. 

This was achieved by initially reacting ketone 20 with methoxymethylmagnesium 

carbonate (Stiles reagent), followed by esterification with diazomethane and finally 

alkylation with methylbromoacetate. In the penultimate synthetic step, hydrolysis of 

diester 21 under an oxygen atmosphere gave the corresponding diketo acid. These 

conditions also effected a monodecarboxylation to give the desired unsaturated 

diketoacid 22. Reduction of the diketoacid 22 with DIBAL furnished (±)-12a and (±)-

12b, which were utilized in the same fashion as above. 

 

  

(a) CH3NO2; (b) cyclopent-2-enone, di-isopropylamine, CHCl3, Δ; (c) p-toluenesulfonic acid, C6H6, Δ 

(d) CH3NaO, TiCl3, C2H3O2NH4; (e) CuI, MeLi, Et2O; (f) (i) C3H6MgO4, DMF, Δ, (ii) CH2N2 (iii) 

CH₂BrCO₂C₂H₅, K2CO3, acetone, Δ; (g) O2, H2SO4, Δ 

Scheme 3: Alternative MacAlpine Synthesis 

 

1.2.3 Heather Synthesis (1976)13 

Beginning from citral (23), Heather, Mittal and Sih used known methods to 

produce both α-cyclocitral (24) and β-cyclocitral (25) which were both used by 

separate routes to reach the cyclic ketoester 26.  
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(a) (i) PhNH2, (ii) 95% H2SO4, –20 ˚C 

Scheme 4: Both 24 and 25 are used to make the cyclic enone 26 by similar chemistry. 

Ketoester 27 underwent an allylic bromination with N-bromosuccimide (NBS) 

to give the bromide 28. The B-ring was formed when allylic bromide 28 was treated 

with the anion of dimethylmalonate, subsequently  the present ester, to give the β-

ketoester 29 which was alkylated with methyl bromoacetate (30). The product 

underwent a hydrolysis with acetic and hydrochloric acid which subsequently 

decarboxylated to give the acid 22. Reduction with DIBAL gave hydroxy lactones (±)-

12a and (±)-12b (Scheme 5). 

 

 

(a) NBS, CCl4; (b) (i) Na+CH(CO2CH3)2, (ii) HOAc; (c) BrCH2CO2CH3, K2CO3, acetone; (d) HOAc, 

HCl, H2O, Δ; (d) (i) DIBAL (ii) H2SO4 

Scheme 5: Heather’s alternative route to 12a and 12b 

 

Compounds 12a and 12b were separated by column chromatography and 

hydroxy lactone 12a was recrystallised (from benzene/ hexane). The D-ring was 

attached by the method developed by MacAlpine to produce 12a and the resulting 

diastereomers were separated by column chromatography to provide strigol (±)-1a and 

its diastereomer (±)-1b. 
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Having achieved a racemic synthesis, Heather and co-workers set about 

producing enantiopure strigol by resolving the enantiomers of hydroxy lactone 12a by 

forming diasteromeric esters with (+)-3β-acetoxyandrost-5-ene-17β-carboxylic acid 

chloride (31). The esters (–)-32a and (+)-32a were separated by chromatography and 

hydrolysed to obtain the enantiopure lactones (+)-12a and (–)-12a. Lactone (+)-12a 

was then coupled to the D-ring as above and the resulting diastereomers were separated 

to give enantiopure strigol (+)-1a and its diastereomer (+)-1b (the opposite 

enantiomers were obtained by the same method with the opposing lactone). 

 

  

(a) Pyridine, benzene, 24h 

Scheme 6: Resolution of (±)-12a using (+)-3β-acetoxyandrost-5-ene-17β-carboxylate 

derivatives. 

 

1.2.4 Brooks Synthesis (1985)14 

Brooks, Bevinakatti, Kennedy and Hathaway set out to improve upon the 

synthesis of Heather and co-workers by using a route that was amenable to scale-up 

and one that uses a single purification step in order to separate strigol (±)-1a from 

racemic (±)-1b. 

Beginning with α-ionone (33) the epoxide 34 was generated by treatment with 

peracetic acid in acetic acid. Ozonolysis in MeOH followed by reduction with Zn and 

acetic acid gave epoxy-aldehyde 35. Opening the epoxide of 35 with pyrrolidine in 

ether provided hydroxy aldehyde 36. Subsequent oxidation of the aldehyde with the 

Jones reagent followed by allylic bromination with NBS delivered bromoester 37, 

which intercepted the synthesis reported by Heather and co-workers. From here 

Brooks and co-workers improved upon the condensation step by using dimethyl 

malonate to get to the diester 38. Their next enhancement came by employing a Luche 

reduction (NaBH4 and CeCl3) instead of using DIBAL, which provided the hydroxy-
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lactones 12 in 77% yield. The undesired isomer was salvaged by oxidising it back up 

to the ketone 39 and subjecting the ketone to a second Luche reduction. Formylation 

then proceeded by a similar method as MacAlpine and co-workers by using methyl 

formate and NaH. The coupling formate of adduct (±)-13 to D-ring 14 was 

accomplished by treatment with K2CO3 and N-methylpyrrolidinone to give a mixture 

of (±)-1a and (±)-1b which were separated by flash column chromatography.  

 

 

(a) CH3CO3H, CH3CO2H, 0 ºC, (94%); (b) (i) O3, CH3OH, –78 ºC, (ii) Zn, CH3CO2H, –30 to 25 ºC, 

(86%); (c)pyrrolidine, ether, 25 ºC, 90%; (d) Jones reagent; (e) (i)NBS, CCl4, 70 ºC, (ii) CH3OH, 0 ºC, 

(83%); (f) (i) NaH, CH2(CO2CH3)2,THF, –10 to 25 ºC, (ii) BrCH2CO2CH3, 25 ºC, (82%); (g) 6 N HCl, 

CH3CO2H, 100 ºC, (64%); (h) CeCl3(H2O) 7, NaBH4, 0 ºC, (75%) 12a and 12b (1:1); (i) NaH, EtOCHO, 

ether, 25 ºC, (93%); (j) K2CO3, NMP, 25 ºC, (39%) (±)-1a  and (35%) (±)-1a; (k) PCC, CH2Cl2, 25 ºC, 

(74%); (l) CeCl3(H2O)7, NaBH4, 0 ºC, (76%) 12a  

Scheme 6: Overview of Brooks’ synthesis 

 

One of the advantages of the Brooks’ method lies in the scalability of the 

synthesis and the few purification steps necessary. The synthesis contains only a single 

chromatographic separation and achieves strigol in 10 steps with a 4.4% yield (or 6.8% 

yield over 12 steps if the recycling of (±)-12b is considered)  
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1.2.5 Berlage Method (1987)15 

In 1987 Berlage, Schmidt, Peters and Welzel published two novel methods for 

the syntheses of hydroxy-lactones (±)-12a and (+)-12a respectively. The first part of 

the synthesis focused on creating iodide 40 which was then coupled with a lithiated 

hydrazine of the A-ring (Scheme 7). 

 

 

(a) PPh3, imidazole, I2, THF, 1 h, 20 ºC; (b) dimethyl malonate, NaH, DMF, 14 h, 50 ºC; (c) BH3Me2S, 

THF, 9 h, 75 ºC; (d) (i) Bu2SnO, toluene, 10 h, Δ; (ii) Bu4NBr, BuPh2SiCl, 8h, Δ; (e) as (a) 

Scheme 7: Preparation of the key intermediate in the Berlage method 

 

The key transformation in their synthesis revolves around the selective closing 

of the C ring of the diene 41 using 30% H2O2 with diphenyldiselenide in CH2Cl2 to 

provide the desired stereoisomer (±)-12a in a biomimetic oxidative cascade 42 

(Scheme 8).  

 

 

Scheme 8: Overview of the racemic Berlage method 

 



Chapter 1  Introduction 

 

 

12 

Their non-racemic approach began from the chiral (S)-(-)-malic acid (43) and 

maintaining the stereogenic centre through to the final product (Scheme 9). In a 1997 

paper the same group stated that the malic acid sequence was not entirely satisfactory 

due to partial racemisation and so returned to the 1,3-propane diol derivative and 

proceeded to the non-racemic lactone via a chiral resolution. 

 

 

Scheme 9: Key features of the chiral Berlage method. 

 

1.2.6 Dailey Route (1987)16 

Dailey’s method provided an opportunity for large-scale production of racemic 

strigol by focusing on inexpensive starting materials. This route provided the hydroxy-

lactone intermediate (±)-12a in a 38% yield over six steps from ethyl 4-oxo-2,6,6-

trimethylcyclohex-2-ene-l-carboxylate (46) that was produced via a Robinson 

annulation of mesityl oxide (44) with ethyl acetoacetate (45) (Scheme 10).  

 

  

(a) ZnCl2, toluene, heptane, Δ 

Scheme 10: Production of 46 and side products from condensation between 44 and 

45 

 

Keto-ester 46 was then selectively reduced using boron trifluoride etherate and 

triethylsilane to give ester 47 (Scheme 11). Treatment with m-chloroperoxybenzoic 

acid (mCPBA) yielded two isomeric epoxides that were ring-opened with sodium 

ethoxide thus intercepting the method of Brooks (36), thereby obtaining the diketoacid 

22 in 38% over six steps. 
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(a) BF3•Et2O, Et3SiH, 80 – 95 ºC; (b) 35%CH3CO3H, NaOAc, CH2Cl2, r.t.; (c) NaOEt, EtOH; (d) Jones 

reagent 

Scheme 11: Dailey’s improved method intercepting intermediate 22 from Brooks’ 

approach. 

 

1.2.7 Kádas’ Improved Route To 42 (1998)17 

Although the following method was not a total synthesis, Kádas’ method is 

worth mentioning as it provides a means to overcome the difficulties in the scaling of 

the citral starting point used by Heather and co-workers. According to Kádas, Árvai 

and Horváth when scaling-up the reaction of citral, a considerable amount of tar 

formation gives difficulty in stirring the mixture and the low temperature (₋20  ºC) is 

impractical. α-Cyclogeranic acid (49) was produced by cyclising geranic acid (48), 

which was then esterified 50, epoxidised 51 and ring-opened to form alcohol 52 and 

intercept the Heather approach (Scheme 12). This improved upon the synthesis of 

Heather by circumventing the aforementioned issues of tar formation and was able to 

be conducted on a multigram-scale. 
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(a) HCO2H, (59%); (b) CH3I, K2CO3, acetone, (68%); (c) MCPBA, CH2Cl2, (81%); (d) NaOMe, MeOH, 

(70%); (e) CrO3, H2SO4, acetone, (96%); (f) NBS, CCl4, hv, (89%); (g) NaOMe, MeOH, THF, 

CH2(CO2Me)2, (86%); (h) BrCH2CO2Me, K2CO3, acetone, (87%); (i) AcOH, HCl, reflux, (51%) 

Scheme 12: Kadas’ improved starting point to Heathers synthesis. By this method 

diketo acid 22 can be obtained on a 10 – 20 g scale. 

 

1.2.8 Hirayama and Mori’s Enzymatic Chiral Resolution of Hydroxylactone 12 

(1999)18 

Following the independent methods of Heather and Brooks and their respective 

co-workers, Hirayama and Mori produced (±)-12a in a 6.6% yield over 7 steps from 

citral. The racemic lactone was subjected to a lipase-catalysed asymmetric acetylation 

to provide hydroxy-lactone (+)-12a and the acetate of the opposite enantiomer (–)-59. 

These were separable by flash column chromatography to give yields of 47–48% and 

52–53% respectively. The acetate group was removed using potassium carbonate in 

methanol and both hydroxy lactones were taken through to the target molecules by the 

known methods. This furnished the four diastereomers of strigol, (+)-strigol (1a), (+)-

2’-epi-strigol (1b), (–)-strigol (1a) and (–)-2’-epi-strigol (1b). 
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(a) CH2=CHOAc, Lipase AK, THF, r.t.. 

Scheme 13: Hirayama and Mori’s asymmetric acetylation. 

 

1.2.9 Zwanenburg’s Synthesis of all Eight Stereoisomers of Strigol (2000)19 

Riezelman, Scheren, Nefkens and Zwanenburg set about producing all eight 

stereoisomers of strigol by producing the four possible sets of diastereomers and 

separating each from its an enantiomer with chiral HPLC. Beginning from keto-ester 

60, selective reduction with LiAl(OBut)3H gave hydroxy ester 61 in an 80% yield. 

Dehydration and hydrolysis gave acid 62 in a 65% yield. This acid was converted to 

the acid chloride and reacted with vinyltrimethyl silane (to form a vinyl ketone 

intermediate) before ring closing via an in situ Nazarov cyclisation to give the core AB 

ring scaffold of ketone 63. The bicyclic ketone 63 was then converted by the standard 

method into ketoacid 64, which was further subjected to Luche reduction conditions 

promoting lactonisation to deliver the racemic tricyclic lactone 65 (Scheme 14). 

 

 

(a) LiAl(OBut)3H, THF, –20 ºC, 80%; (b) (i) POCl3, Pyridine, (ii) HCOOH, H2SO4, 65%; (c) (i) SOCl2, 

(ii) CH2CHSi(CH3)3, SnCl4, 65–70%; (d) (i) (MeO)2CO, NaH, (ii) BrCH2COOMe, (iii) HCl, AcOH, 

65%; (e) NaBH4, CeCl3, MeOH, 0 ºC, 80% 

Scheme 14: Zwanenburg’s synthesis of the deoxy ABC system. 

 

Lactone (±)-65 was regioselectively oxidised with selenium dioxide and the 

allylic alcohols were oxidised with PCC to give the racemic ketones (±)-66 and (±)-67 

in a 15:1 ratio. The ketones were separated by flash column chromatography and (±)-

66 underwent a Luche reduction to arrive at the racemic hydroxy lactones (±)-12a and 

(±)-12b. Both lactones were coupled to the D-ring in the standard fashion to give all 
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four racemic diastereomers of strigol, which were separated by chromatographic 

separation using a semi-preparative cellulose carbamate Chiracel-OD® HPLC column 

(Scheme 15). 

 

(a) (i) SeO2, dioxane, (ii) PCC, CH2Cl2; (b) NaBH4, CeCl3•7H2O ; (c) (i) NaH, HCOOMe, (ii) 14 

Scheme 15: Zwanenburg’s production of all eight stereoisomers of strigol. 

 

1.2.10 Reizelman and Zwanenburg’s Allylic Rearrangement Synthesis (2000)20 

In an effort to produce both strigol (±)-1a and orobanchol (the main 

representative of the alternative SL class is discussed below) from a common 

intermediate, Zwanenburg initially set out to do a similar oxidation as above. Instead 

of SeO2, Zwanenburg and co-workers used chromium trioxide to bias the distribution 

of ketones in favour of orobanchol ketone (±)-67. As the bias yielded 75% of (±)-66 

and 23% of (±)-67 they opted for an alternative which led to a novel synthesis for (±)-

1a and (±)-orobanchol. Lactone (±)-65 was epoxidised using m-CPBA to give 

epoxides (±)-68a and (±)-68b that were readily separated by flash column 

chromatography. Epoxide (±)-69a was ring-opened with aluminium isopropoxide to 

give hydroxy-lactone (±)-69a, which underwent an allylic rearrangement with TFA 

followed by an alkaline hydrolysis to give the hydroxylactone (±)-12b. The 
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configuration of the alcohol in the A-ring was inverted under Mitsunobu conditions 

giving (±)-12a. Alcohol (±)-12a was coupled to the D-ring in the usual fashion and the 

resulting diastereomers were separated by flash column chromatography to obtain 

strigol (±)-1a (Scheme 16). 

 

 

(a) m-CPBA, CH2Cl2, 80%; (b) Al(OPri)3, toluene, ∆; (c) (i) TFA, CH2Cl2, r.t. (ii) K2CO3, MeOH, 60%; 

(d) (i) EtO2CN=CO2Et, Ph3P, PhCO2H, THF, (ii) K2CO3, MeOH, 70% 

Scheme 16: Zwanenburg’s Allylic rearrangement method. 

 

1.2.11 Kuwahara’s Enantioselective Synthesis of the Tricyclic Core of (+)-strigol 

(2016)21 

The first completely enantioselective formal synthesis for strigol was 

completed in 2016 by Kuwahara and co-workers in 14 steps beginning from 2-iodo-

4,4-dimethyl-2-cyclohexen-1-one (70) (Scheme 17). The key features of the synthesis 

were a Corey–Bakshi–Shibata reduction of ketone 70 and de-iodination to 

intermediate allylic alcohol 71 (98% ee). The configuration of the OTBS group was 

maintained throughout the synthesis without inversion. The remaining key step 

occurred by treatment of acid 72 with NBS in the presence of a guanidine derivative 

to affect a bromolactonisation obtaining the bromo-lactones 73 and 74. Lactone 73 

was separated and the hydroxylactone (+)-12a was obtained by treatment with DBU 

in toluene to generate the internal olefin followed by a deprotection step with TBAF 

in THF, thus constituting a formal synthesis. 
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(a) (i) B(OMe)3, PhNME2•BH3, THF, r.t., 92%; (ii) H2, 5% Pd/C. Et3N, MeOH, r.t., 86%; (b) (i) NBS, 

CHCl3, r.t.; (c) (i) DBU, toluene, 80 ˚C; (ii) TBAF, THF, r.t., 76% 

Scheme 17: Kuwahara’s enantioselective synthesis of 12a. 

 

1.3 Overview of Synthetic Strategies to Orobanchol 

 

1.3.1 Orobanchol 

Orobanchol was first extracted from red clover by Yokota and co-workers in 

1998.12 Due to the small quantity of orobanchol that was isolated, the structure was 

tentatively assigned to be strigol-like structure 75 based on MS and NMR data, 

however, the position of the hydroxyl group could not be determined. Mori and co-

workers set about solving the structure by synthesising a variety of potential candidates 

and comparing GC-MS data to that of Yokota and co-workers.22 Based on their 

findings the hydroxyl group was assigned to the B-ring rather than the A-ring as in 

strigol. The structure proposed for orobanchol was based on the assumption that 

orobanchol would share the same absolute configuration as (+)-strigol. Despite the 

tentative structural assignment of orobanchol, it became generally accepted and used 

throughout the literature. It was not until 2011, when red clover extract was re-

examined by Sugimoto and co-workers, that the correct configuration was determined 

to be (–)-ent-2’-epi-orobanchol (2a) (relative to what was first proposed to be 

orobanchol also indicating that orobanchol has the opposite stereochemistry of the C-

ring compared to strigol, thus making orobanchol an enantiotopic series).23 (Figure 4) 
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Figure 4: History of the structures of orobanchol 

 

To avoid confusion from this point forward whenever the name orobanchol is 

used, it refers to the structure (–)-2a and all stereoisomers will be referred to this 

structure as with strigol (Figure 5) 

 

 

Figure 5: Reference for all orobanchol stereoisomers. 
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1.3.2 Mori and co-workers (1999)  

In order to prepare orobanchol, Mori and co-workers isolated ketone (±)-56 by 

allylic oxidation with chromium trioxide in a method analogous to Zwanenburg’s. 

Despite (±)-67 (23% versus 75% for the A-ring ketone) being the less favourable 

product, for the purposes of identification, this method was sufficient (Scheme 18). A 

Luche reduction provided the two hydroxy-lactones in an equal ratio, however, (±)76b 

was converted into (±)-76a under Mitsonobu conditions. 

 

 

 

(a) NaBH4, CeCl3•7H2O, EtOH;(b) EtO2CN=CO2Et, Ph3P, PhCO2H, THF 

Scheme 18: Recycling of the racemic cis isomer. 

 

Hydroxylactone (±)-76a was then coupled to the D-ring by the standard 

procedure giving orobanchol isomers (±)-2c and (±)-2a. As this synthesis occurred 

prior to Sugimoto’s correction of the structure of orobanchol, Mori incorrectly 

assumed that (±)-2c was the correct structure.22 In the same year, Mori and Hirayama 

then went on to publish an asymmetric approach towards (±)-2c by applying their 

lipase-catalysed method towards lactone 76a.24  

 

1.3.3 Reizelman and Zwanenburg’s Allylic Rearrangement Synthesis 200020 

Diverging from the method described previously for strigol, Zwanenburg and 

co-workers treated the other epoxide (±)-68b with aluminium isopropoxide to effect 

an allylic rearrangement, however, the lactone opened during the reaction (Scheme 

19). Reportedly the lactone was then closed by treatment with triethylamine in 

dichloromethane before allylic rearrangement was initiated by TFA.  
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(a) Al(OPri)3, toluene, reflux, (66%); (b) Et3N, CH2Cl2, r.t., (90%); (c) (i) TFA, CH2Cl2, r.t., (ii) K2CO3, 

MeOH, (60%), (1:1) 

Scheme 19: Allylic rearrangement method towards orobanchol. 

 

The isomers were separated and hydroxyllactone (±)-76a was coupled to the 

D-ring in the usual fashion to give orobanchol isomers (±)-2c and (±)-2a, which were 

separated by flash column chromatography.  

 

1.4 Overview of Synthetic Strategies to GR24 and Other Analogues 

 

1.4.1 GR24 and Other Analogues 

As can be seen above the structure of natural strigolactones are inherently 

complex and require complex syntheses for their preparation. Due to the impracticality 

of scaling-up many of these syntheses and to provide a better understanding of 

structure-activity relationships, synthetic analogues were prepared. Using a systematic 

degradation of molecular complexity, the structures necessary for bioactivity were 

identified by Gerald Roseberry (from whose name the GR derive) and co-workers in 

1981.25 Exchanging the A-ring for benzene ring provided GR24 (6); removal of the A-

ring gave GR7 (78); and removal of the A- and B-rings gave GR5 (79) (Figure 6). 

 

 

Figure 6: The simplification of strigolactone analogs in order to determine the 

bioactiphore. 
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While all three structures were found to display reasonable amounts of activity 

(as parasitic weed germination stimulants), removal of the C-ring (leaving only the D-

ring) resulted in an entire loss of activity, therefore the presence of the D-ring 

connected with an 𝛼,𝛽-unsaturated carbonyl moiety via an enol ether is necessary for 

activity.9,25,26 Removal of the B-ring, while leaving the A-and C-rings intact (as seen 

in 80), was shown to be as active as ()-GR24 (6). This synthetic modification to 6 is 

an appealing alternative, as 𝛾-phenyl 𝛾-butyrolactone is commercially available and 

all that is required is to attach the D-ring in the usual manner. Despite this alternative, 

()-GR24 (6) remains the industry standard, Zwanenburg states that this is: 

“…probably historic, as it was the first SL analogue with high activity that was 

made available to the plant science community.3 In retrospect, a possible justification 

may be that GR24 can be considered to be a simplified modification of solanocol, as 

it is lacking both methyls in the A-ring and the OH in the B-ring.”27. 

Due to 6 being the research and industry standard the synthesis of 6 received a 

great deal of attention. 

1.4.2 Roseberry and coworkers initial synthesis (1981)25 

Roseberry accomplished the synthesis of ()-GR24 (6) beginning with 

indanone (81) (Scheme 20). The material was α-brominated with elemental bromine 

and then alkylated with diethyl malonate using NaH as the base. The resulting diester 

was saponified to the corresponding diacid, which was then decarboxylated to obtain 

the keto-acid 83. Reduction of the ketone with NaBH4 provided the hydroxyl ketone 

that then underwent cyclisation after treatment with p-TsOH (84). 

 

 

(a) (i) Br2, Et2O, 10 ºC, (b) (ii) diethyl malonate, NaH, C6H6, ∆, (ii) KOH, EtOH, ∆, (iii) 170 ºC; (c) (i) 

NaBH4, 0.2 N NaOH(aq), (ii) p-TsOH, C6H6, ∆. 

Scheme 20: The original ABC synthesis of GR24. 

 

1.4.3 Mangnus and coworkers improved GR24 Synthesis (1992)28 

According to Mangnus and coworkers, scaling up the Roseberry synthesis 
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results in an unfortunate over-bromination of indanone giving increasing amounts of 

the ,-dibromo product. It is thought to occur as a result of excess HBr in the reaction 

mixture. However, the addition of a HBr scavenger (propylene oxide) did not resolve 

the matter, nor did a variety of alternative bromination strategies. In order to overcome 

the issue to create a scalable synthesis, an initial introduction of an ethoxycarbonyl 

alpha to the carbonyl was undertaken. Not only does the ethoxycarbonyl activate the 

site for deprotonation but it also protects against overalkylation. By using two 

equivalents of base, the diester 85 can be obtained in one-pot (Scheme 21). A one-pot 

hydrolysis-decarboxylation was carried out (1:1 mixture of 6 M HCl and AcOH) to 

obtain the indanone acid derivative 83. This method allowed multigram syntheses of 

()-GR24 (6). 

 

 

(a) (i) NaH, (Et2O)2CO, DMF, 65 ºC; (ii) BrCH2CO2Et, 65 ºC; (b) 6 M HCl(aq), AcOH, ∆; (c) (i) NaBH4, 

0.2 M NaOH(aq); (ii) p-TsOH, C6H6, ∆. 

Scheme 21: The improved scalable synthesis of GR24 ABC system. 

 

1.4.4 Other Notable Syntheses Towards GR24 

1.4.5 Wigchert and coworkers (1999)29 

The condensation of indanone 81 with glyoxylic acid and subsequent 

hydrogenation rapidly allows access to keto-acid 83 (Scheme 22). While this is a 

reasonable method for accessing aromatic analogues, the internal alkene in natural 

strigolactones renders them incompatible with the reduction step. 

 

 

(a) glyoxylic acid, benzene/anisole, ∆; (b) Pd/C, H2 

Scheme 22: Synthesis of GR24 ABC system by condensation with ethyl glyoxalate and 

subsequent hydrogenation. 
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Malik and Co-Workers (2010)30 

Malik and co-workers employed a Stobbe condensation between benzaldehyde 

86 and dimethyl succinate (Scheme 23). Resulting α,β-unsaturated ester 87 underwent 

saponification to di-acid 88 which underwent a subsequent selective esterification to 

mono-acid 89 in the presence of an acidic resin. Following catalytic hydrogenation, 

compound 90 was converted into indanone 91 via an intramolecular Friedel–Crafts 

acylation. 

 

 

(a) (i) dimethyl succinate, t-BuOK, t-BuOH, ∆; (b) 2 M NaOH, EtOH, ∆; (c) Amberlyst-15H, MeOH, 

∆; (d) Pd/C, H2, MeOH; (e) (i) Oxalyl chloride, CH2Cl2, 0 ºC; (ii) AlCl3, CS2, 0 ºC to r.t..  

Scheme 23: Malik and co-workers synthesis employing an intramolecular Friedel-

Crafts acylation. 

 

1.4.6 Lachia and Co-Workers [2+2] ketene cycloaddition approach (2012)31 

Upon treating secondary amide 92 with triflic anhydride the ketene-iminium 

was formed which underwent an intramolecular [2+2]-cycloaddition to furnish 

cyclobutanone 93 (Scheme 24). The Baeyer–Villiger oxidation of butanone 93 with 

hydrogen peroxide resulted in the lactone 84 in good yields. Having achieved a proof 

of concept of their route, Lachia and co-workers applied themselves to developing an 

asymmetric variant. Formation of amide 92 from an optically active amine allowed the 

researchers to obtain lactone (+)-84 in a 92% ee (determined by chiral HPLC analysis). 
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(a) (i) Tf2O, collidine, CH2Cl2, r.t., (ii) CCl4, H2O, ∆; (b) H2O2, AcOH, 0 ºC  

Scheme 24: Asymmetric [2+2] cycloaddition of a ketene-iminium and Baeyer–Villiger 

oxidation. 

 

1.4.7 McErlean and Co-Workers Enantioselective synthesis of GR24 (2014)32 

Beginning with inexpensive indene, McErlean and co-workers conducted an 

oxidative cleavage via ozonolysis, and the subsequent aldehyde was transformed in a 

chemoselective Wittig reaction to obtain the ester 95 (Scheme 25). An intramolecular 

Stetter reaction cyclised the material providing keto-ester 96 for their key step. 

Treatment of the keto-ester with Noyori’s (S,S)-RuTsDPEN catalyst under transfer 

hydrogenation conditions affected a dynamic kinetic resolution (by the epimerisation 

of the ester group) to deliver the ABC system (–)-84 in 90% yield and 92% ee, which 

was improved to >99% ee after a single recrystallisation. This allowed for the synthesis 

of all four stereoisomers of GR24 on multigram scales. 

  

 

(a) (i) O3, PPh3, (ii) Ph3P=CHCO2Et; (b) H2O2, AcOH, 0 ºC; (c) RuCl(p-cymene)[(S,S)-Ts-DPEN] (4 

mol%), HCO2H, iPrNEt2 then PPTS, CH2Cl2, ∆  

Scheme 25: Asymmetric Transfer Hydrogenation and Dynamic Kinetic Resolution 

with Noyori’s (S,S)-RuTsDPEN catalyst. 

 

While there are many more strigolactones, the syntheses of these targets 

usually overlap significantly with the approaches outlined above. 
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1.5 Novel Synthetic strategies for the Access of Strigol and Orobanchol. 

1.5.1 Chiral Reduction Strategy 

Following from the work completed by McErlean and co-workers towards 

GR24 (Scheme 25) an application of the same Noyori asymmetric transfer 

hydrogenation (ATH) strategy towards as an asymmetric preparation of strigol (+)-1a 

was envisioned (this is discussed further below). When utilising the intermediate 

diketoacid 97 for the reduction, not only could the stereochemistry of the C-ring be 

introduced, but the possibility of a reduction of the A-ring carbonyl may also transpire 

(Scheme 26). By employing a similar strategy, it was anticipated that orobanchol (–)-

2a could be accessed. 

 

 

(a) NaBH4, CeCl3•7H2O, EtOH; (b) p-TsOH, CH2Cl2, ∆   

Scheme 26: Synthetic strategy to obtain (+)-12a via ATH 

 

Previous work within the Smith group demonstrated that the gem-dimethyl 

group of the A-ring provided sufficient steric interference to prevent reduction of the 

B-ring ketone. Thus, in order to proceed with the synthesis, a strategy involving the 

oxidation of the racemic lactones 12 and subsequent ATH, was devised (Scheme 27).  

 

 

(a) Oxidation; (b) Asymmetric transfer hydrogenation 

Scheme 27: Revised synthetic strategy to obtain (+)-12a via ATH. 

 

 

1.5.2 Noyori’s Asymmetric Transfer Hydrogenation33 

The Noyori asymmetric hydrogenation of ketones was introduced by Ryoji 

Noyori in 1987. The chemistry employs chiral ruthenium complex catalysts to effect 

the asymmetric reduction of ketones, aldehydes and imines. Initial work in the area 
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involved substrate-directed ketone hydrogenation employing halogen containing Ru-

BINAP complexes with H2 gas as the proton source.33 The scope of these reactions 

was expanded to include functionalised ketones in the following year, however , H2 

pressures ranging from 50–100 psi were often required for the reaction to proceed.34 It 

was later found that chiral diamine ligands can influence chemoselectivity, favouring 

the reduction of ketones over olefins.35,36. In order to overcome the issues inherent to 

using high pressures of H2 gas, transfer hydrogenation (addition of H2 to a molecule 

from a source other than H2 (g)) is often employed. Traditionally, 2-propanol is 

employed as the organic hydrogen source and the transfer of hydrogen proceeds via 

one of the two generally accepted mechanistic pathways, encouraging direct hydrogen 

transfer or the hydridic (or stepwise) route (Figure 7). 37 

 

Figure 7: A comparison of the mechanistic pathways present in transfer 

hydrogenation reactions. 

 

 Noyori and co-workers attempted to develop an asymmetric variant of the 

transfer hydrogenation with 2-propanol as a hydrogen donor, however encountered 

difficulties.38,39 Due to the similarity between the hydrogen donor and the product, the 

reverse process often occurs, eroding the enantiopurity of the product. In order to 

overcome this problem, the use of formic acid (being a H2 and CO2 adduct) was found 

to be an effective H2 donor when used in conjunction with Ru(II) complexes modified 

with an arene and a chiral N-tosylated diamine (Scheme 28).  
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Scheme 28: Example of a catalytic, non-reversible ATH reaction using formic acid as 

the sacrificial hydrogen donor. 

 

1.6.Summary 

 

To summarise, there are a variety of synthetic procedures available to produce 

natural SLs, however most suffer from lengthy strategies, expensive reagents and no 

stereocontrol. In addition, many strategies often rely on resolution approaches or 

small-scale chiral separations in order to obtain single isomers.  

As SLs have a wide variety of activity, they are the source of much interest in 

research across multiple fields. As research shows, stereochemistry has a large effect 

on the activity of SLs, and thus there is opportunity for synthetic chemists to make a 

large contribution to the field. 

While multiple syntheses are capable of delivering racemic strigol, few are 

capable of obtaining single enantiomer (+)-strigol without the use of chiral 

chromatography or chiral resolution steps (Scheme 29). 

 

 

 

 



Chapter 1  Introduction 

 

 

29 

 

(a) MacAlpine 1976; (b) MacAlpine 1976; (c) Heather 1976; (d) Brooks 1985; (e) Berlage 1987; (f) 

Dailey 1987; (g) Kadas 1998; (h) Zwanenburg 2000;(i) Kuwahara 2016. 

Scheme 29: A graphical overview of starting materials utilised in approaches to the 

key intermediate 12a of strigol 1. 

 

In regard to orobanchol there are fewer syntheses available. Despite Mori’s 

synthesis of the antipode of orobanchol there has not yet been a stereoselective 

synthesis of the natural product 2a since the structure was corrected. 

 

1.7 Project Aims. 

 

The overarching aims of the project were to establish original synthetic routes 

to orobanchol (–)-2a and strigol (+)-1. In developing these novel approaches, the 

primary goal was to establish shorter routes to these targets than that have been 

previously reported. Secondarily, the envisioned synthetic methods aimed to contain 

intermediates amenable to asymmetric transformations, thus allowing for the 

preparation of single enantiomer SLs without the need for chiral preparative HPLC or 

resolution methods. The project also aimed to investigate the preparation of novel 

synthetic analogues and to investigate their efficacy as weed germination stimulants. 
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Chapter 2 – Investigations Toward the Synthesis 

of Strigol 

 

2.1 Introduction 

This chapter pertains to the development of synthetic procedures that either 

target strigol or a common intermediate in the strigol pathway that was also used in 

the synthesis of orobanchol (which will be discussed in Chapter 3). 

 

2.2 Pathway to (±)-Strigol From Geranic Acid 

In order to obtain racemic strigol, a modified procedure was adapted from the 

synthesis of Kadas and co-workers.1 This procedure was chosen as it presented a 

convenient and scalable synthesis to generate α-cyclogeranic acid from geranic acid. 

The literature method describes heating geranic acid (48) in formic acid (99%) at 

reflux, before removing the volatiles via distillation and recrystallising the remaining 

residue to provide α-cyclogeranic acid (49) in a 59% yield (Scheme 30). While Kadas’ 

procedure was attractive as the authors described the previously mentioned moderate 

yield on a 400 g scale, it was proposed that the cyclisation could be achieved with the 

acidic Amberlyst® 15 resin in toluene at reflux, which would greatly simplify the work 

up procedure. On filtration of the modified procedure, α-cyclogeranic acid (49) was 

produced in a 63% yield from geranic acid (48) on a 40 g scale (Scheme 29). After 

recrystallisation from hexanes, the modified synthesis produced a spectroscopically 

pure product that was identified by analysis of the 1H NMR spectrum, which agreed 

with literature data.1 The 1H NMR spectrum of the product was simplified compared 

with the starting material by the lack of one of the two proton resonances at 5.2 ppm, 

suggesting the loss of one of the sp2 hybridised C–H bonds as would be expected in 

the desired cyclic product. Further diagnostic resonances were observed below 2 ppm 

where complex splitting was observed consistent with diastereotopic methylenes, 

which were absent in the starting material. This observation was consistent with the 

production of a cyclic molecule. 
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(a) Formic acid, 100 ºC, (59%); (b) Amberlyst® 15, toluene, reflux, 4 h, (63%) 

Scheme 30: Kadas’ method for the production of α-cyclogeranic acid from geranic 

acid and the modification using acidic resin. 

 

To conduct further transformations, the acidic functionality was protected by 

esterification. The esterification of cyclogeranic acid to its methyl ester was conducted 

according to a literature procedure.2 α-Cyclogeranic acid (49) was dissolved in acetone 

and treated with K2CO3 to deprotonate the acidic proton of the carboxylic acid. The 

deprotonated acid underwent O-alkylation via an SN2 reaction with iodomethane (MeI) 

to give ester 50 in a near quantitative yield (>95%), which was sufficiently pure for 

use in the following step. The success of the reaction was determined primarily by 

analysis of the 1H NMR spectrum, which was in agreement with the literature.2 The 

spectrum remained relatively unaltered apart from the addition of a singlet at 3.70 ppm 

integrating for three protons consistent with the presence of a methyl ester. The 

decrease in retention factor (Rf) when analysed by thin-layer chromatography (TLC) 

aligned with an expected polarity difference between the two functional groups 

(Scheme 31). 

 

 

(a) CH3I, K2CO3, acetone, (>95%); (b) MCPBA, CH2Cl2, (94%) 

Scheme 31: Synthesis of epoxide 51 from acid 49. 

 

To install oxygen on the A-ring, an epoxidation of the double bond of α-

cyclogeranic acid methyl ester was conducted according to a literature procedure.2 A 

solution of α-cyclogeranic acid methyl ester (50) in CH2Cl2 was treated with meta-
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chloroperoxybenzoic acid (mCPBA) for 2 h. The epoxide 51 was obtained in a 94% 

yield and was analysed by 1H NMR spectroscopy (Scheme 30). The absence of the 

starting materials resonances at 5.6 ppm corresponding to a sp2 hybridised C–H bond, 

as well as the emergence of a multiplet at 2.99 ppm corresponding to an sp3 hybridised 

C–H bond, supported the formation of the epoxide. (Scheme 31). 

Ring opening of the epoxide was conducted with sodium methoxide per the 

literature procedure.3 The base was generated in situ by the dissolution of sodium metal 

in anhydrous methanol before adding the epoxide 51 as a solution in methanol. The 

reaction likely proceeded by deprotonation of the acidic -hydrogen to form an enolate 

followed by an E1cB to open the epoxide generating the desired -hydroxy-,-

unsaturated ester 52 in a quantitative yield. Analysis of the 1H NMR spectrum showed 

a triplet resonating at 4.00 ppm corresponding to a proton germinal to a hydroxyl group 

and the absence of the singlet corresponding to the proton  to the ester group in the 

starting material.  

Oxidation of alcohol 52 to ketone 53 was conducted with pyridinium 

chlorochromate (PCC) as a milder alternative to the chromic acid oxidation of Kadas 

and co-workers.1 The reaction was conducted by treating a solution of the alcohol in 

CH2Cl2 for 1.5 h. Once the desired reaction was complete, a 1:1 mixture of 

ether:isopropanol was added to consume any unreacted PCC before filtering through 

Celite® to give the desired product in an 86% yield. The 1H NMR spectrum of the 

product was simplified compared with the starting material by the lack of the triplet at 

4.00 ppm, instead displaying four singlets at 3.82, 2.42,  1.71, and 1.23 ppm consistent 

with the methyl groups and two sets of triplets at 1.90 and 1.54 ppm corresponding to 

two adjacent methylene groups. Analysis of the 13C NMR spectrum showed a peak at 

198.6 ppm which is characteristic of a ketone carbonyl group supporting the success 

of the oxidation. The brown oil was sufficiently pure for use in subsequent reactions. 

In practice, it was found that the heterogenous nature of the reaction mixture hampered 

mechanical stirring which likely resulted in a lower yield than what was reported in 

the literature. As this reaction produced enough material to continue the synthesis, 

alternative conditions were not investigated (Scheme 32). 
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(a) NaOMe, MeOH, (>95%); (b) PCC, CH2Cl2, (83%); 

Scheme 32: Synthesis of ketone 53 from epoxide 51 

 

Minor difficulties were encountered in attempting the allylic bromination of 

ketone 53 as it was observed that α’-bromination on the methylene group of the α, -

unsaturated ketone was a significant competing side reaction (Scheme 33). Utilising 

freshly recrystallised N-bromosuccinimide (NBS) addressed over bromination, but 

gave diminished yields compared to that of the literature. Highest yields were attained 

when using slightly aged NBS (vaguely yellow in appearance) for the bromination. It 

was hypothesised that trace amounts of elemental bromine and/or hydrobromic acid 

being present aid in the initiation and propagation of the reaction’s radical 

intermediates. The reaction was heated at reflux with a catalytic amount of AIBN while 

being irradiated under a 23 W compact fluorescent light bulb to assist in inducing 

homolytic cleavage and initiating the reaction.  

If elemental Br2 were to be used for the transformation, it would likely 

participate in a halogen addition reaction, giving the trans-bromide across the present 

alkene. NBS, in contrast, provides a low concentration of bromine by the reversible 

reaction of NBS with HBr (usually present in trace amounts). The products of the 

reaction are succinimide and Br2. The latter undergoes homolytic cleavage to provide 

bromide radicals that can abstract the allylic proton affording a carbon-centred radical 

to then react with Br2. The bromide was obtained as a yellow oil and was analysed by 

1H NMR spectroscopy. The spectrum was unchanged from the starting material, 

except the singlet at 1.86 ppm integrating for three protons was exchanged for a singlet 

at 4.48 ppm now integrating for two protons (Figure 8). This observation is consistent 

with the literature and suggests the radical replacement of a methyl proton for a 

bromine atom was successful. The side products 98 and 99 were identified by analysis 

of the 1H NMR spectrum of the crude reaction mixture. A multiplet at 4.90 ppm 

corresponds to the diastereotopic α’-hydrogen generated from α’-bromination as well 

as multiple undesired aliphatic singlets corresponding to multiple compounds. 
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(a) NBS, CCl4, hv, (89%) 

Scheme 33: Synthesis of bromide 54 from ketone 53 

 

 

Figure 8: Comparison of the 1H NMR spectra of the crude product 54, of the allylic 

bromination reaction conducted with low quality NBS (red) and slightly impure NBS 

(blue)  

 

Formation of the B-ring took place by treating the bromide 54 with the anion 

of dimethyl malonate followed by a second alkylation with methylbromoacetate. 

However, by using multiple equivalents of NaH it was demonstrated that the 

subsequent alkylation can be performed in one pot. The dimethylmalonate was 

deprotonated by the NaH which then underwent an SN2 substitution with the allyl 

bromide. The resulting malonic ester 100 underwent a second deprotonation at the 

acidic -carbon which allowed for an intramolecular Claisen condensation creating 

the B-ring 101. The diester intermediate likely reacts with methoxide to yield the 

stabilised enolate (due to the reversible nature of the Claisen) that can participate in an 

SN2 substitution with methylbromoacetate installing the desired ester group (37). The 

diester was obtained as a brown oil after flash chromatography in 67% yield (Scheme 

34). Analysis of the 1H NMR spectrum showed two singlets each integrating for three 

protons indicative of the incorporation of the methyl esters and a singlet at 3.78 ppm. 
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Analysis of the 13C NMR spectrum showed peaks at 198.8 and 204.1 ppm 

characteristic of a carbonyl group, suggesting two ketone groups are present. The 

signals at 170.9 and 169.8 ppm support the presence of two ester functionalities within 

the molecule, further supporting the success of the reaction. 

 

  

(a) NaH, CH2(CO2Me)2, THF, 24 h then BrCH2CO2Me, 75 h, (67%) 

Scheme 34: Mechanism for the formation of the B-ring 

 

The diketodiester 37 was subjected to an acid-catalysed hydrolysis by being 

heated at reflux in a 1:1 mixture of glacial acetic acid and 6 M HCl for 2.5 h according 

to a literature procedure.1 The glacial acetic acid assists with solubilising the substrate. 

The resulting -ketoacid dissociates into CO2 gas and an enol that tautomerises to give 

the diketoacid 102 in an 83% yield which was used in the next step without 

purification. Analysis of the 1H NMR spectrum showed a loss of both signals that 

corresponded to the methyl esters of the starting material. Complex splitting was also 

observed in the spectrum that resulted from the diastereotopic coupling of the methine 

to the ketone. This intermediate would later be used in efforts to develop an 

asymmetric approach to strigol via an asymmetric transfer hydrogenation reaction 

(Scheme 35).  
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(a) AcOH:HCl (1:1), ∆, (83%); (b) ATH; (c) p-TsOH, CH2Cl2, ∆   

Scheme 35: Synthetic strategy to obtain (+)-12a via ATH 

 

A Luche reduction was used to reduce both carbonyl groups to give the 

corresponding diol which spontaneously lactonised under the reaction conditions, 

providing the strigol ABC system as a racemic mixture of diastereomers 12 (scheme 

36). A Luche reduction is the reduction of an α,β-unsaturated ketones to an allylic 

alcohol with NaBH4 in the presence of a lanthanide salt (usually CeCl3). The reaction 

undergoes a 1,2-addition rather than the competing 1,4-addition. The selectivity is 

explained by the cerium salt mediating a replacement of some of the hydride groups 

from NaBH4 with alkoxide groups (from the solvent MeOH or EtOH). The resulting 

sodium methoxyborohydrides are harder reducing agents and effect a 1,2-reduction 

with higher selectivity.4 Despite these conditions being the literature standard for the 

Luche reduction, Brooks and co-workers found that under standard conditions, the 

diketoacid 102 was reduced only on the A-ring and the B-ring ketone remained intact.5 

Brooks and co-workers found that reduction with diisobutylaluminium hydride gave a 

45% yield of the lactones but found that altered Luche conditions gave an improved 

yield. The altered conditions involved combining a mixture of the aqueous sodium salt 

of 99, with an aqueous solution of CeCl3•(H2O)7 and then adding an excess of NaBH4 

which effected the reduction in 2 h. Brooks and co-workers state:  

 

“The action of CeC13 in promoting the reduction of the sodium salt of 

…(102)… is very interesting. The acid …(102)… was not cleanly reduced by this 

method.” 

 

Analysis of the 13C NMR spectrum showed a loss of two carbonyl signals 

supporting the reduction event as well as two sp2 hybridised signals that indicate the 

internal alkene remained intact. A reduction of the alkene would have introduced a 

great deal of complexity in the 1H NMR spectrum as two new stereocentres would 

have been created (Scheme 36). 
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 (a) AcOH, HCl, reflux, (83%); (b) NaBH4, CeCl3•(H2O)7, H2O, CH2Cl2, r.t. (51%)  

Scheme 36: Hydrolysis, decarboxylation and subsequent reduction and cyclisation of 

diester 37 to obtain the lactones 12a and 12b 

 

Separation of the two diastereomers of the ABC lactones was achieved by flash 

column chromatography (0 → 35% EtOAc/CH2Cl2), however the two isomers exhibit 

a close Rf (syn isomer elutes first) and so resubjecting mixed fractions to column 

chromatography was necessary. Identification of the syn versus the anti isomers were 

conducted by comparison of the 1H NMR spectra to that present in the literature. 6 In 

addition, the syn isomer was obtained as a solid and the anti isomer an oil, which is 

consistent with previous reports.6  

The 1H NMR spectrum of the diastereomers are remarkably similar. However, 

the desired syn isomer can be differentiated from the anti isomer most noticeably by a 

greater shift between the two methyl signals around 1.1 ppm (0.11ppm vs 0.06 ppm) 

(Figure 9). In addition, the multiplet at 2.17 ppm in the spectrum of the anti system 

appears at 2.48 ppm in the case of the syn compound. Also, a multiplet at observed at 

3.00 ppm for the anti system was observed to shift to 2.62 ppm for the syn system. 
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Figure 9: Comparison of aliphatic region of the strigol ABC hydoxylactones. 

 

The D-ring 14 was prepared in an allyic bromination of 3-methyl-2(5H)-

furanone (104) using N-bromosuccinimide following a reported procedure.7 The 

bromination was performed in CCl4 with NBS and produced the desired bromide in a 

89% yield. The material was produced cleanly as judged by the 1H NMR spectra. The 

singlet at 7.22 ppm integrating for one proton correlated to a de-shielded proton that 

was consistent with a proton being geminal to an electronegative group such as a 

halide. The spectrum also displayed a singlet at 6.86 ppm integrating for one proton 

consistent with an alkenyl proton and a singlet integrating for three protons for the 

methyl group. The NMR spectra obtained were in accordance with the literature. 

 

  

(a) NBS, benzoyl peroxide, CCl4 (89%)  

Scheme 37: Synthesis of the D-ring by allylic bromination. 

 

Racemic ()-12a was then coupled with the D-ring 14 by treatment with NaH 

in the presence of ethyl formate to effect a Claisen condensation. The crude formylated 

material was then deprotonated with K2CO3 to provide the corresponding enolate. 

Addition of the D-ring 14 allowed for the substitution of the bromide to provide 
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racemic strigol (±)-1a (25%) and its diastereomer 2’-epi-strigol (±)-1b (23%) in 

accordance with the literature.8 

The two isomers exhibited a very similar Rf on silica gel and were resilient to 

separation using a variety of eluents. The most effective separation was obtained using 

EtOAc and hexanes on a gradient of 0 to 100 %. 

The success of the reaction was determined primarily by analysis of the 1H 

NMR spectrum. A doublet at 7.45 ppm (H6’) integrating for one proton was indicative 

of the enol ether proton (Scheme 38). A triplet at 6.92 ppm corresponded to the alkene 

proton of the D-ring (H3’) and 6.13 ppm corresponded to the proton of the enol ether 

(H2’). A doublet at 5.51 ppm corresponded to a proton at the AB ring junction (H8b). 

A triplet at 4.12 ppm corresponded to a methine signal (H5) and a doublet of triplets 

of doublets at 3.65 corresponded to the other AB ring junction proton (H3a). The 13C 

NMR spectrum displayed two carbonyl groups at 171.3 and 170.2 ppm (H2 and H5’). 

A signal at 150.5 ppm likely corresponded to the carbon of the enol ether (H9) while 

the signals of 142.6, 142.4, and 140.9 ppm likely corresponded to the de-shielded 

carbons of the alcohol and lactone functionalities (H5, H8b, and H2’). 

The 1H NMR spectrum obtained from 2’-epi-strigol was similar to that 

obtained from strigol, however, with a few notable differences. The doublet of the enol 

ether (H6) was observed to be shifted downfield by 0.05 ppm to 7.50 ppm. While 

normally considered to be a singlet it is possible that long range allylic coupling to the 

H3a proton resulted in the doublet of doublets. The doublet at 5.68 ppm was observed 

for the lactone junction proton (H8b). The NMR spectra obtained from both isomers 

closely matched that found in the literature.11  
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(a) NaH (60%), ethyl formate, Et2O; (b) K2CO3, 14, 25% for strigol 1a and 23% for epi-strigol 1b 

Scheme 38: Coupling of racemic ABC system 12a to the D-ring 14 in order to obtain 

strigol 1a and epistrigol 1b 

 

 

Figure 10: strigol 1a with displayed labelling. 

 

The fickle D-ring coupling reaction often failed for reasons that were not 

readily apparent. The separation of the material was complicated by a homocoupled 

D-ring product 106 (likely formed by partial hydrolysis) bearing a similar Rf to the 

desired compounds, as well as unreacted starting material which has an Rf that lies 

between the diastereomers. In an effort to minimise the D-ring side product formed, 

the intermediate formylated material 105 was purified on a plug of silica. The purified 

material allowed for an accurate mass measurement to be obtained and, consequently, 

1.1 equivalents of D-ring was able to be used in the subsequent step. The slight excess 

was intended to allow for the D-ring to be entirely consumed in the reaction and little 

excess would remain to undergo the homocoupling side reaction. The reaction was 

also conducted in the dark in case the bromide self-coupling occurred by a radical 
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pathway in the presence of light. These measures limited the amount of the side 

product produced however did not eliminate the problem entirely. 

Having demonstrated the racemic synthesis of strigol, asymmetric methods 

were investigated. 

 

2.3 Asymmetric Preparation of Strigol via Asymmetric Transfer Hydrogenation 

In order to create a system analogous to that of McErlean and co-workers, the 

diketo acid 99 was subjected to a Fischer esterification with methanol to obtain 

ketoester 104 which was then subjected to the ATH.8 The ATH employed formic acid 

as a H2 donor in conjunction with the Ru(II) complex catalyst RuCl(p-cymene)[(S,S)-

Ts-DPEN]. Initially the formate ion (deprotonated by N-ethyldiisopropylamine) 

coordinates the ruthenium by displacing the chloride ligand. A hydrogen transfer event 

eliminates the formate as carbon dioxide gas to generate the active reducing agent 

(Figure 11). The nucleophilic carbonyl oxygen then coordinates the ruthenium, 

creating a chiral complex. The shape of the transfer complex is dictated by the chirality 

of the diphenylethylenediamine (DPEN) ligand and the reaction can provide the 

desired chiral alcohol by using the appropriate (S,S)-Ts-DPEN or (R,R)-Ts-DPEN 

based catalyst. The hydrogen is then transferred to the electrophilic carbonyl carbon 

which is displaced by another formate ion (Figure 11). 
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Figure 11: A generic catalytic cycle of an asymmetric transfer hydrogenation reaction 

 

The procedure involved dissolving the ketone in formic acid and an excess of 

N-ethyldiisoproylamine before adding the catalyst and heating to 40 ºC for 16–24 h. 

Previous work in the research group had shown that the envisioned reduction of both 

ketones did not occur at 40 ºC or 45 ºC.9 Instead, the reduction of the A-ring ketone 

was observed whilst the B-ring ketone stayed intact. Increasing the reaction 

temperature to 50 ºC showed the same result (the ee of the reaction was not determined 

at this stage). It is possible that the steric hindrance of the two A-ring methyl groups 

prevents coordination of the catalyst to the B-ring ketone. While these diastereomers 

may be purified from one another, the NaBH4 reduction of the remaining ketone would 

have no stereocontrol. Anticipating that only the desirable syn isomer would lactonise 

is incorrect as the ester groups may epimerise and lactonise either way. 

 

   

(a) Amberlyst®, MeOH r.t., (65%); (b) (S,S)-RuTsDPEN, HCO2H, iPr2NEt, 50 ºC (60%)  

Scheme 39: Coupling of racemic ABC system to the D-ring  
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In order to overcome the issue of steric hindrance for the reduction of the 

pentanone an alternative strategy was devised. Oxidation of the racemic mixture of 

ABC lactones 12 would obtain the ketone ()-66 as a racemate. Noyori ATH could 

then provide the diastereomeric alcohols that could be separated by flash 

chromatography. PCC oxidation of the mixture of racemic diastereomeric alcohols 

provided the racemic ketone ()-66 in a 39% yield. The success of the reaction was 

determined primarily by reduction of complexity in the 1H NMR spectrum correlating 

with the destruction of the diastereomers. A doublet at 5.6 ppm integrating for one 

proton was indicative of the lactone remaining present in the molecule, however the 

absence of the triplet at ~ 4.2 ppm integrating for one proton indicated the loss of the 

alcohol’s germinal proton which supported the success of the oxidation. While the 

yield was unsatisfactory, enough material was collected to proceed with the proposed 

ATH. Alternative oxidants that could produce a higher yield were not investigated due 

to sufficient material being obtained to proceed. Racemic ketone ()-66 was subjected 

to the Noyori ATH reaction to yield the two hydroxy lactones (12a and 12b) as a 

mixture of diastereomers that were successfully separated by flash chromatography. A 

sample of the syn isomer underwent Mosher ester analysis to determine the ee of the 

reaction.  

 

 

(a) PCC, CH2Cl2 (39%); (b) (S,S)-RuTsDPEN, HCO2H, iPr2NEt, 50 ºC (60% overall) 

Scheme 40: Asymmetric transfer hydrogenation of ketone ()-66. 

 

Mosher ester analysis is an NMR based method for the determination of the 

configuration of chiral alcohol substrates.10 The analysis is performed by reaction of a 

secondary alcohol of unknown ee with a chiral derivatising agent α-methoxy-α-

trifluoromethylphenylacetic acid (MTPA-OH) of known configuration.10 The 

resulting mixture of diastereomers are then distinguishable by 1H NMR and 19F NMR, 

allowing for reliable ee calculation by integration of a proton or fluorine signal.  
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Reaction of a racemic mixture of hydroxy lactone ()-12a (that was obtained 

by NaBH4 reduction and lactonization) provided the anticipated 1:1 mixture of Mosher 

ester diastereomers. The mixture of esters was reflected in the 1H NMR spectrum as 

two methoxy peaks each integrating for three protons at 3.56 and 3.53 ppm. The 19F 

NMR spectrum displayed two peaks for the corresponding trifluoromethyl groups at 

71.20 and 71.23 ppm, each integrating for 1 fluorine. The syn isomer (+)-12a, after 

reaction with (+)-MTPA-OH displayed a peak in the 1H NMR spectrum at 3.56 ppm 

integrating for three protons with no trace of the signal at 3.53 ppm that corresponded 

to the alternative diastereomer. Analysis of the 19F NMR spectrum revealed a peak at 

71.24 ppm and trace of a signal at 71.20 ppm. As there is no indication of the undesired 

diastereomer by NMR the reaction can be concluded to have an ee of >99% by Mosher 

ester analysis.  

 

  

(a) (+)-MTPA-OH, EDCI•HCl, DMAP, CH2Cl2, (65%) 

Scheme 41: Mosher ester analysis of non-racemic material 

 

 

Figure 12: Comparison of the aliphatic region of the strigol ABC core Mosher ester 

diastereomers 1H NMR. 
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Figure 13: Comparison of the 19F NMR of the strigol ABC Mosher ester 

diastereomers. 

 

Previous work in the group had determined the ee of the reaction to be 88% by 

chiral HPLC analysis when conducted on a separate substrate 107.40 While this does 

not directly correlate to the value obtained by Mosher ester analysis as they are 

different analytical techniques (and inputs), it may be determined that variation 

between reaction conditions (reaction run time, temperature, etc.) can directly impact 

the ee of the reaction. Whether the degradation of ee (if it is indeed a real degradation) 

is a result of a catalyst interaction or racemization of the product over time is presently 

unclear. In Scheme 41, A side-by-side comparison of the strategies illustrates the 

current approach is superior to previous work within the group (Scheme 42). 

 



Chapter 2  Results and Discussion 

48 

 

 

(a) (S,S,)-RuTsDPEN, HCO2H, iPr2NEt, 50 ºC (62% previous work, 95% current work); (b) NaBH4, 

CeCl4•(H2O)7; (c) PCC, CH2Cl2 

Scheme 42: Comparison of the previous work to the current strategy demonstrating 

an improvement in ee 

 

The D-ring was added as described previously to give strigol (+)-1a and epi-

strigol (+)-1b that were identical to that of the racemates discussed above. Both 

samples were analysed for optical rotation (Table 1). 

The strigol sample was found to have an optical rotation of +232º (c 0.5 

CHCl3). This optical rotation was compared to all literature reported rotations and was 

found to be consistently lower than previously reported rotations (+271º (c 0.5 

CHCl3),
11 +293º (c 0.15  CHCl3),

11 +270º (c 0.2  CHCl3),
12 +244.6º (c 0.4  CHCl3)

13 

and +262.7º (c 0.69 CHCl3)).
13 

The epistrigol sample was found to have a rotation of +126º (c 0.5 CHCl3). 

 This optical rotation was also compared to the known literature values and was found 

to be less than one reported value (+145º (c 1.24 CHCl3))
11 but greater than another 

(+94º (c 1.24 CHCl3))
13. 

  The optical rotation values obtained were lower than previously reported, 

likely as a result of variability in the optical rotation analysis method 

Table 1: Comparison of obtained optical rotations to that in the literature.  

 

Strigolactone This Study Hirayama Heather Brooks Samson*  Samson^  

Strigol +232º +271º +293º +270º +244.6º +262.7º 

Epistrigol +126º +145º N/A N/A +94º N/A 

*1991 ^1999 
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2.4 Methods of preparation of the tricyclic ABC core of strigol and orobanchol 

Having determined that the ATH towards strigol was successful attention was 

turned to the application of the ATH to orobanchol. It was also proposed that a 

common route to both products would be advantageous; therefore, the divergent 

pathway of Zwanenburg (Scheme 16) was attractive in that a common intermediate 

could be applied to the synthesis of both orobanchol and strigol.42 

 

2.4.1 Preparation of the ABC Beginning From 6-methyl-5-hepten-2-one 107 

Beginning with commercially available 6-methyl-5-hepten-2-one (111), a 

Claisen condensation with dimethyl carbonate was conducted with NaH  as the base. 

As the reaction was performed on 25 g scale it was necessary to combine the reagents 

then slowly heat to reflux. The gentle heating to reflux allowed for a gradual release 

of the hydrogen gas by-product. When the reaction was heated too rapidly (by using a 

preheated oil bath) the release of H2 gas was rapid, thus presenting a potential hazard. 

The resulting keto-ester 112 was purified on a pad of silica gel to give 23.8 g of product 

in an 82% yield. The success of the reaction was determined by analysis of the 1H 

NMR spectrum by the lack of the singlet integrating for 3 protons for the -methyl 

group present in the starting material and a concurrent appearance of a singlet 

integrating for 2 protons at 3.44 ppm, as well as a resonance for the methyl ester group 

appearing at 3.73 ppm. The 13C NMR spectrum showed two carbonyl signals at 202.4 

ppm and 167.6 ppm which concurs with the predicted structure (Scheme 43). 

Diketo-ester 112 underwent an intramolecular electrocyclisation in the 

presence of stoichiometric amounts of the Lewis acid tin (IV) chloride. Activation of 

the ketone by the Lewis acid stabilises the enol tautomer allowing for the π electrons 

of the alkene to cyclise give the cyclic -ketoester 60 in a 62% yield. The success of 

the reaction was determined by analysis of both the 1H NMR and 13C NMR spectra. 

Absence of the alkene was corroborated by an absence of the proton triplet at 5.07 ppm 

in the 1H NMR spectrum and the alkenyl carbon signals at 133.2 and 122.2 ppm in the 

13C NMR spectrum. The appearance of more complex splitting in the aliphatic region 

(indicative of germinal coupling often encountered in ring systems) and a singlet at 

3.21 ppm, corresponding to the α-proton, supported the conclusion that the reaction 

was successful (Scheme 43).  
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(a) NaH, dimethyl carbonate, PhMe, (82%); (b) SnCl4, CH2Cl2, (62%) 

Scheme 43: Preparation of -ketoester 60 from ketone 111 via an electrocyclisation 

 

The cyclic -ketoester 60 was subjected to reduction with NaBH4 to give the 

crude alcohol 61 as a racemic mixture of diastereomers which were used as a crude 

product (Scheme 43). The success of the reaction was determined by analysis of the 

1H NMR spectrum with the appearance of two signals at 4.07 and 4.00 ppm correlating 

to the alcohol’s germinal protons, integrating for 1 and 0.7 respectively as well as 

increased general complexity in the aliphatic region. 

To install the alkene of the ,-unsaturated ester the alcohol was eliminated by 

way of a Mitsunobu reaction. The Mitsunobu reaction is normally used to convert 

alcohols to a variety of functional groups with an inversion of stereochemistry and is 

conducted using triphenylphosphine and an azodicarboxylate. The reaction proceeds 

through multiple intermediates one of which being an oxyphosphonium ion of the 

alcohol and triphenylphosphine that can undergo a carboxylate ion to eliminate an ester 

and triphenyphosphine oxide in a non-equilibrium step. In the present instance, it was 

desired to eliminate triphenylphosphine oxide and the dehydrated product and so the 

reaction was conducted in the absence of a nucleophile. By stirring crude alcohol 61 

with triphenylphosphine and diisopropyl azodicarboxylate (DIAD), the alkene 113 

was obtained in a 98% yield over two steps. The success of the reaction was 

determined by analysis of the 1H NMR spectrum by the absence of the corresponding 

methine protons and the appearance of a triplet at 6.28 ppm corresponding to an sp2 

hybridised proton (Scheme 44). 

 

   

(a) NaBH4, MeOH, -20 ºC; (b) PPh3, DIAD, PhMe, 40 ºC (98% over two steps) 
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Scheme 44: The preparation of the unsaturated ester 113 from the -ketoester 61 via 

reduction and dehydration 

 

In order to make the reaction more appropriate to perform on a larger scale, a 

more atom economical approach was explored for the elimination reaction. Thionyl 

chloride and pyridine were used to convert the alcohol group into a chloride, which 

was hypothesised to then eliminate in the presence of the pyridine. It has been 

proposed that the reaction proceeds as the oxygen lone pair attacks the electrophilic 

sulfur of the thionyl chloride and the pyridine then removes the proton from the alcohol 

leaving an oxygen centred anion bound to the sulfur. The intermediate spontaneously 

collapses, eliminating the chlorine which in turn displaces the leaving group in an SN2 

reaction. From here it is possible that pyridine can abstract the acidic α-proton thus 

eliminating the chloride or eliminating the SO2 group.  

Upon quenching and isolation of the reaction product it was found that only 

one diastereomer eliminated. It was thought that only the cis isomer eliminated leaving 

the racemic trans isomer unaltered ()-61a. The trans isomer was also not returned as 

a chloride but as the alcohol starting material suggesting the sulfonyl intermediate was 

hydrolysed during the reaction work up (Scheme 45).  The reason for the lack of 

reactivity is the reaction would be expected to occur via an E2 mechanism which 

would favour the cis isomer as it places the -hydrogen in an antiperiplanar 

arrangement with the formed chloride. This geometry is preferred for elimination as it 

aligns the bonding C–H orbital with the anti-bonding C–Cl orbital. It is also possible 

that the SN2 reaction of the trans intermediate with the chloride is slower due to steric 

hindrance; however, the intermediate sulfonyl should still eliminate in a E1CB reaction, 

therefore further work would involve using stronger bases to facilitate the reaction. 

This was not a problem when using the Mitsunobu reaction as the intermediate enolate 

will eliminate both isomers of the activated alcohol by a β-elimination.  

 In Zwanenburg’s report, a diastereoselective reduction with the bulky 

reducing agent, LiAlH(OtBu)3, was used, thus maximising the yield of the cis product 

(80%). This allowed them to conduct the elimination with POCl3 and pyridine. 
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(a) SOCl2, Pyridine, CH2Cl2; (b) LiAlH(OtBu)3 (c) POCl3, pyridine 

Scheme 45: The preparation of the unsaturated ester 113 from the -ketoester 60 by 

reduction of a ketone and elimination of an alcohol. 

 

The resulting ester 113 was hydrolysed in a mixture of formic and sulfuric acid 

at reflux to give the acid as brown crystals in a 94% yield. The 1H NMR spectrum of 

the reaction showed a loss of the singlet corresponding to the methyl ester.  

The acid 62 was reacted to give a divinyl ketone which was then reacted in a 

Nazarov cyclisation. The Nazarov cyclisation reaction involves activating a divinyl 

ketone with a Lewis acid to undergo a cationic 4π-electrocyclic ring closure. The acid 

62 was converted to a divinyl ketone by first reacting in thionyl chloride at reflux to 

generate the corresponding acid chloride 114 in situ that was reacted at −78 ºC with 

the nucleophilic vinyltrimethylsilane. After warming to −35 ºC, tin (IV) chloride was 

added to catalyse the ring closure. This one pot reaction produced the AB-ketone 63 

in an 87% yield. The success of the reaction was determined by analysis of the 1H 

NMR spectrum. The 13C NMR spectrum contained a signal at 209.1 ppm consistent 

with a ketone and signals at 173.2 and 144.8 ppm corresponded to the alkene. The 1H 

NMR spectrum contained entirely aliphatic signals and was in agreement with the 

literature.14 

 

   

(a) HCOOH, H2SO4, 100 ºC, (94%); (b) SOCl2, 45 ºC; (c) vinyl TMS, -78 ºC; (d) SnCl4, -35 ºC (87%) 

Scheme 46: Hydrolysis and Nazarov cyclisation to obtain AB system 63 
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In order to install the alkyl chain necessary for the formation of the C-ring a 

one-pot acylation-alkylation was used according to the method of Mangnus and co-

workers.15 The rationale behind the strategy was to prevent over alkylation with 

methyl-bromoacetate, which would result in an unusable product. To overcome this 

problem, the AB system 63 underwent an -acylation by nucleophilic acyl substitution 

with dimethyl carbonate which only mono-acylates. This is because the product anion 

is not as reactive and thus the reaction could be conducted in an excess of dimethyl 

carbonate. Once the mono-acylation was complete, methyl bromoacetate was added 

slowly undergoing an SN2 reaction with the intermediate enolate 116. A subsequent 

hydrolysis and decarboxylation resulted in the monoalkylated product. The reaction 

was conducted in DMF with a mixture of NaH and dimethyl carbonate. The AB 

substrate 63 was added and once the first stage was complete, as determined by TLC 

analysis, then the bromide was added as a solution in DMF. When the reaction was 

complete the diester 117 was isolated in a 66% yield.15The success of the reaction was 

assessed by the 1H NMR spectrum. The two singlets each corresponding to three 

protons indicated the successful incorporation of the two methyl ester functionalities. 

The spectra were in accordance with the literature (Scheme 47).15   

 

   

a) NaH, dimethylcarbonate, 60 ºC; (b) methylbromoacetate, 60 ºC (66%) 

Scheme 47: The acylation and alkylation of AB system 63 to diester 117 

 

The selective removal of the undesired ester group by a one pot hydrolysis-

decarboxylation was then undertaken. Diester 117 was hydrolysed and decarboxylated 

by heating at reflux in 1:1 mixture of glacial acetic and 6 M HCl to give the crude acid 

64 as a brown oil. Absence of the methyl ester signals in the 1H NMR spectrum 

indicated the reactions success and the material was used in the subsequent step 

without purification. 

The crude acid 64 was submitted to a Luche reduction as described previously, 

to give the resulting reduced product that cyclized in situ providing the -lactone ABC 
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system 65 in a 66% yield over two steps. All of the spectral data collected were in 

accordance with the literature (Scheme 47).16  

 

   

(a) HCl (6 M), AcOH, 100 ºC, 2.5h.; (b) CeCl3•7(H2O), NaBH4, MeOH, (66% over two steps) 

Scheme 48: The hydrolysis/decarboxylation of diester 117 and subsequent Luche 

reduction. 

 

In conclusion, beginning from commercially available 6-methyl-5-hepten-2-

one, the ABC-lactone 65 can be obtained in an 18% yield over 9 steps. 

 

2.4.2 Interception of Zwanenburg’s Allylic Rearrangement Method by Means of 

a Carbonylative Stille Coupling 

It was envisioned that the Zwanenburg allylic rearrangement method could be 

intercepted at ester 113 by utilising a palladium-catalyzed carbonylation reaction. 

Beginning with 2,2-dimethylcyclohexanone 119 the enol triflate could be formed and 

subjected to a carbonylation to furnish ester 120 removing two steps from the method 

involving heptanone. Given its high cost commercially, it was decided to synthesise 

2,2-dimethylcyclohexanone from the relatively cheap 2-methylcyclohexanone. 

 

   

(a) MeI; (b) Tf2O; (c) Pd, CO 

Scheme 49: Retrosynthetic analysis of ester 113. 

 

Methylcyclohexanone 120 was treated with NaH and MeI to effect an α-

alkylation via SN2 substitution by formation of the most substituted and 

thermodynamic enolate. Great care was required in the isolation and purification of 

the ketone 119 as the compound was volatile. Analysis of the 1H NMR spectrum 

showed a predominant singlet at 1.12 ppm integrating for 6 protons indicating the 
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success of the reaction. Other minor signals in the region of 1.20–0.98 ppm indicated 

the presence of potential over alkylation isomers (such as 2,2,6-

trimethylcyclohexanone and 2,2,6,6-tetramethylcyclohexanone). The spectral data 

obtained were in accordance with the literature. 17 

 

   

(a) NaH, MeI, THF (85%) 

Scheme 50: Methylation of 2-methylcyclohexanone. 

 

With ketone 119 in hand, formation of the enol triflate was attempted according 

to a literature procedure.18 The reaction of a ketone with triflic anhydride (Tf2O) in the 

presence of a base such as pyridine yields an enol triflate. The combination of triflic 

anhydride and pyridine in a nonpolar organic, solvent such as CH2Cl2, precipitates the 

pyridinium salt from the reaction mixture. This salt then readily reacts with the ketone 

to form a triflyloxycarbenium ion which may then eliminate a proton to form the enol 

triflate. Alternatively, the enol tautomer may be trapped by the Tf2O depending on the 

polarity of the solvent. It has been suggested that ketones are converted to the enol 

triflate by the formation of a gem-bis(triflate) species that thermally decomposes to the 

enol triflate,19 however, no evidence of this was observed by Wright and Pulley in their 

mechanistic study in 1989.19 When the reaction was conducted at room temperature 

according to a literature procedure the starting material was recovered unaltered.18 A 

variety of bases were screened with many reactions proceeding in low yield (Table 2). 

It was found that heating the original reaction (pyridine in CH2Cl2) to 40 ºC allowed 

the reaction to proceed in a 67% yield after distillation. The reactions success was 

indicated by a triplet at 5.66 ppm in the 1H NMR spectrum integrating for 1 proton 

concurrent with the literature. The 13C NMR showed 8 carbon singlets as well as faint 

quartet at 118.8 ppm with a coupling constant of 319 Hz in the downfield region 

indicative of the C–F coupling of the triflate group. Future work could include 

attempting the reaction in a nonpolar solvent such as CCl4 to see if the decrease in 

solvent polarity  allows the enol tautomer trapping to prevail as the dominant 

mechanism and potentially increase the yield. 
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Table 2: Screening of conditions to form the enol triflate 118 from the ketone 119.  

 

Base Solvent Temp Yield 

Pyridine CH2Cl2 r.t. 0 % 

NaH THF r.t. 0 %a 

NaH Et2O r.t. traceb 

KH Et2O r.t. 8 %b 

KH Et2O Reflux 24 %c 

Pyridine CH2Cl2 Reflux 67 %c 

aThe reaction solvent polymerised. bBy 1H NMR. cIsolated yield. 

 

The formation of the triflate was also attempted using THF with LiHMDS as 

the base, trapping the enolate with N-phenyl-bis(trifluoromethanesulfonimide). The 

reaction gave a comparable yield (65%), however, produced multiple grams of side 

product of a similar polarity to the desired compound. The resulting triflate was 

isolated via flash column chromatography (eluting with hexanes). 

 

   

(a) Tf2O, pyridine, 40 ºC, CH2Cl2 (67%); or (b) LiHMDS, C6H5N(SO2CF3)2, –78 ºC, THF, (65%)  

Scheme 51: Formation of the enol triflate 118 from dimethylcyclohexanone 119. 

 

As vinyl halides and enol triflates display analogous reactivity the generation 

of a vinyl bromide from ketone 119 was also investigated. The bromination was 

conducted according to the literature procedure from Spaggiari and co-workers.20. 

Elemental bromine was added to a solution of triphenyl phosphite in CH2Cl2 –60 ºC 

before adding a solution of ketone 119 and triethylamine. The reaction was warmed to 

r.t. over 21 h, however, TLC analysis of the reaction mixture indicated that the reaction 

was incomplete after this time. The reaction was heated at 40 ºC for 2 h before gently 

removing the solvent and volatile starting material under reduced pressure. After flash 

column chromatography, the halide was obtained as a colourless oil in a 21% yield. 
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As the yield was unsatisfactory and the approach was abandoned in favour of the 

triflate method. A suggested mechanism for this reaction involves the initial 

coordination of the oxophilic phosphorous atom to the ketone oxygen followed by 

attack of bromide to the carbonyl, followed by an E1 elimination. The lower than ideal 

yield could have resulted from the steric hindrance of the geminal methyl groups, that 

may have limited the initial phosphorus coordination. 

 

   

(a) P(OPh)3, Br2, Et3N, CH2Cl2 (21%) 

Scheme 52: Formation of vinyl bromide 121 from ketone 119. 

 

With the triflate in hand the opportunity to trial carbonylation via palladium-

catalysis arose. In the event of successful carbonylation the triflate may be converted 

to an ester which would intercept previous syntheses towards the common 

intermediate 62 

Carbonylative Heck couplings often employ a Pd (0) or Pd (II) precatalysts.21 

Oxidative addition of an alkene or alkyl halide (or in this instance an enol triflate) to 

catalytically active Pd (0) species, will result in a square planar Pd(II) or Pd (IV) 

complex. Substitution of a ligand with dissolved CO occurs before the CO inserts itself 

into the Pd–C bond.22 (Displacement of the triflate with a nucleophile (in this instance 

methanol) followed by reductive elimination, liberates the desired ester and 

regenerates the catalyst to close the catalytic cycle. 
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Scheme 53: A general catalytic cycle of the carbonylative Stille coupling reaction 

mechanism. 

 

The triflate, Pd(OAc)2 and PPh3 were dissolved in MeOH and the resulting 

mixture was sparged with CO gas for 15 minutes before placing the reaction under an 

atmosphere of CO using a balloon. After 21 h at r.t. the reaction was incomplete by 

TLC and was subsequently heated to reflux for 24 h to increase the rate of reaction. 

The reaction was deemed complete by analysis with TLC gave the methyl ester 113 

was obtained in a 63% yield. The reaction mixture was noted to be black in appearance 

before the work-up suggesting a precipitate of elemental palladium formed by the 

decomposition of the catalyst, potentially explaining the sub-optimal yield. It was 

found that using crude triflate in the carbonylation gave the ester in a 56% yield over 

two steps from the ketone. The success of the reaction was determined primarily by 

1H NMR spectroscopy. The incorporation of a singlet at 3.72 ppm integrating for three 

protons suggested the successful incorporation of a methyl ester. The 13C NMR 

spectrum showed two new signals at 167.9 ppm and 51.1 ppm indicating the 

incorporation of an ester.  

The ester underwent an acid-catalysed hydrolysis in formic and sulfuric acid 

to give the crystalline acid 62 in a 94% yield which was sufficiently pure for use in the 

Nazarov cyclisation as detailed above. 
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(a) Pd(OAc)2, PPh3, DIEA, CO, 65 ºC, MeOH (63%); (b) HCO2H, H2SO4, (94%); (c) Pd(OAc)2, PPh3, 

K3PO4 (2M), CO, 100 ºC, dioxane, (48%). 

Scheme 54: Conversion of the triflate 118 to the acid 62 by a one step and a two-step 

procedure. 

 

It was envisioned that a carbonylative Stille coupling of tributylvinylstannane 

with the triflate 118 would yield a divinyl ketone thereby eliminating the hydrolysis 

step of the sequence. Tributylvinylstannane was prepared according to a literature 

procedure.23 Tributylchlorostannane was heated to 66 ºC in the presence of vinyl 

Grignard reagent. The vinyl stannane was extracted and had the solvents removed 

gently (as the reagent was volatile) and was used immediately in the Stille coupling. 

A solution of the triflate 118 and vinyl stannane in THF was combined with a solution 

of Pd(PPh3)4 and LiCl. CO gas was bubbled through the mixture and then the reaction 

was stirred under an atmosphere of CO gas at 55 ºC for 18 h. The crude material was 

isolated from the mixture and analysed by 1H NMR spectroscopy. The crude spectrum 

displayed a triplet at 5.56 corresponding to unreacted starting material as well as three 

doublet of doublet resonances at 6.45, 6.14, and 5.55 ppm indicating unreacted vinyl 

stannane. As the desired Stille coupling was unsuccessful, a carbonylative Suzuki 

coupling was investigated as an alternative. The reaction of vinyl pinacol borane with 

the triflate 118 would yield the divinyl ketone 11. The reaction was attempted 

according to a literature procedure and yielded approximately 18% of the divinyl 

ketone as determined by 1H NMR spectroscopy.24 The crude material was 

contaminated with a substantial amount of the corresponding carboxylic acid. This 

result suggested that oxidative addition and carbonylation had occurred, however, the 

reaction was then terminated by hydrolysis. This was likely due to the reaction mixture 

containing water that could have arisen from the solvent (MeOH) not being anhydrous. 

The reaction was simultaneously attempted in dioxane which yielded none of the 

desired ketone but the carboxylic acid 62 exclusively (Scheme 54). It was later 

determined that the dioxane used in the reaction contained a significant amount of 
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water also, which participated as a nucleophile in the carbonylation. Although not the 

desired outcome, the hydrolysis step was averted nonetheless, and so effort was made 

to optimise the carbonylation in the presence of water. Using dioxane as the solvent 

and aqueous K3PO4 (2 M) as the base, the acid 62 was obtained as colourless crystals 

in a 48% yield. Whilst being a more expedient route to the acid 62 the reduction in 

yield was significant enough to warrant disfavour over the two-step method (Scheme 

55). 

  

(a) Pd(PPh3)4, LiCl, CO, 55 ºC, THF; (b) HCO2H, H2SO4, (94%); (c) Pd(OAc)2, PPh3, K3PO4 (2M), 

CO, 100 ºC, MeOH (18%). 

Scheme 55: Attempts at a Suzuki and a Stille coupling 

 

In the interest of circumventing multiple reaction steps, a one pot conversion 

of the ketone 119 to the acid 62 was attempted according to a literature procedure on 

similar ketones.25 Vitnik and co-workers found that ketones react with LiOH and 

bromoform under phase transfer conditions to provide ,-unsaturated carboxylic 

acids (scheme 56).  

 

  

(a) CHBr3, LiOH, TEBA 

Scheme 56: Vitnik and co-workers one-pot conversion of ketones to ,-unsaturated 

carboxylic acids 

 

Following the literature procedure, ketone 119 was dissolved in a mixture of t-

BuOH and water before cooling and adding the phase transfer catalyst benzyl 

triethylammonium chloride (TEBA), LiOH, and bromoform. The reaction was stirred 

for 22 h before quench and product isolation. In our hands the reaction returned the 



Chapter 2  Results and Discussion 

61 

 

starting ketone with no trace of any of the desired acid. The reaction was expected to 

proceed by initial nucleophilic acyl addition of a tribromo methyl anion onto the 

ketone. A series of substitution events with hydroxide and a subsequent dehydration 

was believed to produce the unsaturated acid. It is unclear whether the reaction failed 

due to steric hindrance from the geminal methyl groups. 

Other carbonylation reactions attempted that warrant mention was the reaction 

between the triflate in the presence of N,O-dimethylhydroxylamine hydrochloride. A 

carbonylative coupling with the aforementioned amine would result in the 

corresponding Weinreb amide thus allowing the use of organometallic reagents in 

further chemistry to form substituted ketones. The triflate was reacted with the amine 

in the presence of Pd(OAc)2, Xantphos and Na2CO3 in THF. The reaction was 

monitored by TLC; however, after 2 days the reaction had not proceeded.  

In conclusion the ABC system may be prepared using palladium-catalysed 

carbonylation chemistry in a 7-step procedure with a 15% overall yield as compared 

to the 9-step procedure outlined above with an 18% yield. Although the former 

sequence is shorter, the latter is more high-yielding. 

 

2.4.3 Carbonylative Mizoroki—Heck Reactions to Access the ABC Ring 

Intermediate 65  

An alternative synthetic procedure was considered that involved a 

carbonylative-Mizoroki–Heck reaction that would form the B-ring in one-pot. Negishi 

and co-workers published a procedure for the formation of ketone 129 from the 

cyclohexene derivative 124 (Scheme 57).26  
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(a) CO (40 atm), Cl2Pd(PPh3)2 (0.05 equiv), NEt3 (1.5 equiv), C6H6, CH3CN, MeOH (4 equiv), 100 °C, 

24 h (85%). 

Scheme 57: Negishi and co-workers carbonylative Mizoroki—Heck reaction. 

 

It was envisioned that allyl dimethyl cyclohexanone 132 could be used to form 

triflate 131, which could then be subjected to similar conditions to that described by 

Negishi in order to arrive at ketoester 130 in a single step (Scheme 58). 

 

  

Scheme 58: retrosynthetic analysis of the ABC lactone 65 

 

A model system was selected that would allow for the reaction pathway to be 

probed while also potentially leading to the strigol analogue GR24. Allylphenol 133 

was chosen as it was readily accessible and commercially available and it was 

converted to triflate 134 by following to a literature procedure.27 Phenol 133 was 

reacted with a slight excess of triflic anhydride. The solution was allowed to come to 

r.t. over five hours and was worked up to give the crude triflate 134 as a yellow oil in 

an 80% yield. The success of the reaction was determined by analysis of the NMR 

spectra collected. Analysis by 19F NMR included a singlet at -73.9 ppm indicative of 

the incorporation of a triflate group. Analysis of the 13C NMR spectrum showed the 
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inclusion of a quartet at 118.6 ppm indicative of a triflate group. The obtained spectra 

matched that reported in the literature.27 The triflate was also produced via an 

alternative method by treatment of the phenol with potassium carbonate and N-phenyl-

bis(trifluoromethanesulfonimide) in DMF in a 91% yield. 

 

 

  

(a) Tf2O, pyridine:THF (1:1), 0 ºC to rt, 5h, 80%, or, N-Phenyl-bis(trifluoromethanesulfonimide), 

K2CO3, DMF, 91% 

Scheme 59: triflation of allyl phenol 133. 

 

With the triflate in hand, conditions similar to that of Negishi were examined 

for the carbonylation. Triflate 134 was dissolved in DMF, MeOH and Et3N before 

adding Pd(PPh3)4. The mixture was placed under a balloon of CO gas and heated to 60 

ºC with stirring for 22.5 h. Analysis of the 1H NMR spectrum obtained for the reaction 

material determined that the starting material had been recovered unchanged. The 

reaction also failed when the catalyst was replaced with PdCl2(PPh3)2 (Scheme 60).28 

 

  

(a) MeOH, Et3N, Pd(PPh3)4, CO(g)(1 atm), DMF 60 ºC, 22.5 h.  

Scheme 60: Failed conditions for the initial attempt at the carbonylative acyl 

migration reaction. 

 

The triflate was then subjected to separate known carbonylation conditions, 

varying the palladium ligand, in parallel. MeOH, Hunig’s base, ligand, LiCl and then 

Pd(dba)2 were combined in that order with 50 mg samples of triflate 134 in 2 mL of 

dimethylacetamide (DMAC). 29,30 Each solution was degassed under vacuum then 

placed under 1 atm of CO gas by balloon and heated to 65 ºC for 18 h. The ligands 

compared were 1,2-bis(diphenylphosphino)ethane (dppe), 1,1'-
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bis(diphenylphosphino)ferrocene (dppf), and 4,5-bis(diphenylphosphino)-9,9-

dimethylxanthene (Xantphos). Each reaction was worked up and compared by 1H 

NMR spectral analysis. The use of Xantphos returned unreacted starting material, 

while the spectra for the reactions including dppf and dppe looked promising. The 

spectrum of the crude material obtained from using dppf displayed a small amount of 

an unknown material that showed a second allylic like splitting pattern at just over 6.0 

ppm. The same material was observed in a much greater abundance with the use of 

dppe as the ligand (Figure 14). 
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Figure 14: Comparison of the use of various ligands in attempted carbonylative acyl migration reactions. A) dppe (green), B) dppf (red), C) Xantphos 

(blue) 
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The sample obtained from the use of dppe was subjected to flash column 

chromatography; however, analysis determined it was a combination of starting triflate 

and 2-allylphenol, suggesting a decomposition event during the reaction conditions. 

 

 

Figure 15: decomposition of the triflate 134 to 2-allyl phenol 133 in the carbonylation 

reactions. 

 

As none of the attempted methods had resulted in the desired carbonylation, a 

similar reaction by Gagnier and Larock was attempted. 31 These researchers observed 

that indanone may be produced from o-iodostyrene in a quantitative yield by 

employing 10 mol % of Pd(OAc)2, 2 equivalents of pyridine, 1 equivalent of n-

Bu4NCl, 1 atm of CO gas, a reaction temperature of 100 °C, and DMF as the solvent. 

They also observed that the reaction proceeded better using substrates bearing terminal 

olefins (Scheme 61).  

 

  

(a) CO(g), 10% Pd(OAc)2, pyridine, n-Bu4NCl, DMF, 100 ºC, 8 h 

Scheme 61: Gagnier and Larock’s method for the synthesis of indanone from 

iodostyrene 
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The triflate 134 was subjected to the reaction conditions of Gagnier and Larock 

as prescribed. It was postulated that, in the absence of a nucleophile, 2-methyl-2,3-

dihydro-1H-inden-1-one 137 would be obtained. The same reaction was also 

attempted with the addition of four equivalents of methanol, however, both reaction 

conditions returned the starting material unchanged, as determined by analysis of 1H 

NMR spectra of the samples. The same reaction was attempted by replacing the base 

with Hunig’s base, the catalyst with PdCl2(dppf), and the salt with LiCl, but only the 

starting material was returned. 

In a final attempt at palladium-catalysed carbonylation chemistry, triflate 134 

was subjected to the same carbonylation conditions that were observed to be effective 

on forming methyl ester 113 from triflate 118. Triflate 134 was treated with Hunig’s 

base, Pd(OAc)2, and PPh3 in MeOH under a balloon of CO gas for 21 h. A sample of 

the same reaction matrix was sparged with, and sealed under an atmosphere of CO gas 

in a microwave tube and was irradiated to 140 ºC for 30 min. The crude material of 

both reactions was analysed by 1H NMR spectroscopy, however, neither reaction 

showed any evidence of carbonylation having occurred.  

 

  

(a) CO(g), 10% Pd(OAc)2, pyridine, n-Bu4NCl, DMF, 100 ºC, 16 h. (b) CO(g), 10% Pd(OAc)2, pyridine, 

n-Bu4NCl, MeOH, DMF, 100 ºC, 16 h. (c) CO(g), Hunig’s base, Pd(OAc)2, PPh3, MeOH, 65 ºC. (d) 

CO(g), Hunig’s base, Pd(OAc)2, PPh3, MeOH, 140 ºC, MW 

Scheme62: Conditions for failed carbonylation reactions. 

 

A report by Sangu and co-workers released in 2007 described the use of 

molybdenum hexacarbonyl to form acyl molybdenum species that underwent carbon 

monoxide insertion and added to alkenes to form carbonylative Heck-type products. 

They outlined the use of 1-allyl-2-iodobenzene to form 2-methyl-2,3-dihydro-1H-

inden-1-one in one step in a 60% yield (Scheme 63).32 The halide 139 undergoes 

oxidative addition to the metal centre, after which, a molecule of CO may insert itself 

into the C–M bond 140. The alkene then undergoes insertion 141 and the C–M bond 

is cleaved by protonation to give 137. It is thought that if a second carbonylation could 
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occur at the stage of 141 then protonation would result in the carboxylic acid being 

formed, and that if conducted in the presence of a nucleophile such as MeOH, that the 

corresponding ester could be formed.  

 

  

(a) Mo(CO)6, DMF, 160 ºC, 4–17 h, 60% (oxidative addition); (b) CO insertion; (c) alkene insertion; 

(d) protonation. 

Scheme 63: Sangu and co-workers one step acylmolybdenum carbonylation 

 

The reaction was conducted on triflate 134 with the inclusion of four 

equivalents of methanol from the assumption that a second carbonylation may occur 

and be trapped by the nucleophile producing the desired ester 135. The reaction’s 

progress was monitored by TLC and was ceased after 3 h for analysis. Analysis of the 

1H NMR spectrum of the worked up reaction showed a doublet at 1.23 ppm that 

integrated for three protons indicating that success of the reaction. The spectrum of the 

crude mixture showed a 58% conversion of the triflate to the indanone 137 as well as 

unidentified decomposition products. The reaction was repeated varying the solvent to 

DMA under the assumption that DMF may be a reducing agent. Analyses of the crude 

1H NMR spectrum showed no trace of starting material with the indanone being 

obtained in a 71% isolated yield (Rf 0.63 in 20% EtOAc:hexanes, Scheme 64). 

 

 

(a) Mo(CO)6, Pd(OAc)2, dppf, Mo(CO)6, MeOH, DMAC, 150 ºC, 30 min. 

Scheme 64: Successful reaction from triflate 134 to indanone 137 
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The 1H NMR spectra displayed a doublet at 1.30 ppm integrating for three 

protons that corresponded to the methyl group with an adjacent proton. A mulitplet at 

2.72 ppm integrating for two protons corresponded to the diastereotopic protons - to 

the carbonyl, while the quartet at 3.40 ppm integrating for one proton corresponded to 

the proton - to the carbonyl. (Figure 16) This quartet was expected due to a lack of 

coupling with the cis-proton based upon the dihedral angle. 

 

 

 

Figure 16: 1H and 13C NMR spectra of the indanone 137 

 

Based on the results obtained, it seemed that elevated pressures of carbon 

monoxide gas were essential to the carbonylative step to prevent premature -hydride 

elimination from ceasing the reaction. To further optimise this system, future work 

would involve repeating the reactions outlined above in a pressure vessel (Parr reactor) 

under elevated pressures of carbon monoxide. 
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In order to press forward, an alternative strategy was devised based upon the 

successful carbonylation with molybdenum hexacarbonyl. Subjecting ester 143 to the 

aforementioned carbonylation conditions could arrive at the desired intermediate 135 

with the inclusion of only one extra step.  

 A cross metathesis reaction between triflate 134 and ethyl acrylate could 

provide access to ester 143.  

Alkene, or olefin, metathesis is a transition metal-catalysed reaction for the 

forming of new carbon–carbon double bonds by breaking and reforming existing 

double bonds.33 

 

 

Scheme 65: Generic cross metathesis reaction mechanism 

 

By conducting the cross metathesis with an excess of the readily abundant 

coupling partner 142 to one equivalent of the less abundant triflate 134, the amount of 

the unwanted homodimer of the more precious 134, would be minimised therefore 

maximising the yield of the cross metathesis product. 

The triflate was combined with three equivalents of freshly distilled ethyl 

acrylate and Grubbs CatalystTM 2nd generation for 21 h. After this time three distinct 

spots were noticeable at as observed by TLC. This likely represented the desired 

hetero- coupled product as well as the two homo-coupled dimers. In an attempt to 

further limit the production of the homodimer of 134, a larger excess of ethyl acrylate 

would be recommended to be used in future work. The material was purified by flash 

column chromatography eluting with 10% EtOAc in hexanes to obtain the desired 

product as a colourless oil in a 35% yield. Although the yield was low, sufficient 

material was obtained to progress (Scheme 66). 
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(a) Grubbs CatalystTM 2nd generation, CH2Cl2, 45 ºC 

Scheme 66: Cross metathesis reaction of the triflate 134 with ethyl acrylate 142  

 

The identity of the material was analysed by NMR spectroscopy and mass 

spectrometry. The 1H NMR spectrum displayed a doublet of triplets at 7.01 ppm and 

a doublet at 5.81 ppm corresponding to the ,-unsaturated ester. A quartet at 4.18 

integrating for 2 protons and the triplet at 1.27 ppm integrating for three protons is 

indicative of an ethyl ester. The doublet at 3.61 ppm integrating for two protons and 

the aromatic resonances across 6.98 to 7.32 ppm integrating for four protons were 

indicative of the methylene group and the remaining protons of the aromatic ring.  

 

 

Figure 17: 1H NMR spectra of the cross-metathesis product 143 

 

The triflate 143 was subjected to the previously favourable carbonylation 

conditions to obtain the GR24 intermdiate 135. The crude material obtained was 

purified on a short column of silica eluting with 50% EtOAc in hexanes to give the 

ester in a 67% yield. All spectra obtained were in accordance with the literature.34  
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(a) Mo(CO)6, Pd(OAc)2, dppf, Mo(CO)6, MeOH, DMAC, 150 ºC, 30 min. 

Scheme 67: Successful reaction from triflate 143 to indanone 135 

 

Having identified an effective sequence for the carbonylation reaction on an 

aromatic system, the procedure was transferred to a cyclohexene analogue.  

Cyclohexanone 122 was allylated by treatment with sodium hydride and allyl 

bromide 144 in THF. Slightly less than one equivalent (0.95) of sodium hydride was 

used as the resulting allylated product would bear a more acidic proton than the starting 

material that would react with any excess base. Analysis of the crude 1H NMR 

spectrum showed a 2:1 mixture of the desired mono-allylated product and the 

undesired diallylated product. Distillation via Kugelrohr apparatus and separation by 

flash column chromatography were both unable to separate the two compounds. It was 

hypothesised that the two compounds would be separable at a later stage in the 

synthesis and thus were subjected to the triflation reaction as a mixture. 

 

  

(a) NaH (60%), THF, reflux then r.t.  

Scheme 68: The allylation of cycloxenanone to 2-allylcyclohexanone 145 and 2,2-

diallylcyclohexanone 146.  

 

The crude over-allylated material (143 + 144) was subjected to the triflation 

reaction with N-phenyl-bis(trifluoromethanesulfonimide) with LiHMDS as the base . 

Analysis of the crude 1H NMR spectrum showed and intractable mixture of signals. 

Analysis of the 19F NMR spectrum showed three signals which were tentatively 

assigned as the three triflates 147, 148, and 149  when combined with alkenyl signals 

observed in the 1H NMR spectrum (Scheme 69). 
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(a) LiHMDS (1M), N-Phenyl-bis(trifluoromethanesulfonimide), THF, –78 ºC to rt. 

Scheme 69: The triflation of a crude mixture of ketones 145 and 146 

 

Due to the difficulties encountered with the particular chosen model it was 

decided to procced with the strigol intermediate pathway. As that pathway involves 

2,2-dimethylcyclohexanone which removes the problem of regioselective formation 

of the enol triflate. 

2,2-Dimethylcyclohexanone 119 was initially treated with the same allylation 

conditions as used for cyclohexanone 122. Unfortunately, the same over allylation was 

observed in a ratio of 1.0 to 1.3 of desired product 329 to over allylated product 150. 

In an effort to overcome the issue an alternative base was used. Repeating the reaction 

with LDA resulted in an improved ratio of 1:0.2 of desired to undesired product. As 

the material was not separable by chromatography, the material was used in the next 

step without further purification. It was also thought that, as the undesired isomer is a 

non-enolizable ketone, it would not form a triflate and be easily separable.  

 

  

(a) NaH (60%), THF, reflux then rt. (b) LDA, THF, –78 ºC to rt. 

Scheme 70: The allylation of 2,2-dimethylcycloxenanone to allylcyclohexanone 132 

and diallylcyclohexanone 150.  

 

The mixture of ketones 132 and 150 were subjected to the triflation reaction 

with N-phenyl-bis(trifluoromethanesulfonimide) with LiHMDS as the base. The crude 

material was purified by flash column chromatography eluting to give triflate 131 as a 

colourless oil in a 38% yield over two steps. The material was analysed by NMR 
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spectroscopy. The 1H NMR spectrum displayed two multiplets at 5.75 ppm and 5.11 

ppm integrating for 1 and 2 protons respectively, which, corresponded to the presence 

of a vinyl group. A doublet at 2.91 ppm integrating for two protons indicated that the 

methylene group had only a single adjacent proton and the mulitplet at 1.65 ppm 

integrating for 7 protons was accounted for by a contamination by H2O. On analysis 

of the 19F NMR spectrum, a single resonance was observed at –73.4 ppm, which was 

indicative of a triflate group.  

 

  

 
(a) LiHMDS (1M), N-Phenyl-bis(trifluoromethanesulfonimide), THF, –78 ºC to rt. 

Scheme 71: The triflation of ketone 132 in the presence of ketone 150. 

 

 

 

Figure 18: 1H NMR spectra of triflate 131 

 

With the triflate 131 in hand the cross-metathesis reaction was conducted. The 

triflate and ethyl acrylate were combined in CH2Cl2 with Grubbs CatalystTM 2nd 

generation and reacted for 24 h. 151 was isolated in a 9% yield. 
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(a) Grubbs CatalystTM 2nd Generation, CH2Cl2, 9%, (b) Mo(CO)6, Pd(OAc)2, dppf, Mo(CO)6, MeOH, 

DMAC, 150 ºC, 30 min (12%). 

Scheme 72: Cross metathesis of triflate 131 and ethyl acrylate 142 and the proof of 

concept reaction. 

 

The success of the reaction and analysis of the isolated material was primarily 

assessed with NMR spectroscopy. The 1H NMR spectrum displayed two doublets of 

triplets at 6.85 and 5.86 ppm, which integrated for one proton each. This was indicative 

of the internal alkene. The resonance splitting as a quartet at 4.20 ppm that integrated 

for two protons, and the triplet at 1.30 ppm integrating for three protons were 

collectively indicative of an ethyl ester group. The 13C NMR spectrum displayed a 

total of 13 signals despite there being a total of 15 carbons in the molecule. The carbon 

of the triflate was not observed due to splitting from fluorine and being lost in the 

baseline. The carbons of the germinal dimethyl group combined onto a single signal. 

 

 

Figure 19: 1H spectra of triflate 151 
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With the desired material in hand, the carbonylation conditions used previously 

were applied to give the desired keto-ester 130 in a disappointing 12% yield. While 

low, it did provide evidence for proof of concept; however, further work to optimise 

and improve yields was not undertaken due to time constraints. Further work could 

include optimisation of the reaction conditions (increasing reaction temperature/time) 

and a screen of alternative metal CO sources. 

 

2.4.4 Alternative Nazarov Strategy 

A novel strategy for the preparation of the ABC core was devised. It was 

hypothesised that by beginning with a “pre-alkylated” material, the 

alkylation/decarboxylation procedure outlined in the previous section (2.4.3) could be 

circumvented. It was also postulated that by inverting the nucleophilicity of the 

original coupling partners in the Nazarov approach (Scheme 67) (making the A ring 

nucleophilic and coupling with an electrophile) then the range of potential coupling 

partners could be increased. Coupling of the cyclohexene TMS 154 compound with 

methyl 3-(chlorocarbonyl)but-3-enoate 153 could generate a divinyl ketone 152 that 

upon reaction with a Lewis acid would undergo a Nazarov reaction to give the AB 

system 130 thus intercepting the previous pathway further along the synthetic 

sequence (Scheme 73). 

 

  

Scheme 73: Retrosynthetic analysis of ABC system. 

 

Preparation of the cyclohexene TMS compound was conducted by a Shapiro 

reaction. The Shapiro reaction traditionally converts a ketone or aldehyde to an alkene 

by first converting the ketone to a hydrazone. The hydrazone can be decomposed by a 

strong base to create a vinyl lithium species which can be neutralised to give the 

alkene. In the instance of trapping the nucleophile for further transformations, 
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quenching the vinyl lithium species with trimethylsilyl chloride gives the vinyl TMS 

compound.35  

The ketone 119 was converted into the necessary hydrazone by combining the 

ketone and p-toluenesulfonyl hydrazide and heating in absolute ethanol with one drop 

of concentrated HCl. After 3 mins the reaction was cooled to r.t. at which point the 

crystalline product precipitated from the reaction solvent. To preserve the more 

valuable starting material while conditions for the Shapiro reaction were probed, a 

cyclohexanone analogue 156 was prepared from ketone 122 in the same manner. 

 

 

(a) p-toluenesulfonyl hydrazide, HCl (cat.), EtOH (89%); (b) p-toluenesulfonyl hydrazide, HCl (cat.), 

EtOH (58%) 

Scheme 74: The formation of hydrazones from ketones. 

 

The production of the two hydrozone compounds 155 and 156 were deemed 

successful through analysis by 1H NMR spectroscopy. The spectrum of 156 displayed 

two doublets at 7.83 and 7.30 ppm integrating for 2 protons, each with a coupling 

constant of 8.5 Hz as well as a singlet at 2.43 ppm integrating for 3 protons of the 

methyl group. These signals correspond to a para-substituted toluene component 

indicating the successful incorporation of the tosyl group. Similar signals were 

observed in the spectrum of hydrazone 155. Both spectra were in accordance with the 

literature. 36 

Having obtained the model hydrazone 156, the Shapiro reaction was 

investigated. The hydrazone 156 was reacted with n-BuLi and the resulting mixture 

was reacted with  TMSCl to give the volatile alkene 160 in a 0.78 : 1 ratio with 

unreacted starting material. Analysis of the crude 1H NMR spectrum displayed a large 

volume of starting material being present. The spectrum also displayed a multiplet at 

5.98 ppm that was consistent with an alkenyl C–H that was present in the desired 

product. Performing the reaction in tetramethylethylenediamine (TMEDA) and 
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extraction with pentane overcame any loss of the compound during evaporation of the 

solvent.37 Purification by passing through a short plug of alumina gave the 

cyclohexenyl TMS 160 in a 75% yield. The success of the reaction was determined by 

analysis through 1H and 13C NMR spectroscopy. The 1H NMR spectrum displayed a 

singlet at 0.03 ppm that integrated for 9 protons, consistent with a trimethylsilyl group. 

A multiplet at 5.98 ppm corresponded to the newly formed alkene moiety, and two 

mutiplets at 2.03 and 1.60 ppm corresponded to the aliphatic protons around the ring. 

Analysis of the 13C NMR spectrum showed signals at 138.7 and 135.5 ppm indicating 

the presence of the newly installed alkene functionality.  

 

 

(a) n-BuLi, TMSCl, TMEDA, –45 ºC (75%). 

Scheme 75: Formation of the vinyl TMS 160 from the hydrazone 156. 

 

Before the planned coupling reaction could be investigated, the necessary acid 

chloride 153 had to be prepared. It was found that monomethyl itaconate (161) was 

commercially available and an inexpensive material. Acid chloride 161 was prepared 

by reaction of acid 153 with thionyl chloride to yield the stable acid chloride 161 in a 

70% yield. The success of the reaction was determined by 1H NMR spectroscopy. The 

spectrum displayed 3 singlets. A singlet at 3.40 ppm integrating for 2 protons 

corresponded to the methylene group and 2 singlets at 6.17 and 6.72 ppm corresponded 

to the alkene. The signals were found to be similar to that of the starting material except 

for the downfield shift of all signal indicative of the deshielding caused by the electron 

withdrawing chlorine atom. 

 

Ts

SO O

N
N

156

H

H

Ts

SO O

N
N

157

N
N

158159

Li

-LiSO2Ts

-N2

Si

Cl

Me Me
Me

160

TMS

a



Chapter 2  Results and Discussion 

79 

 

 

(a) SOCl2, Et2O, 34 ºC (70%) 

Scheme 76: Formation of the acid chloride 153 from itaconic acid monomethylester 

161 

 

With both coupling partners prepared, the coupling reaction was then able to 

be investigated. Acid chloride 153 was added to a solution of cyclohexene 160 in 

CH2Cl2 at –78 ºC. The reaction was warmed to –30 ºC and SnCl4 was added. The Lewis 

acid was planned to activate the acid chloride promoting acyl nucleophilic substitution 

and facilitate an in situ Nazarov cyclisation. Analysis of the 1H NMR spectrum of the 

crude material indicated a consumption of the starting materials; however, the 

spectrum appeared to contain signals from multiple compounds and TLC analysis 

suggested that the compounds were inseparable under standard flash chromatography 

techniques. Analysis of the 1H NMR spectrum showed the presence of the substituted 

product 162 (alkenyl singlets were observed at 6.98, 6.33, and 5.62 ppm. A methylene 

was observed at 3.92 ppm integrating for two protons) but none of the desired Nazarov 

product. There was also a hydroxy compound that could have arisen from the addition 

of water and was suspected as being the hydroxyketone 163 (Scheme 77).  

 

 

(a) SnCl4, SOCl2 –78 ºC to –35 ºC to r.t. then H2SO4 (16% over two steps) 

Scheme 77: Coupling of the organosilane 160 with the acid chloride 153 

 

Given the presence of the key intermediate 162, the crude mixture was treated 

with sulfuric acid to serve two purposes. First the acid could promote the Nazarov 

cyclisation and secondly it could serve to effect a dehydration via an E1 elimination. 
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Treatment of the crude material with 2 drops of concentrated H2SO4 in toluene for 30 

mins resulted in one set of signals disappearing from the 1H NMR spectrum that likely 

belonged to the protodesilylation product cyclohexene. Subjecting the same sample to 

the acid treatment for 2 h resulted in a second set of signals diminishing and after 19 

h it appeared to be a single compound (Figure 20). 

 

 

 

Figure 20: Crude coupling reaction (purple), acid treatment, 30 m (green), acid 

treatment, 4 h (red), acid treatment, 19 h (blue). 

 

The obtained material was analysed by 1H and 13C NMR spectroscopy and 

identified as the Nazarov precursor 162 which was obtained in a 16% yield. The 

alkenyl signal shifted to 6.98 ppm from 5.98 ppm which was consistent with a 

replacement of a TMS with a ktone on the cyclohexane ring. The two singlets at 6.32 

and 5.61 ppm were indicative of an ,-unsaturated ketone’s germinal alkenyl protons 

being present. The singlet at 3.76 ppm and 3.67 ppm (integrating for 3 and 2 

respectively) were congruent with a methylene linked methyl ester functionality being 

present indicating incorporation of the itaconic acid molecule. The multiplets at 2.26 

and 1.64 ppm correspond with the aliphatic portion of the cyclohexane system. 

Analysis of the 13C NMR spectrum displayed a ketone signal at 187.6 and an ester 

carbonyl at 167 ppm, which would have been expected for the newly synthesised 

compound. The alkenyl signals at 140.5 and 127.9 ppm were distinguished as the  
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and the ’ carbons on interpretation of the HSQC NMR experiment. The signals of the 

alkene protons 6.32 and 5.61 ppm both correlated to the carbon at 127.9 ppm.  and 

’ carbon signals were present at 138.9 and 135.1 ppm. A signal at 52.0 ppm is 

representative of a methyl ester and a signal at 40.3 ppm corresponds to the methylene 

linker carbon. The remaining four signals correspond to the aliphatic carbons of the 

cyclohexane ring system. 

 

 

Figure 21: Relevant HSQC correlations of divinyl ketone 162 

 

The obtained material 162 was subjected to a variety of acids in an attempt to 

promote the Nazarov cyclisation to obtain the desired product (Scheme 54). Stirring 

in neat trifluoroacetic acid for 2 h returned the starting material unchanged. A thermal 

Nazarov closing was probed by heating the sample in a microwave at 80 ºC in DMF 

for 2 h which also failed to effect a change. Stirring the same sample with TMSOTf in 

CH2Cl2 appeared to partially decompose the sample when analysed by 1H NMR 

spectroscopy. The cyclisation was attempted with a variety of Lewis acids commonly 

used in Nazarov reactions (AlCl3, SnCl4, FeCl3), all of which failed to generate the 

desired product. 

To probe the reaction further without expending precious material a second 

analogue was employed. While substituting a benzene for cyclohexene was not an 

ideal model, phenyl TMS was readily available. A coupling of the acid chloride 143 

with commercially available phenyl TMS 153 as was described previously, failed to 
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produce the desired product 154. Failing this, a one-pot Friedel–Crafts acylation was 

attempted using cyanuric chloride (added to form the acid chloride in situ), but this 

method also failed to produce the desired product. 38  

 

 

Scheme 78: Failed couplings of phenyl TMS 164 to obtain alkene 165. 

 

To obtain the desired -methyleneketone, a Friedel-Crafts acylation of 

benzene 166 and succinic anhydride 167 was performed  on a 6 g scale and subjected 

crude to a Fischer esterification to give the keto ester in a 50% yield over two steps. 39 

The success of the reaction was determined on analysis of the collected 1H NMR 

spectrum. A triplet at 3.34 and 2.84 each integrating for two protons corresponded with 

the presence of an ethylene linker and all spectra obtained were consistent with that 

prepared in the literature. The obtained phenylketoester 168 was then subjected to a 

Mannich-type -methenylation. The Mannich reaction occurs by formation of the 

iminium ion from an amine and formaldehyde. The enol tautomer of the ketoester 168 

attacks the iminium ion to form the -aminocarbonyl compound. Subsequent 

deamination regenerates the catalytic amine and produces the desired -methenylated 

product.40 The reaction was conducted by adding formaldehyde to a solution of the 

ketone and morpholine in glacial acetic acid. The crude material was purified by flash 

chromatography to give the desired compound 165 in 56% yield and was analysed by 

1H NMR spectroscopy. The spectrum displayed the typical doublet-triplet-triplet 

pattern of a monosubstituted benzene ring at 7.80, 7.55 and 7.45 ppm respectively. The 

spectrum displayed singlets at 5.99 and 5.78 ppm corresponding to the newly installed 

alkene as well as the methylene linked methyl ester as a singlet at 3.68 and 3.55 ppm 

integrating for 3 and 2 protons respectively. A minor side product was also isolated by 
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flash column chromatography which was identified as the acetoxy compound 169 

through analysis by NMR spectroscopy (Scheme 79). 

  

  

(a) cyanuric chloride, AlCl3, pyridine; (b) AlCl3, 70 ºC 45 min then MeOH, H2SO4; (c) SOCl2, MeOH 

(50% over two steps) 

Scheme 79: The preparation of the -methenylation product 165 

 

Having already attempted a variety of Bronsted and Lewis based cyclisation 

attempts on the previous model, this material was subjected to a microwave mediated 

reaction. A thermal test was conducted by heating the ketone 165 in nitrobenzene in 

microwave tube at 200 ºC for 1 h. The starting material was returned unaltered which 

indicated the material is thermally stable at such temperatures. The reaction was 

repeated at 100 ºC in the presence of a stoichiometric amount of the Lewis acid AlCl3, 

and on analysis, the alkenyl signals were absent from the 1H NMR spectrum of the 

crude reaction mixture. After purification, the product of the Nazarov cyclisation 

(ketone 135) was obtained in a 20% yield. Repeating the reaction in nitromethane gave 

ketone 135 in a 69% yield after purification. The 1H NMR spectrum displayed two 

doublets at 7.77 and 7.46 ppm as well as two triplets at 7.60 and 7.38 ppm indicating 

the formation of the GR24 AB system. The methyl ester remained present at 3.69 ppm 

integrating for three protons. There were also a variety of multiplets in the range of 

3.5–2.5 ppm collectively integrating for the diasterotopic protons around the ring 

system integrating for 5 protons collectively. A new aliphatic CH2 signal was observed 

at 3.01 ppm, also the methylene signal present in 165 was absent. The spectra obtained 

were in accordance with the literature.41  
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(a) AlCl3, nitromethane, 100 ºC, 200W, 1h (69%) 

Scheme 80: Successful Nazarov conditions to obtain ketone 135 which constitutes a 

formal synthesis of GR24. 

 

Having determined acceptable reaction conditions in which a Nazarov reaction 

occurred, a crude sample of the desmethyl model 162 was subjected to the reaction. 

Analysis of the crude mixture’s 1H NMR spectrum concluded that the reaction was 

unsuccessful as the spectrum displayed no desired signals and appeared to have 

decomposed with a small amount of returned starting material.  

To pursue the desired reaction, the synthesis was conducted on the actual 2,2-

dimethyl species in the event that the model was failing to undergo the Nazarov 

cyclisation for unknown reason. The Shapiro reaction was conducted on the hydrazone 

155 in dry THF and also in TMEDA but in both instances returned the alkene 170 (a 

product of protodesilylation). It was possible that the steric bulk of the geminal methyl 

groups prevented the carbon centred nucleophile from participating in a coupling with 

the electrophile. In the face of various synthetic impediments, the route was rejected 

in favour of investigating alternate approaches. 

 

  

(a) n-BuLi, TMSCl, TMEDA, –45 ºC (75%). 

Scheme 81: Formation of the alkene 170 from the hydrazone 155 

 

In conclusion, it was demonstrated that a reversal of the acid chloride 111 and 

vinyl TMS coupling partners to the cyclohexenyl TMS 154 and acid chloride 153 was 

not a viable option as the desired coupling was ineffective. It was also demonstrated 

in a model that in the event of a successful coupling, subsequent transformations may 
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have proven challenging. Alternatively, ketoester 135 was prepared in a 35% yield 

over three steps without optimisation from readily available starting materials. Also, 

ester 168 is a commercially available starting material allowing for a scalable pathway 

that intercepts the synthesis of GR24 in two steps.  

 

2.5 Conclusion 

To conclude, strigol 1a was produced through existing and novel chemistry both 

racemically and asymmetrically. The application of a variety of novel methods to 

access the intermediate 65 were met with mixed success. Overall, strigol was prepared 

racemically in eleven steps (3% yield) and was synthesized enantioselectively in 

twelve steps (0.34% yield).  
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Chapter 3 – Investigations Toward The Synthesis 

of Orobanchol 

3.1 Introduction 

Having obtained strigol, research was undertaken to develop novel syntheses 

towards the alternative enantiotopic series in the form of orobanchol. The synthesis of 

orobanchol poses different challenges to strigol. For example,  the former contains an 

alcohol on a sterically hindered carbon on the B-ring of the carbon skeleton while the 

latter has an alcohol on its A-ring. Conventional methods for the synthesis of 

orobanchol usually feature the allylic oxidation of the parent ABC system 65, in which 

the desired regioisomer is typically formed as the minor product. This chapter 

discusses synthetic routes that were explored to access orobanchol racemically and 

asymmetrically from chemical intermediates prepared in Chapter 2. 

 

 

Figure 22: The structure of natural orobanchol 2a 

 

3.2 Epoxidation of the Common Intermediate 65 

While most preparations of orobanchol stem from the use of the ketone 67, this 

ketone is obtained as the minor allylic oxidation product in the synthesis of strigol 

(Scheme 82). A more practical route was desired as the ketone is obtained in a 1:15 

ratio using PCC (Zwanenburg and coworkers) and in ~1:3 ratio using chromium 

trioxide (Mori and coworkers).1,2 
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(a) PCC or CrO3  

Scheme 82: oxidation of ABC system 65 obtain ketones 66 (to strigol) and 67 (to 

orobanchol. 

 

In order to prepare orobanchol, Zwanenburg reported an epoxidation of the 

ABC lactone 65 that could undergo a rearrangement to produce allylic alcohol 76a as 

an intermediate to orobanchol (Scheme 83). This process was inefficient as epoxide 

68b was the minor isomer formed during the epoxidation of 65; therefore, to improve 

the synthetic utility of this route leading to orobanchol, a more selective epoxidation 

was required.2  

 

(a) mCPBA, CH2Cl2; (b) Al(OiPr)3; (c) TFA, CH2Cl2 

Scheme 83: Zwanenburg’s strategy to access allylic alcohol 76a.2 

 

The reaction of an alkene with a peracid to form an epoxide is known as a 

Prilezhaev reaction.3 The reaction proceeds by the attack of an alkene onto the 

electrophilic oxygen atom of the peracid forming the “butterfly” transition state. The 

oxygen atom is added to the alkene and the proton is transferred simultaneously to give 

the epoxide and meta-chlorobenzoic acid (Scheme 84).3 
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Scheme 84: Mechanism of the Prilezhaev reaction. 

 

mCPBA was added to a solution of lactone 65 in anhydrous CH2Cl2 and the 

ensuing mixture was stirred for 3.5 h at room temperature before the reaction was 

quenched by the addition of sodium metabisulphite. By this approach, the Prilezhaev 

reaction produced a mixture of epoxide isomers as a colourless solid in a 66% yield. 

The success of the reaction was primarily determined by analysis of the 1H NMR 

spectrum of the mixture. The absence of a doublet at 5.47 ppm corresponding to the 

C–H of the lactone gave strong evidence for the complete consumption of the starting 

material. The same proton in the products was shifted upfield to 5.12 ppm and 4.88 

ppm corresponding to the syn epoxide and the anti epoxide respectively as determined 

by comparison to the literature.2 

Integration of the doublets showed a product ratio of 1:1.5 of the syn to the anti 

with the desired syn isomer being the minor component. The ratio was not ideal as the 

syn isomer is used to prepare orobanchol and the anti isomer is utilised to obtain 

strigol, reflecting the results obtained by Zwanenburg.2 Initial purification by column 

chromatography partially separated the isomers to give the anti isomer 68a as the first 

eluting compound as a colourless solid in a 22% yield and the syn 68b isomer also as 

a colourless solid in a 22% yield, with 22% being mixed fractions that we retained for 

repeated purification at a later stage.  The respective 1H NMR spectra for each isomer 

were in agreement with reported data (Figure 23).2 

 

 

(a) mCPBA, CH2Cl2, (66%), (22% 68a and 22% 68b and 22% mixed fractions) 

Scheme 85: mCPBA epoxidation of ABC lactone 65. 
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Figure 23: Epoxides prior to purification (blue), desired syn epoxide 68b (red),and undesired anti epoxide 68a (green). 
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To improve upon the selectivity of the epoxidation, a variety of different 

peracids and epoxidizing agents were trialled. The first attempt used pertrifluoroacetic 

acid, which is generated by mixing sodium perborate (NaBO3•4H2O) in trifluoroacetic 

acid (TFA). Sodium perborate is a known industrial bleaching agent used as an 

alternative to H2O2. 
4 Pertrifluoroacetic acid is a more powerful oxidising agent than 

mCPBA, although McKillop states that a peracetoxyboron intermediate may act 

directly on the substrate. 4 To that end, sodium perborate was added to a solution of 

alkene 65 in TFA and was allowed to stir for 6.5 h. Analysis of the product by 1H NMR 

spectroscopy showed the starting material was still present in the mixture as indicated 

by the doublet at 5.47 ppm. The epoxides were also present in an improved ratio of 

1:1; however, the starting material was the major compound in a 5:2 ratio with the 

epoxides and a mass recovery of only 25% 

The manganese based catalyst Dragon PF6 (bis(N,N’,N’’-trimethyl-1,4,7-

triazacyclononane)-trioxo-dimanganese (IV) di(hexafluorophosphate)monohydrate) 

is a commercially available oxidation catalyst and when used in conjunction with H2O2 

in alkaline conditions has been reported to yield epoxides (Figure 24).5  

 

 

 

Figure 24: The structure of the manganese based catalyst Dragon PF6 

 

Dragon PF6 is a manganese based dimeric catalyst that undergoes a complex 

series of redox reactions to form a MnIII—MnIV catalytically active intermediate. The 

reaction was conducted by adding the catalyst to a solution of the alkene and peroxide 

in a 9:1 mixture of acetonitrile and pyridine. After 24 h the mixture returned the 

starting material entirely unreacted. Repeating the experiment in acetone with Na2CO3 

as the base gave the same negative result, so the reagent was not pursued any further. 

A Jacobsen asymmetric epoxidation was attempted using (R,R)-(–)-N,N’-

bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III) chloride 

(Scheme 86). The reaction is enantioselective by using a chiral manganese catalyst and 

therefore may favour one face of the alkene over the other. The reaction was performed 
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by adding a solution of the alkene and catalyst in CH2Cl2 to a solution of 0.05 M 

NaHPO4 and NaClO (at pH 11). After 4 h the reaction was worked up and analysed by 

1H NMR spectroscopy. The majority of the starting material had decomposed with a 

small amount of starting material still present (6 mg from the original 99 mg reacted). 

No other compounds could be observed therefore other peracids were trialled. 

 

 

(a) (R,R)-(–)-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III) chloride, 

CH2Cl2, NaHPO4:NaClO (0.05 M, pH 11.0) 

Scheme 86: Failed Jacobsen epoxidation reaction. 

 

Magnesium monoperoxypthalate (MMPP) was trialled for its capacity to 

mediate the epoxidation reaction. MMPP (1.1 equivalents) and two drops of water was 

added to a solution of rapidly stirring alkene in CH2Cl2 and was stirred for 23 h. The 

material obtained after work up was analysed by 1H NMR spectroscopy. A comparison 

of the three doublets present indicated the reaction had not gone to completion; 

however, a comparison of integrations gave 3.18 : 1.00 : 0.80 ratios of the starting 

material, syn, and anti isomers respectively. These reaction conditions were now 

favouring the desired syn isomer and was an observed reverse of the selectivity of 

mCPBA indicating that the desired syn isomer was forming at a faster rate than that of 

the anti isomer. This observation could be explained by the transition states leading to 

the two stereoisomers. The butterfly transition state may be stabilised by the oxygen 

atoms of the syn lactone thus facilitating the reaction; however, the oxygens may be 

simultaneously sterically impeding the reaction. Conducting the reaction at reduced 

temperatures could potentially increase the ratio, although reaction times would likely 

not be practical. 

The same material was resubjected to the reaction with an excess of MMPP (3 

equivalents) for a further 24 h which improved the ratio to 0.61 : 1.00: 0.76 of 

65:68b:68a but still not proceed to completion. Conducting the reaction in anhydrous 

conditions in the presence of powdered 4 Å molecular sieves with 3 equivalents 

MMPP, provided greater consumption of the starting material a ratio of 0.32:1.00:0.76 

of 65:68b:68a after 24 h. 

O O

(±)-65

a
Decomposition
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A brief solvent screen was conducted to ascertain whether the reaction could 

be driven to completion while retaining the selectivity for desired syn isomer 68b 

(Scheme 87 and Table 3). The reaction was conducted in acetonitrile at 82 ºC and 

monitored by TLC analysis until the starting material was consumed (2 h). The doublet 

of the starting material was absent by analysis of the 1H NMR spectrum, however, the 

selectivity was lost giving the products in a ratio of 1.00 : 1.03 of 68b:68a. Conducting 

the experiment in diethyl ether for 48 h only returned unreacted starting material. 

Performing the reaction in toluene at room temperature for 24 h gave the products in 

a 1.00 : 0.82 68b:68a. It was concluded that the most effective conditions for obtaining 

the syn isomer was to perform the reaction was using 3 equivalents of MMPP in dry 

CH2Cl2 even though the reaction required 48 h to proceed to completion. Using this 

method, significant quantities of syn isomer 68b were obtained. The anti isomer could 

be converted to strigol 1 but this was not investigated.  

 

 

(a) Various epoxidation conditions (Table 3) 

Scheme 87: Screening of various conditions for the epoxidation of alkene 65. 

 

Table 3: Effect of reaction conditions on the selectivity of the epoxidation of alkene 

65. 

 

Solvent Temp. Equiv. Time Ratioa 

65 : 68b (syn) : 68a (anti) 

Et2O rt 3 24 h N/A 

CH3CN 80 ºC 3 2 h 1.00 : 1.03 

toluene rt 3 24 h 1.00 : 1.08 

CH2Cl2 (wet) rt 1.1 24 h 3.18 : 1.00 : 0.76 

CH2Cl2 (wet) rt 3 48 h 0.61 : 1.00 : 0.76 

CH2Cl2 (dry) rt 3 24 h 0.32 : 1.00 : 0.76 

CH2Cl2 (dry) rt 3 48 h 1.00 : 0.77 

aRatios determined from crude reaction mixtures. 
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3.3 Ring-Opening Experiments on the Epoxides 68a and 68b 

The syn isomer was subjected to a ring-opening reaction with aluminium 

isopropoxide (Al(OiPr)3) in toluene in a method analogous to that of Mori and co-

workers.6 Al(OiPr)3 is a useful reagent for the rearrangement of epoxides to allylic 

alcohols. 7 The reaction proceeds via an electrophilic attack of the epoxide oxygen 

onto aluminium (Scheme 88). A -proton is abstracted and the oxygen’s bond with an 

-carbon is cleaved by what is thought to be six-membered transition state. The 

reaction produces alkoxide 172 and liberates one equivalent of isopropanol. Alkoxide 

172 then further reacts with another equivalent of epoxide generating another alkoxide 

and liberating the desired allylic alcohol.8  

 

 

Scheme 88: Mechanism for the rearrangement of an epoxide to an allylic alcohol with 

aluminium isopropoxide. 

 

The syn epoxide was reacted with 4 equivalents of Al(OiPr)3 in toluene in a 

manner analagous to that of Zwanenburg and was quenched by addition of aqueous 

HCl.2 The success of the reaction was determined by 1H NMR spectrosocopy. The 

spectrum displayed a singlet at 5.25 ppm integrating for 1 proton corresponding to an 

alkene, a heptet at 4.98 ppm corresponding to an isopropyl ester, and a doublet at 4.28 

ppm integrating for 1 proton which corresponds to a proton germinal to an alcohol. It 

was determined that the material obtained was in fact the diol 77, which is consistent 

with the findings of Mori and Zwanenburg (Scheme 89).2,6 The ester likely forms as a 

result of transesterification with the isopropanol by-product facilitated by the presence 

of the activating oxophilic aluminium. The material was sufficiently pure for use in 

subsequent steps without purification >95% yield. 

 

 

(a) Al(OiPr)3 (5 equiv), 110 ºC, 5 h (>95%). 
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Scheme 89: Mechanism for the rearrangement of an epoxide to an allylic alcohol with 

aluminium isopropoxide. 

 

Zwanenburg and co-workers treated the diol with triethylamine in CH2Cl2 for 

5 min at ambient temperature to reform the lactone, however, an attempt to reproduce 

these conditions afforded a large amount of starting material, as judged by 1H NMR 

spectroscopy. The same material was then subjected to an acid-catalysed ring-closing 

with p-toluenesulfonic acid in CH2Cl2 for 0.25 to obtain the lactone in a quantitative 

yield that was sufficiently pure for further transformations (Scheme 90). Analysis of 

the 1H NMR spectrum showed the absence of a heptet at 4.98 ppm which corresponded 

to the elimination of the ester (Figure 25). The appearance of a doublet at 4.80 ppm 

integrating for 1 proton and with a coupling constant of 6.4 Hz suggested the presence 

of a proton on the ring junction  to the hydroxyl group. The singlet at 5.24 ppm also 

indicated that alkene remained intact. 

 

 

(a) p-TsOH, CH2Cl2, 0.25 h (>95%). 

Scheme 90: Acid catalysed ring closure of isopropyl ester 77. 

 

 

Figure 25: 1H NMR spectrum of lactone 78 displaying the alkene signal at 5.22 ppm. 
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Zwanenburg also reports the ring-opening of the anti epoxide to obtain the alternate 

allylic alcohol that may then be transformed into strigol. For this reaction Zwanenburg 

and Mori both use 20 equivalents of Al(OiPr)3 and maintained the reaction at 110 ºC 

for 3 days to facilitate the rearrangement. Reacting the anti-isomer with 4 equivalents 

of Al(OiPr)3 resulted in quantitative isolation of the starting material, confirming a 

stark difference in reactivity of the two isomers. In an attempt to exploit this difference 

of reactivity it was hypothesised that a mixture of the epoxides could be subjected to 

the conditions required for the syn isomer resulting in diol 77 and the unreacted 

epoxide 68 that could then be separated by column chromatography. The reaction was 

conducted on a mixture of the epoxides and was ceased upon the absence of the syn 

epoxide by TLC analysis. The crude mixture was analysed by 1H NMR spectroscopy 

and was determined to be a combination of alcohol 78 and the unreacted epoxide 68. 

Curiously, under these conditions the lactone of alcohol 78 did not undergo ring-

opening to isopropyl ester 77, as was seen previously. This is consistent with the ring-

opening of the lactone occurs after the ring-opening of the epoxide. This result was 

unusual as treatment of the pure syn epoxide under these conditions delivered ring-

opened product 77.  

 

 

(a) Al(OiPr)3 (5 equiv), 110 ºC, 5 h. 

Scheme 91: Products obtained from subjecting the epoxides to a ring-opening 

reaction as a mixture to exploit the difference in reactivity. 

 

By treatment of the syn epoxide in isolation with fewer equivalents of catalyst 

it was thought that the reaction progress of the ring-opening could be monitored and 

ceased prior to the transesterification of the lactone. The reaction was conducted as 

before; however, using 1.5 equivalents (rather than the 5 equivalents) of Al(OiPr)3 with 

close monitoring by TLC. The reaction was ceased after 5 h as a mixture of products 

had formed at that time. Purification by flash column chromatography showed the 

presence of starting material, ring-opened epoxide and the diol in a respective ~2 : 1 : 

1 ratio (Scheme 92). As the reaction rate would be expected to be slower, it could be 

expected, based on the above result, that the syn epoxide would be entirely converted 
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to alcohol 78 before the acid underwent transesterification to diisopropyl ester 77. As 

the ester was formed in a greater ratio, this result suggested that the presence of the 

anti epoxide has a profound effect on the reaction rate of the syn isomers ring-opening. 

Further work may include conducting an allylic rearrangement of 78 in the 

presence of the unreacted epoxide prior to purification. 

 

 

(a) Al(OiPr)3 (1.5 equiv), 110 ºC, 5 h. 

Scheme 92: Investigation into the reaction rate of the epoxide ring-opening with fewer 

equivalents of Al(OiPr)3  . 

 

Isolation of lactone 78 was ultimately not required as it was demonstrated that 

the diol ester 77 could be cyclised under acidic conditions (p-TsOH) and it was 

hypothesised that the allylic rearrangement conditions would also be effective on diol 

ester 77, thus eliminating a step in the sequence. Therefore, diol 77 was dissolved in a 

10% solution of TFA in CH2Cl2 and monitored by TLC. After 5 h, MeOH and K2CO3 

were added and the mixture was stirred for a further 0.5 h to give the two 

diastereomeric alcohols in a 68% crude yield (Scheme 93). 

 

 

(a) TFA (3 equiv), 0.5 h then MeOH, K2CO3 

Scheme 93: One-pot intramolecular lactonisation and subsequent allylic 

rearrangement and hydrolysis of the diol 77 to the orobanchol  ABC systems 76a and 

76b 

 

The success of the intramolecular lactonisation reaction of 77 was determined 

by 1H NMR spectroscopy. The two isomers were separated by flash column 

chromatography and analysed in more detail. The 1H NMR spectra of both compounds 

a

(±)-78

O O

O

(±)-68b

OHOH

(±)-77

OH

O

O

O O

O

(±)-68b

O O

2 1 1: :

a

(±)-76b

O O

OH

(±)-76a

O O

OH

OH

(±)-77

OH

O

O



Chapter 3  Results and Discussion 

 98 

displayed a variety of complex splitting patterns in the aliphatic region due to 

inequivalent protons (Figure 26). The spectra of the first eluting compound displayed 

doublets at 5.26 and 4.54 ppm which are both consistent with oxymethine protons. The 

spectra of the material also matched that of Mori and co-workers who had confirmed 

the identity of the compound as the syn alcohol by X-ray crystallography.9 By contrast, 

the anti alcohol 68a showed an increased downfield shift of the methine of the lactone 

to 5.55 ppm and an upfield shift of the methine of the allylic alcohol to 4.45 ppm. 

Other diagnostic resonances differentiated the two isomers. For example, the larger 

shift of the singlets each integrating for three protons indicative of the geminal 

dimethyl groups. The syn isomer showed a larger shift of 14.77 Hz versus the much 

smaller 3.10 Hz of the anti isomer. Another feature is the prominent mulitplet at 3.12 

ppm in the spectra of the syn isomer corresponding to the other methine on the ring 

junction proton experiencing 3J coupling with four diastereotopic protons.  
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Figure 26: A comparison of the 1H NMR spectra of the syn isomer (red) and the desired anti isomer (black) 
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An attempt to couple the syn alcohol to the D-ring resulted in decomposition 

of the starting material, which is consistent with work by Mori and co-workers. These 

authors suggest that this failure may derive from that the syn alcohol undergoing an 

undesired transesterification reaction, possibly as a result of steric impediments.9  

Coupling the D-ring to the anti alcohol to form orobanchol was conducted in 

the usual fashion, by first treating lactone 76a with a mixture of KH in Et2O in the 

presence of ethyl formate to give crude aldol product 176 (Scheme 94). Crude enol 

176 was then treated with K2CO3 and the D-ring furanone in dry DMF to give racemic 

orobanchol 2a and epimer 2b as a mixture of diastereomers. Separation of the two 

compounds was attempted by flash column chromatography; however, the two 

compounds exhibited a close retention factor. epi-Orobanchol 2b was the first eluting 

isomer (Rf: 0.30; 80% ethyl acetate/hexane) followed by desired diastereomer 2a (Rf: 

0.24; 80% ethyl acetate/ hexane). In this way, orobanchol was isolated in a 14% yield 

and epi-orobanchol in 26% yield (23% of the material was obtained as mixed 

fractions). This equated to a combined 63% yield over two steps. The complete 

spectroscopic analysis of orobanchol will be provided in the following section (3.4 

Asymmetric Synthesis of Orobanchol via Asymmetric Transfer Hydrogenation). 

 

 

(a) Ethyl formate (14 equiv), KH (10 equiv), Et2O, 24 h; (b) D-ring 14 (1 equiv), K2CO3 (2 equiv), 

DMF, 18 h. 

Scheme 94: Appending of the D-ring to the orobanchol ABC system. 

 

Having completed a racemic synthesis of orobanchol, attention was directed 

to developing an asymmetric synthesis of this target. 

 

3.4 Asymmetric Synthesis of Orobanchol via Asymmetric Transfer Hydrogenation 

In order to access enantiopure orobanchol, a strategy similar to the successful 

approach used to complete the stereospecific synthesis of strigol was employed. It was 

anticipated that, initially, oxidation of the racemic mixture of ABC lactones 76 would 
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afford ketone 67 as a racemate, which could be reduced stereospecifically via Noyori 

ATH to then provide chromatographically-separable diastereomeric alcohols.  

As noted previously, PCC oxidation of the strigol ABC lactones gave an 

unsatisfactory yield and an alternative oxidant was employed accordingly. Dess–

Martin periodinane (DMP) is a hypervalent iodine species used primarily for alcohol 

oxidation developed by Dess and Martin in 1983.10 DMP had been previously used 

extensively within the group and had a reputation for high yields and simple work up 

procedures so was an immediate choice to facilitate this oxidation. The periodinane 

undergoes a ligand exchange with the alcohol to liberate acetic acid. Elimination of 

the geminal proton liberates the desired carbonyl compound, iodinane, and acetic acid. 

(Scheme 95) 

 

Scheme 95: Mechanism of the Dess-Martin periodinane oxidation of a secondary 

alcohol to a ketone. 

 

A sample of racemic ABC lactones 76a and 76b (221 mg) was dissolved in 

CH2Cl2 and two drops of water was added. The water was added based on an 

observation in the group that the reaction rate is increased using bench-grade CH2Cl2 

versus anhydrous CH2Cl2. This observation is corroborated in the literature by 

Schreiber and co-workers who suggested the water expedites the liberation of the 

acetic acid in the final stage of the mechanism.11 The mixture was reacted with 1.1 

equivalents of DMP and the reaction was monitored by TLC analysis and ceased after 

the starting material was consumed after 1 h to give the desired ketone as a yellow oil 

in a 79% yield (Scheme 96). The success of the reaction was determined primarily by 

1H NMR spectroscopy. The doublet at 5.56 ppm integrating for one proton, 

corresponded to the oxymethine proton at the ring junction of the lactone and is the 

most diagnostic peak for the success of the reaction (Figure 27). The multiplet at 3.22 

ppm integrating for one proton corresponded to the proton  to the ketone. The absence 

of the complex patterns of the two diastereomers is indicative of a successful reaction 

due to the loss of the methine. Analysis of the 13C NMR spectrum showed a signal at 
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203 ppm indicative of the ketone that was not present in the starting material, giving 

good evidence for the successful oxidation of the alcohol to a ketone.  

 

 

Figure 27: 1H NMR spectrum of ketone 67. 

 

 

 (a) DMP (1.1 equiv), H2O (cat.), CH2Cl2, 1 h. 

Scheme 96: Oxidation of racemic alcohols 76a and 76b to the ketone 67. 

 

Ketone 67 was then subjected to the transfer hydrogenation reaction facilitated 

by Noyri’s (R,R)-RuTsDPEN catalyst (Scheme 97). It was anticipated that the 

resulting diastereomeric alcohols (–)-76a and (+)-76b would be formed. However, 

only syn isomer (+)-76b was produced and catalytically-mismatched ketone (+)-67 did 

not react (as judged by analysis by 1H NMR spectroscopy). This interesting result was 

reported by McErlean and co-workers for a ATH on the aromatic analogue, hydroxy-

GR24.12 The optical rotation of alcohol (+)-76b was found to be +35.5º which was low 

compared to the optical rotation of +68º in the literature, however , this may been due 

to the small sample used to measure the optical rotation (6 mg) and the 1H NMR 

spectrum contained the 5.26 ppm and 4.54 ppm shifts consistent with the syn isomer 

rather than the 5.55 and 4.54 ppm shifts for the anti (Figure 28). Also, the Rf (0.60 in 
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60% ethyl acetate/hexanes) was the same as the syn isomer formed previously. While 

having the correct alcohol configuration (R), the configuration of the lactone ring was 

incorrect (S). The desired isomer has an (R) configuration on all stereocentres.  

 

 

(a) (R,R)-RuTsDPEN, HCO2H, iPr2NEt, 40 ºC (79% overall). 

Scheme 97: Asymmetric transfer hydrogenation of orobanchol ketone 67 

 

 

Figure 28:1H NMR spectra of the crude material from the ATH (+)-76b (red) and the 

starting ketone 67 (black) 

 

To overcome the issue of stereochemical mismatching with the catalyst, it was 

envisioned that the opposite catalyst [(S,S)] could be employed to obtain the opposite 

enantiomer of lactone 76b and a Mitsunobu inversion of the alcohols configuration 

would then provide the desired lactone. Thus, a sample of the ketone was subjected to 

the same transfer hydrogenation conditions as outlined earlier in the presence of the 

(S,S)-RuTsDPEN catalyst to give the alcohol (–)-76b in a 36% yield and the ketone in 

a 35% yield as well as trace amounts (~2 mg) of the anti isomer (+)-76a. The material 

was separated and analysed by 1H NMR spectroscopy. The success of the reaction was 

determined as above. The alcohol was analysed for optical rotation which was found 

to be [] = –55.8 º in CHCl3 compared to the literature value of [] = +68 º in CHCl3 

(for the opposite enantiomer) which suggests an enantiomeric excess of 80%.1 Optical 
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rotation analysis of the remaining ketone was found to be [] = –2.69º compared to 

the literature value of [] = –4.7º suggests that the enantiomeric excess of the 

remaining ketone to be 57%.1 

The Mosher ester analysis esterification of the cis isomer (–)-76b was 

conducted in the same fashion as described for the analogous strigol isomer (Chapter 

2) and a comparison was conducted. Integration of the doublets at 5.75 ppm showed a 

ratio 1 : 0.06 meaning the corresponding to an enantiomeric excess of 88% (Figure 

29). 

 

 

 

 

Figure 29: Relevant section of the 1H NMR spectrum of the racemic mosher ester 

(black) and enantioenriched mosher ester (red) obtained from syn isomer 76b 

 

The Mitsunobu reaction was conducted as outlined previously to give the 

desired secondary alcohol in 50% over two steps. (Scheme 98) 
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(a) (S,S)-RuTsDPEN, HCO2H, iPr2NEt, 40 ºC (79% overall). (b) PPh3, DIAD, BzOH, THF, r.t., then 

K2CO3, MeOH (50%) 

Scheme 98: Asymmetric transfer hydrogenation of orobanchol ketone (–)-76a 

 

With the desired isomer in hand, the final coupling of the D-ring was conducted 

as outlined previously for the racemic material. The epimers were separated and were 

obtained in similar yields to the racemic compounds prepared earlier (Scheme 99). 

 

 

 

(a) Ethyl formate (14 equiv), KH (10 equiv), Et2O, 24 h; (b) D-ring 14 (1 equiv), K2CO3 (2 equiv), 

DMF, 18 h. 

Scheme 99: Attaching the D-ring to the orobanchol ABC system. 

 

The 1H NMR of orobanchol (–)-2a displayed a doublet at 7.51 ppm with a 

splitting of 2.64 Hz indicative of long range coupling for the enol ether proton (Figure 

31). The presence of two triplets at 6.96 and 6.18 ppm, each integrating for one proton, 

are indicative of the protons present on the D-ring at 2’ and 3’ (Table 4). The proton 

of the enol was present as a doublet at 7.51 ppm, likely as a result of long range 

coupling. The 13C NMR exhibited two signals at 170.9 and 170.0 ppm consistent with 

the presence of a second carbonyl in the molecule and a signal at 150.4 ppm for the 

enol ethers sp2 carbon (Figure 32). The 1H NMR spectrum of (–)-2b was similar to 

that of epimer (–)-2a and the signals are compared in Table 4 and Figure 30. The most 
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obvious difference in 1H NMR spectra of the two epimers is the upfield shift of the 

enol ether proton from 7.51 ppm to 7.47 ppm observed for compound (–)-2b. All 

spectra were in agreement with the literature.1,13 

 

Figure 30: Key 1H NMR shifts of enantiopure orobanchol (–)-2a and epi-orobanchol 

(–)-2b 
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Table 4: A comparison of all 1H and 13C NMR signals obtained for both orobanchol 

2a and epi-orobanchol 2b. 

 

 

 OROBANCHOL EPI-OROBANCHOL 

 1H 13C 1H 13C 

6’ 7.51  7.47  

3’ 6.96  6.95  

2’ 6.18 100.6 6.21 100.3 

8B 5.61 83.0 5.61 83.1 

4 4.56 85.9 4.58 85.9 

3A 3.41 38.8 3.41 38.8 

5 2.12–2.19  2.13–2.21  

7’ 2.03 10.8 2.03 10.8 

5 1.96 23.6 1.96 23.6 

6 1.51–1.76 18.9 1.67–1.73 18.9 

7 1.27–1.51 48.3 1.24–1.67 48.4 

9/10 1.14 27.9 1.14 27.9 

9/10 1.13 27.4 1.13 27.4 

2  170.9  170.9 

5’  170.1  170.0 

6’  151.1  150.4 

3’  144.2  144.3 

4A  143.0  142.9 

8A  140.1  140.8 

4’  136.1  136.4 

3  111.2  111.4 

8  32.1  32.1 
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Figure 31: 1H NMR of enantioenriched orobanchol (–)-2a  
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Figure 32: 13C NMR of enantioenriched orobanchol (–)-2a  
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3.5 Conclusion 

Racemic orobanchol 2a was obtained in a 0.67% yield over 4 steps from the 

ABC system 65. Enantiopure orobanchol (–)-2a was obtained in a 0.12% yield over 

ten steps from the ABC intermediate 65. The latter constitutes the first asymmetric 

synthesis of orobanchol since its structural revision by Ueno and co-workers in 2011. 

13 Further work could involve further optimization of the reaction sequence. 
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Chapter 4 – Investigations Toward the Synthesis 

of Miscellaneous Strigolactone Analogues 

 

4.1 Introduction 

After exploring novel pathways to synthesise the parent SLs strigol and 

orobanchol, attention was turned to preparing synthetic SL analogues that could have 

agricultural utility and to also provide a deeper understanding of mechanism of action 

of these plant hormones and possible structure activity relationships. To these ends, a 

selection of novel SLs including sclareolide-based SLs, deuterated deoxystrigol and 

analogues of GR24 referred to herein as “untethered lactones”, were produced 

synthetically. The routes to the majority of these SL derivatives exploited synthetic 

approaches first explored in Chapters 2 and 3.  

 

4.2 Preparation of a Sclareolide-based Strigolactone Analogue 

Sclareolide is a sesquiterpene originally isolated from cigar tobacco in 1971 by 

Kaneko.1 Sclareolide shares some structural similarity to the SLs, namely a fused 

tricyclic lactone system. However, the ABC system of sclareolide differs in that the B 

ring is six-membered, saturated and has methyl groups at the ring junction to the A 

and C rings. It was envisioned that the installation of an enol ether linkage to a D-ring 

substituent could provide a biologically-active product 177/178 in two synthetic steps 

(Figure 33). As sclareolide has industrial applications in the cosmetic industry, this 

material is commercially available and relatively inexpensive; therefore, the 

production of a biologically-active analogue based on sclareolide would circumvent 

supply issues that arise from the inaccessibility of enantiopure strigolactone 

compounds. 
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Figure 33: Sclareolide and the envisioned strigolactone analogues derived from 

sclareolide. 

 

(3aR)-(+)-Sclareolide (176) was subjected to the D-ring coupling in the usual 

fashion of reacting the material with KH and ethyl formate; however, the starting 

material remained unchanged after 24 h. The same result was observed when the 

reaction was repeated using a large excess of KH (12 equivalents). Based on the 

postulate that KH was not effective in promoting the transformation on this substrate 

a variety of other bases were screened (NaH, potassium t-butoxide and LDA) in 

ethereal solvents (THF, Et2O). In each instance, only trace conversion from starting 

material was observed. Interestingly, when scareloide was treated with a commercial 

solution of lithium bis(trimethylsilyl)amide (LiHMDS, 1 M, THF) then ethyl formate, 

the starting material effectively converted to product. Analysis of the crude material 

by 1H NMR spectroscopy gave evidence for a near quantitative conversion  to the 

desired product with a trace amount of starting material remaining. The presence of 

two singlets at 9.56 ppm and 9.57 ppm indicated the presence of two aldehyde 

moieties, indicative of the formation of the expected mix of diastereomers (179 and 

180, Scheme 100). Observation of the multiplet at 4.10 ppm and a doublet of doublets 

at 3.58 ppm were indicative of the protons - and - to the aldehyde. The aldehydes 

were used in the next step without purification. 

 

 

(a) LiHMDS, ethyl formate, Et2O, 0 ºC to rt. 24 h.  

Scheme 100: successful formylation of sclareolide 176 with LiHMDS to give the 

diastereomeric aldehydes 179 and 180 (1:1 d.r.). 
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The aldehydes were reacted with the D-ring in the usual fashion (Chapter 2 

page 44). As the reaction proceeds by the formation of an enolate, the newly created 

stereocentre within diastereomers 179 and 180 was destroyed. As a result, 

diastereomers 177 and 178 were formed in a ratio of 1:1 which arise due to the 

epimeric centre of the D-ring. The success of the reaction was determined by 1H NMR 

spectroscopy. The spectrum of the epimeric mixture displayed the expected complex 

peaks in the aliphatic region from 0 to 2.24 ppm. The spectrum also showed two 

doublets at 7.38 and 7.32 ppm each integrating for one proton corresponding to th0e 

enol ether proton of both isomers. The peak at 6.92 ppm integrating for two protons 

indicate the presence of the D-ring methine proton of both isomers. The signals at 6.12 

and 6.16 ppm each integrating for one proton were indicative of the D-ring’s alkene 

proton of each isomer. The reason for their presentation as an apparent quintent is 

likely a result of allylic coupling. Analysis of the 13C NMR spectrum showed the 

expected four carbonyl signals from 170.2 to 172.7 ppm as well as the enol ethers at 

145 and 146 ppm. The spectrum also showed the D-rings alkenyl signals at 140.83 and 

140.87 ppm and the quaternary D-ring signal at 135.7 and 136.1 ppm. 

 

 

(a) D-ring 14, K2CO3 , DMF, 18 h, 98% over two steps 

Scheme 101: Appending of the D-ring to the sclareolide ABC system. 

 

The two products were obtained in a quantitative yield in two steps from a 

commercially available starting material, therefore, significant quantities of product 

coiuld be made with ease, however, during the investigation, Davison and co-workers 

reported 177 and 178 in a patent titled “Strigolactone formulations and uses thereof” 

in 2018.2 Their approach was analogous to that described above, however, LDA was 

employed rather than LiHMDS. These authors then reacted the mixture of compounds 

with the chloro-analogue of the D-ring. Despite their formation of the desired 

compound as a mixture of diastereomers, there was no attempt at separation of the 
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diastereomers mentioned in the document, indicating the material was employed as a 

mixture.  

According to the patent, the SL mimics displayed biological activity similar to 

the natural products and potencies several orders of magnitude greater than those of 

previously described mimics and that plants treated with strigolactones may show a 

significant resistance to the adverse effects of water limited conditions. 

 

In an effort to understand which isomer was more active, the synthesis 

progressed as planned and purification methods were investigated. 
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Figure 34: 1H NMR spectrum of sclareolide based strigolactone analogues

CH2Cl2 
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With the desired material in hand, separation via silica gel flash colum 

chromatography was investigated. Only minor separation was observed and after 

screening various eluent mixtures it was determined that the isomers would be 

inseparable by conventional preparative-scale flash chromatography. While outside 

the scope of the present study, a possible strategy for separating these isomers would 

be with preparative HPLC.  

Without the ability to conveniently separate the isomers this part of the project 

was paused until access to scale HPLC became available. As a result, the biological 

testing of the discrete stereoisomers of the discussed strigolactone analogue was not 

attempted in the present study. 

 

4.3 Preparation of Hydroxy-GR24 

While GR24 remains the most studied of the strigolactone derivatives, De 

Mesmaeker and co-workers revealed that a hydroxy derivative of GR24 was a more 

active compound in 2014. 3 While a number of syntheses exist in the literature, the 

most recent by McErlean and co-workers in 2016 employed a kinetic resolution step 

to arrive at enantio-enriched isomers of the target compounds.4-6 In this work, ketone 

183 was formed in one step using a Stetter reaction, plus trapping of the resulting 

enolate, followed by the resultant lactonisation, in a 38% yield. That ketone was 

subjected to an asymmetric transfer hydrogenation to arrive at the syn-hydroxylactone 

(–)-184 and the product of the substrate catalyst mismatch, ketone (+)-183. After 

separation hydroxylactone (–)-184 underwent a Mitsunobu reaction to obtain the 

desired isomer (–)-185. That isomer then underwent the usual D-ring coupling to 

provide the enantioenriched isomer of strigolactone mimic (–)-186 and its epimer. 

(Scheme 102) 
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(a) 183 (20 mol%), Cs2CO3, THF r.t., 38%; (b) (S,S)- RuTsDPEN (4 mol%), HCO2H, DIPEA, DMF 

r.t., (−)-184 49%; (c) PPh3, DIAD, BzOH, THF, r.t., then K2CO3, MeOH; (d) HCO2Me, t-BuOK, then 

D-ring 14, K2CO3, DMF, r.t.  

Scheme 102: McErlean and co-workers one-step synthesis of (–)-4-OH-epi-GR24 

intermediate (–)-184 

 

An alternative strategy towards the anti-hydroxylactone 185 was conceived of 

utilising a tandem reduction of the indandione 188. A reduction of the indanone would 

theoretically result in two possible dihydroxy esters. Lactonisation of the mixture of 

the isomers would yield the desired anti isomer 185 along with the undesired syn 

isomer 184 (Scheme 103).  

 

 

(a) General reduction conditions; (b) acidic lactonization  

Scheme 103: Racemic pathway to obtain the anti-hydroxylactone 185 
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Further to the aforementioned reduction, an ATH could, in theory, provide 

anti-diol 190 with (R)-stereochemistry at the desired hydroxy-stereocentres. Due to C2  

symmetry only a single isomer should be produced upon lactonization to provide the 

desired lactone (–)-185 without any loss of material to undesired stereoisomeric 

products. (Scheme 104). 

 

 

 

(a) ATH; (b) acidic lactonization  

Scheme 104: A display of the controlled reduction of diketone 188 providing only one 

possible stereoisomer (–)-185. 

 

In order to explore this hypothesis, a synthesis for the indanone 188 was 

conceived. Following a literature procedure, a reductive alkylation of indan-1,3-dione 

191 with benzaldehyde 192 in the presence of a Hantzsch ester 193 was examined 

(Scheme 105). 7 

 

 

(a) proline (20 mol%), 0.1 M EtOH, rt.  

Scheme 105: example of a reductive alkylation using a Hantzsch ester as a reducing 

agent.  

 

In order to apply the above conditions, the reducing agent 193 had to be synthesised 

first. While the Hantzsch ester was commercially available at the time of writing, the 

envisioned scale in which it would be employed necessitated synthesis. Ethyl 

acetoacetate, formaldehyde and ammonia were combined in a methanol solution 
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according to a literature procedure.8 The crude material was collected and subjected to 

two rounds of recrystallisation to provide 39.19 g of the pure material (65% yield). 

 

(a) MeOH, reflux, 17 h, 65% 

Scheme 106: Synthesis of the Hantzsch ester 193 according to a literature procedure8 

 

With the Hantzsch ester 193 in hand, the reductive alkylation conditions were 

trialled. The dione, ethyl glyoxylate, Hantzsch ester and proline were combined in 

EtOH in that order. During the combination, it was observed that the mixture turned 

red in colour upon the addition of proline. The mixture was sealed and stirred for 6 h. 

The volatiles were removed, and the 1H NMR spectrum of the crude material was 

analysed, which indicated that the indanone had not reacted. The reaction was 

repeated, however, no reaction was observed after 24 h. 

 

  

(a) proline (20 mol%), EtOH, 30 ºC.  

Scheme 107: Failed reductive alkylation using a Hantzsch ester as a reducing agent. 

 

Considering the proposed alkylation between the indanone and ethylglyoxylate 

was proving stubborn,  it was hypothesised that the two reagents may be incompatible 

potentially due to ethylglyoxalates polymeric nature. To investigate the assertion of 

incompatibility the reductive alkylation was repeated using the literature example. The 

indanone, benzaldehyde, Hantzsch ester and proline were combined in EtOH under 

the same reaction conditions. The volatiles were removed, and the crude material was 

analysed. The 1H NMR spectrum of the crude material indicated the presence of the 

previously reported product 194, indicating that the reaction is possible with aldehydes 

other than ethylglyoxylate.7 
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(a) proline (20 mol%), EtOH, 30 ºC. (39% crude yield) 

Scheme 108: The successful reductive alkylation using a Hantzsch ester as a reducing 

agent.  

 

Given the success of the model reductive alkylation with the Hantzsch ester, 

and having not been able to demonstrate a successful alkylation using the same 

conditions with ethylglyoxylate, alternative alkylating reactions were investigated. 

The indanone was combined with methyl bromoacetate and Cs2CO3 in CH2Cl2 in a 

procedure according to Rabie and co-workers.9 After four days the reaction had shown 

no change by TLC analysis and was quenched. The isolated material was analysed by 

1H NMR spectroscopy to show that the indanone had indeed been returned unreacted. 

Reaction of the indanone with methyl bromoacetate in the presence of LDA only 

provided unreacted starting material, as assessed by 1H NMR spectroscopy. The 

reaction of the indanone with ethyl bromoacetate in the presence of sodium ethoxide 

was found to have generated a complex mixture of signals, as judged by 1H NMR 

spectroscopy. Attempts to isolate the desired compound proved problematic as the 

complexity of the crude mixture made it difficult to separate anything promising by 

flash column chromatography, so the approach with sodium ethoxide was 

subsequently abandoned. The reaction of the indanone with ethyl bromoacetate in the 

presence of sodium hydride gave a mixture of products that were successfully purified 

by flash column chromatography to give 44 mg of semi-pure ester 188 in 

approximately 5% yield. The success of the reaction was determined by 1H NMR 

spectroscopy. A triplet at 1.11 ppm integrating for two protons and a quartet at 4.01 

ppm integrating for two protons was indicative of the inclusion of an ethyl group in 

the molecule. While only a small amount of material was obtained from the reaction, 

there was sufficient material to investigate the next step in the sequence. The sample 

also contained small amounts of over alkylated indanone as well as un-alkylated 

starting material (Scheme 109). 

 

O

O

a
H

O

192191

O

O

194

N
H

193

OEt

O

EtO

O



Chapter 4  Results and Discussion 

 121 

 

(a) NaH, 0 ºC, THF, c.a. 5%.  

Scheme 109: The successful alkylation of indan-1,3-dione (191) with ethyl 

bromoacetate (199). 

 

The sample of ester 188 obtained from the NaH alkylation reaction was reacted 

in an ATH reaction as previously described (chapter 2, page 47) using (R,R)-

RuTsDPEN. The crude material was purified by automated flash column 

chromatography to give alcohol 200 and lactone (–)-183 in ~36% and ~11% yields, 

respectively. (Scheme 110) The 1H NMR spectra of ketone (–)-183 showed a doublet 

at 6.00 ppm that integrated for one proton, which was indicative of the oxymethine 

proton of the lactone coupled to the proton of the lactones ring junction. The latter 

proton featured ddd multiplicity and integrated for one proton, which was consistent 

with expected coupling to the three adjacent hydrogens. This provided evidence that 

the lactonisation had occurred. The remaining two lactone protons  to the lactone 

carbonyl were present at 3.06 and 2.78 ppm, each as a doublet of doublets. 

The alcohol was identified primarily by analysis of the 1H NMR spectra. For 

example, a doublet at 5.13 ppm corresponded to the oxymethine proton which was 

coupled to the proton  to the ketone. The doublet of doublets at 3.26 and 2.64 ppm 

each integrating for one proton, correspond to the diastereotopic protons  to the ester. 

The ethyl ester signals remained unchanged. 

 

 

 

(a) (R,R)- RuTsDPEN (0.02%), N-ethyildiisopropyl amine, HCOOH, r.t., 16 h, 36% (–)-183 and 11% 

200 

Scheme 110: ATH of ethyl 2-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)acetate using 

(R,R)- RuTsDPEN. 
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Work conducted by McErlean and co-workers had demonstrated that an ATH 

reaction conducted on a racemic mix of ketone 183 yielded the syn-alcohol (–)-184 

and the mismatched ketone (+)-183 (Scheme 111). 4 

 

 

 

(a) (S,S)- RuTsDPEN (4 mol%), HCO2H, DIPEA, DMF r.t. 

Scheme 111: ATH of ethyl 2-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)acetate using 

(S,S)- RuTsDPEN. 

 

To drive the reaction to completion without the formation of an undesired 

isomer, reduction of the ketone 188 to the anti diol 190 must occur prior to any 

lactonisation. If lactonisation occurs in situ prematurely then the formed lactone 

becomes sterically incompatible with further reduction and the reaction would halt at 

the ketone (–)-183 (Scheme 112). 

 

 

(a) First reduction; (b) second reduction; (c) lactonisation  

Scheme 112: The sequence of reduction prior to lactonisation required to arrive at 

the desired isomer compound (–)-185. 

 

To drive the reaction to completion (i.e. drive the reduction before the 
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catalyst loading) and increasing the temperature from r.t. to 45 ºC. The crude material 

obtained from the reaction was then stirred overnight with p-TsOH to catalyse 

cyclisation before chromatography. Repeated chromatography gave ketone (–)-183 

and alcohol (–)-185 in a 23% and 19% yields, respectively. The 1H NMR spectrum for 

(–)-183 matched that obtained previously for racemic 183 by McErlean and co-

workers.4 The 1H NMR spectrum for alcohol (–)-185 contained a multiplet in the 

aromatic region integrating for four protons indicative of the disubstituted benzene. A 

doublet at 6.02 ppm integrating for one proton is consistent with the deshielded proton 

of the oxymethine ring junction. Another doublet at 5.13 ppm integrating for one 

proton was assigned to the alcohol’s methine proton. A multiplet at 3.23 ppm 

integrating for one proton corresponds to the other lactone ring junction proton by 

coupling to the four adjacent protons. The protons  to the carbonyl were present as a 

doublet of doublets at 2.93 and 2.43 ppm. As the desired anti alcohol formed, this 

supports that the dione was reduced to the diol prior to cyclisation, as McErlean 

demonstrated that the ketolactone yields the syn derivative.  

The optical rotation of the alcohol was determined to be –78 º which, when 

compared to the literature value of –80 º, which suggested that the compound had been 

prepared in 98% ee.4 

 

 

(a) (R,R)- RuTsDPEN (0.04), N-ethyildiisopropyl amine, HCOOH, r.t., 45 h then p-TsOH, CH2Cl2, 23% 

(–)-183 and 19% (–)-185 

Scheme 113: ATH of ethyl 2-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)acetate 188 at 

elevated temperature. 

 

Given the excellent results from the stereo-controlled lactonization, there was 

a strong desire to investigate the reaction further; however, without the reasonable 

means to produce the starting material in significant quantities (and in the interest of 

time) the work was discontinued.  

Further work could initially involve investigating increased catalyst loadings 

and modifying the ester (to an acid, for example) to slow the rate of lactonisation. 
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Increased reaction times to generate a greater yield of alcohol (–)-185 without 

compromising enantioselectivity could also be investigated. 

 

4.4 Preparation of Untethered Lactone Analogues 

Zwanenburg reported an article in 1992 titled “Structural modifications of 

strigol analogues. Influence of the B and C rings on the bioactivity of the germination 

stimulant GR24”. This article compared a variety of different strigolactone analogues 

in an effort to understand the structure activity relationship of strigolactones.5 The 

activities of the analogues were benchmarked by comparing percentages of seed 

germination of S. Hermonthica when exposed to solutions of analogues at 1 mg/L and 

at 0.01 mg/L. Their study found that one analogue displayed a similar activity to GR24 

stating:  

 

“It was also shown that the simple analogue 7 (201 in the present study) 

approximates the bioactivity of GR24, but its synthesis is far less 

complicated. The tricyclic ABC part requires a five-step synthesis from 1-

indanone, whereas the -phenyl--butyrolactone is commercially 

available. Therefore, compound 201, which is also very active on Striga 

asiatica seeds (Brooks et al., 1987), is an attractive alternative for GR24 

and should be further investigated as potential control agent for parasitic 

weeds, of the genera Striga and Orobanche.” 

 

 

Figure 35: Zwanenburg and co-workers untethered GR24 analogue “7” based 

on -phenyl--butyrolactone. 

 

Despite the conclusion that the simple analogue has a high potential as a GR24 

alternative, further research into the subject is conspicuously absent from the literature 

and GR24 continues to be used as the industry standard. 10 It is worth noting that in 

the aforementioned publication no mention of separation of isomers is made implying 

that the analogues activity was investigated as a racemic mixture of diastereomers. 

Thus, it was anticipated that asymmetric synthesis would enable the evaluation of the 
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activity of individual enantiomers. However, testing of the compounds lay outside the 

scope of this project. 

While -phenyl--butyrolactone 202 was commercially available, a divergent 

asymmetric route from a common intermediate was devised. A Friedel–Crafts 

acylation was conducted by treating benzene with succinic anhydride in the presence 

of the Lewis acid catalyst aluminium trichloride to give the keto acid 205 in an 84% 

yield and was sufficiently pure for use in the subsequent reaction. (Scheme 114) 

The acid was subjected to a Fischer esterification in the presence of methanolic 

HCl to obtain the methyl ester 206 which was obtained as a colourless oil after silica 

gel chromatography in a 50% yield. The unusually low yield was likely a result of 

ceasing the reaction prematurely. While the yield was modest, sufficient material was 

obtained to proceed. The success of the reaction was determined by 1H NMR 

spectroscopy. The protons of the ethylene group were present as two triplets at 3.33 

and 2.77 ppm each integrating for two protons. Success of the incorporation of a 

methyl group was determined by the presence of a singlet at 3.71 ppm that integrated 

for three protons. The obtained spectra were in accordance with the literature (Scheme 

114). 11  

 

 

(a) AlCl3, 70 ºC, 45 min, 84%; (b) SOCl2, MeOH, 0 ºC, 16h, 50% 

Scheme 114: Friedel-Crafts acylation of benzene (203) with succinic anhydride (204) 

and subsequent Fischer esterification.  

 

With the keto-ester 168 in hand, the racemic lactone was prepared in order to 

compare retention times of the enantiomers by chiral GC analysis. In order to do this 

the keto-ester was subjected to a NaBH4 reduction in methanol. The reaction was 

quenched by the addition of HCl (2 M aqueous solution), which also served to catalyse 

the intramolecular lactonization. The lactone 202 was purified by silica gel flash 

column chromatography to give the lactone in a 63% yield. The material was analysed 

by 1H NMR spectroscopy. The de-shielded oxymethine proton of the lactone was 

present as a multiplet at 5.51 ppm due to the diasterotopic coupling of the adjacent 

methylene. The remaining protons of the lactone were present in the aliphatic region 
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as two multiplets at 2.65 and 2.19 ppm. The obtained 1H NMR spectra was in 

accordance with the literature.12 (Scheme 115) 

 

 

(a) NaBH4, MeOH, 0 ºC, 63% 

Scheme 115: Racemic reduction and in situ lactonization of ketone 168 to obtain 

racemic intermediate 202. 

 

The two enantiomers of the racemic mixture were base line separable by chiral 

GC (Agilent Technologies Cyclosil B), displaying retention times of 12.1 and 12.6 

minutes and having identical integration values. Therefore, this mixture was used as 

the racemic standard for further work involving asymmetric preparations of the 

lactone. 

 

Figure 36: GC chromatogram of the racemic lactone 202. 
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The racemic lactone was coupled to the D-ring in the usual fashion (Chapter 2 

page 44) and the crude material was purified by flash column chromatography (eluting 

with 60% EtOAc/hexanes), allowing for clean separation of the two sets of 

diastereomers for further structural analysis. The relative configurations of the isomers 

were tentatively assigned based on a comparison of polarity to that of GR24 and epi-

GR24. As GR24 contains an anti configuration and is the less polar of the two isomers 

by flash column chromatography, the first eluting isomer was referred to as the anti 

isomer 207 and consequently the more polar isomer was referred to as the syn isomer 

208. 

The first eluting isomer 207 (anti) was obtained in 30% yield (21 mg, 0.073 

mmol, 30%, Rf = 0.35), and the second eluting 208 (syn) isomer in an 18% yield (13 

mg, 0.045 mmol, 18%, Rf = 0.26). A remaining 21% of the yield was accounted for as 

co-eluted material, providing a combined yield of 69% over two steps (Scheme 116).  

 

 

(a) (i) ethyl formate, NaH (60%), Et2O, 24 h (ii) K2CO3, D-ring 14, DMF, 24 h, 69%  

Scheme 116: D-ring coupling of phenyl lactone 202 to the two strigolactone analogues 

207 and 208. 

 

While both isomers exhibited very similar 1H NMR spectra, key differences 

were identified to discriminate between the two. The triplet resonance in the aromatic 

region can be observed at 7.55 ppm for the less polar isomer 207 (anti) versus 7.54 

ppm for the more polar isomer 208 (syn). The triplet resonance of the enol ether linkage 

can be observed at 6.93 ppm for the anti isomer versus 6.94 ppm for the syn isomer. 

(Figure 37) 
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Figure 37: 1H NMR spectra of D-ring coupled strigolactone analogues 207 and 208 

(6.88–7.60 ppm region). 

 

In the aliphatic region, a ddd signal can be observed for the oxymethine of the 

lactone at 2.83 ppm for anti isomer 207 and at 2.85 ppm for syn isomer 208 (Figure 

38) . 

 

 

Figure 38: 1H NMR spectra of D-ring coupled strigolactone analogues 207 and 208 

(2.81–2.91 ppm region). 

 

Noyori’s ATH conditions, employing (S,S)-RuTsDPEN, were exploited to 

access the strigol series of enantioenriched analogues, while the (R,R)-RuTsDPEN 

catalyst was used to access the orobanchol series. Using conditions previously reported 

within this thesis (Chapter 2, page 47), ketone 206 was reacted in the presence of each 

of these chiral catalysts in separate experiments (Scheme 117). The resulting crude 

alcohols were then treated with a catalytic amount of p-TsOH to mediate the 

lactonisation. The isomer resulting from the (S,S)-RuTsDPEN-catalysed reaction was 
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purified by flash column chromatography to afford (–)-enantiomer 202 in a 38% yield. 

The associated NMR spectra were in accordance with that of the racemic material 

obtained previously. This compound featured an optical rotation of –30.7º, (literature 

value of –32.5º). 13 By analogy, the (R,R)-RuTsDPEN-catalysed reaction provided (+)-

enantiomer 202 in a 64% yield with an optical rotation of +31.4º which compared 

favourably to the literature value of +31.1º. 14 

 

 

(a) (S,S)- RuTsDPEN, N-ethyldiisopropyl amine, HCOOH, 45 ºC, 16 h; (b) p-TsOH, PhMe, r.t., 38%; 

(c) (R,R)- RuTsDPEN, N-ethyldiisopropyl amine, HCOOH, 45 ºC, 16 h; (d) p-TsOH, PhMe, r.t., 64% 

Scheme 117: ATH reactions conducted on ketone 206 to obtain enantioenriched 

lactones (–)-202 and (+)-202 

 

Both enantiomers were analysed by chiral GC. In this way, it was determined 

that lactone (–)-202 was prepared in 90% ee . While the ee was not ideal, the material 

was sufficiently enantioenriched to determine the most active isomers of the final 

product. (Figure 39) 
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Figure 39: A scanned copy of the chiral GC chromatogram of the isomer 

produced from the (S,S)-ATH lactone (–)-208. 

 

Lactone (+)-202 was synthesised in 92% ee (Figure 40). There is a small 

difference in the selectivity of the ATH reactions, however, these experiments 

were conducted once and thus the results are within error. While there is a 

difference, there was insufficient time to conduct a full kinetic study and the 

results obtained were not detrimental to the aim of this portion of the study.  
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Figure 40: A scanned copy of the chiral GC chromatogram of the isomer 

produced from the (R,R)-ATH lactone (+)-208. 

 

 

With the desired enantioenriched isomers in hand, the D-ring couplings were 

conducted in the usual fashion (Chapter 2, page 44). (S)-Phenyl lactone (–)-202 was 

coupled to the D-ring and the crude material was purified by flash column 

chromatography with 60% EtOAc/hexanes, to give the first eluting isomer as a 

colourless solid in a 10% yield, mixed fractions in an 11% yield and the second eluting 

isomer in an 18% yield (combined yield 38% over two steps). The reason for the poor 

yield was unclear; nevertheless, sufficient material was obtained for analysis. The 1H 

and 13C NMR spectra obtained for each isomer were identical to their observed 

racemic molecule. The first eluting isomer (+)-207a displayed an optical rotation of 

+155º and the second eluting isomer (+)-208a featured an optical rotation of +7.6º 
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(a) (i) ethyl formate, NaH (60%), Et2O, 24 h (ii) K2CO3, D-ring 14, DMF, 24 h, 38% combined yield 

over two steps 

Scheme 118: Coupling of the enantioenriched (S)-phenyl lactone (–)-202. 

 

The (R)-phenyl lactone (+)-202 was coupled to the D-ring and the crude 

material was purified by flash column chromatography with 60% EtOAc in hexanes, 

to give the first eluting isomer as a colourless solid in a 23% yield, mixed fractions in 

an 11% yield and the second eluting isomer in a 22% yield which matches the model 

racemic system. The 1H and 13C NMR spectra obtained for each isomer were in 

agreement with the spectra associated with the respective racemic molecules. The first 

eluting isomer (–)-207b displayed an optical rotation of –156º and the slow eluting 

isomer (–)-208b featured an optical rotation of –7.0º. 

 

 

(a) (i) ethyl formate, NaH (60%), Et2O, 24 h (ii) K2CO3, D-ring 14, DMF, 24 h, 61% combined yield 

over two steps 

Scheme 119: Coupling of the enantioenriched (R)-phenyl lactone (+)-202 to obtain 

the SL mimics (–)-208b and (–)-207b. 

 

Having completed syntheses of all four stereoisomers of the strigolactone 

mimic 201 further research could focus on optimisation of the reaction sequence  and 

screening the isomers for activity as germination stimulants against a variety of 

parasitic weed species. 

In order to ascertain whether non-aromatic analogues would perform similarly 

to the aromatic compounds 202 outlined above, cyclohexanone was used to construct 

lactone 210 via a reported method.15 Initially the triflate 209 was prepared according 

to conditions previously used in the synthesis of the 2,2-dimethyl analogue 118 

mentioned previously. The triflate was then subjected to a one-pot 
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coupling/lactonisation according to a procedure outlined by Larock and co-workers.15 

The reaction proceeds by a Heck reaction followed by an intramolecular cyclisation 

onto a π-allyl cation. The 1H NMR spectrum of the product obtained from this reaction 

featured a singlet at 5.79 ppm consistent with an alkene and a triplet resonance at 4.82 

ppm that was assigned to the methine of the untethered lactone. 

 

 

(a) Tf2O, pyridine, THF, –78 ºC, 25%; (b) butenoic acid, n-ButNCl, i-Pr2NEt, Pd(OAc2), DMF, 150 ºC, 

26% 

Scheme 122: Synthesis of lactone 210 from cyclohexanone 122. 

 

A sample of the lactone 210 was coupled to the D-ring in the usual fashion; 

however, the purification of the crude material was complicated by the presence of the 

homo-D-ring dimer. As a result, neither isomer could be isolated and appropriately 

characterised, however, the reaction was deemed successful by analysis of the 

respective 1H NMR spectra of these compounds. Specifically, the signals at 7.44, 6.92 

and 6.14 ppm were consistent with the incorporation of the enol ether and furanone. A 

singlet at 1.25 ppm integrating for three protons indicated a methyl group was present, 

also suggested that the D-ring had been incorporated.  

 

 

(a) HCO2Me, t-BuOK, then D-ring, K2CO3, DMF, r.t.  

Scheme 123: D-ring coupling to provide SL analogues 211 and 212.  

 

The same reaction sequence was attempted on the 2,2-dimethyl analogue. 

Unfortunately the sequence was frustrated by low yields (18%) for the formation of 
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the lactone 213, and subsequently the same purification issues in attachment of the D-

ring were observed (Scheme 124). It was also noted that the attempted approach, 

although brief in terms of synthetic transformation steps, contained no intermediates 

amenable to asymmetric transformations that would have been ideal for further 

research. 

 

 

(a) butenoic acid, n-BuNCl, i-Pr2NEt, Pd(OAc2), DMF, 150 ºC, 13%; (b) HCO2Me, t-BuOK, then D-

ring, K2CO3, DMF, r.t.  

Scheme 124: Attempt at forming the 2,2-dimethyl untethered lactone analogues 212 

and 213 

 

Further work would ideally allow access to keto-ester analogues of the non-

aromatic compounds 216 and 217. These ketones may be amenable to the asymmetric 

hydrogenation pathway used for the GR24 analogues 207 and 208 (Scheme 125).  

 

 

Scheme 125: Preparation of amenable for ATH to allow stereocontrolled access to 

non aromatic untethered SL analogues. 
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4.5 Preparation of D5-5-deoxystrigol 

 

 

 

Figure 41: Structure of D5-5-deoxystrigol 

 

Quantitative analysis of deoxystrigol 220 in plants is difficult without using an 

internal standard as the amount in plants is small and may hydrolyse to the enol of the 

tricyclic lactone 221 and to the furanone 222 in an aqueous solution (scheme 126).15  

 

 

(a) H2O  

Scheme 126: Hydrolysis of deoxystrigol 220 in an aqueous solution 

 

In order to create a deuterated analogue for use as an internal standard in LC-

MS analysis of plant extracts, a proton-deuterium exchange could occur by using 

deuterated reagents in the hydrolysis-decarboxylation step used previously in this 

thesis to obtain the non-deuterated analogue.  

Multideuterated deoxystrigol was prepared by deuterium exchange which was 

incorporated into the hydrolysis decarboxylation of the diester 117 according to a 

literature procedure.15 

2,2-Dimethyl cyclohexanone was combined with propargyl alcohol in a 50 

%w/w aqueous KOH solution to generate the diol 223 in a 75% yield. The reaction 

proceeds by the action of KOH removing the acidic proton from the alkyne portion of 

propargyl alcohol allowing to undergo an acyl addition to the ketone of the hexanone 

(Scheme 126). The reaction was noted to be viscous, however, diluting the reaction 

mixture negatively impacted the yield of the reaction so for future reactions it was 

important that water be added to the mixture dropwise until mobility was ensured. The 
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reactions success was determined by 1H NMR spectroscopy. The obtained spectrum 

was relatively unchanged compared to that of the starting material, except for the 

inclusion of a singlet resonance at 4.33 ppm integrating for two protons, indicative of 

the now present methylene group adjacent to the alcohol. The material was used in 

subsequent reactions without purification. 

 

 

(a) propargyl alcohol, KOH, H2O, 40 ºC, 24 h, 75%  

Scheme 127: Preparation of the diol 223 according to the literature procedure. 

 

With the alkynyl diol cleanly produced, the B-ring could be formed through an 

intermolecular cyclisation to generate the bicyclic ketone 63. Treatment of the diol 223 

with phosphorous pentoxide in methanesulfonic acid by the literature procedure gave 

the AB system in a 43% yield compared to a 91% yield reported in the literature.16 The 

success of the reaction was determined by 1H NMR spectroscopy as the spectra 

obtained matched that previously obtained for the same material produced by a 

Nazarov reaction (Chapter 2, 63). To improve the yield, the reaction was attempted 

using H2SO4 in methanol for the dehydration. It was found that yield was increased to 

54%, however, a side product was also obtained in a 12% yield. The side product was 

analysed by 1H, 13C, HSQC and HMBC spectroscopy. The 13C NMR spectra showed 

twelve signals, including one corresponding to a carbonyl at 216 ppm, however, there 

were no signals present that indicated the expected internal alkene. Analysis of the 1H 

NMR spectrum showed two singlets each integrating for three protons for the methyl 

groups and a large multiplet that corresponds to the aliphatic portion of the ring A ring 

as expected in the AB system. A doublet at 2.10 and 2.62 ppm each integrated for one 

proton and analysis of the HSQC spectrum showed these protons were attached to the 

same carbon atom at 43.97 ppm. Two doublets that were roofing toward each other 

and integrated for two protons were present at 4.04 ppm also corresponded to a single 

carbon signal at 70.4 ppm. Analysis of the HMBC showed a strong 3J coupling 

between the doublet at 2.10 ppm and the carbon at 70.4 ppm. The HMBC spectra also 

showed four 3J couplings from a quaternary carbon at 86.2 ppm to the methyl groups 

singlets and the signals at 2.62 and 4.04 ppm. With this information the molecule was 
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identified as 224. It was thought that water in the reaction mixture allowed for the 

hydration of the acetylene prior to dehydration and cyclisation thus yielding 224. The 

reaction was then performed in glacial acetic acid with H2SO4 at reflux which 

increased the yield to 68% and prevented the formation of the side product. This 

reaction was then conducted on a 3.0 g scale successfully, making this route an 

attractive one by virtue of reasonable yields, relatively inexpensive material, 

expediency and scalability to arrive at the AB system 63 (Scheme 127).  

 

(a) methane sulfonic acid, P2O5; (b) H2SO4, MeOH; (c) H2SO4, AcOH  

Scheme 128: Preparation of the AB ring 63 and optimisation. 

 

The AB system 63 was alkylated in the same fashion as was previously 

described (chapter 2 page 56) to give the diester 117. The diester was subjected to an 

acid hydrolysis according to the literature, but to produce a deuterated molecule a 

mixture of deuterated acids were used for the hydrolysis. Acetyl chloride was 

combined with D2O to generate a solution AcOD and DCl which was then added to 

the ester and heated to reflux. The reaction exchanged the hydrogens  to the ketone 

as well as all allylic protons to give the deuterated acid 225, with a total of five 

deuterium atoms on the molecule. The protons alpha to the ester were not exchanged 

and were still visible in the crude 1H NMR spectra as two doublets at 2.37 and 2.81 

ppm each integrating for one proton. The crude 1H NMR spectrum corresponded to 

that reported in the literature and was used in the next step without purification. Full 

analysis of the incorporation of deuterium was conducted on the purified material after 

the next step in the sequence. The deuterated acid 225 was subjected to a Luche 
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reduction as previously described to give the deuterated ABC system 226 in a 40% 

isolated yield over three steps. 

 

  

(a) NaH, dimethylcarbonate then methylbromoacetate; (b) AcOD, DCl, reflux; (c) CeCl3•(H2O)7, 

NaBH4, H2O, CH2Cl2, 40% 

Scheme 129: Preparation of the deuterated ABC system 226. 

 

The success of the reaction was determined by 1H NMR spectroscopy. A 

singlet at 5.46 ppm integrating for one proton corresponds to the proton of the lactone 

ring junction. The doublets at 2.78 and 2.31 ppm each integrating for one proton 

correspond to the  protons of the lactone ring. Two singlets at 1.08 and 1.10 ppm 

each integrating for three protons corresponded to the germinal methyl groups. The 

spectra obtained was in according with that found in the literature.17 

Comparison of the 1H NMR of the ABC system 223 to the non-deuterated 

version 65 obtained previously, highlighted the incorporation of deuterium by a 

reduction in complexity due to the lack of coupling. Most striking is the furthest 

downfield signal 5.45 ppm corresponding to the oxymethine proton of the lactone is a 

doublet in the un-deuterated form due to coupling by the adjacent proton of the 

lactones junction. In the deuterated form the ring junction proton is replaced with a 

deuterium as evidenced by the signal for the oxymethine proton collapsing to a singlet. 

There appeared to be a small amount of D4 material as there was a proton signal present 

at 2.48 ppm. The difference in 1H NMR is summarised in the following table (Table 

5). 
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Table 5: A comparison of the 1H NMR shift of the D0-ABC system 65 and the D5-5-

deoxystrigol ABC system 223. 

 

Un-deuterated (H18) Deuterated Assignment 

5.46, d, 1H 5.47, s, 1H H-8b 

3.04–2.96, m, 1H NA H-3a 

2.78, dd, 1H 2.79, d, 1H H-3 

2.61, dd, 1H NA H-4 

2.31, dd, 1H 2.32, d, 1H H-3 

2.15, dd, 1H NA H-4 

2.04–1.88, m, 2H NA H-5 

1.75–1.63, m, 2H 1.66, m, 2H H-6 

1.51–1.45, m, 1H 1.47 H-7 

1.41–1.35, m, 1H 1.37 H-7 

1.10, s, 3H 1.10, s, 3H Me-8 

1.08, s, 3H 1.08, s, 3H Me-8 
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Figure 42: A comparison of 1H NMR spectra of the deuterated ABC system 223 (red) and the non-deuterated system 65(black). 
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With the deuterated ABC system 223 in hand the D-ring coupling was 

conducted in the usual fashion (Chapter 2, page 44) to provide the crude material as 

racemic isomers. The isomers were partially separated by flash column 

chromatography to give the first the syn isomer 218 followed by the trans isomer 219 

in an 8% yield each over two steps. The cause for the low yield is unknown. Success 

of the reaction was determined by 1H NMR spectroscopy.  

 

 

 

(a) NaH (60%), ethyl formate, Et2O; (b) K2CO3, 14, 8% for 218 and 8% for 219 

Scheme 130: Coupling of racemic ABC system 223 to the D-ring 14 in order to obtain 

deuterated deoxystrigol 218 and epi-deuterated deoxystrigol 219 

 

The spectra obtained matched that found in the literature. Both isomers 

displayed a singlet for the enol ether at 7.43 ppm for the syn isomer and 7.44 ppm for 

the trans isomer. A multiplet at 6.93 ppm was present and identified as the alkenyl 

proton of the D-ring and another multiplet at 6.16 ppm was identified as the adjacent 

oxymethine proton by comparison to the literature and other analogues. A singlet at 

5.53 ppm corresponded to the proton of the lactones ring junction 

A mass spectrum was obtained by LC-MS which determined the mass of the 

products to be 355 which corresponds to a C19H17D5O5 molecule further supporting 

the incorporation of the five deuterium atoms and therefore is suitable for use as an 

internal standard in LC-MS analysis of plant extracts. The mass spectrum also showed 

a peak of 334 and 333 which indicates that deuterium exchange was not entirely 

complete (Figure 43). 
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Figure 43: ESI-MS of D5-deoxystrigol showing the 335 mass peak as well as 334 and 

333 mass peaks indicating D4 and D3 analogues. 

 

4.6 Conclusion 

A variety of selected SL analogues were prepared with mixed success. Future 

work would involve further optimization of reaction conditions to improve yields. 

Further work would also involve in preparing libraries of analogues to probe the 

viability of envisioned reaction pathways. Chiral chromatography and the assessment 

of biological activity of prepared analogues may also be considered in further work.  

 

4.7 Final Conclusion 

The overarching aims of the project were to establish reproducible and reliable 

synthetic routes to orobanchol (–)-2a and strigol (+)-1. In developing these novel 

approaches, the primary goal was to establish the shortest routes to these targets that 

have been reported. Secondarily, the envisioned synthetic methods aimed to contain 

intermediates amenable to asymmetric transformations, thus allowing for the 

preparation of single enantiomer SLs without the need for chiral preparative HPLC or 

resolution methods. The project also aimed to investigate the preparation of novel 

synthetic analogues and to investigate their efficacy as weed germination stimulants. 
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Strigol 1a was produced through existing and novel chemistry both racemically 

and asymmetrically. The application of a variety of novel methods to access the 

intermediate 65 were met with mixed success. Overall, strigol was prepared 

racemically in eleven steps (3% yield) and was synthesised enantioselectively in 

twelve steps (0.34% yield).  

Racemic orobanchol 2a was obtained in a 0.67% yield over 4 steps from the 

ABC system 65. Enantiopure orobanchol (–)-2a was obtained in a 0.12% yield over 

ten steps from the ABC intermediate 65. The latter constitutes the first asymmetric 

synthesis of orobanchol since its structural revision by Ueno and co-workers in 2011. 

Further work could involve further optimization of the reaction sequence. 

A variety of selected SL analogues were prepared with mixed success, 

however, they were not tested for activity due to time constraints of the project. 

Further work may involve testing novel analogues for activity and 

investigating alternative ABC systems for an ever-increasing library of novel 

analogues. 
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Chapter 5 – Experimental 

 

5.1 General Experimental 

Nuclear Magnetic Resonance Spectroscopy 

Proton (1H) and carbon (13C) nuclear magnetic resonance spectra were 

obtained on either a Bruker Avance III spectrometer operating at 400 MHz and 75 

MHz respectively, or on a Bruker Avance III spectrometer operating at 600 MHz and 

150 MHz respectively. All samples were dissolved in deuterated chloroform (CDCl3). 

Chemical shifts were recorded as δ values in parts per million (ppm) and referenced to 

the solvent used (in the case of CDCl3, chemical shifts respectively appear at 7.26 ppm 

and 77.16 ppm for 1H and 13C spectra).63 Coupling constants were recorded as J values 

in Hz. The following abbreviations were used to describe 1H spectra peak splitting 

patterns: s = singlet, bs = broad singlet, d = doublet, dd = doublet of doublets, q = 

quartet, ddt = doublet of doublet of triplets. 

Infrared Spectroscopy 

Infrared spectra were obtained on a Shimadzu FTIR 8400s spectrometer, using 

NaCl plates. Liquids and solids were recorded as thin films from either CDCl3 or 

CH2Cl2 in cm-1. 

Mass Spectrometry 

Mass spectrometry and high resolution mass spectrometry were performed on 

a Kratos Concept ISQ mass instrument using electron impact mass spectrometry with 

70 eV electrons and 5.3 kV accelerating voltage. Accurate mass was measured by 

“peak matching” at 10000 resolution against perfluorokerosene. 

Analyses were performed by The Central Science Laboratory at the University of 

Tasmania. The molecular ion and mass fragments are quoted, with relative intensities 

of the peaks referenced to the most intense taken as 100%. 

Automated Flash Chromatography 

Automated flash chromatography was performed using a Grace Reveleris 

Automated Flash Chromatography Instrument with 40 μm silica cartridges. 

Column Chromatography 

Flash column chromatography was performed using Merck flash grade silica 

(32-63 μm) according to the general method of Still et al. 1 

Thin Layer Chromatography (TLC) 
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Merck silica gel 60 F254 aluminium backed sheets were used for analytical 

thin layer chromatography. TLC plates were visualised under a 254 nm UV lamp and 

or by treatment with a phosphomolybdic acid (37.5 g), ceric sulfate (7.5 g), sulfuric 

acid (37.5 mL), water (720 mL) dip, a potassium permanganate dip (3 g KMnO4, 20 g 

K2CO3, 5 mL 5 % aqueous NaOH, 300 mL water) or a ninhydrin dip (20g of ninhydrin 

in 600mL of ethanol). followed by heating. 

Gas Chromatography-Mass Spectrometry 

Gas chromatography-mass spectrometry (GC-MS) analyses were carried out 

on a Varian 3800 GC coupled to Bruker-300  triple quadrupole mass spectrometer, 

using helium as carrier gas at 1.2 mL/min in constant flow mode. The column was an 

Agilent Cyclosil B(30 m x 0.25mm internal diameter and 0.25micron film). Injections 

of 1 microlitre were made using a Varian CP-8400 autosampler and a Varian 1177 

split/splitless injector in split mode with a 10:1 split ratio. The injector temperature 

was 240 ºC. The column oven was started at 50ºC, held for 2 minutes then ramped to 

300ºC at 8 degrees per minute. 

The ion source was held at 220ºC, and the transfer line at 290ºC. Electron ionisation 

mass spectra at 70eV were acquired over the range m/z 35 to 600 over 310ms. 

Data were processed with Bruker MS Workstation Version 7.0. 

Solvents and Reagents 

All solvents and reagents were purified by standard laboratory procedures. 
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5.2 Experimental  

 

2,6,6-Trimethyl-2-cyclohexene-1-carboxylic acid (49) 

 

A mixture of geranic acid (41 mL, 236.4 mmol) and Amberlyst® 15 resin (5 g) was 

stirred in toluene (100 mL, anhydrous) at 100 ºC. After 4 h the mixture was allowed 

to cool to r.t. before being filtered through a pad of Celite® and the volatiles were 

removed in vacuo to give the crude product (36.8 g). The crude material was 

recrystallised from hexanes to afford the product as a colourless solid (25.14 g, 149.4 

mmol, 63%). All spectral data were in accordance with the literature.2 

1H NMR (400 MHz, CDCl3) δ: 5.61 (s, 1H), 2.60 (s, 1H), 2.16–2.96 (m, 2H), 

1.85–1.75 (m, 1H), 1.70 (s, 3H), 1.23–1.16 (m, 

1H), 1.02 (s, 3H), 0.96 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  180.3, 129.3, 124.3, 56.8, 31.8, 30.9, 27.7, 27.3, 

23.0, 22.8 

Methyl 2,6,6-trimethylcyclohex-2-enecarboxylate (50) 

 

To a solution of cyclogeranic acid 49 (18.4 g, 109.7 mmol) in acetone (80 mL) under 

nitrogen was added anhydrous K2CO3 (18.17 g, 131.5 mmol). Methyl iodide (10.21 

mL, 164.15 mmol) was slowly added and the mixture was allowed to stir for 24 h after 

which the acetone was removed in vacuo. The remaining residue was acidified with 

HCl (50 mL as a 2 M aq. solution) and extracted with CH2Cl2 (3 x 50 mL). The 

combined extracts were dried (MgSO4), filtered and evaporated in vacuo to give the 

crude ester 50 as a yellow oil (19.426 g, >95%, 106.6 mmol) which was used in the 

following step without purification. All spectral data were in accordance with the 

literature.2 

1H NMR (400 MHz, CDCl3) δ:  5.59–5.63 (m, 1H), 3.70 (s, 3H), 2.62 (s, 1H), 

2.18–1.99 (m, 3H), 1.66 (s, 3H), 0.96 (s, 3H), 

0.95 (s, 3H)  

 

O

OMe
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Methyl 3-hydroxy-2,6,trimethylcyclohex-1-enecorboxylate (51) 

 

To a solution of crude ester 49 (19.42 g, 106 mmol) in CH2Cl2 (100 mL) at 0 °C was 

added mCPBA (27.34 g, 158 mmol). After stirring for 2 h at 0 °C and 3 h at r.t., sodium 

metabisulphite (100 mL as a 10% aq. solution) and NaHCO3 (100 mL as a sat. aq. 

solution) were added. The organic layer was separated, and the aqueous layer was 

extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were dried 

(MgSO4), filtered and evaporated in vacuo to give the crude epoxide 51 (19.90 g, 100 

mmol, 94%) as a colourless solid which was used in the next step without purification. 

Methyl 3-hydroxy-2,6,6-trimethylcyclohex-1-enecarboxylate (52) 

 

Sodium metal (2.75 g, 120 mmol) was added to dry MeOH (100 mL) under N2(g) in 4 

portions before adding epoxide 51 (19.90 g, 100.4 mmol) as a solution in dry MeOH 

(20 mL). After stirring for 1 h at reflux and 16 h at r.t. the mixture was acidified with 

HCl (c.a. 6 mL as a 2 M solution) and extracted with CH2Cl2 (3 x 40 mL). The 

combined organic extracts were dried (MgSO4), filtered, and evaporated in vacuo to 

give the crude allylic alcohol 52 as a yellow oil (19.63 g, 99.0 mmol, >95%). The 

compound was used in the next step without further purification. All spectral data were 

in accordance with the literature.2 

1H NMR (400 MHz, CDCl3) δ:  4.00 (t, J = 5Hz, 1H), 3.78 (s, 3H), 1.79 (s, 3H), 

2.03–1.44 (m, 5H), 1.12 (s, 3H), 1.10 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  170.5, 138.5, 133.9, 68.9, 51.3, 34.2, 33.7, 28.5, 

27.3, 18.0 

Methyl 2,6,6-trimethyl-3-oxocyclohex-1-enecarboxylate (53) 

  

To a solution of ester 52 (7.44 g, 37.55 mmol) in CH2Cl2 (40 mL) at 0 ºC was added 

PCC (10.50 g, 47.71 mmol) in small portions and stirred for 1.5 h. The reaction was 

CO2Me

O
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quenched with Et2O and isopropanol (20 mL as a 1:1 mixture) and filtered through a 

pad of Celite® flushing with CH2Cl2. The solvents were removed in vacuo to give the 

crude product as a brown oil (6.11 g, 31.36 mmol, 83% yield, Rf = 0.38 in 20% 

EtOAc:hexane). All spectral data were in accordance with the literature.2 

1H NMR (400 MHz, CDCl3) δ:  3.82 (s, 3H), 2.54 (t, J = 6.80 Hz, 2H), 2.42 (s, 

3H) 1.90 (t, J = 1.90 Hz, 2H), 1.71 (s, 3H), 1.23 

(s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  198.6, 168.6, 154.7, 131.0, 51.7, 37.4, 34.2, 

34.2, 26.8, 13.1 

Methyl 2-(bromomethyl)-6,6-dimethyl-3-oxocyclohex-1-enecarboxylate (54) 

 

To a solution of 53 (1.543 g, 7.87 mmol) in dry CCl4 (10 mL) was added NBS (1.540 

g, 8.65 mmol, 1.1 equiv.) and AIBN (10 mg). The reaction was heated to reflux under 

irradiation of a 60W fluorescent lamp for 18 h. The mixture was filtered through a pad 

of silica eluting with CH2Cl2 which was evaporated in vacuo to give the bromide 54 as 

a yellow oil (1.932 g, 7.03 mmol, 89%). All spectral data were in accordance with the 

literature.2  

1H NMR (400 MHz, CDCl3) δ:  4.06 (s, 2H), 3.9 (s, 3H), 2.63 (t, J = 7.08 Hz, 

2H), 1.95 (t, J = 6.69 Hz, 2H), 1.30 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  195.8, 167.4, 158.1, 132.1, 52.3, 37.1, 34.9, 

34.1, 26.7, 22.9 

Methyl 2-(2-methoxy-2-oxoethyl)-7,7-dimethyl-1,4-dioxo-2,3,4,5,6,7-hexahydro-

1H-indene-2-carboxylate (37) 

 

To a suspension of NaH (60%, 771 mg, 19.3 mmol) in THF (15 mL) at 0 ºC was added 

dimethyl malonate (965 µL, 8.43 mmol) dropwise followed by 54 (1.92 g, 7.03 mmol) 

in THF (15 mL). The resulting mixture was stirred for 22.5 h before adding methyl 

bromoacetate (1 mL, 9.84 mmol, 9.84 mmol) and stirring a further 96 h. The reaction 
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was quenched with water (30 mL) and NH4Cl (as a sat. solution 10 mL). The mixture 

was extracted with EtOAc (3 x 20 mL) and Et2O (1 x 20 mL). The combined extracts 

were washed with water (2 x 20 mL) and brine (20 mL) before being dried (MgSO4) 

and evaporated in vacuo to give the crude product as a brown oil (3.09 g). The crude 

material was purified by automated flash chromatography eluting with EtOAc:hexanes 

on a gradient of 0% to 50% over 20 min to give the title compound as an orange oil 

(1.46 g, 4.27 mmol, 67%). All spectral data were in accordance with the literature.2 

1H NMR (400 MHz, CDCl3) δ:  3.78 (s, 2H) 3.70 (s, 3H), 3.66 (s, 3H), 2.92–3.27 

(complex m, 6H), 2.60–2.66 (m, 3H), 1.95–2.00 

(m, 2H), 1.36 (s, 3H), 1.34 (s, 3H)  

13C NMR (100 MHz, CDCl3) δ:  204.1, 198.8, 170.9, 169.8, 157.0, 156.5, 56.2, 

53.3, 52.0, 38.1, 37.4, 35.3, 34.5, 32.3, 25.2, 24.9 

2-(7,7-Dimethyl-1,4-dioxo-2,3,4,5,6,7-hexahydro-1H-inden-2-yl)acetic acid (22) 

 

Ketoester 37 (1.46 g, 4.70 mmol), was dissolved in a mix of HCl (aq) (25 mL of a 6 M 

aq. solution) and glacial acetic acid (25 mL) and heated to reflux for 2.5 h. The reaction 

was cooled to r.t., diluted with water (40 mL) and extracted with EtOAc (3 x 40 mL). 

The combined extracts were dried (MgSO4), filtered and evaporated in vacuo. The 

crude material tenaciously retained acetic acid which was removed via azeotroping 

with CHCl3 to give the crude material as a brown oil (977 mg, 3.90 mmol, 83%) which 

was used in the subsequent step without purification. All spectral data were in 

accordance with the literature. 3 

5-Hydroxy-8,8-dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-b]furan-2-

one (12) 

 

Crude keto acid 22 (977 mg, 3.90 mmol) was dissolved in water (30 mL) and made 

alkaline with NaOH (10 mL as a 1 M solution). The mixture was cooled to 0 ºC before 

adding CH2Cl2 (7 mL), and CeCl3•(H2O)7 (1.45 g, 3.90 mmol). A solution of NaBH4 
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(885 mg, 23.4 mmol) in ice cold water (10 mL) was added in small portions with 

vigorous stirring. The reaction was stirred at 0 ºC for 1 h and 2h at rt. The reaction was 

quenched by slow addition of HCl (5 mL as a conc. solution) until the solution cleared 

and was diluted with KHSO4 (40 mL as a sat. solution). The mixture was extracted 

with EtOAc (3 x 50 mL) and the combined extracts were dried (MgSO4), and 

evaporated in vacuo to give the crude lactone (814 mg). The crude material was 

purified by automated flash chromatography eluting with EtOAc:hexanes on a 

gradient of 0% to 80% over a period of 12 min to give the title compound as a 

colourless oil (as a racemic mix of diastereomers [445 mg, 2.00 mmol, 51%]).4  

1H NMR (400 MHz, CDCl3) δ:  5.51 (d, J = 15 Hz, 1H), 4.21 (t, J = 5Hz, 1H), 

3.13–3.05 (m, 1H), 3.04–2.81 (m, 5H), 2.06–

1.98 (m, 1H), 1.91–1.69 (m, 2H), 1.65–1.47 (m, 

1H) 1.14 (s, 3H), 1.11 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  177.37, 143.2, 142.1, 89.9, 66.0, 39.1, 36.0, 

35.26, 34.6, 32.3, 29.4, 27.29, 27.27 

 

8,8-Dimethyl-3a,4,6,7,8,8b-hexahydro-2H-indeno[1,2-b]furan-2,5(3H)-dione (66) 

 

To a solution of hydroxy lactone 12 (360 mg, 1.62 mmol) in CH2Cl2 (50 mL) was 

added PCC (523 mg, 2.42 mmol) and the mixture was stirred for 2 h before adding 

Et2O (50 mL) and stirring a further 1.5 h. The mixture was passed through a pad of 

silica with EtOAc (100 mL) and the volatiles were evaporated in vacuo to give the 

crude ketone (297 mg). The crude material was purified by flash chromatography 

eluting with EtOAc:hexanes (60%) to give the ketone 66 as a colourless oil (175.1 mg, 

0.795 mmol, 39%). All spectral data were in accordance with the literature. 5 

1H NMR (400 MHz, CDCl3) δ:  5.63 (d, J = 8Hz, 1H) 3.10–3.21 (m, 1H) 2.78–

2.90 (m, 2H), 2.23–2.62 (m, 4H), 1.83–1.97 (m, 

2H), 1.27 (d, J = 8Hz, 6H),  

13C NMR (100 MHz, CDCl3) δ:  198.1, 176.2, 162.8, 137.9, 89.0, 38.8, 35.4, 

35.3, 35.1,  26.0, 34.4, 33.4, 26.6 
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(3aR,5S,8bS)-5-Hydroxy-8,8-dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b]furan-2-one compound with (3aS,5S,8bR)-5-hydroxy-8,8-dimethyl-

3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-b]furan-2-one (1:1) ((+)-12a and (–)-

12b) 

 

Formic acid (439 μL) was added dropwise to a flask containing N,N-

diisopropylethylamine (777 μL) and stirred for 10 min. To this was added a solution 

of ketone 66 (427 mg, 1.94 mmol) in CH2Cl2 (1.2 mL) which was evaporated under a 

stream of N2 (g). RuCl(p-cymene[(S,S)-Ts-DPEN] (25 mg, 0.04 mmol, 2 mol%) was 

added and the ensuing mixture was heated at 45 ºC. After 19 h the reaction mixture 

was cooled to r.t. and NaHCO3 (15 mL as a sat. solution) was added. The ensuing 

mixture was extracted with EtOAc (3 x 15 mL) and the combined organics were dried 

(MgSO4) and passed through a plug of silica to give a 1:1 mixture of diastereomers as 

a colourless oil (410.1 mg, 1.84 mmol, 95%) which were partially separable by column 

chromatography. Purification via flash chromatography (0 → 35% EtOAc:CH2Cl2) 

afforded the slow moving isomer (–)-12b [anti, 46 mg] as a colourless oil.  

1H NMR (400 MHz, CDCl3) δ: 5.48 (d, J = 7.57 Hz, 1H), 4.18 (t, J = 5.46 Hz, 

1H), 3.06 (m, 1H), 2.97 (m, 1H), 2.80 (m, 1H), 

2.34 (m, 1H), 2.17 (m, 1H), 1.98 (m, 1H), 1.70 

(m, 1H), 1.60 (m, 2H), 1.46 (m, 1H), 1.13 (s, 

3H), 1.09 (s, 3H).  

13C NMR (100 MHz, CDCl3) δ: 177.2, 143.3, 141.9, 89.8, 66.0, 39.1, 36.0, 35.2, 

34.6, 32.4, 29.4, 27.3, 27.2. 

IRvmax: 3473, 2932, 2866, 2361, 2253, 1763, 1449, 

1244, 1273, 1038, 1005, 997, 932, 910, 735, 

[α]D20  -28.04º (c 0.535 CHCl3).  

The fast moving isomer (+)-12a [Syn isomer, 65.9 mg] was isolated as a colourless 

solid. 

1H NMR (400 MHz, CDCl3) δ: 5.45 (d, J = 7.55 Hz, 1H), 4.11 (t, J = 6.39 Hz, 

1H), 3.05 (m, 1H), 2.78 (m, 1H), 2.60 (m, 1H), 

2.49 (m, 1H), 2.34 (m, 1H), 1.95 (m, 1H), 1.69 

(m, 1H), 1.56 (m, 1H), 1.44 (m, 1H),  
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13C NMR (100 MHz, CDCl3) δ: 177.5, 142.8, 142.6, 89.9, 67.1, 38.7, 36.9, 36.0, 

34.7, 32.4, 29.7, 27.7, 27.6  

[α]D20   +7.32º (c 1.23 CHCl3), [lit [α]D22 +8.39] 6 

(R)-(3aR,5S,8bS)-8,8-Dimethyl-2-oxo-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b]furan-5-yl 3,3,3-trifluoro-2-methoxy-2-phenylpropanoate 

compound with (R)-(3aS,5S,8bR)-8,8-dimethyl-2-oxo-3,3a,4,5,6,7,8,8b-

octahydro-2H-indeno[1,2-b]furan-5-yl 3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate (1:1) (109 and 110) 

 

To a mix of diastereomers of (+)-12a and (–)-12b (27.8 mg, 0.12 mmol) and (+)-

MTPA-OH (97 mg, 0.414 mmol) in dry CH2Cl2 (1 mL) was added EDC hydrochloride 

(60.6 mg, 0.32 mmol) and DMAP (45 mg, 0.368 mmol) and stirred for 18 h. The crude 

reaction was passed through a plug of silica eluting with 50% EtOAc:Hexanes to give 

the Mosher esters 109 and 110 as a clear oil (37.5mg 0.08 mmol, 65%)  

 5-Bromo-3-methylfuran-2(5H)-one (14) 

 

NBS (400 mg, 2.24 mmol) and benzoyl peroxide (5 mg) were added to a solution of 

2-methyl-2H-furan-5-one in CCl4 (5 mL) under N2(g). The reaction was stirred at 85 

ºC for 4 h whilst irradiating with a 40W lamp before being cooled to 0 ºC and filtering 

through a plug of silica to give the bromide as a yellow oil (321,1 mg, 1.81 mmol, 

89%). All spectral data were in accordance with the literature. 7 

1H NMR (400 MHz, CDCl3) δ: 7.22 (s, 1H), 6.86 (s, 1H), 2.04 (s, 3H) 

 

(3aR,5S,8bS,E)-5-Hydroxy-8,8-dimethyl-3-((((R)-4-methyl-5-oxo-2,5-

dihydrofuran-2-yl)oxy)methylene)-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-

b]furan-2-one and (3aR,5S,8bS,E)-5-hydroxy-8,8-dimethyl-3-((((S)-4-methyl-5-
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oxo-2,5-dihydrofuran-2-yl)oxy)methylene)-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b]furan-2-one ((+)-1a and (+)-1b) 

 

To a solution of hydroxylactone (+)-12a (33 mg, 0.15 mmol) in dry ethyl formate (2 

mL) at 0 ºC was added KH (25 mg, 0.623 mmol) and the ensuing mixture was stirred 

for 24 h before being quenched by the addition of HCl (5 mL as a 2 M solution). The 

layers were separated and the aqueous portion was extracted with EtOAc (3 x 5 mL). 

The combined organics were dried (MgSO4), filtered and evaporated in vacuo to give 

the crude formylated product which was used in the following step without 

purification. To a solution crude material in dry DMF (1.5 mL) was added K2CO3 (27 

mg, 0.192 mmol) and cooled to 0 ºC. A solution of bromobutenolide 14 (39 mg, 0.222 

mmol) in dry DMF (1.5 mL) was added and the ensuing mixture was allowed to stir 

for 24 h. NH4Cl (10 mL as a sat. solution) was added and the mixture was extracted 

with EtOAc (3 x 5 mL). The combined extracts were dried (MgSO4), filtered and 

evaporated in vacuo to give the crude product as a mix of diastereomers. The crude 

material was purified by automated flash chromatography eluting with EtOAc:hexanes 

on a gradient of 0% to 100% over a period of 12 min to give the title compounds 

Strigol (+)-1a (12 mg, 0.035 mmol, 23%) 

1H NMR (400 MHz, CDCl3) δ:  7.45 (d, J = 2.55 Hz, 1H), 6.92 (t, J = 1.54 Hz, 

1H), 6.13 (t, J = 1.30 Hz, 1H), 5.51 (d, J = 7.90 

Hz, 1H), 4.12 (t, J = 6.11, 1H), 3.65 (dtd, J = 

2.99, 5.06, 11.42 Hz, 1H), 2.73–2.68 (m, 2H), 

2.02 (t, J = 1.48 Hz, 3H), 2.01–1.98 (m, 1H), 

1.74–1.65 (m, 1H), 1.60–1.52 (m, 1H), 1.49–

1.42 (m, 1H), 1.17 (s, 3H), 1.10 (s, 3H)  

13C NMR (100 MHz, CDCl3) δ:  171.3, 170.2, 150.5, 142.6, 142.4, 140.9, 135.9, 

113.7, 100.5, 87.8, 67.4, 37.8, 37.0, 36.6, 32.4, 

30.9, 29.8, 27.6, 27.5, 10.7 

[α]D20   +232º (c 0.5 CHCl3) [lit [α]D22 +271°]25 
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Epistrigol (+)-1b (10mg, 0.029 mmol, 19%)  

1H NMR (600 MHz, CDCl3) δ: 7.50 (d, J = 2.6 Hz, 1H), 6.94 (t, J = 1.49 Hz, 

1H), 6.12 (s, 1H), 5.68 (dd, J = 1.93, 8.00 Hz, 

1H), 3.71 (tt, J = 2.41, 8.69 HZ, 1H), 2.95 – 2.88 

(m, 1H), 2.69–2.63 (m, 1H), 2.61–2.53 (m, 1H), 

2.49–2.43 (m, 1H), 2.03 (s, 1H), 1.97–1.84 (m, 

4H), 1.31 (s, 3H), 1.29 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ:  170.6, 170.2, 162.7, 151.7, 140.8, 138.0, 136.0, 

112.0, 100.6, 87.3, 38.9, 36.5, 35.1, 34.7, 33.4, 

29.7, 26.8, 26.1, 10.7 ppm. 

[α]D20   +110º (c 0.15 CHCl3)
 [lit [α]D22 +145°]25 

 

7-Methyl-3-oxo-oct-6-enoate (112) 

 

To a suspension of NaH (11.40 g, 285 mmol, 60% dispersion in mineral oil) in toluene 

(100 mL) was added 6-methyl-5-hepten-5-one (28.78 mL, 158 mmol) at room 

temperature. After 15 min of vigorous stirring, dimethyl carbonate (24.0 mL, 285 

mmol) was added and the resulting heterogeneous mixture was heated to reflux and 

stirred vigorously for 2 h. The reaction was cooled to r.t., and diluted with water (100 

mL) and Et2O (50 mL) before being acidified with glacial AcOH. The resulting 

mixture was separated and the aqueous layer was extracted with Et2O (3 x 70 mL). 

The combined extracts were washed with water (2 x 50 mL), brine (50 mL) before 

being dried (MgSO4), filtered and evaporated in vacuo to give the crude material as an 

orange oil (34.12 g). The crude material was purified on a plug of silica to afford the 

title compound 112 as a yellow oil 23.87 g, 130 mmol, 82%). All spectra were in 

accordance with the literature.8 

1H NMR (400 MHz, CDCl3) δ:  5.07 (t, J = 7.05 Hz, 1H), 3.73 (s, 3H), 3.44 (s, 

2H), 2.55 (t, J = 7.35, 2H), 2.27 (m, 2H), 1.67 (s, 

3H), 1.61 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  202.4, 167.6, 133.2, 122.2, 52.3, 49.1, 43.1, 

25.6, 22.2, 17.6 
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Methyl 2,2-dimethyl-6-oxocyclohexanecarboxylate (60) 

 

Tin(IV)chloride (8.15 mL, 69.78 mmol) was added dropwise to a stirred solution of 

methyl 7-methyl-3-oxooct-6-enoate 112 (8.04 g, 43.61 mmol) in dry CH2Cl2 (120 

mL), at 0 °C. The ensuing mixture was stirred for 2 h at 0 °C before slowly adding a 

mixture of ice (75 g) and HCl (75 mL as a conc. Solution) and stirring for 5 min. The 

layers were separated and the aqueous phase was extracted with CH2Cl2 (3 x 100 mL). 

The combined organic layers were dried (MgSO4), filtered and evaporated in vacuo to 

give the cyclohexanone carboxylate 60 (4.99 g, 62%) as a colourless oil, which was 

used in the next step without further purification. All spectra were in accordance with 

the literature. 9 

1H NMR (400 MHz, CDCl3) δ:  3.71 (s, 3H), 3.21 (s, 1H), 2.65 (m, 1H), 2.32 (m, 

1H), 1.9 (m, 2H), 1.64 (m, 2H), 1.10 (s, 3H), 

1.04 (s, 3) 

13C NMR (100 MHz, CDCl3) δ:  206.8, 169.2, 67.4, 51.7, 39.4, 38.9, 36.5, 28.2, 

24.8, 21.9 

Methyl 6-hydroxy-2,2-dimethylcyclohexanecarboxylate (61) 

 

A solution of cyclohexane carboxylate 60 (4.99 g, 27.12 mmol) in methanol (150 mL) 

was cooled to -20°C and then solid sodium borohydride (1.55 g, 40.9 mmol) was added 

in 5 portions over 20 min. The reaction was warmed to room temperature over 30 min. 

After stirring for another 5 min at room temperature, NH4Cl (50 mL as a sat. aq. 

solution) was added and the resulting mixture was stirred for 30 min. The bulk 

methanol was removed under reduced pressure and the aqueous residue was extracted 

using CH2Cl2 (3 x 100 mL). The combined organic layers were washed were washed 

with brine (20 mL), dried (Na2SO4) and evaporated in vacuo, giving title β-hydroxy 

ester (5.0 g, 99%) as a viscous oil. This crude material was used in the next step without 

further purification. All spectral data were in accordance with the literature.10 
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Methyl 6,6-dimethylcyclohex-1-ene carboxylate (113) 

 

A solution of methyl 6-hydroxy-2,2-dimethylcyclohexanecarboxylate 61 (9.0 g, 48.4 

mmol) and triphenyl phosphine (19.04 g, 72.6 mmol) in toluene (60 mL) was cooled 

to 0 °C and then diisopropyl azodicarboxylate (14.29 mL, 72.6 mmol) was added 

dropwise. The ensuing mixture was stirred for 12 h at 40 °C before cooling to room 

temperature. The reaction mixture was poured into cold hexanes (250 mL, 0 °C) and 

filtered through a plug of Celite®, which was washed with ice cold hexanes. The filtrate 

was concentrated in vacuo and the residue was purified by passing it over a small plug 

of silica, washing with 1% ethyl acetate in petroleum ether. Concentration of the 

filtrate gave the title unsaturated ester 113 (8.06 g, 99%, 98% over two steps) as a clear 

colourless liquid. The material was used in the next step without further purification. 

All spectra data were in accordance with the literature. 10 

1H NMR (400 MHz, CDCl3) δ:  6.84 (t, J = 3.95 Hz), 1H), 3.72 (s, 1H), 2.16 (q, 

J = 4.0, 10.2 Hz 2H), 1.64 (m, 2H), 1.50 (m, 2H), 

1.23 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  167.9, 139.1, 51.1, 40.1, 31.6, 28.0, 26.35, 22.7, 

18.3, 14.2 

6,6-Dimethyl-1-Cyclohexene-1-carboxylic acid (62) 

 

Method 1: 

The ester 113 (1.3605 g, 8.09 mmol) was dissolved in formic acid (15 mL) and sulfuric 

acid (4 drops) and refluxed for 20.5 h. The reaction was allowed to cool and was 

diluted with water (20 mL) and extracted with EtOAc (3 x 20 mL). The combined 

organic extracts were washed with brine (2 x 20 mL) and dried (MgSO4) before being 

filtered and reduced in vacuo to give the crude acid 62 as brown crystals (1.18 g, 94%). 

This material was used in the next step without purification. All spectra data were in 

accordance with the literature.11 

Method 2: 
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K3PO4 (16 mL as a 2 M solution), Pd(OAc)2 (118.5 mg, 0.528 mmol), and PPh3 (554 

mg, 2.11 mmol) were added to a solution of triflate 118 (2.73 g, 10.56 mmol) in 

dioxane (60 mL). The subsequent mixture was sparged with CO(g) for 15 min before 

heating to 100 ºC for 22 h. The reaction was allowed to cool to r.t. before neutralising 

with KHSO4 and passing through a pad of Celite® washing the pad with H2O and Et2O. 

The aqueous was separated and the extracted with Et2O (3 x 25 mL). The combined 

organics were washed with water (50 mL) and brine (50 mL) before being dried 

(MgSO4) and evaporated to give the crude material as a brown oil (1.62 g). The crude 

material was recrystallised from Et2O to give the acid as colourless crystals (780 mg, 

5.07 mmol, 48%).  

1H (400 MHz, CDCl3) δ:  7.04 (t, J = 3.99 Hz, 1H), 2.18 (td, J = 4.02, 6.21 

Hz, 2H), 1.68–1.59 (m, 2H), 1.52–1.47 (m, 2H), 

1.23 (s, 6H)δ  

13C (100 MHz, CDCl3) δ:  173.1, 142.4, 137.8, 40.3, 32.8, 28.05, 26.8, 

18.4 

7,7-Dimethyl-2,3,4,5,6,7-hexahydro-1H-inden-1-one (63) 

 

6,6-dimethylcyclohex-1-enecarboxylic acid 62 (505 mg, 3.28 mmol) was refluxed in 

SOCl2 (2 mL) for 1 h and cooled to r.t. The excess thionyl chloride was removed under 

reduced pressure. The fresh acid chloride was dissolved in dry CH2Cl2 (5 mL) and 

cooled to –78 ºC. Vinyl TMS (540 µL, 3.69 mmol) was added dropwise and the 

solution was warmed to –35 ºC before adding SnCl4 (420 µL, 3.60 mmol) dropwise. 

The reaction was maintained at –35 ºC for 1 h before allowing to come to r.t. for a 

further 2 h. The reaction was quenched by the slow addition of water (10 mL). The 

layers were separated and the aqueous was extracted with CH2Cl2 (3 x 10 mL) and 

washed with NaHCO3 (20 mL as a sat. solution). The combined extracts were dried 

(MgSO4), filtered and reduced in vacuo to give the product as a colourless oil that was 

used in the next step without purification. (471 mg, 2.87 mmol, 87%) 

1H NMR (400 MHz, CDCl3) δ:  2.43 (m, 2H), 2.33 (m, 2H), 2.28 (t, J = 6.15 Hz, 

2H), 1.71 (m, 2H), 1.46 (m, 2H), 1.18 (s, 6H) 
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13C NMR (100 MHz, CDCl3) δ:  209.1, 173.2, 144.8, 39.4, 35.0, 31.2, 29.6, 29.4, 

26.6, 19.1 

Methyl 2-(2-methoxy-2-oxoethyl)-7,7-dimethyl-1-oxo-2,3,4,5,6,7-hexahydro-1H-

indene-2-carboxylate (117) 

 

To NaH (60% suspension in mineral oil, 670 mg, 16.75 mmol) in dry DMF (20 mL) 

was added dimethyl carbonate (2.55 mL, 30.33 mmol) dropwise. To this was added 63 

(1.24 g, 7.58 mmol) in dry DMF (10 mL) dropwise. The reaction was heated to 60 ºC 

and stirred for 1.5 h.and methylbromoacetate (1.15 mL, 11.35 mmol) in dry DMF (2 

mL) was added and stirred a further 1 h. The reaction was quenched by the addition of 

AcOH (10 mL) and extracted with 1:1 EtOAc:hexanes (3 x 20 mL). The combined 

extracts were washed with water (2 x 20 mL), brine (20 mL) and dried (MgSO4) before 

being filtered and reduced in vacuo. The crude material was purified by silica gel 

chromatography (20% EtOAc:hexanes) to give 117 as a yellow oil (1.47 g, 5.03 mmol, 

66%, Rf = 0.25 in 20%). All spectral data were in accordance with the literature.12  

1H NMR (400 MHz, CDCl3) δ:  3.68 (s, 3H), 3.66 (s, 3H), 3.23 (d, J = 17.5 Hz, 

1H), 3.22 (d, J = 18.6 Hz, 1H), 2.49 (d, J = 18.5 

Hz, 1H), 2.48 (d, J = 17.1 Hz, 1H), 2.32 (qt, J = 

26.6, 32.6, 39.9, 46.5, 52.8 Hz, 2H), 1.73 (m, 

2H), 1.49 (m, 2H), 1.15 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  201.5, 172.8, 171.7, 142.2, 56.2, 52.8, 51.8, 

41.2, 39.0, 38.6, 31.2, 29.1, 26.37, 26.33, 18.8 

IR:  2955, 1741, 1697, 1438, 1294, 1211, 1174 

m/z (ESI):  294, 276, 263, 248, 220 

HRMS m/z (ESI):  Calcd for C16H22O5 294.14672 found 294.14710  

2-(7,7-Dimethyl-1-oxo-2,3,4,5,6,7-hexahydro-1H-inden-2-yl)acetic acid (64) 

 

methyl 2-(2-methoxy-2-oxoethyl)-7,7-dimethyl-1-oxo-2,3,4,5,6,7-hexahydro-1H-

indene-2-carboxylate 177 (1.24 g, 4.21 mmol) was refluxed in a 1:1 mix of HCl (as a 

6M aq. solution) and AcOH (20 mL) under N2(g) for 2.5 h. The reaction was cooled to 
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r.t., diluted with water (40 mL) and extracted with EtOAc (3 x 30 mL). The combined 

extracts were washed with water (2 x 25 mL), dried (MgSO4), filtered and reduced in 

vacuo to give crude 64 as a brown oil which was used in the next step without 

purification (1.02 g) 

8,8-Dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-b]furan-2-one (65) 

 

Crude 64 (1.02 g) in water (100 mL) was neutralised with NaOH (5 mL as a 1 M aq. 

solution) and cooled to 0 ºC. CH2Cl2 (10 mL) was added followed by CeCl3•(H2O)7 

(1.71 g, 4.60 mmol). A solution of NaBH4 (1.04 g, 27.50 mmol) in ice cold water (15 

mL) was added dropwise over 10 min. The resulting mixture was stirred for 1 h at 0 

ºC then 2 h at r.t. The reaction was quenched by the addition of conc. HCl (4 mL) and 

KHSO4 (40 mL) then extracted with EtOAc (3 x 50 mL). The combined extracts were 

washed with brine (20 mL), dried (MgSO4), filtered and dried in vacuo to give crude 

65. The crude material was purified by automated flash chromatography using a 

gradient of EtOAc:Hexanes 0 → 27% / 7 min to give 65 as a colourless oil (670 mg, 

3.25 mmol, 66% over 2 steps). All spectral data was in accordance with the literature. 

13  

1H NMR (400 MHz, CDCl3) δ:  5.46 (d, J = 7.4 Hz, 1H), 3.04–2.96 (m, 1H), 2.79 

(dd, J = 10.3, 18.2, 1H), 2.61 (dd, J = 8.5, 16.6, 

1H), 2.32 (dd, J = 4.9, 18.2, 1H), 2.15 (dd, J = 

1.5, 16.7, 1H), 2.04–1.88 (m, 2H), 1.75–1.63 (m, 

2H), 1.51–1.45 (m, 1H), 1.41–1.35 (m, 1H), 1.10 

(s, 3H), 1.08 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  177.6, 141.5, 140.0, 90.18, 76.8, 42.3, 39.1, 

39.0, 36.2, 34.5, 31.9, 28.1, 27.8, 26.4, 22.0, 

19.4, 19.3, 16.4 

IR:      2928, 2866, 2360, 2341, 1771, 1169, 934, 669 

m/z (ESI):     206, 191, 145, 131  
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2,2-Dimethylcyclohexanone (119) 

 

A flask containing freshly washed (THF) NaH (60%, 9.0 g, 225 mmol) was charged 

with dry THF (100 mL) and methylcyclohexanone was added (21.6 mL, 177 mmol). 

The ensuing mixture was refluxed for 0.5 h. before being was cooled to 0 ºC and adding 

MeI (22 mL, 354 mmol) in small portions. The ensuing mixture was stirred for 16 h 

allowing to come to r.t. brine (80 mL) was added and stirred for 0.5 h before the 

mixture was extracted with Et2O (3 x 50 mL). the combined extracts were washed with 

H2O (3 x 50 mL) and brine (100 mL) before being dried (MgSO2). The solvents were 

removed in vacuo and the oil was distilled under reduced pressure to give 2,2-

dimethylcyclohexanone 119 as clear oil (19.02 g, 150.7 mmol, 85%). All spectra data 

were in accordance with the literature.14 

6,6-Dimethylcyclohex-1-en-1-yl trifluoromethanesulfonate (118) 

 

Method 1: 

To a solution of 2,2 dimethylcyclohexanone 119 (2.79 g, 22.11 mmol) in dry CH2Cl2 

(120 mL) was added pyridine (2.4 mL, 29.81 mmol) and cooled to 0 ºC before adding 

triflic anhydride (5 mL 29.81 mmol) dropwise. The resulting cloudy mixture was 

refluxed for 22.5 h before cooling to r.t. and diluting with hexanes (60 mL). The 

solution was filtered through a pad of Celite® and the volatiles were removed in vacuo 

to give the crude material as a purple oil. The crude material was distilled under 

reduced pressure to give a colourless oil (3.80 g, 14.72 mmol, 67%) Rf  = 0.30 hexane. 

All spectral data were in accordance with literature.15  

Method 2: 

To a solution of 2,2 dimethylcyclohexanone 119 (1.26 g, 10.00 mmol) in dry THF (20 

mL) at -78 ºC was added LiHMDS (10 mL as a 1 M solution in THF, 10 mmol). After 

10 min N-phenyl-bis(trifluoromethanesulfonimide) and the reaction was allowed to 

come to r.t. and stir for 48 h before H2O (20 mL) was added. The mixture was extracted 

with CH2Cl2 (3 x 15 mL) and the combined extracts were washed with H2O (2 x 20 

mL) and brine (20 ml), dried (MgSO4), filtered and reduced in vacuo to give a white 
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solid (5.08 g). The crude material was purified flash chromatography eluting with 

hexanes to give the title compound as colourless oil (1.68 g, 6.49 mmol, 65%) 

1H NMR (400 MHz, CDCl3) δ:  5.66 (t, J = 4.13 Hz, 1H), 2.17 (s, 2H), 1.64 (s, 

4H), 1.14 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  155.9, 116.1, 39.1, 35.0, 26.3, 24.9, 18.5 

Methyl 6,6-dimethylcyclohex-1-enecarboxylate (113) 

 

Crude 6,6-dimethylcyclohex-1-en-1-yl trifluoromethanesulfonate 118 (5.42 g, c.a. 21 

mmol) was dissolved in dry MeOH (30 mL) under N2(g) and added Hunigs base (5.5 

mL, 31.5 mmol), Pd(OAc)2 (242 mg, 1.07 mmol), and PPh3 (542 mg, 2.07 mmol, 0.1 

mmol). CO(g) was bubbled through the solution for 15 min before heating to reflux 

under a balloon of CO(g) for 19.5 h. The reaction was cooled to r.t. and quenched with 

Et2O (20 mL) and NH4Cl (20 mL as a sat. solution). The separated aqueous was 

extracted with Et2O (3 x 20 mL). The combined extracts were washed with water (30 

mL) and brine (20 mL), dried (MgSO4), filtered and reduced in vacuo to give the title 

compound as an orange coloured oil (3.192). The crude material was purified on a plug 

of silica eluting with a 20% EtOAc:hexanes to give a clear oil (2.26 g, 56% over two 

steps) 

1H NMR (400 MHz, CDCl3) δ:  6.84 (t, J = 3.95 Hz, 1H), 3.72 (s, 3H), 2.16 (q, J 

= 4.0, 10.2 Hz, 2H), 1.64 (m, 2H), 1.50 (m, 2H), 

1.23 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  167.9, 139.1, 51.1, 40.1, 31.6, 28.0, 26.35, 22.7, 

18.3, 14.2 

2-allylphenyl trifluoromethanesulfonate (134) 

 

Method 1: 

Neat Tf2O (1.50 mL, 8.94 mmol) was added dropwise to a solution of 2-allylphenol 

133 (973 µL, 7.45 mmol) in pyridine and CH2Cl2 (10 mL of a 1:1 v/v solution) 

maintained at 0 ºC under N2(g). The ensuing solution warmed to room temperature over 
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5 h. The solvents were removed under reduced pressure and the residue was dissolved 

in EtOAc (20 mL). The organic layer was successively washed with HCl (3 x 10 mL 

of a 2 M aq. soln.), NaHCO3 (1 x 10 mL of a saturated aq. soln.), brine (1 x 20 mL), 

dried (MgSO4), filtered and concentrated under reduced pressure to give the triflate 

134 as a yellow oil (1.596 g, 5.99 mmol, 80% yield). 16 

 

Method 2: 

To N-Phenyl-bis(trifluoromethanesulfonimide) (4.0 g, 11.90 mmol) in DMF (24 mL) 

was added K2CO3 (2.06 g, 14.90 mmol) and allylphenol 133 (1.2 g, 8.94 mmol). The 

mixture was heated to reflux and held for 1 h before cooling to r.t. The reaction was 

quenched with H2O (20 mL) and extracted with 1:1 EtOAc:hexanes (3 x 20 mL). The 

combined organics were washed with H2O (2 x 20 mL) and brine (20 mL). The 

material was dried in vacuo to give the crude material a colourless solid which was 

purified by silica gel chromatography 20% EtOAc:hexanes to give the triflate 134 as 

a colourless oil (2.18 g, 8.17 mmol, 91%)  

1H NMR (400 MHz, CDCl3) δ:  7.38–7.27 (m, 4H), 6.00–5.89 (ddt, J = 6.70, 

10.3, 13.4, 16.4, 23.5 Hz, 1H), 5.21–5.11 (m, 

2H), 3.51 (d, J = 6.59 Hz, 2H) ppm.  

13C NMR (100 MHz, CDCl3) δ:  147.9, 134.6, 132.8, 131.4, 128.4, 128.1, 121.3, 

118.6 (d, J = 320.0 Hz), 117.4, 34.0 ppm. 

19F NMR (376 MHz, CDCl3) δ: -73.9 ppm 

2-Methyl-2,3-dihydro-1H-inden-1-one (137) 

 

To the triflate 134 (133  mg, 0.50 mmol) in a microwave tube was added dimethyl 

acetamide (3 mL), MeOH (81 µL, 2 mmol), pyridine (375 µL, 4.8 mmol), Pd(OAc)2 

(11.2 mg, 0.05 mmol), dppf (27.8 mg, 0.05 mmol) and Mo(CO)6 (66 mg, 0.25 mmol). 

The headspace was purged with N2(g) and the tube was heated in a microwave to 150 

ºC (50W) for 0.5 h. The reaction was allowed to cool to r.t. and was quenched with 

HCl (10 mL as a 2 M aq. soln.). The mixture was passed a through a Celite® plug and 

was extracted with Et2O (3 x 10 mL). The combined extracts were washed with brine 

(20 mL) dried (MgSO4) filtered and evaporated in vacuo to give the crude indanone as 

a colourless solid (63 mg). The crude material was purified by silica gel 
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chromatography 20% EtOAc:hexanes to give the indanone 137 as a colourless solid 

(51 mg, 71% yield). All obtained spectra were in accordance with the literature.17 

(E)-Ethyl 4-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)but-2-enoate (143) 

 

The triflate 134 (133.12 mg, 0.5 mmol) was combined with freshly distilled ethyl 

acrylate (276 µL, 1.5 mmol) in dry CH2Cl2 (5 mL) and stirred for 21 h at 45 ºC. The 

reaction was quenched by the addition of ethyl vinyl ether (1 mL) and the excess 

volatiles were removed in vacuo. The residue was purified on silica gel 

chromatography eluting with 10% EtOAc:hexanes to give the title compound 143 as a 

clear oil (60.04 mg, 0.178 mmol, 35%). 

1H NMR (400 MHz, CDCl3) δ:  7.37–7.27 (m, 4H), 7.02 (dt, J = 15.60, 6.65 Hz, 

1H), 5.83 (dt, J = 15.63, 1.63 Hz, 1H), 4.18 (q, J 

= 7.10 Hz, 2H), 3.62 (dd, 5.14, 1.55 Hz 2H), 1.27 

(t, J = 7.07 Hz, 3H) 

13C NMR (100 MHz, CDCl3) δ:  166.0, 147.8, 144.1, 131.6, 128.9, 128.7, 123.8, 

121.6, 118.6 (d, J = 318.0 Hz), 60.4, 32.4, 14.2 

IRvmax:  1721, 1656, 1489, 1453, 1421 

m/z (ESI):  361 [M+Na], 335, 195 

HRMS:  calcd for C13H13F3O5S 338.0436 found 

361.0323 [+Na] 

Ethyl 2-(1-oxo-2,3-dihydro-1H-inden-2-yl)acetate (135) 

 

In a microwave tube containing triflate 143 (60 mg, 0.18 mmol) was added DMAC (2 

mL), pyridine (128 µL, 1.59 mmol), MeOH (29 µL, 0.72 mmol). To the tube was 

added Pd(OAc)2 (4 mg, 0.02 mmol), DPPF (10 mg, 0.02 mmol), and Mo(CO)6 (23 mg, 

0.0885 mmol) before purging the tube with N2(g) and heating in a microwave at 120 ºC 

(50W) for 0.5 h. The reaction was cooled to r.t. and quenched with NH4Cl (10 mL) 

and extracted with Et2O (3 x 10 mL) dried (MgSO4) , filtered and reduced in vacuo to 

give the crude product (53 mg). The crude material was purified on a plug of silica gel 
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eluting with 1:1 EtOAc:hexanes to give the title 135 compound as a colourless solid 

(26 mg, 0.12 mg, 67% yield). All spectra obtained were in accordance with the 

literature. 18 

6-Allyl-2,2-dimethylcyclohexanone (132) 

 

To a solution of 2,2-dimethylcyclohexanone 119 (505 mg, 4.00 mmol) in dry THF (10 

mL) at -78 ºC was added LiHMDS (4.2 mL as a 1 M in THF, 4.20 mmol) dropwise. 

After 10 min, a solution of allyl bromide 144 (1.037 mL, 12 mmol) in dry THF (5 mL) 

was added dropwise via cannula. The ensuing mixture was allowed to come to r.t. over 

3.5 h. The reaction was quenched with H2O (20 mL) and was extracted with EtOAc (3 

x 15 mL). The pooled extracts were dried (MgSO4), filtered and dried in vacuo to give 

a crude mixture 6,6-diallyl-2,2-dimethylcyclohexanone and 6-allyl-2,2-

dimethylcyclohexanone 132 as a colourless oil (620 mg). The material was used in the 

next step without further purification. 

2-Allyl-6,6-dimethylcyclohex-1-en-1-yl trifluoromethanesulfonate (131) 

 

To a mixture of mono- 119 and di- allyl substrates (620 mg, 3.73 mmol) in dry THF 

(15 mL) at -78 ºC was added LiHMDS (3.73 mL 1 M. in THF, 3.73 mmol). After 30 

min N-phenyltriflimide (1.867 g, 5.22 mmol) was added as a solution in dry THF (5 

mL) dropwise. The ensuing mixture was allowed to warm to r.t. overnight. The 

reaction was quenched with H2O (20 mL) and was extracted with CH2Cl2 (3 x 20 mL). 

The pooled extracts were dried (MgSO4), filtered and dried in vacuo to give the crude 

triflate 131 as a yellow oil (1.49 g). The crude material was purified by flash column 

chromatography eluting with 100% hexanes to give the triflate as a colourless oil (442 

mg, 1.48 mmol, 38% yield over two steps) 

 

1H NMR (400 MHz, CDCl3) δ:  5.74 (m, 1H), 5.10 (m, 2H) 2.91 (d, J = 6.67 Hz, 

2H), 2.17 (t, J = 5.93 Hz, 3H), 1.8 – 1.56 (m, 

8H), 1.19 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  150.3, 134.0, 128.0, 117.2, 40.7, 35.8, 35.6, 

29.9, 26.5, 18.5 
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19F NMR δ: -73.4  

IRvmax:  2940, 2876, 1402, 1245, 1208, 1141 

 (E)-Ethyl 4-(3,3-dimethyl-2-(((trifluoromethyl)sulfonyl)oxy)cyclohex-1-en-1-

yl)but-2-enoate (151) 

 

The triflate 131 (282 mg, 0.95 mmol), ethyl acrylate (50 µL, 0.47 mmol), and Grubb’s 

CatalystTM 2nd Generation (40 mg, 0.05 mmol) were combined in CH2Cl2 (5 mL) 

heated to 45 ºC. After 24 h the mixture was quenched with ethyl vinyl ether (1 mL) 

and excess solvents were removed in vacuo to give the crude material as a colourless 

oil (300 mg). The crude material was purified by silica gel chromatography to give the 

ester 151 as a colourless oil (33 mg, 0.089 mmol, 9% yield) 

 

1H NMR (400 MHz, CDCl3) δ:  6.85 (dt, J = 15.58, 6.92 Hz, 1H), 5.87 (dt, J = 

15.60, 1.60 Hz, 1H), 4.21 (q, J = 7.10 Hz, 2H), 

3.06 (dd, J = 6.92, 1.40 Hz, 2H), 2.16 (t, J = 6.05 

Hz, 2H), 1.70 – 1.61 (m, 5H), 1.31 (t, J = 7.10 

Hz, 3H), 1.19 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ: 166.2, 151.2, 143.7, 126.3, 123.7, 60.4, 40.4, 

35.9, 33.9, 30.2, 26.4, 18.4, 14.2 

IRvmax:  2941, 2875, 1724, 1403, 1210, 1140, 1040, 

1001, 895, 862. 

m/z (ESI):  393, 333, 243 

HRMS  calcd for C15H21F3O5S 370.1062 found 

393.0976 [+NA] 
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N'-(2,2-Dimethylcyclohexylidene)-4-methylbenzenesulfonohydrazide (155) 

 

p-Toluenesulfonyl hydrazide (1.7 g, 7.92 mmol) was dissolved in EtOH (4 mL) before 

adding ketone 119 (1.10 mL, 7.92 mmol) and conc. HCl (2 drops). The mixture was 

heated to 78 ºC for 1 min before cooling to r.t. and cooling then to –20 ºC. The 

crystalline sold was collected on a Buchner funnel and washed with hexanes to give 

the hydrazone 155 as colourless crystals (1.97, 6.12 mmol, 77%). All spectra data were 

in accordance with the literature. 19 

1H (400 MHz, CDCl3) δ:  7.87 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 

2.45 (s, 3H), 2.24 (t, J = 5.98 Hz, 2H), 1.58 (m, 

4H), 1.47 (m, 2H), 1.05 (s, 6H) 

13C (100 MHz, CDCl3) δ: 143.7, 135. 3, 129.2, 128.3, 40.9, 39.2, 26.9, 

26.1, 23.1, 21.6, 21.3 

N'-Cyclohexylidene-4-methylbenzenesulfonohydrazide (156) 

 

p-Toluenesulfonyl hydrazide (11.30 g, 60.61 mmol) was dissolved in EtOH (28 mL) 

before adding ketone 119 (6.33 mL, 60.61 mmol) and conc. HCl (3 drops). The 

mixture was heated to 78 ºC for 1 min before cooling to r.t. and cooling then to –20 

ºC. The crystalline sold was collected on a Buchner funnel and washed with hexanes 

to give the hydrazone as colourless crystals (9.49 g, 35.6 mmol, 58%). All spectral 

data were in accordance with the literature. 20 

1H (400 MHz, CDCl3) δ:  7.83 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 

2.47 (s, 3H), 2.21 (m, 4H), 1.60 (m, 6H) 
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13C (100 MHz, CDCl3) δ: 143.9, 135.5, 129.5, 128.1, 35.3, 26.73, 26.70, 

25.6, 25.3, 21.6 

Cyclohex-1-en-1-yltrimethylsilane (160) 

 

Hydrazone 156 (2 g, 7.52 mmol) was added to a solution of TMEDA (5 mL) and n-

BuLi (14.76 mL,16.54 mmol) at –45 ºC in small portions. The subsequent mixture was 

stirred for 45 min before allowing to come to r.t. for 1 h. The reaction was cooled back 

to 0 ºC and TMSCl (2.10 mL, 16.54 mmol) was added dropwise before stirring for 30 

min at 0 ºC. The reaction was allowed to warm to r.t. and stir for 2 h before being 

quenched with water (20 mL). The ensuing mixture was extracted with pentane (3 x 

10 mL) and the combined organics were washed with water (2 x 10 mL), CuSO4 (2 x 

10 mL of a saturated aqueous solution) and brine (1 x 10 mL) and dried (MgSO4). The 

crude material was purified on a pad of alumina to give the vinyl TMS 160 as a 

colourless oil (0.867 mg, 5.62, 75%). All spectral data were in accordance with the 

literature. 21 

1H (400 MHz, CDCl3) δ:  5.98 (m, 1H), 2.03 (m, 4H), 1.60 (m, 4H), 0.02 

(s, 9H) 

13C (100 MHz, CDCl3) δ: 138.7, 135.5, 26.7, 23.0, 22.5, –2.27 

Methyl 3-(chlorocarbonyl)but-3-enoate (153) 

 

Itaconic acid monomethylester 161 (1.00 g, 7.30 mmol) was dissolved in SOCl2 (750 

µL, 10.22 mmol) and heated to reflux for 30 min. Excess SOCl2 was removed under 

reduced pressure and the residue was purified by short path distillation to give the 

title compound 153 as a colourless oil (835 mg, 5.11 mmol, 70%). 

1H (400 MHz, CDCl3) δ:  6.71 (s, 1H), 6.18 (s, 1H), 3.71 (s, 3H), 3.40 (s, 

2H) 

13C (100 MHz, CDCl3) δ: 169.9, 168.2, 138.2, 136.0, 52.4, 37.3 

Methyl 4-oxo-4-phenylbutanoate (168) 
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A suspension of succinic anhydride (6.37g, 63.6 mmol) and AlCl3 (21.2 g, 159 mmol) 

in benzene (30 mL) was refluxed (~ 70 ºC) for 45 min. The reaction was cooled to 0 

ºC and quenched by the cautious addition of water (50 mL). The resulting solid was 

collected by vacuum filtration on a Büchner funnel to give the title compound as a 

white solid which was sufficiently pure for use in the following step (9.51 g, 53.4 

mmol, 84%) 

4-oxo-4-phenylbutanoic acid (9.505 g, 53.4 mmol) was dissolved in MeOH (65 mL) 

and cooled to 0 ºC before adding SOCl2 (4 mL) and stirring 16 h. The MeOH was 

removed in vacuo and the residue was diluted with water (40 mL) before extraction 

with EtOAc (3 x 15 mL). The combined organic extracts were washed with NaHCO3 

(25 mL of a saturated aq. soln) and dried (MgSO4), before reducing in vacuo. The 

crude material was purified on a plug of silica eluting with a 1:1 mix of EtOAc and 

hexanes to give title compound 168 as an oil (5.13 g, 19.21 mmol, 50% over two steps). 

The obtained spectra were in accordance with the literature.22 

1H NMR (400 MHz, CDCl3) δ: 7.99 (d, J = 7.41 Hz, 2H), 7.57 (t, J = 7.35 Hz, 

1H), 7.47 (t, J = 7.42 Hz, 2H), 3.71 (s, 3H), 3.33 

(t, J = 6.61 Hz, 2H), 2.77 (t, J = 6.66 Hz, 2H) 

13C NMR (100 MHz, CDCl3) δ:  198.0, 173.4, 136.6, 133.2, 128.6, 128.0, 51.8, 

33.4, 28.0 

Methyl 3-benzoylbut-3-enoate (165) 

 

Formaldehyde (5.28 mL of a 37% aq. 96.78 mmol) was added dropwise to a solution 

of ketone 168 (2.0 g, 10.40 mmol) in acetic acid (20 mL) and morpholine (449 µL, 5.2 

mmol) at 118 ºC over 5 h. The reaction was cooled to r.t. and the acid was removed in 

vacuo. The residue was dissolved in EtOAc (30 mL) and was washed with NaHCO3 

(20 mL as a sat. aq. solution), HCl (20 mL as a 1 M aq. solution), Water (30 mL) and 

brine (30 mL). The organic layer was dried (MgSO4) filtered and evaporated in vacuo  

to give the crude material as a brown oil (2.22 g). The crude material was purified by 

automated flash chromatography eluting with a 0 to 50% mixture of EtOAc:hexanes 
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to give the enone 165 as a colourless oil (1.198 g, 5.86 mmol, 56 %). All spectra 

obtained were in accordance with the literature. 23 

1H NMR (400 MHz, CDCl3) δ: 7.80 (d, J = 7.86 Hz, 2H), 7.55 (t, J = 7.23 Hz, 

1H), 7.44 (d, J = 7.74 Hz, 2H), 5.99 (s, 1H), 5.78 

(s, 1H), 3.68 (s, 1H), 3.55 (s, 1H).  

Methyl 2-(1-oxo-2,3-dihydro-1H-inden-2-yl)acetate (135) 

 

A solution of 165 (93 mg, 0.45 mmol) and AlCl3 (157 mg, 1.18 mmol) in nitromethane 

(500 µL) was heated to 100 ºC in a microwave tube at 100W. After 1 h the reaction 

was cooled to r.t. and HCl (10 mL, as a 1 M aq. solution) was added. The resulting 

mixture was extracted with EtOAc (3 x 7 mL) and the combined extracts were dried 

(MgSO4), filtered and dried in vacuo. The crude material was purified by flash 

chromatography to give the title compound 135 as a yellow oil (64 mg, 0.31 mmol, 

69%). All spectra obtained were in accordance with the literature. 24 

(3aR,4aR,8aS,8bS)-8,8-Dimethyloctahydro-2H-4a,8a-epoxyindeno[1,2-b]furan-

2-one and (3aR,4aS,8aR,8bS)-8,8-dimethyloctahydro-2H-4a,8a-

epoxyindeno[1,2-b]furan-2-one (68a and 68b) 

  

To 65 (304.8 mg, 1.48 mmol) in dry CH2Cl2 (25 mL) at 0 ºC was added 75% m-CPBA 

(420 mg, 1.82 mmol) in small portions and stirred r.t. for 5 h. The reaction was 

quenched by addition of sodium metabisulfite solution (10 mL as a sat. aq. solution) 

and NaHCO3 (10 mL as a sat. aq. solution). The layers were separated, and the aqueous 

layer was extracted with CH2Cl2 (3 x 20 mL). The combined extracts were washed 

NaHCO3, H2O (20 mL), and brine (20 mL) and dried (MgSO4) before being reduced 

in vacuo to give the crude product as a colourless oil (329.2 mg). The crude product 

was purified by automated flash chromatography using a gradient of EtOAc:hexanes 

0 → 20% / 12 min to give 68a-anti (fast isomer, to strigol) as a crystalline solid (163.2 

mg, 0.682 mmol, 46%) and 68b-syn (slower isomer, to orobanchol, 22%) as a solid 

(79 mg of mixed fracs = 22% ). 10 
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80% MMPP (6.00 g, 12.4 mmol) was added to a solution of the lactone 65 (857 mg, 

4.15 mmol) in CH2Cl2 (35 mL) and H2O (2 mL) . The ensuing mixture was stirred for 

52 h before removing the solvents in vacuo. The residue was dissolved in EtOAc and 

washed with KHSO4 (10 mL as a sat. aq. solution), NaHCO3 (10 mL as a sat. aq. 

solution) and H2O (10 mL). The organic layer was dried (MgSO4), filtered and 

evaporated in vacuo to give the epoxides as a colourless oil. The crude product was 

purified by automated flash chromatography using a gradient of EtOAc:hexanes 0 → 

30% / 12 min to give 68a-anti (fast isomer, to strigol) as a crystalline solid (364 mg, 

1.64 mmol, 40%) and 68b-syn (slower isomer, to orobanchol, 294 mg, 1.32 mmol, 

32%) as a solid (147 mg of mixed fracs = 18% ) 

Anti-Fast eluting Isomer 

1H NMR (400 MHz, CDCl3) δ:  4.81 (d, J = 5.48 Hz, 1H), 2.66–2.45 (cm, 2H), 

2.34(m, 1H), 2.25 (d, J = 17.4 Hz, 1H), 1.81 (m, 

1H), 1.38 (m, 4H), 1.16 (s, 3H), 1.07 (s, 3H), 

0.99 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ:  176.6, 84.4, 71.0, 38.0, 36.1, 34.0, 31.6, 26.1, 

25.2, 24.8, 17.1 

Syn-Slow eluting Isomer 

1H NMR (400 MHz, CDCl3) δ:  5.01 (d, J = 8.60 Hz, 1H), 2.82 (m, 1H), 2.52 (m, 

1H), 2.35 (m, 1H), 2.09–1.85 (cm, 3H), 1.69 (m, 

1H), 1.45–1.27 (cm, 2H), 1.14 (s, 3H), 1.08 (s, 

3H), 0.98 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ:  177.7, 83.8, 73.0, 71.7, 36.7, 36.1, 35.9, 33.7, 

31.1, 26.3, 26.1, 25.6, 17.2 

Isopropyl 2-(1,7a-dihydroxy-7,7-dimethyl-2,4,5,6,7,7a-hexahydro-1H-inden-2-

yl)acetate (77) 

 

To a solution of syn-Epoxide 68b (309 mg, 1.39 mmol) in dry toluene (20 mL) was 

added Al(OiPr) (1.12 g, 5.56 mmol) and refluxed for 5 h. The reaction was cooled to 
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r.t., quenched with HCl (10 mL as a 2 M aq. solution) and extracted with EtOAc (3 x 

10 mL). The combined extracts were washed with water (20 mL), brine (20 mL) and 

dried (MgSO4) before being filtered and dried in vacuo to give crude material as a 

yellow oil (450mg) which was used in the next step without purification.  

A sample was purified by automated flash chromatography using a gradient of 

EtOAc:hexanes 0 → 30% / 12 min to give compound 77 as a white solid (42 mg, 

0.16 mmol, 44%) for analysis 

1H NMR (400 MHz, CDCl3) δ: 5.25 (s, 1H), 4.98 (p, J = 6.27 Hz, 1H), 4.28 (d, 

J = 7.47 Hz, 1H), 2.96–2.88 (m, 1H), 2.43 (qd, 

J = 18.09, 8.66 Hz, 2H), 2.75–2.13 (m, 2), 1.88 

(td, J = 13.43, 4.10 Hz, 1H), 1.63–1.35 (m, 2), 

1.22 (dd, J = 3.60, 2.65 Hz, 6H), 0.98 (s, 3H), 

0.80 (s, 3H)  

 

(3aS,8bS)-8a-Hydroxy-8,8-dimethyl-3,3a,5,6,7,8,8a,8b-octahydro-2H-

indeno[1,2-b]furan-2-one (78) 

 

p-TsOH (3 mg) was added to a solution of ester 77 in CH2Cl2 (5 mL) with stirring. 

After 15 min, H2O (5 mL) was added and the mixture was extracted with CH2Cl2 (3 x 

5 mL) washed NaHCO3 (5 mL as a sat. aq. solution), dried (MgSO4) filtered and 

evaporated to dryness to give the alcohol 78 as a colourless solid (32 mg, 0.14 mmol 

>95%). The material was sufficiently pure for use in following step without 

purification. 

(3aR,4R,8bR)-4-Hydroxy-8,8-dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b]furan-2-one and (3aS,4R,8bS)-4-hydroxy-8,8-dimethyl-

3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-b]furan-2-one racemates (76a and 

76b) 

 

Alcohol 77 (435 mg crude) was dissolved in a solution of 10% TFA in CH2Cl2 (15 

mL) and stirred for 5 h before adding MeOH (15 mL) and NaHCO3 (15 mL as a sat. 

solution) and stirring a further 0.5 h. The bulk solvent was removed in vacuo. The 
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remaining residue was acidified with HCl (2 M) and extracted with EtOAc (3 x 15 

mL). The combined extracts were washed with water (20 mL) and brine (20 mL) and 

dried (MgSO4) before being dried in vacuo to give the racemic alcohols as a brown oil 

(435 mg) which was used in the following step without further purification. 

(3aR,8bS)-8,8-Dimethyl-3,3a,5,6,7,8-hexahydro-2H-indeno[1,2-b]furan-

2,4(8bH)-dione (67) 

 

To a crude mix of alcohols 76 (435 mg) in CH2Cl2 (10 mL) was added DMP (850 

mg, 2.0 mmol) and two drops of water. After 1 h the reaction was passed through a 

plug of silica eluting with EtOAc:hexanes (50%) to give the crude product as a 

yellow oil (310 mg). The crude material was purified by automated flash 

chromatography 0 to 50% to give the ketone as a colourless oil 67 (156 mg, 0.71 

mmol, 50% over three steps) 

1H NMR (400 MHz, CDCl3) δ:  5.55–5.53 (dd, J = 6.22 Hz, 1.24 Hz, 1H), 3.23–

3.16 (m,1H), 2.93–2.84 (m, 1H), 2.68–2.60 (m, 

1H), 2.27–2.05 (m, 2H), 1.78–1.47 (m, 4H), 1.26 

(s, 3H), 1.26 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  203.8, 173.9, 172.7, 143.0, 79.2, 43.7, 38.2, 

34.5, 30.7, 27.2, 27.3, 20.6, 18.2 

(3aR,4S,8bR)-4-Hydroxy-8,8-dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b]furan-2-one and (3aR,8bS)-8,8-dimethyl-3,3a,5,6,7,8-hexahydro-

2H-indeno[1,2-b]furan-2,4(8bH)-dione ((–)-76b and (–)-67) 

 

Formic acid (81 μL, 0.54 mmol) was added to a flask containing N-

ethyldiisopropylamine (244 μL, 1.40 mmol) under nitrogen and stirred for 15 min. 

Ketone 67 (118 mg, 0.607 mmol) in CH2Cl2 (2 mL) was added and the CH2Cl2 was 

removed under a stream of N2. Ru S,S DPEN (7.7 mg, 0.012 mmol) was added and the 

reaction stirred for 18 h at 19 ºC. The reaction was quenched with NaHCO3 (3 mL as 
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a sat. solution) and extracted with EtOAc (3 x 5 mL). The mixture was dried (MgSO4), 

filtered and avaporated in vacuo to give the crude products as a yellow oil (127 mg). 

The material was purified by flash column chromatography (60% EtOAc in hexanes) 

to give the ketone (–)-67 as the first eluting compound (41 mg, 0.19 mmol, 35%) and 

the alcohol (–)-76b  second (43 mg, 0.19 mmol, 36%).  

Alcohol (–)-76b: 

[α]D
20  -55.8º (c 2.15 CHCl3) [lit = –68º ee 82%]25 

1H NMR (400 MHz, CDCl3) δ:  5.26 (d, J = 7.05 Hz, 1H), 4.53 (d, J = 7.39 Hz, 

1H), 3.17–3.06 (m, 1H), 2.85 (dd, J = 18.62, 5.12 

Hz, 1H), 2.48 (dd, J = 18.53, 10.84 Hz, 1H), 2.26 

(dt, J = 17.90, 5.18 Hz, 1H), 1.94 (dt, J = 15.23, 

6.75 Hz, 1H), 1.70 (quin, J = 6.18, 5.89 Hz, 2H), 

1.50 (dt, J = 13.50, 5.13 Hz, 1H), 1.42–1.31 (m, 

1H), 1.25 (s, 1H), 1.12 (s, 3H), 1.08 (s, 3H) 

 13C NMR (100 MHz, CDCl3) δ:  177.8, 143.5, 143.1, 86.3, 77.4, 77.1, 76.7, 75.9, 

40.3, 38.9, 32.0, 28.6, 28.2, 27.8, 23.7, 19.1 

Ketone (–)-67:  

 

[α]D
20  -2.69º (c 2.15 CHCl3) [lit = –4.7º ee 82%]25 

1H NMR (400 MHz, CDCl3) δ:  5.56–5.53 (dd, J = 6.00 Hz, 1.36 Hz, 1H), 3.23–

3.16 (ddd J = 12.46 Hz, 6.26 Hz, 4.58 Hz, 1H), 

2.96–2.84 (dd J = 18.92 Hz, 12.33 Hz, 1H), 

2.69–2.61 (dd J = 19.03 Hz, 14.51 Hz, 1H), 

2.27–2.19 (dt, J = 18.42 Hz, 5.57 Hz, 1H), 2.18–

2.07 (dtd, J = 18.34 Hz, 7.24 Hz, 2.01 Hz, 1H), 

1.78–1.69 (m, 2H), 1.66–1.59 (m, 1H), 1.57–

1.53 (m, 1H), 1.26 (s, 3H), 1.26 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  204.9, 174.9, 173.7, 142.0, 79.3, 43.6, 38.4, 

34.5, 30.6, 27.4, 27.3, 20.6, 18.1 

 

 

 



Chapter 5  Results and Discussion 

 175 

 

(3aR,4R,8bR)-4-Hydroxy-8,8-dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b]furan-2-one ((–)-76a) 

 

To a solution of  alcohol (–)-76b (40 mg, 0.18 mmol) in dry THF (3 mL) at 0 ºC was 

added PPh3 (174 mg, 0.666 mmol), benzoic acid (81 mg, 0.666 mmol), then DIAD 

(128 µL, 0.65 mmol) dropwise. The reaction was allowed to come to r.t. and stirred 

for 17 h. The solvents were removed in vacuo and the residue was purified by flash 

chromatography (20% EtOAc in hexanes) to provide the benzoic ester. To a solution 

of the benzoic ester in MeOH (2 mL) was added K2CO3 (34 mg, 0.27 mmol) and stirred 

for 3 h. The reaction was quenched with HCl (3 mL as a 1 M aq. solutionsolution) and 

extracted with EtOAc (3 x 5 mL). The combined extracts were dried over MgSO4 and 

dried in vacuo. Purification by flash chromatography (65% EtOAc:hexanes) gave the 

alcohol (–)-76a as a colourless oil (20 mg, 0.09 mmol, 50% over two steps) 

[α]D
20  -1.4º (c 1.05, CHCl3) 

1H NMR (400 MHz, CDCl3) δ:  5.55 (s, 1H), 4.45 (s, 1H), 2.90–2.77 (m, 2H), 

2.44 (q, J = 13.85 Hz, 2H), 2.23–1.93 (m, 2H), 

1.88–1.62 (m, 4H), 1.55–1.38 (m, 2H), 1.12 (s, 

6H) 

 13C NMR (100 MHz, CDCl3) δ:  176.7, 144.2, 143.1, 87.4, 84.3, 45.6, 38.7, 33.6, 

32.1, 27.9, 27.34, 23.5, 19.0 

(3aR,4R,8bR,E)-4-Hydroxy-8,8-dimethyl-3-((((R)-4-methyl-5-oxo-2,5-

dihydrofuran-2-yl)oxy)methylene)-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-

b]furan-2-one and (3aR,4R,8bR,E)-4-hydroxy-8,8-dimethyl-3-((((S)-4-methyl-5-

oxo-2,5-dihydrofuran-2-yl)oxy)methylene)-3,3a,4,5,6,7,8,8b-octahydro-2H-

indeno[1,2-b] furan-2-one ((–)-2a and (–)-2b) 
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To a solution of hydroxylactone (–)-76a (20 mg, 0.09 mmol) in dry Et2O (2 mL) was 

added ethyl formate (131 µL, 1.62 mmol) washed KH (15 mg, 0.378 mmol) and the 

ensuing suspension was stirred for 24 h. The reaction was quenched with HCl (5 mL 

as a 2 M aq. solutionsolution) and extracted with EtOAc (3 x 5 mL). The combined 

extracts were dried (MgSO4) filtered and evaporated in vacuo to give the crude aldol 

intermediate. The crude material was dissolved in dry DMF (1.5 mL) and cooled to 0 

ºC. A solution of bromobutenolide (26.2 mg, 0.148 mmol) in dry DMF (500 µL) was 

transferred into the flask containing the aldol product under N2(g) and K2CO3 (20 mg, 

0.148 mmol) was added. The reaction was allowed to stir at r.t. for 20.5 h in the dark. 

The reaction was quenched with NH4Cl (5 mL as a sat. solution) and was extracted 

with EtOAc:hexanes (3 x 5 mL as a 1:1 mixture). The combined organics were dried 

(MgSO4), filtered and reduced in vacuo to give the crude products a viscous oil (47 

mg). The material was partially purified by automated flash chromatography 0 to 80% 

EtOAc:hexane over 12 minutes to give first epi-orobanchol (Rf = 0.33) (9 mg, 0.03 

mmol, 26% yield) mixed material (8 mg, 0.023 mmol, 23% yield) then orobanchol (Rf 

= 0.29) (5 mg, 0.014mmol, 14% yield) with an overall yield of 64% over two steps. 

epi-Orobanchol  (–)-2b (Rf 0.33)  

[α]D
20  -109.0º (c 0.5 CHCl3) [lit = -158.0º ee 69%]26 

1H NMR (600 MHz, CDCl3) δ:  7.47 (d, J = 2.60 Hz, 1H), 6.95 (t, J = 1.56 Hz, 

1H), 6.21 (t, J = 1.36 Hz, 1H), 5.61 (dt, J = 7.02, 

1.63 Hz, 1H), 4.58 (s, 1H), 3.41(ddd, J = 7.23, 

1.85 Hz, 0.48, 1H), 2.16 (m, 1H),1.96 (dt, J = 

18.04, 5.47 Hz, 1H),1.51–1.39 (m, 3H), 1.27–

1.24 (m, 2H), 1.14 (s, 3H), 1.13 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  170.9, 170.0, 150.4, 144.31, 142.9, 140.8, 136.4, 

111.4, 100.3, 85.9, 83.1, 48.4, 38.8, 32.1, 27.9, 

27.4, 23.6, 18.9, 10.8 

Orobanchol (–)-2a  (Rf 0.29) in 80% EtOAc/hexanes 

[α]D
20  -44.8º (c 0.5 CHCl3) [lit = -65º ee 69% Mori, or 

-58º ee 77% Ueno]26,27 

1H NMR (600 MHz, CDCl3) δ:  7.51 (d, J = 2.62 Hz, 1H), 6.96 (t, J = 1.58 Hz, 

1H), 6.18 (t, J = 1.35 Hz, 1H), 5.61 (dt, J = 7.28, 

1.61 Hz, 1H), 4.56 (s, 1H), 3.41(ddd, J = 7.25, 
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1.85 Hz, 0.75, 1H), 2.16 (m, 1H)), 1.96 (dt, J = 

18.04, 5.47 Hz, 1H), 1.76–1.65 (m, 3H), 1.51–

1.39 (m, 2H), 1.14 (s, 3H), 1.13 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ:  170.9, 170.1, 151.1, 144.2, 143.0, 140.1, 136.1, 

111.2, 100.6, 85.9, 83.0, 48.27, 38.8, 32.1, 27.9, 

27.4, 23.6, 18.9, 10.8. 

 

(3aR,5aS,9aS,9bS,E)-3a,6,6,9a-Tetramethyl-1-((((R)-4-methyl-5-oxo-2,5-

dihydrofuran-2-yl)oxy)methylene)decahydronaphtho[2,1-b]furan-2(3aH)-one 

compound with (3aR,5aS,9aS,9bS,E)-3a,6,6,9a-tetramethyl-1-((((S)-4-methyl-5-

oxo-2,5-dihydrofuran-2-yl)oxy)methylene)decahydronaphtho[2,1-b]furan-

2(3aH)-one (1:1) (177 and 178) 

 

To a solution of sclareolide 176 (100 mg, 0.4 mmol) in dry Et2O (3 mL) at 0 ºC was 

added lithium bis(trimethylsiyl)amide (489 L, 0.489 mmol, as a 1 M solution in THF) 

dropwise followed by ethyl formate (415 L, 516 mmol). The ice bath was removed 

and the reaction was allowed to stir for 23.5 h. The reaction was quenched by the 

addition of water (10 mL) and extracted with EtOAc (3 x 10 mL). The combined 

organic extracts were washed with brine (10 mL), dried (MgSO4) before being filtered 

and dried in vacuo to give the aldehyde (128.4 mg, 0.469 mmol) which was used 

immediately in the following reaction.  

To 14 (72 mg, 0.407 mmol) under N2 was added the aldehyde in from the previous 

step in dry DMF (2 x 4 mL portions). To the mixture was added K2CO3 (130 mg, 0.940 

mmol) and the reaction was stirred in the dark for 18 h. The reaction was quenched 

with HCl (10 mL as a 1 M aq. solution) and extracted with a 1:1 mixture of 

EtOAc:hexanes (3 x 10 mL). The combined extracts were washed with water (2 x 10 

mL), brine (10 mL) and dried (MgSO4) before being filtered and reduced in vacuo to 

give the crude material 177 and 178 as a white solid (148 mg, 0.395 mmol, 98%) 



Chapter 5  Results and Discussion 

 178 

 

 

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (193) 

 

To a solution of ethyl acetoacetate (61.24 mL, 0.48 mol) in MeOH (200 mL) was added 

formaldehyde (18.37 mL as a 35% solution in H2O, 0.24 mol,) and ammonia (18.58 

mL as a 25% solution in H2O, 0.240 mol) and the reaction was heated to reflux for 17 

h. The reaction was cooled to r.t. and the solid was collected by filtration to give the 

crude product 193 as a yellow solid (60.01 g). Recrystallisation from methanol gave 

39.19 g of the pure material as a yellow solid (39.19 g, 0.16 mmol, 65% yield) 

1H NMR (400 MHz, CDCl3) δ:  4.18 (q, J = 7.14 Hz, 4H), 3.28 (s, 2H), 2.21 (s, 

6H), 1.30 (t, J = 7.11 Hz, 6H) 

13C NMR (100 MHz, CDCl3) δ:  168.1, 144.8, 99.5, 59.6, 24.8, 19.2, 14.5 

Ethyl 2-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)acetate (188) 

 

NaH (146 mg, 3.60 mmol as a 60% suspension in mineral oil) was added to a 

solution of indan-1,3-dione (500 mg, 3.05 mmol) in anhydrous THF (10 mL) at 0 ºC. 

After 15 min ethyl bromoacetate (337 µL, 3.05 mmol) was added dropwise and the 

reaction was allowed to come to r.t.. The reaction was stirred for 16.5 h before 

NH4Cl (10 mL as a sat. aq. solution) was added and the mixture was extracted with 

CH2Cl2 (3 x 15 mL). The combined organic extracts were dried (MgSO4), filtered 

and reduced in vacuo to give the crude material as a brown semi-solid (642 mg). The 

crude material was purified by automated silica gel chromatography to give 

sufficiently pure material 188 (311 mg, 1.34 mmol, 37%) as a brown semi-solid 

which was used in subsequent reactions without further purification.   

(3aR,4R,8bR)-4-Hydroxy-3,3a,4,8b-tetrahydro-2H-indeno[1,2-b]furan-2-one 

compound with (3aS,8bR)-3,3a-dihydro-2H-indeno[1,2-b]furan-2,4(8bH)-dione 

(1:1) ((–)-183 and (–)-185) 
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Formic acid (103 μL, 2.32 mmol) was added to a flask containing N-

ethyldiisopropylamine (162 μL, 0.93 mmol) under nitrogen and stirred for 15 min. 

Ketone 188 (108 mg, 0.465 mmol) in CH2Cl2 (2 mL) was added and the CH2Cl2 was 

removed under a stream of N2. Ru p-cymene (S,S-DPEN) catalyst (11.8 mg, 0.02 

mmol) was added and the reaction stirred for 18 h at 45 ºC. The reaction was quenched 

with NaHCO3 (3 mL as a sat. solution) and extracted with EtOAc (3 x 5 mL). The 

mixture was dried (MgSO4), filtered and evaporated in vacuo. The residue was 

dissolved in CH2Cl2 (5 mL) and TsOH (10 mg) was added. The mixture was stirred 

for 18 h before the volatiles were removed in vacuo to give the mixture of crude 

products as a colourless solid. The material was purified by repeated flash 

chromatography with various eluents (5% EtOAc:CH2Cl2, 30% EtOAc:hexanes, 50% 

EtOAc:hexanes) to give the ketone (–)-183 (20 mg, 0.106 mmol, 23%) and the alcohol 

(–)-185 (17 mg, 0.09 mmol, 19%) 

Ketone (–)-183 

[α]D
20  -18.5º (c 2.00 CHCl3) [lit = for opposite 

enantiomer +21.6º ee 85%]28 

1H NMR (400 MHz, CDCl3) δ:  7.85–7.74 (3H, m), 7.64–7.60 (1H, m,), 6.00 

(1H, d, J = 6.7 Hz), 3.58 (1H, ddd, J = 11.3, 

6.8, 4.5 Hz), 3.06 (1H, dd, J = 19.0, 12.5 Hz), 

2.78 (1H, dd, J =19.0, 4.5 Hz)  

13C NMR (100 MHz, CDCl3) δ:  202.4, 174.8, 149.7, 136.2, 131.2, 127.6, 124.5, 

79.1, 45.8, 31.2 

Alcohol (–)-185 

[α]D
20  -78.0º (c 0.6 CHCl3) [lit = -80.0º ee 98%]28 

1H NMR (600 MHz, CDCl3) δ:  7.52–7.41 (4H, m), 6.02 (1H, d, J = 6.8 Hz), 

5.13 (1H, d, J = 1.65 Hz), 3.23 (1H,m), 2.93 

(1H, dd, J = 18.4, 10.6 Hz), 2.43 (1H, dd, J = 

18.5, 5.9 Hz)  

13C NMR (100 MHz, CDCl3) δ:  176.3, 143.9, 138.9, 130.7, 130.1, 126.6, 125.4, 

85.8, 80.4, 48.0, 33.1 

O

O O

OH

O O
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5-Phenyldihydrofuran-2(3H)-one (202) 

 

To ester 168 (100 mg, 0.52 mmol) in MeOH (5 mL) at 0 ºC was added NaBH4 (30 mg, 

0.78 mmol) in small portions. The reaction was allowed to warm to r.t. and was 

allowed to stir for 1.5 h before being quenched with HCl (8 mL as a 2 M aq. solution). 

The organic layer was separated and the aqueous was extracted with EtOAc (3 x 6 

mL). The combined organic layers were dried (MgSO4) and evaporated in vacuo to 

give the crude product as a clear oil (81 mg). The crude material was purified by 

automated flash chromatography eluting with EtOAc:hexanes on a gradient of 0% to 

50% over a period of 12 min to give the title compound as colourless oil 202 (53 mg, 

0.33 mmol, 63%,)The obtained spectra were in accordance with the literature.29 

1H NMR (400 MHz, CDCl3) δ: 7.39 (t, J = 7.06 Hz, 2H), 7.34 (t, J = 8.34 Hz, 

3H), 5.51 (m, 1H), 2.65 (m, 3H), 2.19 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ:  176.9, 139.4, 128.8, 125.3, 81.2, 31.0, 28.9 

(S)-3-Methyl-5-((E)-((R)-2-oxo-5-phenyldihydrofuran-3(2H)-

ylidene)methoxy)furan-2(5H)-one compound and (S)-3-methyl-5-((E)-((S)-2-

oxo-5-phenyldihydrofuran-3(2H)-ylidene)methoxy)furan-2(5H)-one (207 and 

208) 

 

To a stirred solution of lactone 202 (47 mg, 0.25 mmol) was added Et2O (2 mL) and 

ethyl formate (2 mL) before cooling to 0 ºC and adding NaH (74 mg, as a 60% 

suspension in mineral oil, 1.85 mmol). After 24 h HCl (5 mL as a 2 M aq. solution) 

was added and the resulting mixture was extracted with EtOAc (3 x 5 mL) and the 

combined extracts were dried (MgSO4), filtered and reduced in vacuo. The crude 

material was fractionated plug of silica eluting first with hexanes (to remove mineral 

oil) then with 60% EtOAc:hexanes to give the enol product (47 mg). The enol product 

was taken up in dry DMF (1.5 mL) cooled to 0 ºC and added K2CO3 (51 mg, 0.371 

mmol) followed by bromobutenolide (70 mg, 0.40 mmol) in a solution of DMF (500 

µL) dropwise. After 24 h NH4Cl (10 mL as a sat. aq. solution) was added and the 
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resulting mixture was extracted with EtOAc (3 x 5 mL). The combined extracts were 

washed with H2O (10 mL), brine (10 mL), dried (MgSO4) filtered and reduced in vacuo 

to give the crude products as a yellow oil (83 mg). The material was purified by flash 

chromatography eluting with 60% EtOAc:hexanes to give first the anti isomer 207  (21 

mg, 0.073 mmol, 30%, Rf = 0.35), mixed fractions (15 mg, 0.052 mmol, 21%), and 

then the syn isomer 208 (13 mg, 0.045 mmol, 18%, Rf = 0.26) (combined yield 69% 

over two steps) 

Anti isomer 207 

1H NMR (400 MHz, CDCl3) δ: 7.55 (t, J = 2.62 Hz, 1H), 7.43–7.32 (m, 5H), 

6.93 (t, J = 1.54 Hz, 1H), 6.17 (t, J = 1.26 Hz, 

1H), 5.56 (dd, J = 8.36, 6.32 Hz, 1H), 3.38 (ddd, 

J = 16.93, 8.48, 2.71 Hz, 1H), 2.83 (ddd, J = 

16.94, 6.21, 2.80 Hz, 1H), 2.04 (s, 3H) 

 

13C NMR (100 MHz, CDCl3) δ: 171.1, 170.2, 149.9, 140.9, 140.2, 135.9, 128.8, 

128.48, 125.3, 108.0, 100.4, 78.5, 32.8, 10.7 

Syn isomer 208 

1H NMR (400 MHz, CDCl3) δ: 7.54 (t, J = 2.62 Hz, 1H), 7.43–7.32 (m, 5H), 

6.93 (t, J = 1.61 Hz, 1H), 6.18 (t, J = 1.30 Hz, 

1H), 5.56 (dd, J = 8.53, 6.13 Hz, 1H), 3.37 (ddd, 

J = 17.06, 11.24, 2.62 Hz, 1H), 2.85 (ddd, J = 

16.98, 6.03, 2.78 Hz, 1H), 2.03 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ: 171.1, 170.1, 149.7, 140.8, 140.1, 136.0, 128.8, 

128.5, 125.4, 108.0, 100.3, 78.6, 32.6, 10.7 

(S)-5-Phenyldihydrofuran-2(3H)-one ((–)-202) 

 

To a flask containing Hunigs Base (248 µL, 1.42 mmol) at 0 ºC was added formic acid 

(140 µL, 3.71 mmol) dropwise and stirred for 15 min. To this was added ketone 206 

(119 mg, 0.619 mmol) in CH2Cl2 which was then evaporated under a stream of N2(g). 

To this was added Ru p-cymene (S,S-DPEN) catalyst (8 mg, 0.01 mmol) and the 

resulting mixture was stirred at 45 ºC for 20 h before being quenched with NaHCO3 



Chapter 5  Results and Discussion 

 182 

(10 mL as a sat. aq. solution). The layers were separated and the aqueous was extracted 

with EtOAc (3 x 10 mL). The combined organic layers were dried (MgSO4) , filtered 

and dried in vacuo to give the crude material as a yellow oil (128 mg). The crude 

material was dissolved in toluene (5 mL) and p-toluene sulfonic acid (40 mg) was 

added and stirred for 16 h. The toluene was removed under reduced pressure and the 

crude material was purified on a plug of silica eluting with 30% EtOAc:hexanes to 

give the title compound as a colourless oil (–)-202 (38 mg, 0.23 mmol, 38%) 

1H NMR (400 MHz, CDCl3) δ:  7.39 (t, J = 7.06 Hz, 2H), 7.34 (t, J = 8.34 Hz, 

3H), 5.51 (m, 1H), 2.65 (m, 3H), 2.19 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ:  176.9, 139.4, 128.8, 125.3, 81.2, 31.0, 28.9 

[α]D
20 -30.7º (c 1.65 CHCl3) [lit = -32.5º] 30 

(R)-3-Methyl-5-((E)-((S)-2-oxo-5-phenyldihydrofuran-3(2H)-

ylidene)methoxy)furan-2(5H)-one compound with (S)-3-methyl-5-((E)-((S)-2-

oxo-5-phenyldihydrofuran-3(2H)-ylidene)methoxy)furan-2(5H)-one (1:1) ((+)-

208a and (+)-207a) 

 

To a stirred solution of lactone (–)-202 (149 mg, 0.92 mmol) was added Et2O (3 mL) 

and ethyl formate (1.5 mL) before cooling to 0 ºC and adding NaH (220 mg, as a 60% 

suspension in mineral oil, 5.51 mmol). After 24 h HCl (5 mL as a 2 M aq. solution) 

was added and the resulting mixture was extracted with EtOAc (3 x 5 mL). The 

combined extracts were dried (MgSO4), filtered and reduced in vacuo. The crude 

material was fractionated on a plug of silica eluting first with hexanes (to remove 

mineral oil) then with 60% EtOAc:hexanes to give the enol product (170 mg). The 

enol product taken up in dry DMF (3 mL) cooled to 0 ºC and added K2CO3 (185 mg, 

1.34 mmol) followed by bromobutenolide (253 mg, 1.22 mmol) in a solution of DMF 

(500 µL) dropwise. After 24 h NH4Cl (10 mL as a sat. aq. solution) was added and the 

resulting mixture was extracted with EtOAc (3 x 10 mL). The combined extracts were 

washed with H2O (10 mL), brine (10 mL), dried (MgSO4) filtered and reduced in vacuo 

to give the crude products as a yellow oil (237 mg). The material was purified by flash 

chromatography eluting with 60:40 mix of EtOAc:hexanes to give the fast isomer (26 
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mg, 0.091 mmol, 10%), mixed fractions (28 mg, 0.097 mmol, 11%), and the slow 

isomer (46 mg, 0.160 mmol, 18%) (combined yield 38% over two steps) 

Anti-isomer (+)-207a 

[α]D
20 +155º (c 0.06 CHCl3)  

Spectra corresponded to the previously attained racemic material 

Syn-isomer (+)-208a 

[α]D
20 +7.6º (c 0.25 CHCl3)  

Spectra corresponded to the previously attained racemic material 

 

(R)-5-Phenyldihydrofuran-2(3H)-one ((+)-202) 

 

To a flask containing Hunigs Base (248 µL, 1.42 mmol) at 0 ºC was added formic acid 

(140 µL, 3.71 mmol) dropwise and stirred for 15m. To this was added ketone 206 (119 

mg, 0.619 mmol) in CH2Cl2 which was then evaporated under a stream of N2(g). To 

this was added Ru p-cymene (R,R DPEN) Catalyst (8 mg, 0.01 mmol) and the resulting 

mixture was stirred at 45 ºC for 20 h before being quenched with NaHCO3 (10 mL as 

a sat. solution). The layers were separated and the aqueous was extracted with EtOAc 

(3 x 10 mL). The combined organic layers were dried (MgSO4), filtered and dried in 

vacuo to give the crude material as a yellow oil (94 mg). The crude material was 

dissolved in CH2Cl2 (5 mL) and p-toluene sulfonic acid (40 mg) was added and stirred 

for 16 h. The CH2Cl2 was removed under reduced pressure and the crude material was 

purified by flash chromatography eluting with 60:40 mix of EtOAc:hexanes to give to 

give the title compound (–)-202 as a colourless oil (54 mg, 0.40 mmol, 64%) 

1H NMR (400 MHz, CDCl3) δ:  7.39 (t, J = 7.06 Hz, 2H), 7.34 (t, J = 8.34 Hz, 

3H), 5.51 (m, 1H), 2.65 (m, 3H), 2.19 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ:  176.9, 139.4, 128.8, 125.3, 81.2, 31.0, 28.9 

[α]D
20 +31.4º (c 2.70, CHCl3) (lit +31.1º) 31 
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(R)-3-Methyl-5-((E)-((R)-2-oxo-5-phenyldihydrofuran-3(2H)-

ylidene)methoxy)furan-2(5H)-one compound with (S)-3-methyl-5-((E)-((R)-2-

oxo-5-phenyldihydrofuran-3(2H)-ylidene)methoxy)furan-2(5H)-one (1:1) ((–)-

207b and (–)-208b) 

 

To a stirred solution of lactone (+)-202 (110 mg, 0.68 mmol) was added Et2O (2 mL) 

and ethyl formate (2 mL) before cooling to 0 ºC and adding NaH (162 mg, as a 60% 

suspension in mineral oil, 4.07 mmol). After 24 h HCl (5 mL as a 2 M aq. solution) 

was added and the resulting mixture was extracted with EtOAc (3 x 5 mL) and the 

combined extracts were dried (MgSO4), filtered and reduced in vacuo. The crude 

material was fractionated on a plug of silica eluting first with hexanes (to removal the 

mineral oil) then with 60% EtOAc:hexanes to give the enol product (47 mg). The enol 

product taken up in dry DMF (1.5 mL) cooled to 0 ºC and added K2CO3 (140 mg, 1.02 

mmol) followed by bromobutenolide (192 mg, 1.08 mmol) in a solution of DMF (500 

µL) dropwise. After 24 h NH4Cl (10 mL as a sat. solution) was added and the resulting 

mixture was extracted with EtOAc (3 x 5 mL). The combined extracts were washed 

with H2O (10 mL), brine (10 mL), dried (MgSO4) filtered and reduced in vacuo to give 

the crude products as a yellow oil (174 mg). The material was purified by flash 

chromatography eluting with 60:40 mix of EtOAc:hexanes to give the fast isomer (42 

mg, 0.147 mmol, 23%, Rf = 0.35), mixed fractions (2 mg, 0.007 mmol, 1%), and the 

slow isomer (40 mg, 0.139 mmol, 22%, Rf = 0.26) (combined yield 46% over two 

steps) 

Anti-isomer (–)-208b 

[α]D
20  -156º 

Spectra corresponded to the previously attained racemic material 

Syn-isomer (–)-207b 

[α]D
20  -7.0º 

Spectra corresponded to the previously attained racemic material 

 



Chapter 5  Results and Discussion 

 185 

 

 

Cyclohex-1-en-1-yl trifluoromethanesulfonate (209) 

 

To cyclohexanone 122 (1.04 mL, 10.0 mmol) in dry CH2Cl2 (50 mL) was added 

pyridine (1.09 mL, 13.5 mmol) and cooled to 0 ºC. Tf2O (2.267 mL, 13.5 mmol) was 

added dropwise with rapid stirring. The reaction was heated to reflux then cooled to 

r.t. and stirred for 21 h. the reaction was cooled to 0 ºC and quenched by the slow 

addition of water (25 mL). The organic layer was separated and washed with NaHCO3 

(20 mL as a sat. solution) and NH4Cl (20 mL as a sat. aq. solution) before drying over 

MgSO4 a drying in vacuo. The crude material was purified by column chromatography 

eluting with hexanes to give the title compound 209 as a colourless oil (568 mg, 2.47 

mmol, 25%) 

1H NMR (400 MHz, CDCl3) δ:  5.75 (tt, J = 1.48 Hz, 4.04 Hz, 1H), 2.34 – 2.29 

(m, 2H), 2.20 – 2.15 (m, 2H), 1.80 – 1.76 (m, 

2H), 1.63 – 1.57 (m, 2H) 

13C NMR (100 MHz, CDCl3) δ: 149.3, 118.4, 27.6, 23.9, 22.6, 21.0 

5-(Cyclohex-1-en-1-yl)dihydrofuran-2(3H)-one (210) 

 

To a vial containing dry tetra-n-butylammonium chloride (773 mg, 2.78 mmol) was 

added the triflate 209 (320 mg, 1.39 mmol) as a solution in dry DMF (3 mL). The 3-

butenoic acid (420 µL, 6.69), iPr2Net (1.09 mL, 6.25 mmol), and Pd(OAc)2 (15.60 mg, 

0.07 mmol). The vial was sealed and heated to 100 ºC for 24 h before cooling to r.t. 

and adding H2O (10 mL) and KHSO4 (10 mL). The Ensuing mixture was extracted 

with EtOAc (3 x 15 mL) and the crude material was purified by flash chromatography 

eluting with ether to give the title compound 210 as a colourless oil (79 mg, 0.48 mmol, 

34%). All spectra obtained were in accordance with the literature.32 

1H NMR (400 MHz, CDCl3) δ:  5.79 (s, 1H), 4.82 (t, J = 7.76 Hz, 1H), 2.59–2.50 

(m, 2H), 2.27–1.91 (m, 6H), 1.61–1.52 (m, 4H). 
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5-(6,6-Dimethylcyclohex-1-en-1-yl)dihydrofuran-2(3H)-one (213) 

 

To triflate 118 (103 mg, 0.40 mmol) in dry DMF (2 mL) was added 3-butenoic acid 

added (120 µL, 1.99 mmol), n-Bu4NCl (111 mg, 0.399 mmol), Hunigs base (312 µL, 

1.70 mmol), and Pd(OAc)2 (4.5 mg, 0.02 mmol). The vial was sealed and heated to 

100 ºC for 24 h before cooling to r.t. and quenching with 10 mL water. The mixture 

was extracted with a 1:1 mix of EtOAc:hexanes (3 x 7 mL). The combined extracts 

were dried (MgSO4) and the solvents were removed in vacuo to give 114 mg of crude 

material. The crude material was purified by automated flash chromatography eluting 

with EtOAc:hexanes on a gradient of 0% to 50% over a period of 12 M to give 35 mg 

of material that still contained starting material. The material was redissolved in 

EtOAc and washed with NaHCO3 (3 x 10 mL as a sat. aq. solution). The organics were 

dried (MgSO4), filtered and evaporated in vacuo to provide pure 213 as a colourless 

oil (13 mg, 0.07 mmol, 18% yield). 

1H NMR (400 MHz, CDCl3) δ: 5.78 (t, J = 3.82 Hz, 1H), 4.99 (t, J = 7.44 Hz, 

1H), 2.59 (m, 2H), 2.40 (m, 1H), 2.14 – 1.98 

(cm, 3H), 1.63 (m, 2H), 1.55 – 1.44 (cm, 2H), 

1.13 (s, 3H), 1.04 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ: 177.2, 143.0, 123.8, 78.9, 39.5, 33.3, 30.6, 29.4, 

28.5, 28.0, 25.5, 18.7 

IRvmax: 2932, 2870, 1771, 1456, 1363, 1331, 1296, 

1221, 1190, 1145, 1024, 987, 937, 916, 806. 

m/z (ESI): 194, 179, 165, 151, 137,118, 109, 95 

HRMS calcd for C12H18O2 194.1307 found 194.13066 

1-(3-Hydroxyprop-1-yn-1-yl)-2,2-dimethylcyclohexanol (223) 

 

Propargyl alcohol (3.39 mL, 58.20 mmol) was dissolved in water (3.05 mL) and KOH 

(8.3 g, 148 mmol) was added. The ensuing mixture was warmed to 45 ºC before adding 

2,2 dimethylcyclohexanone 188 (4.67 g, 37.00 mmol). After 16 h, H2O (70 mL) was 
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added and the mixture was extracted with EtOAc (3 x 15 mL). The combined extracts 

were washed with NH4Cl (25 mL as a sat. solution), Water (25 mL) and brine (25 mL) 

before being dried (MgSO4), filtered and removed in vacuo to give the diol 223 as a 

colourless solid (4.92g, 27 mmol, 75%). All spectral data were in accordance with the 

literature. 33  

7,7-Dimethyl-2,3,4,5,6,7-hexahydro-1H-inden-1-one (63) 

 

To the diol 223 (448 mg, 2.26 mmol) in glacial acetic acid (5 mL) was added H2SO4 

(5 drops as a conc. solution) and stirred for 21 h at reflux. The reaction was cooled to 

r.t. and diluted with H2O (30 mL) before being extracted with Et2O (3 x 15 mL). The 

combined extracts were washed with H2O (2 x 20 mL) and brine (20 mL) before being 

dried (MgSO4), filtered and reduced in vacuo to give the crude product. The crude 

material was passed through a plug of silica with EtOAc:hexanes (as 1:1 mixture) to 

give the title compound as a black oil 63 (253 mg, 1.54 mmol, 68%).34.  

1H NMR (400 MHz, CDCl3) δ:  2.43 (m, 2H), 2.33 (m, 2H), 2.28 (t, J = 6.15 Hz, 

2H), 1.71 (m, 2H), 1.46 (m, 2H), 1.18 (s, 6H) 

13C NMR (100 MHz, CDCl3) δ:  209.1, 173.2, 144.8, 39.4, 35.0, 31.2, 29.6, 29.4, 

26.6, 19.1 

Multideuterated 2-(7,7-dimethyl-1-oxo-2,3,4,5,6,7-hexahydro-1H-inden-2 

yl)acetic acid (225) 

 

Methyl 2-(2-methoxy-2-oxoethyl)-7,7-dimethyl-1-oxo-2,3,4,5,6,7-hexahydro-1H-

indene-2-carboxylate 117 (529 mg, 1.80 mmol) was added to a mixture of D2O (2 ML) 

and acetyl chloride (1 mL) dropwise. The mixture was heated to reflux under N2(g) for 

2.5 h. The reaction was cooled to r.t., diluted with water (25 mL) and extracted with 

EtOAc (3 x 15 mL). The combined extracts were washed with water (2 x 25 mL), dried 

(MgSO4), filtered and reduced in vacuo to give crude 225 as a brown oil which was 

used in the next step without purification (367.3 mg, 89%) 

 

O

CO2H

D

D D
D D
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D5-8,8-Dimethyl-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-b]furan-2-one (223) 

 

Crude 225 (367 mg, 1.62 mmol) in water (50 mL) was neutralised with NaOH (5 mL 

as a 1 M aq. solution) and cooled to 0 ºC. CH2Cl2 (10 mL) was added followed by 

CeCl3•(H2O)7 (602 mg, 1.62 mmol). A solution of NaBH4 (367 mg, 9.70 mmol) in ice 

cold water (5 mL) was added dropwise over 10 min. The resulting mixture was stirred 

for 1 h at 0 ºC then 2 h at r.t. The reaction was quenched by the addition of conc. HCl 

(4 mL as a conc. aq. solution) and KHSO4 (20 mL as a sat. aq. solution) then extracted 

with EtOAc (3 x 20 mL). The combined extracts were washed with brine (20 mL), 

dried (MgSO4), filtered and dried in vacuo to give crude 223. All spectral data was in 

accordance with the literature.33  

D5-(3aR,8bS,E)-8,8-Dimethyl-3-((((S)-4-methyl-5-oxo-2,5-dihydrofuran-2-

yl)oxy)methylene)-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-b]furan-2-one 

compound with (3aS,8bR,E)-8,8-dimethyl-3-((((S)-4-methyl-5-oxo-2,5-

dihydrofuran-2-yl)oxy)methylene)-3,3a,4,5,6,7,8,8b-octahydro-2H-indeno[1,2-

b]furan-2-one (1:1) (218 and 219) 

 

To a solution of hydroxylactone 223 (33 mg, 0.15 mmol) in dry ethyl formate (2 mL) 

at 0 ºC was added KH (109 mg, 1.47 mmol) and the ensuing mixture was stirred for 

24 h before being quenched by the addition of HCl (5 mL as a 2 M solution). The 

layers were separated, and the aqueous portion was extracted with EtOAc (3 x 5 mL). 

The combined organics were dried (MgSO4), filtered and evaporated in vacuo to give 

the crude formylated product which was used in the following step without 

purification. To a solution crude material in dry DMF (1.5 mL) was added K2CO3 

(19.23 mg, 0.14 mmol) and cooled to 0 ºC. A solution of bromobutenolide (18.21 mg, 

0.103 mmol) in dry DMF (1.5 mL) was added and the ensuing mixture was allowed to 

stir for 24 h. NH4Cl (10 mL as a sat. solution) was added and the mixture was extracted 

D D
D D

O O

D

D D
D D

O O

D
O

O

O
D D

D D

O O

D
O

O

O
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with EtOAc (3 x 5 mL). The combined extracts were dried (MgSO4), filtered and 

evaporated in vacuo to give the crude product as a mix of diastereomers. The crude 

material was purified by flash chromatography eluting with 40% EtOAc:hexanes the 

title compounds in an 8% yield each (16% overall). All spectral data was in accordance 

with the literature.33 

Anti isomer 219 

1H NMR (400 MHz, CDCl3) δ: 7.44 (s, 1H), 6.95 (m, 1H), 6.15 (m, 1H), 5.54 (s, 

1H), 2.05 (s, 3H), 1.68–1.62 (m, 2H), 1.50–1.45 

(m, 1H), 1.39–1.34 (m, 1H), 1.14 (S, 3H), 1.12 

(s, 3H) 

 

13C NMR (100 MHz, CDCl3) δ: 171.7, 170.2, 150.0, 141.0, 139.8, 135.9, 114.5, 

100.6, 88.4, 41.2, 39.0, 31.9, 29.7, 28.2, 27.8, 

19.0, 10.7 

Syn isomer 218 

1H NMR (400 MHz, CDCl3) δ: 7.43 (s, 1H), 6.94 (m, 1H), 6.16 (m, 1H), 5.53 (s, 

1H), 2.04 (s, 3H), 1.68–1.62 (m, 2H), 1.50–1.45 

(m, 1H), 1.39–1.34 (m, 1H), 1.14 (S, 3H), 1.12 

(s, 3H) 

13C NMR (100 MHz, CDCl3) δ: 171.7, 170.2, 149.7, 140.9, 139.8, 136.1, 114.5, 

100.4, 88.4, 41.2, 39.0, 31.9, 29.7, 28.2, 27.8, 

19.0, 10.7 

m/z (ESI):     335.1  
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