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Chapter 1 

N-Heterocyclic carbene organocatalysis 

and applications in total syntheses 

1.1 Introduction 

1.1.1 A brief history of organocatalysis  

Scheme 1.1. Cyanide and NHC mediated benzoin reaction. 



Chapter  1  

Scheme 1.2. Enantioselective Hajos-Parrish and benzoin reactions. 



Chapter  1  

Scheme 1.3. Early enantioselective organocatalytic reactions. 

 



Chapter  1  

Figure 1.1. Activation modes of common organocatalysts. 

1.2 NHC organocatalysis 



Chapter  1  

Scheme 1.4. Umpolung NHC intermediates and reaction patterns. 



Chapter  1  

Scheme 1.5. Normal polarity NHC intermediates and reactivity patterns. 



Chapter  1  

1.3 NHC catalysed benzoin condensations 

Scheme 1.6. Representative benzoin condensation. 

1.3.1 Synthesis of (+)-glyceollin II  



Chapter  1  

Scheme 1.7. Benzoin condensation in the total synthesis of (±)-glyceollin II (20).  

1.3.2 Synthesis of (+)-sappanone B 

Scheme 1.8. Enantioselective benzoin condensation in the total synthesis of (+)-sappanone B.  

1.3.3 Synthesis of (‒)-seragakinone A 



Chapter  1  

Scheme 1.9. Enantioselective benzoin condensation in the total synthesis of (‒)-seragakinone A.  

1.4 The Stetter reaction 



Chapter  1  

Scheme 1.10. An example of the Stetter reaction. 

1.4.1 Synthesis of cis-jasmone and dihydrojasmone 

Scheme 1.11. Intermolecular Stetter reaction in the total synthesis of cis-jasmone and dihydrojasmone.  



Chapter  1  

1.4.2 Synthesis of (±)-hirsutic acid C 

Scheme 1.12. Intramolecular Stetter reaction in the total synthesis of (±)-hirsutic acid C. 

 

1.4.3 Synthesis of (±)-atorvastatin 



Chapter  1  

Scheme 1.13. Intermolecular Stetter reactions in synthesis of atorvastatin and analogues. 

1.5 Lactone formation via the NHC-homoenolate 

ɣ



Chapter  1  

Scheme 1.14. Generalised reactivity of the NHC homoenolate and acyl azolium enolate. 

1.5.1 Formal synthesis of (+)-salinosporamide A 

ɣ

ɣ

ɣ

ɣ



Chapter  1  

Scheme 1.15. Intramolecular NHC-homoenolate annulation in synthesis of (+)-salinosporamide. 

1.5.2 Synthesis of (‒)-maremycin B 

ɣ

ɣ

Scheme 1.16. Enantioselective NHC-homoenolate annulation in the synthesis of (‒)-maremycin B. 

 

 



Chapter  1  

1.5.3 Synthesis of (‒)-bakkenolides I, J and S  

ɣ

Scheme 1.17. Desymmetrisation via the NHC-acylazolium enolate in the synthesis of (‒)-bakkenolides. 



Chapter  1  

 

1.6 Esterification via the NHC-acylazolium 

Scheme 1.18. Formation of the NHC-acylazolium via oxidation of the Breslow intermediate. 

1.6.1 Synthesis of (+)-dactylolide 



Chapter  1  

Scheme 1.19. Macrolactonisation via the NHC-acylazolium in the synthesis of (+)-dactylolide. 

1.7 [3,3]-Sigmatropic rearrangements via the NHC-azolium 
alkoxide 

Scheme 1.20. Access to the NHC-azolium alkoxide 87 from ester substrates. 

1.7.1 Synthesis of (‒)-7-deoxyloganin 



Chapter  1  

Scheme 1.21. NHC catalysed Claisen rearrangement of enol esters in the synthesis of (‒)-7-deoxyloganin.  

1.8 Objectives 



Chapter  1  

Scheme 1.22. SET-NHC catalysed (4+2) annulation of cyclopropanes. 

β

Scheme 1.23. NHC catalysed (4+2) annulation of DA-cyclobutanes. 



Chapter  1  

Scheme 1.24. Synthesis of (+)-bisabosqual A exploiting β-lactone 100. 

 

Scheme 1.25. Synthesis of (—)-Δ9-tetrahydrocannabinol exploiting β-lactones. 
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1.9 References 



Chapter  1  
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Chapter 2  

Single electron transfer coupled NHC 

catalysis for annulations of cyclopropanes 

 

2.1 Introduction  



Chapter  2  

2.1.1 Inspiration for SET NHC catalysis  

Scheme 2.1. PFOR catalysed decarboxylation of pyruvate. 



Chapter  2  

Scheme 2.2. NHC catalysed oxidation of aldehydes with TEMPO. 



Chapter  2  

Scheme 2.3. NHC catalysed reductive β,β-coupling of nitroalkenes. 

2.1.2 Enantioselective SET coupled NHC catalysis  



Chapter  2  

Scheme 2.4. NHC catalysed enantioselective β-hydroxylation of enals. 



Chapter  2  

 

Scheme 2.5. NHC catalysed enantioselective synthesis of cyclopentanones from enals. 

ɣ

Scheme 2.6. NHC catalysed enantioselective synthesis of spirocyclic-ɣ-lactones. 



Chapter  2  

Scheme 2.7. Generic reactivity of the NHC-homoenolic radical cation. 

2.1.3 Reaction design and objectives 

Scheme 2.8. Proposed (4+2) annulation using α-cyclopropyl aldehydes. 



Chapter  2  

2.2 Research and Discussion 

2.2.1 Intermolecular (4+2) annulation of α -cyclopropyl aldehydes 

Scheme 2.9. Synthesis of α-cyclopropyl aldehydes 145. 



Chapter  2  



Chapter  2  

Table 2.1. Selected optimisations for the SET (4+2) annulation of aldehydes 145. 

entry R oxidant mol% base solvent conva resultb 

2.2.2 Intramolecular (4+2) annulation of α -cyclopropyl aldehyde 

162a 



Chapter  2  

Scheme 2.10. Proposed intramolecular reaction. 

Scheme 2.11. Synthesis of cyclopropyl aldehyde 162a. 



Chapter  2  

2.2.3 Radical trapping experiments 

Table 2.2. Selected optimisations for the intramolecular (4+2) annulation  

entry oxidant %conva result 



Chapter  2  

Scheme 2.12. Oxidation and radical trapping with TEMPO. 

2.3 Conclusions and outlook 



Chapter  2  

Scheme 2.13. Proposed coupling of a homoenolic radical and Breslow intermediate 168. 



Chapter  2  

2.4 References 



Chapter  2  



 

Chapter 3  

Enantioselective N-hetereocyclic carbene 

catalysed (4+2) annulation of donor-acceptor 

cyclobutanes 

3.1 Introduction  



Chapter  3  

Scheme 3.1. Strain energy and generalised reactivity of DA-cyclopropanes and DA-cyclobutanes. 

3.1.1 Annulation reactions of DA-cyclobutanes 



Chapter  3  

Scheme 3.2. Ring opening of amino-activated DA-cyclobutanes. 

Scheme 3.3. TiCl mediated (4+2) annulation of DA-cyclobutanes with aldehydes. 



Chapter  3  

Scheme 3.4. (4+2) annulations of DA-cyclobutanes with alkyne-cobalt complex and aryl donors. 

Scheme 3.5. Annulations of alkoxy-substituted DA-cyclobutanes with various dipolarophiles. 



Chapter  3  

Scheme 3.6. (4+2) Annulations of pthalimide substituted DA-cyclobutanes. 

Scheme 3.7. (5+2) Annulation of DA-cyclobutanes with an internal nucleophile. 



Chapter  3  

Scheme 3.8. Xie and Tang’s enantioselective annulations of DA-cyclobutanes. 

3.1.2 Reaction design and objectives 



Chapter  3  

Scheme 3.9. Mechanistic scenarios for the (4+2) annulation of DA-cyclobutanes with aldehydes. 



Chapter  3  

Scheme 3.10. NHC catalysed enantioselective (3+2) annulation of DA-cyclopropanes. 

Scheme 3.11. Proposed enantioselective (4+2) annulation of DA-cyclobutanes and acyl fluorides. 

3.2 Discovery and optimisation 



Chapter  3  

Scheme 3.12. (4+2) annulation of malonate bearing DA-cyclobutanes and acyl fluroides. 



Chapter  3  

Table 3.1. Selected optimisation of reaction conditions. 

entry T (°C) solvent yield
b

 e.r
c

 

3.3 Reaction scope 

3.3.1 Synthesis of DA-cyclobutanes and α,β-unsaturated acyl fluorides  



Chapter  3  

Scheme 3.13. Synthesis of α,β-unsaturated acyl fluorides. 

Scheme 3.14. Synthesis of malonate bearing DA-cyclobutanes. 



Chapter  3  

3.3.2 Scope of the (4+2) annulation with respect to the  acyl fluoride  

Table 3.2. Scope of α,β-unsaturated acyl fluorides 210.  

entry Ar 220 yield
b

 e.r
c 



Chapter  3  

3.3.3 Scope of the (4+2) annulation with respect to the DA-cyclobutane  



Chapter  3  

Table 3.3. Scope of DA-cyclobutanes 216. 

entry R
1

 Ar R
2

 220 yield
b

 e.r
c 



Chapter  3  

Figure 3.1. Crystal structure of β-lactone 220l. 

Scheme 3.15. Synthesis of a β-ketoester containing DA-cyclobutane. 



Chapter  3  

Scheme 3.16. Annulation of keto-ester derived DA-cyclobutane 216k  

Scheme 3.17. Proposed formation and hydrolysis of ketene acetal 230. 

Scheme 3.18. Synthesis of a vinylogous DA-cyclobutane. 



Chapter  3  

Scheme 3.19. (4+2) Annulation of vinylogous DA-cyclobutane 232. 



Chapter  3  

 

Figure 3.2 1H- and 13C NMR and COSY interactions of δ-lactone 235 in CDCl3 (400 and 100 MHz). 



Chapter  3  

Figure 3.3. NOESY interactions of δ-lactone 235 in CDCl3 (400 and 100 MHz). 

3.4 Reaction utility 

3.4.1 Reaction scale-up 

Table 3.4. Optimisation of reduced catalyst loading.  

entry X yield
b

 e.r
c 



Chapter  3  

Scheme 3.20. (4+2) annulation on 5 mmol scale. 

3.4.2 Product derivatisation 

Scheme 3.21. Thermal β-lactone decarboxylation. 



Chapter  3  

Scheme 3.22. Palladium catalysed decarboxylative allylation of diallyl malonate 220l. 

  

Scheme 3.23. Krapcho decarboxylation of dimethyl malonate 220k. 



Chapter  3  

Scheme 3.24. Reduction and aminolysis of β-lactone 220c. 

Scheme 3.25. Acid and base mediated ethanolysis of β-lactone 220c. 



Chapter  3  

Scheme 3.26. Synthesis of dihydroquinolinone 243. 

3.4.3 Antimicrobial screening of β -lactones and derivatives  



Chapter  3  

Figure 3.4. Antimicrobial activity of β-lactones and derivatives represented as percentage inhibition at 32 

μg/ml. 

3.5 Mechanistic insights  

3.5 .1 Divergent mechanisms for initial C-C bond formation 



Chapter  3  

Scheme 3.27. Plausible mechanisms for initial C-C bond construction. 

Scheme 3.28. Counterion effect on the rate of anionic oxy-Cope rearrangement. 



Chapter  3  

Scheme 3.29. Counterion effect on the yield of the (4+2) annulation. 

Scheme 3.30. Proposed mechanism of the (4+2) annulation. 

 



Chapter  3  

3.6 Conclusions and outlook 

Scheme 3.31. Nitrogen bearing DA-cyclobutanes for the synthesis of β-lactams 



Chapter  3  

3.7 References 



Chapter  3  



Chapter  3  



 

Chapter 4 

 Towards the synthesis of (+)-bisabosqual A 

4.1 Introduction 



Chapter  4  

Figure 4.1. IC50 values against Candida albicans for bisabosquals A-D. 

4.1.1 Snider’s synthesis of the tetracyclic core of the bisabosquals  



Chapter  4  

Scheme 4.1. Snider’s synthesis of the tetracyclic core of the bisabosquals. 

4.1.2 Parker’s  total synthesis of (±)-bisabosqual A 



Chapter  4  

Scheme 4.2. Parker’s total synthesis of (±)-bisabosqual A 



Chapter  4  

4.2 Synthetic design and objectives 

4.2.1 Retrosynthetic analysis of (±)-bisabosqual A 

(+)-

Scheme 4.3. Proposed retrosynthesis of (+)-bisabosqual A (258). 



Chapter  4  

4.2.2 Model study 1: Construction of the cis-cis fused tetracyclic core 

Scheme 4.4. Proposed construction of the tetracyclic core of the bisabosquals. 

4.2.3 Model study 2: β-Keto ester derived DA-cyclobutanes 

 

Scheme 4.5. Examination of β-keto ester derived DA-cyclobutanes 



Chapter  4  

Scheme 4.6. Lactolisation of vs O-addition and AOC. 

4.2.4 Model study 3: Pentasubstituted α,β-unsaturated acyl fluorides 

Scheme 4.7. Examination of pentasubstituted α,β-unsaturated acyl fluorides. 



Chapter  4  

4.3 Model study 1: Assembly of the cis-cis fused tetracyclic 
core 

4.3.1 Synthesis and reactivity of 2,6-disubstituted acyl fluorides 

Scheme 4.8. Synthesis of DA-cyclobutane 216e and α,β-unsaturated acyl fluoride 210m. 



Chapter  4  

Scheme 4.9. (4+2) Annulation of α,β-unsaturated acyl fluoride 210m. 



Chapter  4  

 

Figure 4.2. 1H NMR spectrum of β-lactone 220ad in CDCl3 (400 MHz) with 220t shown for comparison. 

Figure 4.3. 1 X-ray crystal structure of β-lactone 220ad. 



Chapter  4  

4.3.2 Decarboxylation of β -lactone 220ad 

Scheme 4.10. Krapcho decarboxylation of β-lactone 220ad with water and BHT. 



Chapter  4  

Scheme 4.11. Krapcho decarboxylation of β-lactone 220ad. 

4.3.3 Synthesis of the tetracyclic core 

Scheme 4.12. Construction of hexahydrobenzofurobenzopyran 273. 



Chapter  4  

 

Figure 4.4. 1H NMR of hexahydrobenzofurobenzopyran 273 and 265b in CDCl3 (400 MHz).  



Chapter  4  

4.4 Model study 2: β-Keto ester derived DA-cyclobutanes 

4.4.1 Synthesis and reactivity of β -ketoester derived DA-cyclobutane 

216m 



Chapter  4  

Scheme 4.13. Synthesis and reactivity of DA-cyclobutane 216m. 

Scheme 4.14. NHC catalysed annulation of lactol 291. 



Chapter  4  

4.4.2 Alkylation strategy for incorporation of the alkenyl side -chain 

Scheme 4.15. Incorporation of the alkenyl sidechain. 



Chapter  4  

4.5 Model study 3: Pentasubstituted α,β-unsaturated acyl 
fluorides 

Scheme 4.16. Proposed route to access pentasubstituted α,β-unsaturated cinnamates.. 

4.5.1 Synthesis of pentasubstituted α,β-unsaturated scaffolds  

Scheme 4.17. Synthesis and protection of pentasubstituted aromatic scaffold 307. 



Chapter  4  

Scheme 4.18. Attempted C4 functionalisation of benzene 307. 

Scheme 4.19. Halogenation of arene 302. 



Chapter  4  

 

Figure 4.5. Crystal structure of aryl bromide 309. 

Scheme 4.21. Selective demethylation of aryl ether 311 and revised strategy for synthesis of 313. 



Chapter  4  

 

Scheme 4.21. Synthesis of aryl iodide 316. 



Chapter  4  

Table. 4.1: Heck coupling of aryl iodide 316 with tert-butyl acrylate. 

entry conditions yield 318a 

Scheme 4.22. Synthesis of α,β unsaturated cinnamoyl fluoride 210n. 



Chapter  4  

Scheme 4.23. (4+2) annulation of α,β-unsaturated cinnamoyl fluoride 210n. 

4.5.2 Acyl fluorides without electron withdrawing substituents  



Chapter  4  

Scheme 4.24. Attempted syntheses of benzaldehydes 323. 

Scheme 4.25. Synthesis of α,β unsaturated acyl fluoride 210o. 



Chapter  4  

 

Scheme 4.26. (4+2) Annulation of acyl fluoride 210o with DA-cyclobutane 216e. 

4.6 Conclusions and outlook 



Chapter  4  

Scheme 4.27 Overview of model studies towards (+)-bisabosqual A 



Chapter  4  

4.7 References 



Chapter  4  
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Chapter 5 

 Enantioselective total synthesis of  

Δ8- and Δ9-tetrahydrocannabinol 

5.1 Introduction 



Chapter  5  

Figure 5.1. Cannabinoids of Cannabis sativa. 

5.1.1 Synthetic strategies for the synthesis of (−)-Δ9-THC 



Chapter  5  

Figure 5.2. Overview of synthetic strategies for (−)-Δ9-THC. 

5.1.2 Evans’  enantioselective Diels-Alder approach to Δ9-THC 

 



Chapter  5  

 

Scheme 5.1. Evans’ synthesis of (−)-Δ9-THC. 

5.1.3 Trost’s  enantioselective allylic alkylation approach to 

(‒)-Δ9-THC 



Chapter  5  

Scheme 5.2. Trost’s synthesis of (−)-Δ9-THC. 

5.1.4 Zhou’s  enantioselective hydrogenation approach to (−)-Δ9-THC 



Chapter  5  

 

Scheme 5.3. Zhou’s synthesis of (−)-Δ8-THC and (−)-Δ9-THC. 

5.1.5 Carreira’s  stereodivergent approach to (−)-Δ9-THC 



Chapter  5  

Scheme 5.4. Carreira’s synthesis of (−)-Δ9-THC. 

5.1.6 Leahy’s enzymatic resolution approach to (−)-Δ9-THC 



Chapter  5  

Scheme 5.5. Leahy’s synthesis of (−)-Δ9-THC. 

5.2 Synthetic strategy for (−)-Δ9-THC 

5.2.1 Retrosynthetic analysis of (−)-Δ9-THC 



Chapter  5  

Scheme 5.6. Proposed retrosynthesis of (−)-Δ9-THC (325). 

5.2.2 NHC catalysed (4+2) annulations  

Scheme 5.7. Related NHC catalysed (4+2) annulations. 



Chapter  5  

5.2.3 Objectives 

5.3 Preliminary investigations of the strategy 

5.3.1 Synthesis of (−)-normethyl-Δ9-THC (361)  



Chapter  5  

Scheme 5.8. Synthesis of normethyl-Δ9-THC (361). 



Chapter  5  

m/z Found: (M+H)+, C20H28O2, 301.2159, requires 

301.2162.)

 

                            

 

 

 

 

 

 

Figure 5.3. 1H- and 13C NMR spectra of normethyl-Δ9-THC (361) in CDCl3 (400 and 100 MHz) 

5.4 Introduction of C9-methyl group via (4+2) annulation 

5.4.1 Synthesis of a methyl substituted DA-cyclobutane  



Chapter  5  

Table 5.2. Attempted synthesis of DA-cyclobutane 216n. 

entry mol% LA R temp.(°C) result
a,b 

5.4.2 Aryl 2,6 disubstitution of in Studer’s (4+2) annulation 



Chapter  5  

Scheme 5.9. Synthesis of model acyl fluoride 360b and methyl ketone 359. 



Chapter  5  

Table 5.3: Selected optimisations of Studer’s (4+2) annulation. 

entry base T (°C) solvent result
a 

Scheme 5.10. Application of Studer’s (4+2) annulation. 



Chapter  5  

5.4.3 Silicon free acyl fluoride activation 

Scheme 5.11. Silicon-free acyl fluoride activation 

Scheme 5.12. Synthesis of ketoester 359b and acyl fluoride 210m. 



Chapter  5  

Table 5.4: Optimisation of silicon free (4+2) annulation  

entry NHC R solvent result 

5.5 Late stage introduction of C9-methyl group  

5.5.1 Design of alternate strategies for C9-methyl group installion 



Chapter  5  

Scheme 5.13. Alternate strategies for synthesis of (‒)-Δ9-THC. 

5.5.2 Hydroboration/oxidation strategy using (‒)-normethyl-Δ9-THC  



Chapter  5  

Table 5.5: Attempted hydroboration of ( )-normethyl-Δ9-THC (361) 

entry X equiv. solvent T (°C) result
a 

5.5.3 Enol phosphate/cuprate cross-coupling strategy 



Chapter  5  

Scheme 5.14. Attempted synthesis of enol phosphate 378b. 

Scheme 5.15. Ethanolysis/translactonisation of β-lactone 220c. 



Chapter  5  

Table 5.6: Selected optimisations for methanolysis of β-lactone 220ad. 

entry
 

base T (°C) time  ratio
a

 220a : 383b : 242b 



Chapter  5  

Scheme 5.16. Synthesis and cross-coupling of enol phosphate 378b. 

Scheme 5.17. Proposed formation of diene 385. 



Chapter  5  

Scheme 5.18. Proposed strategy for synthesis of (−)-Δ9-THC (325) from 379a. 

5.5.4 Dual Krapcho decarboxylation strategy  



Chapter  5  

Scheme 5.19. Dual Krapcho decarboxylation of 379a and synthesis of 390 and 391. 

5.5.5 Synthesis of (−)-Δ8-THC and (−)-Δ9-THC 



Chapter  5  

Scheme 5.20. Synthesis of (−)-Δ8-THC (349) and (−)-Δ9-THC (325) 

Figure 5.4. 1H NMR spectra of Δ9-THC (325) in CDCl3 (400 MHz). 



Chapter  5  

Figure 5.5. 13C NMR spectra of Δ9-THC (325) in CDCl3 (100 MHz). 

Table 5.7. Comparison of 13C NMR signals from Δ9-THC (325) derived from Trost’s work and the 

present study. 

δ >100 ppm δ <100 ppm 

Trost’s sample Experimental Trost’s sample Experimental 

154.8 154.9 77.2 77.3 

154.1 154.3 45.8 46.0 

142.8 143.0 34.5 35.6 

134.5 134.6 33.5 33.7 

123.7 123.9 31.5 31.7 

110.1 110.3 31.1 31.3 

109.0 109.2 30.7 30.8 

107.6 107.7 27.6 27.7 
  25.0 25.2 
  23.4 23.5 
  22.5 22.7 
  19.3 19.4 

   14.0 14.2 

 



Chapter  5  

Scheme 5.21. Proposed mechanism for enantioerosion. 

5.5.6 Model studies toward the synthesis of Nabilone 

Scheme 5.22. Two-step methylation, deprotection and cyclisation of 394 



Chapter  5  

Scheme 5.23. Stepwise addition, deprotection and cyclisation of 394. 

5.6 Conclusions and outlook 



Chapter  5  

Scheme 5.24. Proposed normethyl-Δ9-THC and Δ9-THC analogue development 

Scheme 5.25. Proposed studies for determining mechanism of enantioerosion. 



Chapter  5  

5.7 References 
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Chapter 6. Experimental Section 

6.1 General experimental  
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6.1.1 Preparation of catalysts  

1
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(400 MHz, CDCl3) 
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6.2 Experimental section for Chapter 2 

6.2.1 Synthesis of α-cyclopropyl aldehydes 145 
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Rf 0.3 (1:1, v/v EtOAc : hexanes)  



Chapter  6  

 

 

 

 



Chapter  6  

 

ⱱ

 

12

 



Chapter  6  

 

 

 

ⱱ



Chapter  6  

 

 



Chapter  6  

6.2.2 SET coupled NHC (4+2) annulation of α-cyclopropyl aldehydes 
145 
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6.3 Experimental section for Chapter 3 

6.3.1 Synthesis of α,β-unsaturated acyl fluorides 210 
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6.3.2 Synthesis of DA-cyclobutanes 216 
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6.3.4 Synthesis of β-lactones 220 
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6.3.5 Synthesis of δ-lactone 235 

C3•HCl 
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6.3.5 Derivatisation studies  
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33 

1H NMR (400 MHz, CDCl3) δ 

13C NMR (100 MHz, CDCl3) δ
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6.4.2 Synthesis of DA-cyclobutane 216m 
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6.4.3 Synthesis of alkenyl side-chain bearing ketone 299 
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6.4.4 Synthesis of α,β-unsaturated acyl fluoride 210n 
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6.4.5 Synthesis of β-lactone 220ah 
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a round bottom flask was charged with aldehyde 

323c(0.46 g, 1 mmol), malonic acid (0.21 g, 2 mmol), piperidine (0.1 mL) and pyridine (3 mL). 

The flask was sealed and heated to 100 °C for 16 h. After cooling to room temperature, the mixture 

was poured into ice cold water. Following acidification (pH = 4) with concentrated HCl, the 

precipitate was washed with H2O (50 mL) and hexanes (50 mL) before being dried at 60 °C in 

vacuo.  The α,β-unsaturated acid 324 (0.30 g, 60%) was isolated as an off white solid. 
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6.5 Experimental section for Chapter 5 

6.5.1 Synthesis of (−)-normethyl-Δ9-THC (36) 
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6.5.3 Revised strategies to install the C9 methyl group  
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HRMS (ESI) m/z Found: (M+H)+, C16H20O5, 293.1384, requires 293.1384 

 

 

the title compound 388a (0.48 g, 33%) was obtained as a separable mixture 

of a 
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the title compound 349 (0.48 g, 33%) was obtained as a yellow oil.
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6.5.4 Synthesis of (−)-Δ9-THC 325  
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the title compound 325 (12.3 mg, 89% yield) was obtained as a yellow oil. 



 = –112.0° (c = 0.01, CHCl3); lit.
42  = –152.3° (c = 0.79, CHCl3)

 

 

 

 

 

 

 

   

a[ ]
D

25

   

a[ ]
D

25

   

a[ ]
D

25



Chapter  6  

6.5.5 Studies into the synthesis of Nabilone 376b  
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Appendix 1 

X-Ray Crystal Structures 

 

 
Figure A1. Molecular diagram of 220l 

 

 

 

 

 

 

 

 

 



Table A1. Crystal data and structure refinement for 220l 

 

 

 

       
 

 

 

 

 

 

 

Identification code               MX21_16  

   

      Empirical formula                 C27 H32 O7  

   

      Formula weight                    468.52  

   

      Temperature                       123(2) K  

   

      Wavelength                        1.54184 A  

   

      Crystal system, space group       Orthorhombic,  P2(1)2(1)2(1)  

   

      Unit cell dimensions              a = 9.6963(2) A   alpha = 90 deg.  

                                        b = 11.8962(3) A    beta = 90 deg.  

                                        c = 21.2475(4) A   gamma = 90 deg.  

   

      Volume                            2450.88(9) A^3  

   

      Z, Calculated density             4,  1.270 Mg/m^3  

   

      Absorption coefficient            0.747 mm^-1  

   

      F(000)                            1000  

   

      Crystal size                      0.25 x 0.20 x 0.20 mm  

   

      Theta range for data collection   4.161 to 66.939 deg.  

   

      Limiting indices                  -11<=h<=11, -10<=k<=14, -24<=l<=25  

   

      Reflections collected / unique    15316 / 4353 [R(int) = 0.0321]  

   

      Completeness to theta = 66.939    99.9 %  

   

      Absorption correction             Semi-empirical from equivalents  

   

      Max. and min. transmission        1.00000 and 0.49288  

   

      Refinement method                 Full-matrix least-squares on F^2  

   

      Data / restraints / parameters    4353 / 2 / 327  

   

      Goodness-of-fit on F^2            1.024  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0324, wR2 = 0.0800  

   

      R indices (all data)              R1 = 0.0341, wR2 = 0.0813  

   

      Absolute structure parameter      -0.01(9)  

   

      Extinction coefficient            n/a  

   

      Largest diff. peak and hole       0.191 and -0.175 e.A^-3  



 

Table A2. Bond lengths (A) and bond angles (°) for 220l 

 

 

 

 

            O(1)-C(1)                     1.194(3)  

            O(2)-C(1)                     1.362(3)  

            O(2)-C(3)                     1.500(2)  

            O(3)-C(13)                    1.193(3)  

            O(4)-C(13)                    1.341(3)  

            O(4)-C(14)                    1.463(3)  

            O(5)-C(17)                    1.199(3)  

            O(6)-C(17)                    1.344(3)  

            O(6)-C(18')                   1.459(2)  

            O(6)-C(18)                    1.459(2)  

            O(7)-C(24)                    1.366(3)  

            O(7)-C(27)                    1.430(3)  

            C(1)-C(2)                     1.518(3)  

            C(2)-C(7)                     1.540(3)  

            C(2)-C(3)                     1.552(3)  

            C(3)-C(4)                     1.538(3)  

            C(4)-C(8)                     1.547(3)  

            C(4)-C(12)                    1.548(3)  

            C(4)-C(5)                     1.549(3)  

            C(5)-C(6)                     1.532(3)  

            C(6)-C(17)                    1.533(3)  

            C(6)-C(13)                    1.538(3)  

            C(6)-C(7)                     1.561(3)  

            C(7)-C(21)                    1.522(3)  

            C(8)-C(9)                     1.526(3)  

            C(9)-C(10)                    1.522(4)  

            C(10)-C(11)                   1.522(4)  

            C(11)-C(12)                   1.530(4)  

            C(14)-C(15)                   1.476(4)  

            C(15)-C(16)                   1.316(4)  

            C(18)-C(19)                   1.446(4)  

            C(18')-C(19')                 1.307(14)  

            C(19)-C(20)                   1.290(6)  

            C(19')-C(20')                 1.30(2)  

            C(21)-C(26)                   1.393(3)  

            C(21)-C(22)                   1.397(3)  

            C(22)-C(23)                   1.384(3)  

            C(23)-C(24)                   1.386(3)  

            C(24)-C(25)                   1.393(3)  

            C(25)-C(26)                   1.395(3)  

   

            C(1)-O(2)-C(3)               91.63(16)  

            C(13)-O(4)-C(14)            116.27(16)  

            C(17)-O(6)-C(18')           115.69(17)  

            C(17)-O(6)-C(18)            115.69(17)  

            C(24)-O(7)-C(27)            117.6(2)  

            O(1)-C(1)-O(2)              127.2(2)  

            O(1)-C(1)-C(2)              137.3(2)  

            O(2)-C(1)-C(2)               95.32(17)  

            C(1)-C(2)-C(7)              117.67(17)  

            C(1)-C(2)-C(3)               84.01(16)  

            C(7)-C(2)-C(3)              120.16(17)  

            O(2)-C(3)-C(4)              114.32(17)  

            O(2)-C(3)-C(2)               88.57(15)  

            C(4)-C(3)-C(2)              122.47(17)  

            C(3)-C(4)-C(8)              107.19(16)  

            C(3)-C(4)-C(12)             110.21(17)  

            C(8)-C(4)-C(12)             107.22(17)  



 

            C(3)-C(4)-C(5)              111.08(17)  

            C(8)-C(4)-C(5)              108.16(16)  

            C(12)-C(4)-C(5)             112.73(16)  

            C(6)-C(5)-C(4)              115.98(16)  

            C(5)-C(6)-C(17)             112.34(17)  

            C(5)-C(6)-C(13)             108.62(16)  

            C(17)-C(6)-C(13)            103.35(15)  

            C(5)-C(6)-C(7)              110.96(16)  

            C(17)-C(6)-C(7)             111.00(16)  

            C(13)-C(6)-C(7)             110.28(16)  

            C(21)-C(7)-C(2)             110.98(16)  

            C(21)-C(7)-C(6)             112.19(16)  

            C(2)-C(7)-C(6)              110.67(16)  

            C(9)-C(8)-C(4)              113.80(18)  

            C(10)-C(9)-C(8)             110.5(2)  

            C(9)-C(10)-C(11)            110.8(2)  

            C(10)-C(11)-C(12)           111.7(2)  

            C(11)-C(12)-C(4)            112.66(18)  

            O(3)-C(13)-O(4)             124.64(18)  

            O(3)-C(13)-C(6)             125.28(18)  

            O(4)-C(13)-C(6)             110.06(16)  

            O(4)-C(14)-C(15)            112.18(19)  

            C(16)-C(15)-C(14)           122.7(2)  

            O(5)-C(17)-O(6)             124.64(19)  

            O(5)-C(17)-C(6)             126.00(19)  

            O(6)-C(17)-C(6)             109.34(16)  

            C(19)-C(18)-O(6)            108.7(2)  

            C(19')-C(18')-O(6)          115.8(6)  

            C(20)-C(19)-C(18)           126.4(4)  

            C(20')-C(19')-C(18')        142(2)  

            C(26)-C(21)-C(22)           117.35(19)  

            C(26)-C(21)-C(7)            122.09(18)  

            C(22)-C(21)-C(7)            120.53(18)  

            C(23)-C(22)-C(21)           121.3(2)  

            C(22)-C(23)-C(24)           120.6(2)  

            O(7)-C(24)-C(23)            115.9(2)  

            O(7)-C(24)-C(25)            124.7(2)  

            C(23)-C(24)-C(25)           119.4(2)  

            C(24)-C(25)-C(26)           119.25(19)  

            C(21)-C(26)-C(25)           122.04(19)  



Figure A2. Molecular diagram of 220ad 



Table A3. Crystal data and structure refinement for 220ad 

 

 

 

 

 

 

 

Identification code               MX30_18  

 

Empirical formula                 C19 H22 O8  

 

      Formula weight                    378.36  

  

      Temperature                       123(2) K  

  

      Wavelength                        0.71073 A  

 

      Crystal system, space group       Monoclinic,  P2(1)/c  

   

      Unit cell dimensions              a = 9.9485(8) A   alpha = 90 deg.  

                                        b = 8.1713(7) A    beta = 93.276(3) deg.  

                                        c = 21.8254(18) A   gamma = 90 deg.  

   

      Volume                            1771.3(3) A^3  

   

      Z, Calculated density             4,  1.419 Mg/m^3  

   

      Absorption coefficient            0.111 mm^-1  

   

      F(000)                            800  

   

      Crystal size                      0.34 x 0.25 x 0.25 mm  

   

      Theta range for data collection   3.116 to 30.532 deg.  

   

      Limiting indices                  -14<=h<=14, -11<=k<=11, -30<=l<=30  

   

      Reflections collected / unique    32116 / 5387 [R(int) = 0.0251]  

   

      Completeness to theta = 25.242    99.8 %  

   

      Absorption correction             Semi-empirical from equivalents  

   

      Max. and min. transmission        0.7460 and 0.6827  

   

      Refinement method                 Full-matrix least-squares on F^2  

   

      Data / restraints / parameters    5387 / 0 / 248  

   

      Goodness-of-fit on F^2            1.046  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0352, wR2 = 0.0949  

   

      R indices (all data)              R1 = 0.0408, wR2 = 0.0996  

   

      Extinction coefficient            n/a  

   

      Largest diff. peak and hole       0.446 and -0.223 e.A^-3  



 

Table A4. Bond lengths (A) and bond angles (°) for 220ad 

 

 
            O(1)-C(7)                     1.3588(12)  

            O(1)-C(4)                     1.4894(13)  

            O(2)-C(7)                     1.1845(13)  

            O(3)-C(8)                     1.1942(11)  

            O(4)-C(8)                     1.3319(11)  

            O(4)-C(9)                     1.4383(12)  

            O(5)-C(10)                    1.1942(11)  

            O(6)-C(10)                    1.3273(11)  

            O(6)-C(11)                    1.4420(11)  

            O(7)-C(13)                    1.3613(11)  

            O(7)-C(18)                    1.4125(11)  

            O(8)-C(17)                    1.3594(11)  

            O(8)-C(19)                    1.4203(11)  

            C(1)-C(10)                    1.5227(12)  

            C(1)-C(8)                     1.5244(12)  

            C(1)-C(6)                     1.5280(12)  

            C(1)-C(2)                     1.5601(12)  

            C(2)-C(12)                    1.5169(11)  

            C(2)-C(3)                     1.5244(11)  

            C(2)-H(2)                     1.0000  

            C(3)-C(7)                     1.5114(13)  

            C(3)-C(4)                     1.5263(13)  

            C(3)-H(3)                     1.0000  

            C(4)-C(5)                     1.5135(14)  

            C(4)-H(4)                     1.0000  

            C(5)-C(6)                     1.5158(14)  

            C(5)-H(5A)                    0.9900  

            C(5)-H(5B)                    0.9900  

            C(6)-H(6A)                    0.9900  

            C(6)-H(6B)                    0.9900  

            C(9)-H(9A)                    0.9800  

            C(9)-H(9B)                    0.9800  

            C(9)-H(9C)                    0.9800  

            C(11)-H(11A)                  0.9800  

            C(11)-H(11B)                  0.9800  

            C(11)-H(11C)                  0.9800  

            C(12)-C(17)                   1.3948(12)  

            C(12)-C(13)                   1.3950(12)  

            C(13)-C(14)                   1.3815(12)  

            C(14)-C(15)                   1.3759(14)  

            C(14)-H(14)                   0.9500  

            C(15)-C(16)                   1.3698(14)  

            C(15)-H(15)                   0.9500  

            C(16)-C(17)                   1.3889(12)  

            C(16)-H(16)                   0.9500  

            C(18)-H(18A)                  0.9800  

            C(18)-H(18B)                  0.9800  

            C(18)-H(18C)                  0.9800  

            C(19)-H(19A)                  0.9800  

            C(19)-H(19B)                  0.9800  

            C(19)-H(19C)                  0.9800  

   

            C(7)-O(1)-C(4)               91.87(7)  

            C(8)-O(4)-C(9)              115.28(8)  

            C(10)-O(6)-C(11)            115.11(7)  

            C(13)-O(7)-C(18)            117.12(7)  

            C(17)-O(8)-C(19)            117.84(8)  

            C(10)-C(1)-C(8)             107.74(7)  



 

            C(10)-C(1)-C(6)             108.31(7)  

            C(8)-C(1)-C(6)              111.14(7)  

            C(10)-C(1)-C(2)             110.39(7)  

            C(8)-C(1)-C(2)              109.33(7)  

            C(6)-C(1)-C(2)              109.90(7)  

            C(12)-C(2)-C(3)             111.68(7)  

            C(12)-C(2)-C(1)             113.56(7)  

            C(3)-C(2)-C(1)              110.81(7)  

            C(12)-C(2)-H(2)             106.8  

            C(3)-C(2)-H(2)              106.8  

            C(1)-C(2)-H(2)              106.8  

            C(7)-C(3)-C(2)              120.90(7)  

            C(7)-C(3)-C(4)               84.81(7)  

            C(2)-C(3)-C(4)              120.78(8)  

            C(7)-C(3)-H(3)              109.4  

            C(2)-C(3)-H(3)              109.4  

            C(4)-C(3)-H(3)              109.4  

            O(1)-C(4)-C(5)              111.98(8)  

            O(1)-C(4)-C(3)               88.81(7)  

            C(5)-C(4)-C(3)              119.38(8)  

            O(1)-C(4)-H(4)              111.6  

            C(5)-C(4)-H(4)              111.6  

            C(3)-C(4)-H(4)              111.6  

            C(4)-C(5)-C(6)              113.98(8)  

            C(4)-C(5)-H(5A)             108.8  

            C(6)-C(5)-H(5A)             108.8  

            C(4)-C(5)-H(5B)             108.8  

            C(6)-C(5)-H(5B)             108.8  

            H(5A)-C(5)-H(5B)            107.7  

            C(5)-C(6)-C(1)              111.96(8)  

            C(5)-C(6)-H(6A)             109.2  

            C(1)-C(6)-H(6A)             109.2  

            C(5)-C(6)-H(6B)             109.2  

            C(1)-C(6)-H(6B)             109.2  

            H(6A)-C(6)-H(6B)            107.9  

            O(2)-C(7)-O(1)              126.07(9)  

            O(2)-C(7)-C(3)              139.01(9)  

            O(1)-C(7)-C(3)               94.51(8)  

            O(3)-C(8)-O(4)              123.81(8)  

            O(3)-C(8)-C(1)              125.12(8)  

            O(4)-C(8)-C(1)              111.07(7)  

            O(4)-C(9)-H(9A)             109.5  

            O(4)-C(9)-H(9B)             109.5  

            H(9A)-C(9)-H(9B)            109.5  

            O(4)-C(9)-H(9C)             109.5  

            H(9A)-C(9)-H(9C)            109.5  

            H(9B)-C(9)-H(9C)            109.5  

            O(5)-C(10)-O(6)             124.31(9)  

            O(5)-C(10)-C(1)             123.88(8)  

            O(6)-C(10)-C(1)             111.80(7)  

            O(6)-C(11)-H(11A)           109.5  

            O(6)-C(11)-H(11B)           109.5  

            H(11A)-C(11)-H(11B)         109.5  

            O(6)-C(11)-H(11C)           109.5  

            H(11A)-C(11)-H(11C)         109.5  

            H(11B)-C(11)-H(11C)         109.5  

            C(17)-C(12)-C(13)           116.74(8)  

            C(17)-C(12)-C(2)            124.90(8)  



            C(13)-C(12)-C(2)            118.31(7)  

            O(7)-C(13)-C(14)            122.46(8)  

            O(7)-C(13)-C(12)            115.52(7)  

            C(14)-C(13)-C(12)           122.02(8)  

            C(15)-C(14)-C(13)           119.05(9)  

            C(15)-C(14)-H(14)           120.5  

            C(13)-C(14)-H(14)           120.5  

            C(16)-C(15)-C(14)           121.32(8)  

            C(16)-C(15)-H(15)           119.3  

            C(14)-C(15)-H(15)           119.3  

            C(15)-C(16)-C(17)           118.88(9)  

            C(15)-C(16)-H(16)           120.6  

            C(17)-C(16)-H(16)           120.6  

            O(8)-C(17)-C(16)            121.57(8)  

            O(8)-C(17)-C(12)            116.45(8)  

            C(16)-C(17)-C(12)           121.98(8)  

            O(7)-C(18)-H(18A)           109.5  

            O(7)-C(18)-H(18B)           109.5  

            H(18A)-C(18)-H(18B)         109.5  

            O(7)-C(18)-H(18C)           109.5  

            H(18A)-C(18)-H(18C)         109.5  

            H(18B)-C(18)-H(18C)         109.5  

            O(8)-C(19)-H(19A)           109.5  

            O(8)-C(19)-H(19B)           109.5  

            H(19A)-C(19)-H(19B)         109.5  

            O(8)-C(19)-H(19C)           109.5  

            H(19A)-C(19)-H(19C)         109.5  

            H(19B)-C(19)-H(19C)         109.5  



 

Figure A3. Molecular diagram of 309 

 



Table A5. Crystal data and structure refinement for 309 

 

 

 

      Identification code               MX16_18  

   

      Empirical formula                 C11 H11 Br O6  

   

      Formula weight                    319.11  

   

      Temperature                       123(2) K  

   

      Wavelength                        0.71073 A  

   

      Crystal system, space group       Monoclinic,  P2(1)/c  

   

      Unit cell dimensions              a = 11.5781(6) A   alpha = 90 deg.  

                                        b = 12.7450(7) A    beta = 110.050(4) deg.  

                                        c = 8.6125(4) A   gamma = 90 deg.  

   

      Volume                            1193.86(11) A^3  

   

      Z, Calculated density             4,  1.775 Mg/m^3  

   

      Absorption coefficient            3.460 mm^-1  

   

      F(000)                            640  

   

      Crystal size                      0.35 x 0.30 x 0.25 mm  

   

      Theta range for data collection   3.028 to 27.226 deg.  

   

      Limiting indices                  -14<=h<=14, -16<=k<=8, -11<=l<=11  

   

      Reflections collected / unique    9530 / 2647 [R(int) = 0.0424]  

   

      Completeness to theta = 25.242    99.4 %  

   

      Absorption correction             Semi-empirical from equivalents  

   

      Max. and min. transmission        0.1506 and 0.0810  

   

      Refinement method                 Full-matrix least-squares on F^2  

   

      Data / restraints / parameters    2647 / 0 / 170  

   

      Goodness-of-fit on F^2            1.015  

   

      Final R indices [I>2sigma(I)]     R1 = 0.0274, wR2 = 0.0564  

   

      R indices (all data)              R1 = 0.0405, wR2 = 0.0598  

   

      Extinction coefficient            n/a  

   

      Largest diff. peak and hole       0.340 and -0.507 e.A^-3  



Table A6. Bond lengths (A) and bond angles (°) for 309 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Br(1)-C(1)                    1.892(2)  

            O(1)-C(2)                     1.348(2)  

            O(2)-C(4)                     1.346(2)  

            O(2)-C(7)                     1.437(3)  

            O(3)-C(8)                     1.205(2)  

            O(4)-C(8)                     1.332(3)  

            O(4)-C(9)                     1.446(3)  

            O(5)-C(10)                    1.201(2)  

            O(6)-C(10)                    1.330(3)  

            O(6)-C(11)                    1.447(3)  

            C(1)-C(6)                     1.386(3)  

            C(1)-C(2)                     1.395(3)  

            C(2)-C(3)                     1.375(3)  

            C(3)-C(4)                     1.394(3)  

            C(4)-C(5)                     1.404(3)  

            C(5)-C(6)                     1.408(3)  

            C(5)-C(8)                     1.482(3)  

            C(6)-C(10)                    1.504(3)  

   

            C(4)-O(2)-C(7)              118.50(16)  

            C(8)-O(4)-C(9)              116.22(18)  

            C(10)-O(6)-C(11)            114.69(17)  

            C(6)-C(1)-C(2)              120.39(19)  

            C(6)-C(1)-Br(1)             121.20(16)  

            C(2)-C(1)-Br(1)             118.40(15)  

            O(1)-C(2)-C(3)              122.4(2)  

            O(1)-C(2)-C(1)              117.69(19)  

            C(3)-C(2)-C(1)              119.90(19)  

            C(2)-C(3)-C(4)              120.5(2)  

            O(2)-C(4)-C(3)              122.3(2)  

            O(2)-C(4)-C(5)              117.19(18)  

            C(3)-C(4)-C(5)              120.50(19)  

            C(4)-C(5)-C(6)              118.40(19)  

            C(4)-C(5)-C(8)              120.24(18)  

            C(6)-C(5)-C(8)              121.35(19)  

            C(1)-C(6)-C(5)              120.4(2)  

            C(1)-C(6)-C(10)             117.53(18)  

            C(5)-C(6)-C(10)             122.09(18)  

            O(3)-C(8)-O(4)              121.05(19)  

            O(3)-C(8)-C(5)              127.1(2)  

            O(4)-C(8)-C(5)              111.84(18)  

            O(5)-C(10)-O(6)             124.8(2)  

            O(5)-C(10)-C(6)             123.8(2)  

            O(6)-C(10)-C(6)             111.29(17)  
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Enantioselective (4++2) Annulation of Donor–Acceptor Cyclobutanes
by N-Heterocyclic Carbene Catalysis
Alison Levens, Adam Ametovski, and David W. Lupton*

Abstract: Herein we report the enantioselective (4++2) annu-
lation of donor–acceptor cyclobutanes and unsaturated acyl
fluorides using N-heterocyclic carbene catalysis. The reaction
allows a 3-step synthesis of cyclohexyl b-lactones (25 exam-
ples) in excellent chemical yield (most + 90%) and stereo-
chemical integrity (all > 20:1 d.r., most + 97:3 e.r.). Mecha-
nistic studies support ester enolate Claisen rearrangement,
while derivatizations provide functionalized cyclohexenes and
dihydroquinolinones.

Release of ring-strain provides a powerful driving force for
reaction discovery. Perhaps nowhere is this more evident than
in the ring-opening annulation of vicinal donor–acceptor
(DA) cyclopropanes.[1] Interestingly, while analogous DA-
cyclobutanes (i.e. 1) possess similar strain energy, their
application in organic synthesis is significantly more limited
(Scheme 1).[2] For example, only within the last decade have
studies building on the pioneering work of Saigo[3] delivered
general Lewis acid catalyzed approaches to the (4++2)
annulation of DA-cyclobutanes [Eq. (1)].[4] These reactions
define a concise route to tetrahydropyrans, piperidines and
cyclohexanes (2) with excellent diastereoselectivity. Despite
important advances in catalysis with DA-cyclobutanes, to the
best of our knowledge, enantioselective variants of the (4++2)
annulation are yet to be discovered. Indeed the only example
of enantioselective catalysis using DA-cyclobutanes was
reported last year by Xie and Tang with the Lewis acid
catalyzed (4++3) annulation of nitrone 3 to afford oxazepane 4
[Eq. (2)].[5] Previously, we have had success with the annula-
tion of DA cyclopropanes to give enantioenriched cyclo-
pentanes [Eq. (3)].[6] Based on these experiences, we envi-
sioned a Lewis base approach to enable the first enantiose-
lective (4++2) annulation of DA-cyclobutanes.

The challenge with enantioselective Lewis acid catalysis
using DA-cyclobutanes likely relates to oxocarbenium ion
formation from the 1,4-ylide intermediate.[7] Such a scenario
allows bond formation remote to the catalyst, thereby limiting
chirality transfer [Eq. (1)]. In contrast, a dual activation Lewis
base approach would concurrently activate both coupling
partners (i.e. I and II), covalently linking the catalyst to the p-
system. Their subsequent union in a stepwise (4++2) annula-
tion[8] (I + II!6) should proceed with enantioselective bond
construction [Eq. (4)]. Mechanistically related (4++2) annula-

tions exploiting non-cyclobutane substrates have been real-
ized by Romo and Studer, although in both cases only a single
example was reported.[9] More generally, dual activation
strategies to enable enantioselective catalysis have been
reported by ourselves and others using electron rich pyr-
idyl,[10] isothiourea[11] and N-heterocyclic carbene (NHC)[12]

catalysts. Herein we communicate the enantioselective (4++2)
annulation of DA cyclobutanes using a Lewis base approach,
which provides a range of enantioenriched cyclohexyl b-
lactones[13] (25 examples, most + 97:3 e.r.).

Preliminary studies focused on DA-cyclobutanes bearing
a single ester. While some opening and annulation occurred,
these substrates are less reactive than their cyclopropyl
analogs. To address this, the more reactive malonate derived
DA-cyclobutane 1a was targeted.[14] Gratifyingly, in the
presence of acyl fluoride 5a a trace of b-lactone 6a was
observed with FuQs pyridyl catalyst, although isothiourea B
gave no product (Table 1, entries 1 and 2). In contrast,
NHC[15] C1 gave cyclohexyl b-lactone 6a in 18% yield as
a 67:33 ratio of enantiomers (Table 1, entry 3). Alternate

[*] A. Levens, A. Ametovski, Prof. D. W. Lupton
School of Chemistry, Monash University
Clayton 3800, Victoria (Australia)
E-mail: david.lupton@monash.edu

Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201609330.

Scheme 1. Background.
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morpholine catalysts C2–C5 bearing various N-substituents[16]

were not viable (Table 1, entry 4), however t-butyl NHC C6
gave a 44 % yield of enantioenriched b-lactone 6a (96:4 e.r.)
as a single diastereoisomer (> 20:1 d.r.) (Table 1, entry 5).
Indanol and pyrrolidine t-butyl catalysts D and E were viable,
albeit less enantioselective (Table 1, entries 6 and 7). Enan-
tioselectivity was poorer at lower temperature, while it
increased when heated to reflux (97:3 e.r.) (Table 1, entries 8
and 9). The reaction tolerated toluene and DMF, with the
later increasing yield but decreasing enantioselectivity
(Table 1, entries 10 and 11). A compromise between yield
and enantioselectivity was realized, with a 1:9 DMF/THF
mixture providing b-lactone 6 a in 73% yield and 96:4 e.r.
(Table 1, entry 12). Finally a “salt”[17] and HMDS-free version
of the reaction increased the yield to 93% without affecting
enantioselectivity (Table 1, entry 13). Reintroduction of
HMDS had no impact on the reaction (Table 1, entry 14),
thus removal of KBF4 is key to this improvement (see below).

Reaction generality was examined with the coupling of
unsaturated acyl fluorides 5 and DA-cyclobutanes 1. While
electron poor, neutral, and rich acyl fluorides reacted with
good yields (+ 80%), enantioselectivity was sensitive to b-
aryl electronics. Thus, substrates containing the 4-BrC6H4

group gave b-lactone 6b in 92:8 e.r. (Table 2, entry 1), while
electron rich 2,4-(CH3O)2C6H3 and 4-(CH3)2NC6H4 gave 6e
and 6 f in 99:1 e.r. (Table 2, entries 6 and 7). The reaction

tolerated N-heterocycles with indole-containing b-lactone 6h
prepared in 83 % yield and 98:2 e.r. (Table 2, entry 9).
Unfortunately, b-alkyl acyl fluorides were not compatible
with the reaction, potentially due to acyl azolium dienolate
formation as developed by Chi and others with related
substrates.[18] Variation of the ester was examined with
methyl, isopropyl, and allyl esters (6 i, 6j and 6k) prepared
with excellent enantiopurity (98:2, 94:6 and 99:1 e.r.)

Table 1: Selected optimizations.

Entry Cat.[a] T [88C] Solvent/Time Yield [%][b] d.r.[c] e.r.[d]

1 A rt THF/12 h trace – –
2 B rt THF/12 h – – –
3[e] C1 rt THF/12 h 18 >20:1 67:33
4[e] C2-5 rt THF/12 h trace – –
5[e] C6 rt THF/12 h 44 >20:1 96:4
6[e] D rt THF/12 h 40 >20:1 15:85
7[e] E rt THF/12 h 31 >20:1 78:22
8 C6 @78 THF/12 h 62 >20:1 92:8
9 C6 D THF/12 h 59 >20:1 97:3
10 C6 D toluene/11 h 21 >20:1 93:7
11 C6 D DMF/13 h 86 >20:1 92:8
12 C6 D 1:9 DMF:THF/12 h 73 >20:1 96:4
13 C6[f ] D 1:9 DMF:THF/2 h 93 >20:1 96:4
14 C6[g] D 1:9 DMF:THF/2 h 93 >20:1 96:4

[a] NHCs generated with KHMDS [b] Isolated yield. [c] Diastereomeric
ratio by 1H-NMR analysis. [d] Enantiomeric ratio by HPLC over chiral
stationary phases. [e] 20 mol% catalyst. [f ] KBF4 and HMDS free, see
experimental section. [g] 10 mol% HMDS, KBF4 free.

Table 2: Scope.

Entry Ar R2 6 Yield
[%][b]

e.r.[c]

1 4-BrC6H4 Et b 80 92:8
2 C6H5 Et c 86 95:5
3 4-CH3C6H4 Et a 93 96:4
4 4-CH3OC6H4 Et d 100 97:3
5[d] 4-CH3OC6H4 Et d 73 96:4
6 2,4-(CH3O)2C6H3 Et e 90 99:1
7 4-(CH3)2NC6H4 Et f 97 99:1
8 3,4,5-(CH3O)3C6H2 Et g 93 96:4
9 3-Ts-indolyl Et h 83 98:2
10 4-CH3OC6H4 CH3 i 84 98:2
11 4-CH3OC6H4 i-Pr j 86 94:6
12 4-CH3OC6H4 allyl k 88 99:1

13 4-(CH3)2NC6H4 Et l 90 96:4
14 2,4-(CH3O)2C6H3 Et m 83 97:3
15 2-CH3OC6H4 CH3 n 87 97:3

16 4-CH3OC6H4 Et o 93 97:3
17 2,4-(CH3O)2C6H3 Et p 100 99:1
18 2-BnN(CH3)C6H4 Et q 98 99:1

19 4-(CH3)2NC6H4 Et r 88 93:7
20 2,4-(CH3O)2C6H3 Et s 81 90:10

21 4-(CH3)2NC6H4 Et t 98 97:3
22 2,4-(CH3O)2C6H3 Et u 99 98:2

23 4-CH3OC6H4 Et v 94 98:2
24 2,4-(CH3O)2C6H3 Et w 80 98:2

25 4-CH3OC6H4 Et x 75 98:2
26 2,4-(CH3O)2C6H3 Et y 91 99:1

[a] Determined by 1H-NMR analysis of crude residue. [b] Isolated yield.
[c] Enantiomeric ratio by HPLC over chiral stationary phases. [d] 3 mol%
C6.
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(Table 2, entries 10–12). The later was analyzed by single-
crystal X-ray diffraction to determine absolute stereochem-
istry.[19] Absence of substitution about the cyclobutane was
tolerated with cyclohexyl b-lactones 6 l, 6m and 6n prepared
in + 96:4 e.r. (Table 1, entries 13–15). Similarly dimethyl DA-
cyclobutane gave b-lactones 6o, 6 p and 6 q in excellent yield
and enantiopurity (97:3, 99:1 and 99:1 e.r.) (Table 1,
entries 16–18). The synthesis of spirocyclic cyclobutanes 6r
and 6s occurred with decreased enantioselectivity, 93:7 and
90:10 respectively, (Table 2, entries 19 and 20) while cyclo-
pentyl, heptyl, and octyl b-lactones 6t–6y all formed in+ 97:3
e.r. (Table 2, entries 21–26). Finally, a vinylogous variant of
the reaction was possible using TBS ether 1 l and acyl fluoride
5d to give d-lactone 6z [Eq. (7)]. NHC-catalyzed approaches
to related products have recently been report by Studer, Ye
and Chi, all with high enantioselectivity.[20] While the syn-
thesis of 6z was viable with IMes, suitable chiral catalysts are
yet to be identified, presumably due to the enhanced stability
of the TBS (cf. TMS) requiring more nucleophilic catalysts.

To allow larger scale (4++2) annulations lower catalyst
loadings were examined. Pleasingly, 3 mol% C6 provided the
expected product in good yield and similar enantioselectivity
(Table 2, entry 5), allowing a 5 mmol reaction, producing
1.98 grams of b-lactone 6d in 89% yield and 95:5 e.r. (cf.
100 % yield; 97:3 e.r.), to be realized [Eq. (8)] (Scheme 2).
Derivatization studies commenced with the decarboxylation
of b-lactone 6 e to afford cyclohexene 7 in 94 % yield and 99:1
e.r. [Eq. (9)]. Coupling b-lactone decarboxylation with decar-
boxylative allylation of diallyl malonate 6 k allowed diene 8 to
be prepared as a 3:1 mixture of diastereoisomers [Eq. (10)].
Opening of the b-lactone with ethanol triggered desymmet-
rization of the malonate to afford [2.2.2]-bicyclic d-lactone 9
[Eq. (11)]. Benzylamine, under milder conditions, opened the
b-lactone to afford amide 10 in 86% isolated yield [Eq. (12)],
while chemoselective reductive opening of the b-lactone led
to formation of diol 11 in 83% yield [Eq. (13)]. Finally,
hydrogenolysis of b-lactone 6q followed by cyclization
provided quinolinone 12 in 94 % yield as a 5:1 mixture of
separable diastereomers [Eq. (14)]. Relative stereochemistry,
and structural confirmation, were performed by single-crystal
X-ray analysis.[19]

Mechanistically, the early stages of this reaction likely
involve NHC mediated defluorination–desilylation to afford
acyl azolium III and enolate IV[21] (Scheme 3). The viability of
such a process is supported by the fluoride mediated opening
of cyclobutane 1a with TBAF which gives protonated IV in
88% yield (see the Supporting Information). Unfortunately,
re-subjection of this material to the reaction conditions leads
to complex mixtures, presumably as a result of acyl anion
formation. In related work of Studer this is avoided by
exploiting the methyl ketone variant of IV and a related acyl

azolium[9b] in a reaction likely to proceed by either Michael
addition or C@O bond formation followed by Claisen
rearrangement.[22] To investigate these scenarios the reaction
was performed using various bases for NHC generation
bearing different counterions [Eq. (15)]. Tellingly, the reac-
tion fails with strongly coordinating lithium and sodium bases,
which favor Michael addition of the enolate. Similarly adding
LiCl (0.5 equiv) to a reaction with Cs2CO3 causes the reaction
to fail. In contrast, potassium and cesium salts favor ionic
structures, and subsequent C@O bond formation, giving good
yields of 6 a. Further support for a [3,3]-rearrangement is
derived from the known acceleration of such reactions by
poorly coordinating counterions.[23] Thus, we propose that
C@O bond formation gives hemiacetal V that undergoes [3,3]-
sigmatropic rearrangement to afford VI, which after asyn-
chronous (2++2)[24] and loss of the NHC, then delivers b-
lactone 6. A striking observation in the optimization was the
enhanced enantioselectivity at higher temperatures.
Although less common than enhancement at low temperature
it has been observed in reactions with large entropic
contributions to the diastereomeric transition state energies
in the enantiodetermining step (i.e. DDS*

S/R significant cf.
DDH*

S/R).[25] Although further studies are needed to fully
appreciate this interesting observation it seems probable that

Scheme 2. Scale-up and derivatization studies.
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reaction volume is gained in the conversion of V to VI that
allows the DDS* term to make a significant contribution to
the overall activation energy.

Donor–acceptor cyclobutanes are exceptional substrates
for reaction design. Beyond documented ring-strain, they are
readily accessible, with all substrates prepared in 2 steps.
Thus, the enantioselective (4++2) annulation allows a 3-step
synthesis of densely functionalized cyclohexyl b-lactones. This
sequence compares favorably to the state-of-the-art in
enantioselective b-lactone synthesis.[13] The ability of this
reaction to rapidly deliver molecular complexity is currently
being examined as a vehicle to drive studies in total synthesis
and medicinal chemistry.
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Biomimetic and Biocatalytic Synthesis of Bruceol
Aaron J. Day, Joel H. Z. Lee, Quang D. Phan, Hiu C. Lam, Adam Ametovski,
Christopher J. Sumby, Stephen G. Bell,* and Jonathan H. George*

Abstract: The first total synthesis of bruceol has been achieved
using a biomimetic cascade cyclization initiated by a stereose-
lective Jacobsen–Katsuki epoxidation (and kinetic resolution)
of racemic protobruceol-I. A bacterial cytochrome P450
monooxygenase was also found to catalyze the conversion of
protobruceol-I into bruceol. The first full analysis of the NMR
data of natural bruceol suggested that “isobruceol” was
a previously unrecognized natural product also isolated from
Philotheca brucei. This was confirmed by the re-isolation,
synthesis, and X-ray analysis of isobruceol. In total, eight
stereoisomers and structural isomers of bruceol have been
synthesized in a highly divergent approach.

The meroterpenoid bruceol (1) was first isolated from the
Western Australian shrub Philotheca brucei (formerly known
as Eriostemon brucei) by Jefferies and co-workers at the
University of Western Australia in 1963 (Figure 1).[1] The
compact, pentacyclic structure of 1 consists of a 5,7-dioxy-
coumarin fused to a so-called “citran” ring system that is
biosynthetically derived from cyclization of a geranyl group.
The relative configuration of 1 was determined by X-ray
crystallography of 8-bromobruceol, but given the era of the
study, no detailed NMR analysis was conducted.[1] The
absolute configuration of natural (@)-1 was later determined
by X-ray studies of chloroacetate and iodoacetate dervia-
tives.[2] In 1992 Waterman and co-workers re-investigated
natural products from Philotheca brucei, and they published
full NMR data of what they believed was re-isolated 1.[3]

However, based on the synthetic and isolation work described
herein, we report that Waterman actually isolated isobruceol
(2), which has an opposite orientation of the dioxycoumarin
to the “citran” ring system compared to bruceol. There is also
some confusion in the literature between structures 3 and 4,
with both compounds being previously referred to as deox-
ybruceol. Henceforth, we propose that 3 is deoxybruceol and
4 is deoxyisobruceol. (:)-4 was first synthesized by Crombie
and Ponsford in 1968 in a remarkable work of both
biomimetic synthesis and natural product anticipation.[4, 5]

The isolation of 4 from Philotheca brucei was reported in

1981 by Jefferies and co-workers[2] (as a racemate) and again
in 1992 by Waterman and co-workers[3] (as a single enantio-
mer). To date, 3 has not been isolated as a natural product.

Given that bruceol (1) and deoxyisobruceol (4) have
different carbon skeletons, with opposite orientations of the
upper dioxycoumarin with respect to the lower tricyclic
“citran” ring system, they are clearly not biosynthetically
related by a direct enzymatic C@H oxidation. However, both
1 and 4 may be derived from the geranylated dihydroxycou-
marin 5 (Scheme 1). In the biosynthesis of 4, Crombie
proposed that oxidation and oxa-6p-electrocyclization of 5
gives chromene 6.[5] Tautomerization (and dearomatization)
of 6 to give ortho-quinone methide[6] 7 followed by an
intramolecular hetero-Diels–Alder reaction would then give
deoxyisobruceol (4). Alternatively, and as previously pro-
posed by Trauner,[7] oxidative cyclization of 5 could give
protobruceol-I (8), a naturally occurring chromene and
structural isomer of 6.[8] Stereoselective epoxidation of 8 (on
the opposite face to the bulky homoprenyl substituent) would
give the labile epoxide 9, which could ring open (and
dearomatize) to give ortho-quinone methide 10, and then
form 1 via an intramolecular hetero-Diels–Alder reaction. We
speculate that a monooxygenase enzyme might catalyze this
epoxidation–cyclization cascade reaction in vivo, either enan-
tioselectively (i.e. kinetic resolution of a racemic chromene 8)
or diastereoselectively (if chromene 8 is enantiopure in
nature).[9]

Crombie and PonsfordQs landmark two-step total syn-
thesis of (:)-4 was reported over 50 years ago.[4] 5,7-Dihy-
droxycoumarin (11) was first synthesized in one step from
phloroglucinol,[10] and then condensed with citral (12) in

Figure 1. Bruceol-type natural products isolated from Philotheca brucei.
Note the variation in the orientation of the dioxycoumarin rings (red)
to the “citran” ring systems (blue) of bruceol and isobruceol.
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pyridine at 110 88C to give (:)-4 in 10% yield (Scheme 2). The
product of this reaction was initially incorrectly assigned as
(:)-3 by analogy to bruceol (1), until later X-ray studies by
Crombie led to a structure revision to (:)-4.[5] The mechanism
of the cascade reaction involves initial condensation of 11
with 12 to give chromene (:)-6, followed by tautomerization
and intramolecular cycloaddition to give (:)-4, thus closely
mirroring the proposed biosynthetic pathway. Later studies
by Crombie showed that condensation of 11 with 12 in
pyridine at the lower temperature of 90 88C gave the isomeric
chromenes (:)-8 and (:)-13 in modest yields.[5] Then, heating
(:)-8 in pyridine at 110 88C formed a mixture of (:)-3 and (:)-

4 in 22 % combined yield, indicating that some interconver-
sion of chromenes (:)-8 and (:)-6 must occur under these
conditions via reversible retro-oxa-6p-electrocyclization and
oxa-6p-electrocyclization reactions, prior to the irreversible
intramolecular hetero-Diels–Alder reactions. More recently,
an improved synthesis of (:)-4 in 45% yield has been
achieved by Lee and Kim, who condensed 11 with 12 in the
presence of catalytic ethylenediamine diacetate in DMF at
100 88C.[11]

Our biomimetic synthesis of both enantiomers of bruceol
is outlined in Scheme 3. (:)-8 was first synthesized according
to a modified version of CrombieQs procedure (Scheme 2, and
see the Supporting Information for full details). We then
mimicked the proposed biosynthetic epoxidation of proto-
bruceol-I with a stereoselective Jacobsen–Katsuki epoxida-
tion.[12] Jacobsen-type chiral (salen)manganese(III)-com-
plexes are known to efficiently catalyze the epoxidation of
(Z)-1,2-disubstituted alkenes in preference to tri-substituted
alkenes (as required in our synthesis), and chromenes have
been reported to be good substrates for the reaction.[13]

Furthermore, Jacobsen has used his epoxidation as
a method for the kinetic resolution of chiral, racemic
chromenes, which was applied in an asymmetric synthesis of
a chromene natural product, (++)-teretifolione B.[14] High
catalyst-induced selectivity, but moderate substrate-induced
selectivity, was observed in JacobsenQs kinetic resolution of
chromenes, and similar selectivity was observed in our
biomimetic synthesis of (@)-1 (Scheme 3). Thus, treatment
of (:)-8 with 10 mol% of JacobsenQs catalyst (R,R)-14 with
m-CPBA and NMO as stoichiometric oxidants gave (@)-
1 (11 % yield, 98:2 e.r.), alongside 2’-epi-bruceol (++)-17 (3%
yield, 90:10 e.r.). Both enantiomers of (:)-8 therefore
undergo epoxidation to some extent (i.e. low substrate
selectivity), but the facial selectivity is good, with addition
to the top face (as drawn) of the alkene strongly preferred in
each case (i.e. high catalyst-selectivity). A similar result was
obtained using (S,S)-14 to give (++)-1 (13% yield, 96:4 e.r.)
and (@)-17 (3 % yield, 91:9 e.r.). We believe that the low yield
for the epoxidation–cyclization cascades of (:)-8 to give (@)-

Scheme 1. Proposed biosynthesis of bruceol and deoxyisobruceol.

Scheme 2. A summary of Crombie’s synthetic work on deoxybruceol
and deoxyisobruceol.
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1 and (++)-1 is due to over-oxidation of the electron-rich
dioxycoumarin ring system to form some polar, uncharacter-
ized by-products. However, these low yields are partially
offset by the significant increase in molecular complexity
(three stereocentres, three bonds, and two rings are formed in
the cascade) and by the fact that the reactions are kinetic
resolutions.

Our synthetic bruceol (1) correlated with the low reso-
lution NMR data that was published in JefferiesQ original 1963
isolation paper alongside their X-ray crystallographic data.[1]

However, close comparison of our 1H and 13C NMR spectra of
synthetic 1 with those of the natural “bruceol” reported by
Waterman in 1992 revealed slight discrepancies.[3] We postu-
lated that Waterman had in fact isolated isobruceol (2), partly
due to its co-isolation with deoxyisobruceol (4), and related
Philotheca brucei natural products such as eriobrucinol and
hydroxyeriobrucinol,[15] that share the same orientation of the
dioxycoumarin with respect to the chromene-derived ring
system. To prove our conjecture, we intended to re-isolate
both 1 and the suspected 2 from Philotheca brucei, so we
contacted natural product chemists at the University of
Western Australia for advice on obtaining this plant. To our
surprise, we were given several grams of JefferiesQ original,
crystalline sample of 1 from the University of Western
AustraliaQs library of natural products. The first detailed
NMR analysis of this 55-year-old sample conclusively showed
that it matched our synthetic 1, but not WatermanQs re-
isolated “bruceol” NMR data. We also obtained an X-ray
crystal structure of synthetic 1.[16] Next, we obtained 5 kg of
dried Philotheca brucei from the Koolyanobbing Range
(500 km east of Perth, WA). Extraction of the dried plant
material with Et2O followed by flash column chromatography
on silica gel gave multi-gram quantities of a 11:1 mixture of
1 (major component) and a similar compound with 1H NMR
spectra that matched WatermanQs “bruceol”. Purification of
the unknown compound via selective crystallization to
remove 1, followed by preparative HPLC, gave a few milli-

grams of crystalline material that was identified by X-ray
analysis as isobruceol (2) (Scheme 4). NMR data for this
compound fully agreed with WatermanQs data, thus proving
that he isolated isobruceol, not bruceol.

We then conducted a stereoselective synthesis of isobru-
ceol to determine its absolute configuration. This first
required the synthesis of chromene (:)-6 (Scheme 4), which
is presumably an undiscovered natural product (“protoiso-
bruceol”). Treatment of chromene (:)-13 (a previously
undesired by-product in the synthesis of (:)-8) with NaOH
in MeOH gave a separable equilibrium mixture of (:)-13 and
(:)-6 via methoxide-induced opening of the lactone ring
followed by cyclization of the methyl ester intermediate at the
C-9 phenol.[17] Jacobsen–Katsuki epoxidation of (:)-6 with

Scheme 3. Biomimetic synthesis of (@)-bruceol using a stereoselective Jacobsen–Katsuki epoxidation of (:)-protobruceol-I. m-CPBA =meta-
chloroperoxybenzoic acid, NMO= 4-methylmorpholine N-oxide.

Scheme 4. Biomimetic synthesis of (@)-isobruceol.
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10 mol% (S,S)-14 gave (@)-2 (5% yield, 93:7 e.r.), which
matched the sign of the optical rotation of natural isobruceol,
thereby confirming that the absolute configuration of (@)-2 is
as shown in Scheme 4. A 2% yield of 2’-epi-isobruceol (++)-18
(96:4 e.r.) was also obtained, and a similar result was obtained
using the (R,R)-14 catalyst to give (++)-2 (9% yield, 92:8 e.r.)
and (@)-18 (4% yield, 91:9 e.r.).

The low yields obtained in our biomimetic syntheses of
1 and 2 are, to some extent, due to over-oxidation of the
electron-rich dioxycoumarin ring systems under the Jacob-
sen–Katsuki reaction conditions. Jacobsen has also observed
that tricyclic chromenes similar to 6 and 8 are poor substrates
for stereoselective epoxidation.[14] We therefore demon-
strated a more efficient epoxidation–cyclization cascade of
the simpler bicyclic chromene (:)-19.[18] Thus, Jacobsen–
Katsuki epoxidation of (:)-19 with 10 mol% (R,R)-14 gave
the bruceol analogue (@)-20 (23 % yield, 92:8 e.r.), alongside
the epimer (@)-21 (11 % yield, 94:6 e.r.) (Scheme 5). The use
of (S,S)-14 gave (++)-20 (29 % yield, 91:9 e.r.) and (++)-21
(12 % yield, 92:8 e.r.). Chromene (:)-19 is therefore a much
better substrate for the epoxidation–cyclization cascade than
(:)-8 or (:)-6.

To gain further insight into the biosynthesis of bruceol and
isobruceol, chromenes (:)-8, (:)-6 and, (:)-19 were
screened against a small library of bacterial cytochrome
P450 monooxygenase enzymes.[19] A variant of P450BM3,
A74G/F87V/L188Q (GVQ) converted + 80 % of (:)-19
into two products (see Figure S1 in the Supporting Informa-
tion).[19a] Co-elution of synthetic standards using chiral phase

HPLC and GC-MS, and analysis of the MS spectra enabled
their characterization as the bruceol analogue (++)-20 and an
epoxide[20] formed by oxidation of the prenyl side chain
(Supporting Information, Scheme S1 and Figure S2). Given
the larger size of (:)-8 and (:)-6, a series of P450BM3 variants,
which had been designed to increase the size of the substrate
binding pocket, were screened for oxidation activity (Sup-
porting Information, Table S1). While oxidation of these
substrates was less efficient and selective, chiral phase HPLC
co-elution experiments of the enzyme turnovers, using the
variant KSK19/I263A/A328I,[19b–d] with synthetic standards
revealed the formation of (++)-1 and (@)-2 as single enantio-
mers (Figure 2). Therefore, the P450 monooxygenases could
catalyze the enantioselective chromene epoxidation–cycliza-
tion cascade proposed in Scheme 1 to form the “citran” ring
system of bruceol natural products. The identity of the natural
monooxygenase enzyme that catalyzes this cascade reaction
in Philotheca brucei remains to be determined.

In summary, we have mimicked the epoxidation–cycliza-
tion cascade proposed to occur in the biosynthesis of bruceol
by using a Jacobsen–Katsuki epoxidation of an electron-rich
chromene. The first full NMR analysis of bruceol, including
the original sample isolated by Jefferies in 1963, revealed that
isobruceol had been isolated and mistaken for bruceol by
Waterman in 1992. This hypothesis was confirmed by the re-
isolation and synthesis of isobruceol, thus highlighting the
roles that biosynthetic speculation and biomimetic synthesis
continue to play in the revision of natural product assign-
ments.[21] Finally, we have shown that bacterial cytochrome
P450 monooxygenases are capable of catalyzing the bruceol
cascade in a complex example of a P450-mediated oxidative
cyclization.[9]
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Enantioselective Total Synthesis of (−)‑Δ9‑Tetrahydrocannabinol via
N‑Heterocyclic Carbene Catalysis
Adam Ametovski and David W. Lupton*

School of Chemistry, Monash University, Clayton, Victoria 3800, Australia

*S Supporting Information

ABSTRACT: Enantioselective syntheses of (−)-Δ8-tetrahy-
drocannabinol ((−)-Δ8-THC) and (−)-Δ9-THC have been
achieved in eight and 10 steps, respectively, from a known
cinnamic acid. The syntheses take advantage of an
enantioselective N-heterocyclic carbene (NHC)-catalyzed (4
+ 2) annulation between donor−acceptor cyclobutanes and
cinnamoyl fluorides to construct the highly enantioenriched
cycloxyl β-lactone shown. Having constructed this A-ring
precursor, elaboration to (−)-Δ8-THC is achieved through β-
lactone alcoholysis followed by oxidation, dual decarbox-
ylation, trimethylation, and cationic cyclization. Finally, the
conversion to (−)-Δ9-THC is achieved with established chemistry.

While over 200 phytocannabinoids are known,1 within
popular culture their zeitgeist remains strongly linked to

(−)-Δ9-tetrahydrocannabinol ((−)-Δ9-THC, 1) and cannabi-
diol (2). The bioactivity of the former is elicited through
binding to the G protein-coupled receptors CB1 and CB2,

2

with structural information regarding the mode of binding
emerging in 2017.2a While these compounds have captured
significant attention, other phytocannabinoids (i.e., 3−5) can
have distinct bioactivities and unusual molecular structures.3

The chemical synthesis of Δ9-THC has been extensively
examined over the last 50 years,4−7 and a number of
enantiospecific approaches and syntheses of racemic Δ9-
THC have been developed. Many have been achieved through
terpenylation of olivetol (6), as typified by the enantioselective
synthesis from (−)-verbenol (7) reported by Mechoulam and
Gaoni (Scheme 1a).4a In contrast, enantioselective routes are
far more limited.5−7 In 1997 Evans reported the enantiose-
lective total synthesis of (+)-Δ9-THC via a bis(oxazoline)-
copper-catalyzed Diels−Alder reaction (8 + 9 → 10).5

Subsequent coupling to 6 and cyclization gave the unnatural

enantiomer of THC in an efficient manner. In 2007 Trost and
Dogra reported the enantioselective synthesis of 16a through
ring-closing metathesis (RCM) to introduce the A ring.
Enabled by stereodivergent access to 1,7-diene 11, a related
RCM approach was used by Carreira in his elegant synthesis of
all stereoisomers of Δ9-THC.6b Finally, Leahy recently
developed a synthesis enabled by sigmatropic rearrangement
followed by RCM,6c while Zhou exploited high-pressure
enantioselective ketone reduction in his approach to 1 and
(−)-Δ8-THC (12).7

In 2016 we reported the enantioselective N-heterocyclic
carbene (NHC)-catalyzed synthesis of cyclohexyl β-lactones
(i.e., 13) from donor−acceptor cyclobutanes (i.e., 14) and
cinnamoyl fluorides (i.e., 15a).8a,9 The reaction displays broad
generality, and we envisioned that it could provide materials
(such as 13a or 13b) suited to the preparation of 1 (Scheme
1b). To realize this, decarboxylation and/or decarbonylation
would yield cyclohexene 16 or cyclohexanone 17, after which
exhaustive methylation and cationic cyclization would give 1.
This sequence should define a concise entry to 1 while being
amenable to the preparation of materials with a modified A
ring by the use of alternate cyclobutanes. Strikingly,
modification of the A ring has received limited attention in
studies of the bioactivity of (−)-Δ9-THC analogues.1 Herein
we report the enantioselective total syntheses of normethyl-
(−)-Δ9-THC (18), (−)-Δ8-THC (12), and (−)-Δ9-THC (1)
in six, eight, and 10 steps, respectively, from commercial
cinnamate 15b (X = OH),10 which itself can be derived from 6
in three steps.6c,10b
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Studies commenced by establishing the viability of the
general strategy through the preparation of 18 (Scheme 2). In
our methodological studies,8a 2,6-disubstituted cinnamoyl
fluorides (i.e., 15a) were not examined, and hence, their
viability in NHC catalysis needed to be determined. Following
conversion of commercially available and readily accessible
cinnamate 15b (X = OH)10 to acyl fluoride 15a (X = F),11 the
annulation of 15a was examined. Gratifyingly, reaction with the

known donor−acceptor cyclobutane 14a (R = H)12 proceeded
without event to provide cyclohexyl β-lactone 13a in 45% yield
as a single diastereoisomer with excellent enantioselectivity
(98:2 er). While the yield was modest, this result is in keeping
with reactions of heavily substituted α,β-unsaturated acyl
azoliums.9j Krapcho decarboxylation13 of malonate 13a with
concomitant decarboxylation of the β-lactone provided a 2:1
mixture of cis- and trans-cyclohexenes 19 in 66% yield.
Conversion of the diastereomeric mixture to the desired trans-
19 was achieved in 85% yield using the conditions reported by
Trost and Dogra.6a Finally, two-step conversion of trans-19 to
normethyl-(−)-Δ9-THC (18) using conditions described by
Carreira6b closed the B ring and provided the desired product
in 62% isolated yield.
Having demonstrated the key reactions necessary for the

overall strategy, attention was directed toward the 9-methyl
group. Our preferred approach would exploit donor−acceptor
cyclobutane 14b (R = Me). However, all attempts to prepare
this material proved unsuccessful. An alternate approach
exploiting methyl ketone 20, a substrate used by Studer in a
related (4 + 2) annulation, was envisaged.8b Unfortunately,
union of ketone 20 with enal 15c under oxidative NHC
catalysis failed to give the desired cyclohexanone 13b (eq 1), as
only cinnamic acid derivatives were isolated.

An alternate strategy to install the 9-methyl group involved
the preparation of ketone 17 by methanolysis of β-lactone 13a,
oxidation, and dual Krapcho decarboxylation (Scheme 1, 13a
→ 17). Global methylation followed by cationic cyclization
and elimination would then provide the cannabinoid targets.
This approach was initially met with difficulties due to the
facile formation of bicyclic lactone 21 upon cleavage of the β-
lactone (Scheme 3). Fortuitously, the reaction was sensitive to
the base, with KCN favoring the formation of the desired

Scheme 1. (a) Selected Previous Approaches to Δ9-THC; (b) Our Synthesis Plan

Scheme 2. Synthesis of Normethyl-(−)-Δ9-THC (18)

Scheme 3. Optimization of the Opening of β-Lactone 13a
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alcohol 22. Using these conditions and immediately subjecting
alcohol 22 to oxidation with IBX gave β-keto ester 23 (Scheme
4). This material underwent dual Krapcho decarboxylation to
give cyclohexanone 17 in 32% isolated yield over the three
steps as a 2:1 mixture of diastereoisomers. Epimerization as
previously described then gave trans-17 in 83% isolated yield.
Finally, using modified conditions of Carreira, global
methylation followed by elimination and cyclization gave
(−)-Δ8-THC (12) in 40% isolated yield over the two steps.
Conversion of 12 to (−)-Δ9-THC (1) was achieved in two
steps using reported conditions.14

Methodological discoveries have the potential to enable new
approaches in multistep target-oriented synthesis. The studies
herein exploited an NHC-catalyzed (4 + 2) annulation to
provide cyclohexyl β-lactone 13a, which could be elaborated to
(−)-Δ8-THC (12) in six steps and (−)-Δ9-THC (1) in eight
steps. Overall, a concise approach to these cannabinoids has
been developed. In addition, by exploiting alternate cyclo-
butane starting materials, access to A-ring analogues of the
cannabinoids should be possible. The impact of modifications
in this region of 1 on CB1 and CB2 selectivity will be examined
in subsequent studies.
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