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[bookmark: _Toc18063924][bookmark: _Toc27261985][bookmark: _Toc30743058][bookmark: _Hlk17744499]Abstract
Enantiopure allylic alcohols are very powerful synthons for the synthesis of a variety of natural products, agrochemicals and pharmaceuticals; therefore, the synthesis of these compounds has received considerable attention. For this purpose, several strategies involving asymmetric Diels-Alder reaction with 9-methylanthracene 202 have been used to generate the Diels-Alder adduct 203 in high enantioselectivity and acceptable yield, which would be used as a key starting material towards enantiopure allylic alcohols.

    



Among these approaches are: catalytic enantioselective reactions via chiral Lewis acids and organocatalysts, as well as chiral dienes. Unsuccessful attempts to perform asymmetric Diels-Alder reactions highlighted the use of a chiral dienophile strategy. Thus, a modified dienophile protocol by the addition of electron-withdrawing groups was considered. Despite the failure of a sulfone dienophile 272 to perform an asymmetric Diels-Alder reaction in an enantioselective manner, the utilisation of a chiral sulfoxide dienophile 302 was successful in providing (after desulfinylation) an optically pure cycloadduct 203 in 68% yield.


                               
An enantiomeric adduct 203 underwent different asymmetric transformations, including dehydrogenation–conjugate addition reaction and reduction, furnishing alkylated alcohols 322-325 with complete conversion and high levels of diastereoselectivity (> 99:1 dr) which was controlled by anthracene system ring. 
Subsequent retro Diels-Alder reactions via flash vacuum pyrolysis (FVP) demonstrated a valuable method for the synthesis of functionalised allylic alcohols 330-3332 in high enantiomeric excess (67-100% ee).
[bookmark: _Toc18063925][bookmark: _Toc27261986][bookmark: _Toc30743059]Abbreviations
Ac                Acetyl
BINOL      1,1'-bi-2-naphthol
Bn 	         Benzyl
Bmim           1-butyl-3-methylimidazolium
Box                bisoxazoline
BTM             benzotetramisole
CBS              Corey, Bakshi and Shibata
Conc.	          Concentrated
DBU             1,8-Diazabicyclo[5.4.0]undec-7-ene
DCM 	          Dichloromethane
DIBAL          Diisobutylaluminum hydride
DMAP          4-Dimethylaminopyridine
DMF 	          Dimethylformamide
DMS 	          Dimethylsulfide
DMSO          Dimethylsulfoxide
d  	         Doublet
dd  	         Doublet of doublets
dr                 Diastereomeric ratio
ee                 Enantiomeric excess
Eq.  	        Number of equivalents
Et                 Ethyl
FVP	         Flash vacuum pyrolysis
HOMO         Highest occupied molecular orbital
HPLC           High performance liquid chromatography
hr                  hour (s)
Hz                Hertz
IBX              o-iodoxybenzoic acid
i-Pr  	            Isopropyl
LDA                Lithium diisopropylamide
LUMO            Lowest unoccupied molecular orbital
m                     Multiple
Me                   Methyl
MHz                Megahertz
mp.  		Melting Point
Ms                   Methanesulfonyl
MW                Microwave
NBS               N-bromosuccinimide
NMR 	 	Nuclear magnetic resonance
o                 	Ortho-substituted
OXONE®      Potassium peroxymonosulfate
p 		Para substituted
PDC               Pyridinium dichromate
PEG	Polyethylene glycol
Ph               	Phenyl
p-TsOH            p-toluene sulfonic acid
Py                   Pyridine 
q                      Quartet
rt		Room temperature
s            	Singlet
t             	Triplet
TADDOL        Dimethyl-α,α,α′,α′-tetraphenyldioxolane-4,5-dimethanol 
t-Bu  	           Tertiary butyl
TBS               tert-Butyldimethylsilyl
TEA               Triethylamine
THF               Tetrahydrofuran
Tf                   trifluoromethanesulfonyl
TFA                 trifluoroacetic acid
TLC		Thin layer chromatography
TMEDA           N,N,N′,N′-Tetramethylethylenediamine
TMS 		Trimethylsilane
Tol                   toluene
Rt                      retention time
TsDPEN          p-toluenesulfonyl-1,2-diphenylethylenediamine
Ts                     Toluenesulfonyl 
UV		Ultraviolet
W                    Watt
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Chapter 1: Introduction
1.1. Asymmetric synthesis

1.1.1. Background

Asymmetric synthesis is defined as a reaction or reaction sequence which converts achiral molecules of a substrate into unequal amounts of stereoisomer products that are enantiomers or diastereoisomers.1 Several studies have shown that two enantiomers can have very different biological effects, where only one enantiomer may contain all of the desired biological activity, whereas the other is totally inactive or toxic. For example, (S)-Dopa is used in the treatment of Parkinson’s disease, but on the other hand (R)-Dopa is quite toxic. (R)-Thalidomide acts as a sedative agent to relieve anxiety and insomnia, while, (S)-Thalidomide causes birth defects.2 Therefore, it is of enormous importance to prepare single enantiomers of chiral molecules with a high degree of stereoselectivity (Figure 1). 


Figure 1. Examples of natural biological compounds

This can be achieved either by using a chiral catalyst, chiral ligand or chiral auxiliary. Each method of enantioselective synthesis has advantages and disadvantages, and there are many factors which can control the selection of appropriate methods such as availability of substrate, a scale of synthesis, cost of synthesis and desired enantiopurity.
[bookmark: _Hlk520985583][bookmark: _Hlk539892][bookmark: _Hlk5291421][bookmark: _Hlk17643537][bookmark: _Hlk8607867]
1.1.2. [bookmark: _Toc17989506][bookmark: _Toc30743063]Chiral auxiliaries
[bookmark: _Hlk17160088][bookmark: _Hlk13664005]The use of chiral auxiliaries is one of the main protocols for the synthesis of compounds in optically pure forms.3 This strategy is based on a prochiral substrate that is attached to a chiral molecule through the formation of strong covalent bonds. This renders the enantiotopic faces of a substrate diastereotopic and are therefore readily differentiated by a reagent.  As a result, an asymmetric reaction would be accomplished. Finally, cleavage of the auxiliary from the transformed substrate provides an enantiomerically pure product and allows recycling of the chiral auxiliary. The successful accomplishment of a chiral auxiliary approach depends on several requirements including: (i) the substrate used for the synthesis of the auxiliary should be economical and readily accessible; (ii) removal of the substrate from the chiral auxiliary should be easy without the racemisation of the target product or the auxiliary; (iii) the desired product should be obtained in good yield and high stereoselectivity.4 Numerous chiral auxiliaries have been used effectively for the synthesis of diastereo- and enantiomerically pure compounds, such as menthol derivatives 5,5 sultam derivatives 6,6 oxazolidinones 7 7 and camphor derivatives 88 (Figure 2). 


Figure 2. Some chiral auxiliaries 

[bookmark: _Hlk17732744][bookmark: _Hlk17732094]For example, Oppolzer and co-workers used a chiral dienophile auxiliary to control the stereochemistry of the reaction of N-enoylbornane-l0,2-sultam 9 with cyclopentadiene 10 in the presence of TiCl4, giving the cycloadduct 11 with complete endo selectivity (Scheme 1).9 

 Scheme 1. The chiral sultam auxiliary achieved diastereoselective control in the Diels-Alder reaction

[bookmark: _Hlk13223847]Although the chiral auxiliary strategy has successfully achieved high stereoselectivity in numerous organic transformations, it can have the following limitations: (i) attachment and cleavage of the auxiliary require two additional steps in the synthetic sequence; (ii) the reaction requires an equal amount of the substrate and the auxiliary, although the latter may be recycled. 
1.1.3. [bookmark: _Toc17989507][bookmark: _Toc30743064][bookmark: _Hlk521054805]Anthracene templates as chiral auxiliaries 
1.1.3.1. Background 
[bookmark: _Hlk500219697]One of the most attractive features of the anthracene moiety is its ability to undergo thermal and photochemical cycloaddition reactions across the 9 and 10 positions with a range of dienophiles to furnish two isolated benzene rings.10 The utilisation of anthracene templates in Diels-Alder reactions not only removes the endo:exo problem, but also enhances stereoselective functionalisation of the cycloadducts.11 Following stereoselective transformations the anthracene auxiliary can be removed by a retro-Diels−Alder reaction using ﬂash-vacuum pyrolysis or ultra-violet irradiation.12  
 Helmchen and co-workers were the first to apply the cycloaddition of chiral dienophile 13 with an anthracene template 12 to provide a diastereomerically pure cycloadduct 14 (Scheme 2).13


[bookmark: _Hlk508307059]          
Scheme 2. Synthesis of cycloadducts from a chiral acrylate
[bookmark: _Hlk508312990]However, the Helmchen strategy possesses a drawback, which is that the chiral auxiliary requires to be released before carrying out any functionalisation on the cycloadduct.13  This issue was resolved by the research groups of Snyder and Jones to use a chiral anthracene auxiliary as the stereodirecting group, leading to control of the regio-selectivity and the diastereoselectivity in both the Diels–Alder cycloaddition step and further asymmetric transformations of the adduct.13, 14
[bookmark: _Hlk510704932][bookmark: _Hlk539978][bookmark: _Hlk508305515]1.1.3.2. Snyder’s synthesis using chiral 9-substituted anthracene
[bookmark: _Hlk17210014][bookmark: _Hlk510451085]Sanyal and Snyder first reported the use of chiral anthracene derivatives in the thermal Diels- Alder reaction with different symmetrical dienophiles. All chiral ether derivatives (Table 1, Entry 1-5) provided cycloadducts with complete diastereoselectivity, except for the acetate cycloadduct (Table 1, Entry 6) which gave a 83:17 mixture of diastereomers (Scheme 3 and Table 1).11


                                      Scheme 3. Diels Alder cycloadditions using thermal conditions
                      
                      Table 1. Reaction symmetrical dienophiles through thermal Diels Alder cycloadditions
	[bookmark: _Hlk508310804][bookmark: _Hlk510724882]  Entry
	X
	R
	Yield (%)
	dr

	      1
	O
	Me
	89                
	>99:1

	      2
	NH
	Me
	88                              
	>99:1

	      3
	NMe
	Me
	92
	>99:1

	      4
	O
	n-Butyl
	69
	>99:1

	      5
      6
	O
O
	Bn
Ac
	70
74
	>99:1
>83:17


                                   





When Sanyal and Snyder reacted compound 16 with N-methylmaleimide 17 under the same conditions, the yield and diastereoselectivity both decreased indicating that attachment of an oxygen atom to a stereogenic centre located at the C-9 position controlled the diastereoselectivity of the reaction (Scheme 4).11


Scheme 4. Cycloaddition reaction between compound 16 and N-methylmaleimide 17
[bookmark: _Hlk510461377][bookmark: _Hlk520291333]This selectivity was explained by considering a favoured and disfavoured approach between the carbonyl of the dienophile and the alkoxy oxygen on the C-9 substituent of the chiral anthracene. The carbonyl group is orientated away from the alkoxy substituent to avoid  electrostatic repulsion and steric interactions (Figure 3).11 


Figure 3. Snyder model of the approach of the dienophile

[bookmark: _Hlk508361206][bookmark: _Hlk508361173][bookmark: _Hlk510458852]Stereoselective transformations were then conducted on this framework. Thus, Snyder and co-workers reacted C-10 methylated chiral anthracene 19 with a dienophile 20, giving cycloadducts 21 and 22 in high regioselectivity. Addition of a Grignard reagent furnished the product 23 that underwent a retro Diels-Alder reaction to give the enantiomerically pure butenolide 24, which showed biological activity (Scheme 5).14 


Scheme 5. Snyder’s asynthesis of butenolide 24 using a chiral anthracene template

Although  (S)-9-(1-methoxyethyl)anthracene 25 and (R)-9-(1-methoxy-2,2,2-triﬂuoroethyl) anthracene 19 templates worked well as chiral stereocontrolling templates in the Diels-Alder reaction, the authors reported that the methyl carbinol 25 [Figure 4] was unstable in long term to storage due to its sensitivity to oxygen giving anthraquinone. In comparison, the triﬂuoromethyl analogue 19 was less reactive in cycloadditions with some dienophiles, for example, reaction with maleic anhydride in reﬂuxing benzene only giving 50% of the desired product.15


Figure 4. The chiral anthryl derivative
[bookmark: _Hlk510801200][bookmark: _Hlk510797504][bookmark: _Hlk510474127][bookmark: _Hlk510919181]In 2005, Snyder and co-workers used a new chiral anthracene template 26 in an attempt to overcome the stability issue, enhance the reactivity, the diastereoselectivity of the initial Diels-Alder reaction, and the regioselectivity at the carbonyl group in subsequent transformations.16  Thus, when  (R)-9-(1,2-dimethoxyethyl) anthracene 26 was reacted with N-allyl maleimide 27, followed by Grignard addition, the hydroxy-lactam 29 was produced as a single regioisomer with attack of the nucleophile occurring at the top face of cycloadduct because the bottom face was blocked by the anthracene ring (Scheme 6).16

[bookmark: _Hlk510462679]Scheme 6. Preparation of hydroxy-lactam 29
It  was proposed that the nucleophile approached the carbonyl group located away from the chiral substituent to avoid repulsive interaction and change in the hybridisation from sp2 to sp3.16 Further transformations of the product 29 such as allylation, ring closing metathesis, catalytic hydrogenation and retro Diels-Alder via flash vacuum pyrolysis at 400 °C produced indolizidine 33 in good yield with full recovery of anthracene auxiliary 26 (Scheme 7).16     

       
Scheme 7. Synthesis of indolizidine 33 including FVP mediated cycloreversion
[bookmark: _Hlk510479281]
[bookmark: _Hlk17974161]Czarnik17 reported that electron donating groups at C-9 or C-10 positions of the cycloadduct would accelerate the cycloreversion reaction. Thus, an aminoanthracene template 34 underwent cycloaddition with N-methylmaleimide 17 under nitrogen at room temperature for 48 hours, leading to isolation of the adduct 35 in good yield and with high diastereoselectivity (91:9 dr). This selectivity was proposed to rely on stereoelectronic interactions of the chiral substituent rather than hydrogen bonding between the dienophile and hydrogen of the aminoanthracene. The cycloaddition occurred faster at a higher temperature, but led to an increased amount of minor diastereomer  (Scheme 8).15   

        
Scheme 8. The Diels-Alder reaction under thermal conditions
Regioselective reduction was achieved with Super Hydride and provided a pure compound 36 in 81% yield which was allylated without further puriﬁcation. The allylated adduct 37 was then separated from the chiral auxiliary via FVP to give lactam 38. This result showed that the amino substituent could facilitate cycloreversion reaction at a lower temperature (190 oC) compared to the adduct 32 (400 oC) (Scheme 9).15 


                                                              Scheme 9. Synthesis of lactam 38
[bookmark: _Hlk510897053][bookmark: _Hlk510792548]Liu and Snyder have also used the chiral anthracene template to synthesise a facially restrictive chiral auxiliary for Diels-Alder reactions. (S)-9-(1-Methoxyethyl) anthracene 25 was subjected to cycloaddition with maleimide 39, yielding the anthracene adduct 40, which was converted in two steps into crotonyl auxiliary 42. Treatment of this with cyclopentadiene 10 and a Lewis acid catalyst furnished the cycloadducts 43 and 44 as a separable mixture of diastereoisomers (endo:exo 97:3) and (97:3 dr) of endo isomer. Following this, the chiral anthracene moiety was removed via base hydrolysis to give the non-racemic chiral product 45 (Scheme10).18  


[bookmark: _Hlk15399799]Scheme 10. Highly stereoselective cycloaddition using an anthracene auxiliary  
Chiral 4-substituted cyclohexenones are found in the core structure of natural products which have medicinal properties. For example, candenatenin B isolated from the heartwood of Dalbergia candenatensis, has moderate levels of activity towards a colon cancer cell, and was targeted by the Snyder group using their chiral anthracene auxiliary. Heating (S) 9-(1-methoxyethyl) anthracene 25 and p-benzoquinone 46 at 70 oC in toluene aﬀorded the cycloadduct 47 (95:5 dr) in good yield (>77%).  Hydrogenation and Grignard addition with allyl magnesium chloride produced a mixture of regioisomers 49 and 50 which could not be separated by column chromatography (Scheme 11).19


Scheme 11. Synthesis of a mixture of alcohols 49 and 50 

They suggested that allylation to give the minor product occurred at the carbonyl closer to the original anthracene stereogenic centre rather than the other carbonyl group 51, where the addition would be at the blocked bottom face. This is a very unfavourable mode of addition for steric reasons.19 
The combined material 50  and 49 was subjected to a Heck coupling reaction to install the aromatic ring, followed by a retro Diels-Alder reaction which was accomplished via microwave irradiation instead of the ﬂash vacuum pyrolysis, giving product 54 with 90% ee along with 85% recovery of the chiral anthracene 25 (Scheme 12).19



Scheme 12. Synthesis of candenatenin B 54
These excellent results encouraged them to perform additional work such as building more complex natural products containing cyclohexenones with a stereogenic centre at C-4.19
[bookmark: _Hlk540023]1.1.3.3. Jones’ synthesis using chiral 9-substituted anthracene
[bookmark: _Hlk520904282]In order to facilitate the attachment and detachment of the chiral auxiliary processes, Atherton and Jones and  suggested a novel protocol based on photoinduced cycloaddition.20 This method involved irradiation of a solution of (S)-9-(1-methoxyethyl)-anthracene 25 and maleic anhydride 55 at 254 nm for 3 hours, and affording a single diastereomer  56 with conversion 51%. This was increased to 94% conversion upon extended irradiation time for 7 hours (Scheme 13).20 

                       
Scheme 13. Photochemical cycloaddition of maleic anhydride 55 with chiral anthracene 25

Control experiments indicated that a thermal Diels–Alder reaction at 30 oC  for 3 hours in DCM also provided pure cycloadduct 56 but at a slower rate (42% conversion) than the [4+2] photoinduced cycloaddition. More interestingly, it was found that the stereochemistry of the major isomer was reversed when carbinol 57 was used as the diene under photochemical conditions (Scheme 14).12

                
Scheme 14. Irradiation of maleic anhydride 55 and carbinol  57 at 254 nm

[bookmark: _Hlk520892455]This selectivity could be rationalised by an intramolecular hydrogen bond in the transition state between the hydroxy group of the carbinol and the carbonyl oxygen of the maleic anhydride. This result  was supported by using molecular modelling and the calculated transition state that led to the the main diastereomer (Figure 5).12



Figure 5. The effect of hydrogen-bonding on the approaching dienophile12

Atherton and Jones performed the retro Diels-Alder reaction by irradiating a solution of the compound 59 in acetonitrile for 1 hour which gave the desired auxiliary 57 and dimer 60 in 40% and 12% conversion, respectively. Photolysis of the dimerized product 60 produced the auxiliary 57 in quantitative yield. Unfortunately, the formation of the undesired dimer product 60 restricted the use of photochemistry with the chiral auxiliary 57 (Scheme 15).21 

     

Scheme 15. The cycloreversion using UV light

To explore the effect of hydrogen bonding on reactivity and diastereoselectivity of the cycloaddition, 9-amino anthracenes were used as dienes. Cycloaddition of N-methylmaleimide 17 with a chiral amine 34 at 80–85 oC allowed the formation of two diastereoisomers 61, and 35, in a ratio of 92:8 after 2 hours. Using aminoanthracene 34 could accelerate the Diels-Alder reaction more than the ether rac-25 when it was employed as the diene. The identity of the major diastereoisomer 61  was confirmed by single crystal X-ray diffraction  (Scheme 16).22

                       
Scheme 16. The cycloaddition reaction using 9-amino anthracene 34

The hypothesis for the formation of a major diastereoisomer 61 is that the N-methylmaleimide 17 approaches from the anthracene ring with the carbonyl oxygen located towards the hydrogen of the NH.  This allows a hydrogen bonding interaction to take place between the amino group and the carbonyl oxygen of the dienophile. Therefore, electrostatic repulsion between the carbonyl oxygen lone pair and the nitrogen lone pair is avoided [model A]. In contrast, the minor diastereoisomer 35 results when the dienophile approaches the diene where the carbonyl oxygen is orientated towards the nitrogen lone pair [model B] (Figure 6).22




Figure 6. Approach of N-methylmaleimide towards 9-amino anthracene

Initially, retro Diels-Alder reaction was performed by refluxing the isomer 61 with a range of strong bases such as NaH, LDA and t-BuLi. No reaction occurred with all cases. This is probably because the proton of the amino group is too sterically hindered. Consequently, the reaction was carried out by refluxing in toluene with a trifluoroacetic acid catalyst, providing anthrone 62 after removal of the stereodirecting group and partial cleavage of the N-methylsuccinamide unit. Protonation of the carbonyl group led to cleavage of the bond between C10 and C11 with the assistance of the lone pair of the amino group, resulting in an iminium ion that was hydrolysed by water, furnishing anthrone  62 and an ammonium salt  (Scheme 17).22

                
Scheme 17. TFA catalysed retro Dies-Alder reaction

Good diastereoselectivity could be achieved by making strong hydrogen bonding interactions with the dienophile. Jones and co-workers prepared a series of amide anthracene templates [Figure 7] that possessed a stereogenic centre installed closer to the anthracene moiety. Hydrogen bonding interactions with these auxiliaries might be stronger than with the amino template 34, due to the hydrogen atom attached to the amide group being more acidic. Furthermore, the lone pair on the nitrogen is delocalised with the adjacent carbonyl group, leading to reduced electrostatic interaction with the lone pair of the  diene.23  

                    
Figure 7. Racemic amide anthracene templates

[bookmark: _Hlk521430651]Each of these compounds 63-65 was heated in toluene with N-methylmaleimide 17 at 80–85 oC for 2 hours. The data in table 2 show that the diastereoselectivity was controlled by the hydrogen bonding.  Thus, all major cycloadducts 66-68 were obtained with the maleimide carbonyl group located towards the nitrogen atom attached to the 9-position of the anthracene ring system (Scheme 18 and Table 2).23 


Scheme 18. Synthesis of amide cycloadducts

	Entry
	Compound 
	     Conversion (%)a       
	
	 drb

	1
	66
	     84
	
	90:10

	2
	67
	    78
	
	80:20

	3
	68
	     100
	
	75:25


                           Table 2. Thermal Diels-Alder cycloadditions with amide anthracene templates


                
                         
                                       a Conversion calculated by 1H NMR analysis.    bThe diastereoselectivity was determined 
                           by 1H NMR analysis of the crude reaction mixture. 

A lack of selectivity was observed in entry 3 due to the electron withdrawing nature of the trifluoroacetamide group. This reduced the partial charge on the nitrogen atom, thereby minimising the bond polarity between hydrogen and nitrogen atoms, and as a result, a weaker hydrogen bonding interaction with dienophile was postulated.23 
Further work has used p-benzoquinone as the dienophile instead of N-methylmaleimide 17 and maleic anhydride 55. A homogeneous xylene solution of p-benzoquinone 46 and R-(methoxyethyl)anthracene 25 was refluxed for 24 hours and two diastereoisomers 47 and 69  were obtained in a ratio of 60:40. Chemical yields of the cycloadducts were 31% and 27%, respectively, after purification by ﬂash column chromatography (Scheme 19).24


                      
Scheme 19. Formation of diastereoisomers under thermal conditions

To improve the chemical yields and selectivity, the reaction was examined at different temperatures using toluene as a solvent for 48 hours. Decreasing the reaction temperature to 70 oC resulted in a slight increase in the conversion (67%), but the diastereoselectivity remarkably increased (96:4). With an increase in the reaction temperature, the diastereoselectivity was dropped. From these results, it was indicated that  the reaction was achieved under kinetic control with the anti diastereomer 47 being the kinetic product (Table 3).24

	Temperature (ºC)
	Conversion (%)a
	     drb

	70
	67
	96:4

	80
	52
	93:7

	90
	46
	88:12

	100
	45
	82:18

	110
	31
	58:42


	        Table 3. The effect of temperature on reactivity and diastereoselectivity

            
[bookmark: _Hlk26450192]aConversion calculated by 1H NMR analysis.    bThe diastereoselectivity was determined
                               by 1H NMR analysis of the cruder reaction mixture. 

Jones and co-workers have also used oxazolines to introduce chirality into the anthracene moiety. For example, oxazoline 70 was subjected to the thermal [4 + 2] cycloaddition with N-methylmaleimide 17 and provided  a mixture of cycloadducts 71 and 72 in a ratio of 1:1  (Scheme 20).25, 26

           
Scheme 20. Thermal cycloaddition of oxazoline 70 and N-methylmaleimide 17

Poor reactivity (73% conversion) was observed towards the cycloaddition in- comparison with the (S)-9-(1-methoxyethyl)-anthracene 25 (96% conversion) using the same conditions. This was probably due to the electron withdrawing character of the oxazoline group.  Lack of diastereoselectivity was also observed because N-methylmaleimide 17 approached the face where electrostatic interaction is minimised. Thus, the oxazoline ring is orientated orthogonally to the anthracene ring to reduce peri interactions. In this case, the stereogenic centre of the oxazoline ring is too far from the anthracene moiety, which prevents any interaction with either carbonyl group of the N-methylmaleimide (Figure 8).25



Figure 8. The approach of N-methylmaleimide to the chiral oxazolidine auxiliary

[bookmark: _Hlk523124217]The effect of a Lewis acid was also explored using a variety of metal triﬂates, such as Mg(OTf)2, Cu(OTf)2, Y(OTf)3 and Sc(OTf)3. However, there were no improvements to the diastereoselectivity or reaction rate. The results revealed that the coordination of the metal triflate with the carbonyl group of N-methylmaleimide 17 and oxazolidine 70 could not facilitate the approach of the benzyl stereodirecting group to the reactive position.25
[bookmark: _Hlk520741137]This study referred to two facts which are: (i) dienes bearing electron-donating substituents are required to increase reaction rates, (ii) approach of the stereodirecting group to the reaction centre would be essential to enhance the diastereoselectivity of the cycloaddition.25  
Thus, Jones’ group synthesised other chiral anthracene auxiliaries 73, 74 and 75, containing a stereogenic centre attached directly to the anthracene moiety, and then applied them to a thermal Diels-Alder reaction with N-methylmaleimide 17. The result showed the N-methyl oxazolidine 74 produced a mixture of two diastereoisomers in a ratio of 85:15 in 60% conversion. However, a slight increase in reactivity, but significant increase in  diastereoselectivity was observed when N-benzyl oxazolidine 75 was used (Figure 9 and Scheme 21).26

                    
Figure 9. Chiral oxazolidine anthracene auxiliaries




Scheme 21. Formation of cycloadduct 76

Jones’ group have used chiral anthracene 25 as a key starting material for the synthesis of some natural products such as pyroglutamic acid analogue 77 and alkaloid crispine A 78 (Figure 10).


Figure 10. Examples of biologically active compounds

Initially, the ether 25 was combined with N-methyl maleimide analogues in toluene under thermal conditions to furnish cycloadduct 79 with high selectivity (>98% d.e) (Scheme 22).


                                                               Scheme 22. Synthesis of imide adduct 79
N-Methylmaleimide cycloadduct 79 was subjected to diisobutylaluminium hydride at -78 oC, affording hydroxy-lactam 80 with full regio- and diastereoselectivity. The regioselectivity resulted due to diisobutylaluminium hydride coordinating with the carbonyl group that was oriented away from the alkoxy substituent to avoid steric interactions. Nucleophilic addition of furan to the intermediate N-acyl iminium ion formed in the presence of boron triﬂuoride etherate gave 89% yield of furan compound 81 (Scheme 23).27 


Scheme 23. Asymmetric transformation on N-Methylmaleimide cycloadduct 79

[bookmark: _Hlk521245160]Furan compound 81 was then oxidised by RuCl3/NaIO4 to generate carboxylic acid 82 with 100% conversion. Since the acid product was difficult to separate from the reaction mixture by column chromatography, the crude carboxylic acid 82 was treated with TMSCHN2 in solvent mixtures of methanol, toluene and hexane, giving the carboxylate ester 85 in 80% yield after purification.27  Subsequently, the retro Diels-Alder reaction was achieved with the carboxylic acid 82 via ﬂash vacuum pyrolysis (FVP) at 180 oC (inlet) and 500–540 oC (furnace). The elimination product 84 was obtained in a quantitative yield. In contrast, cycloreversion of esteriﬁed lactam 85 gave a mixture of anthracene auxiliary 25 and pyroglutamate ester 86 in 1:1 ratio and 100% conversion under the same conditions (Scheme 24).27


Scheme 24. An approach for the preparation of N-methyl pyroglutamate 87
[bookmark: _Hlk521253320]Compound 86 underwent decomposition during purification on silica gel, so it was instantly exposed to Pd/C and hydrogen gas, giving the N-methyl pyroglutamate 87 in 21% yield after purification by column chromatography, but this was completely racemic. This is probably because of the high acidity of the proton alpha to the carboxylic group (Scheme 24).27
Further investigations included the treatment of hydroxy-lactam 80 with a Brønsted acid leading to the generation of a highly reactive N-acyliminium ion intermediate. This underwent attack by an aromatic nucleophile providing a single diastereoisomer of amide derivatives 88 in high yield (Entry 2-4, Table 4 and Scheme 25). 


Scheme 25.  Brønsted-acid catalysed Friedel–Crafts reaction
	Entry
	          ArH
	   Ar (88)
   
	Yield (%) 
      

	

1
	


	


	

48

	2
	
       
	
    
	100

	3
	
       
	
     
	98

	4
	
     
	
       
	97

	5  
	
     
	

	54

	6
	
     
	
      
	68

	7
	
    
	

	59a


           Table 4. The Friedel–Crafts reaction with a variety of aromatic nucleophiles
                     
                aThe reaction yielded an inseparable mixture of isomers.
Reaction with 1,3,5-trimethylbenzene was unsuccessful under acid conditions, but in the presence of TiCl4 at -78 oC overnight led to the desired product (Entry 5) in 54% yield (Table 4). Unexpectedly, when 2-ethoxythiazole was used, an O-aryl product (Entry 6) was obtained in 68% yield (Table 4). In the presence of TFA, the thiazole ring is protonated, giving a thiazolium intermediate which would be attacked by the hydroxyl group of the hydroxylactam 80 at the 2-position with loss of ethoxide. 28
N-Methylmaleimide cycloadduct 89 was subjected to the nucleophilic aromatic substitution with furan under acid conditions, giving the desired Friedel-Crafts product 90 in 100% yield. Subsequent cycloreversion reaction via FVP produced substituted maleimide 91 in high enantiomeric excess (>97% ee). This would be a valuable method for the synthesis of substituted pyroglutamic acids 77 carrying quaternary stereogenic centres (Scheme 26).28 

 
Scheme 26. Pathway for the synthesis of substituted pyroglutamic acid
However, the Friedel-Crafts method was unsuccessful with other aromatic compounds and side products were formed. For example, heating the hydroxy-lactam 89 in trifluoracetic acid and 1,2-dimethoxybenzene provided an elimination compound 92 in 80% yield. Furthermore, treating the adduct 89 with thiophene produced a 1: 1 mixture of the Friedel–Crafts product 93 and the (E)-trifluoroacetyl compound 94 (Figure 11).28


Figure 11. By-products which were obtained under acid conditions

Alkaloid crispine A 78 was isolated from Carduus crispus by Zhao and co-workers, which exhibits cytotoxicity toward human cancer lines.29 Due to the pharmacological importance of this compound, the Jones group has developed a new strategy for its synthesis based on the Diels-Alder reaction as the key synthetic step. Initially, the thermal cycloaddition of the chiral anthracene 25 with maleimide 95 was performed by refluxing in toluene to provide maleimide cycloadduct 96 with excellent diastereoselectivity (> 99:1) and good chemical yield (80%). Then, the selective reduction of compound 96 could be achieved by using DIBAL-H, giving α-hydroxy-lactam 97 as a single diastereoisomer in 90% yield  (Scheme 27).30

                          
[bookmark: _Hlk14459885]Scheme 27. Selectivity reactions of the ether 25 with maleimide 95
As expected, the compound 97 was formed with complete regioselectivity, where the addition of hydride ion occurred at the carbonyl group located away from the 9-substituted anthracene derivative. 1H NMR spectroscopy of the compound 97 showed that the hydrogen at the β–position of the hydroxyl group appeared as a doublet of doublet of doublets at 2.78 ppm (J = 2.7, 7.9 and 10.3 Hz). If the reduction had occurred on the proximal carbonyl group to the original C-9 anthracene substituent, the hydrogen at the β–position of the hydroxyl group 98 would have been expected to be a doublet of doublets, which was not seen (Figure 12). 


Figure 12. The selective reduction of the carbonyl group by using DIBAL-H

In the presence of TFA at reflux for 3 hours, the resulting hydroxy-lactam 97 underwent intramolecular Friedel-Craft alkylation, leading to the tricyclic compound 99 in 83% yield. Single crystal X-ray diffraction confirmed that the cyclisation process was controlled by the steric effect of the anthracene ring system.  The ring closure occurred at the less hindered Re-face of a planar N-acyliminium ion which formed as an intermediate during the reaction. Thus, configuration at the carbon centre 99 was inverted during cyclisation, leading to trend of hydrogen atom towards the anthracene ring. Interestingly, when the amide 99 was subjected to FVP, β,γ-unsaturated lactam 100 was obtained instead of α,β-unsaturated lactam with the recovery of the anthracene auxiliary 25  in a 1:1 ratio. This was probably because of the high acidity of the *H atom 99 which was easily lost to give the enamide.  The subsequent double reduction of the alkene and carbonyl group would provide crispine A 78 in 72% yield (Scheme 28).30

 Scheme 28. Synthesis of crispine A 78
1.2. [bookmark: _Toc30743065]The stereoselective synthesis of functionalised five-membered    carbocyclic ring
1.2.1 [bookmark: _Toc30743066][bookmark: _Hlk5291998]Background 
[bookmark: _Hlk3991040][bookmark: _Hlk518375302]The synthesis of both natural and unnatural compounds in optically active form is a challenge in organic chemistry, especially for compounds which have biological activity and play an essential role in the pharmaceutical industry. The biological effect of these compounds can often depend on the stereochemistry.31 A significant class of molecules is cyclopentenones and their derivatives because they occur in the core of many natural products and have a broad range of biological activities. Examples include sarkomycin 102, methylenomycin 103, xanthocidin 104, pentenomycin 105, and homosarkomycin 106 which all possess antitumour and/or antibiotic activities (Figure 13).32 

 
Figure 13. Examples of biological compounds

An exciting branch of this broader class is the family of compounds derived from fatty acids that have five-membered carbocycle rings. An example is the prostaglandin family, which display biological activities and are widely applied as therapeutics, including TEI-9826 107 that  shows strong antitumour activity,33  and PGE1 108 that has been used as a HIV protease inhibitor.34  Furthermore, clavulone  109 and  punaglandin  110, are essential human fatty acid hormones that play critical regulatory roles in an enormous number of physiological responses (Figure 14).35 

             
                                                   Figure 14. Representative prostaglandin natural products

Alkylated cyclopentanols also attract significant attention because of their biological and pharmacological activities, similar to those of cyclopentenone compounds. These activities include plant growth-regulating in cucurbic acid 111,36 cytotoxicity in  Jatamanin J and L (112 and 113, respectively),37 antifungal in chokol A 11438, as well as anti-inflammatory effects in sesquiterpenoid 11534 (Figure 15). 

                     
Figure 15. Examples of biologically active molecules
Cyclopentenone rings possess a number of functional groups, including an α,β-unsaturated carbonyl motif that can undergo various asymmetric functionalisations, such as 1,2 or 1,4-nucleophilic addition either at the carbonyl or oleﬁn or enolate alkylation.39, 40  Cyclic enones are thus very useful as synthetic intermediates and numerous methodologies have been developed for them.32 Among these are the intramolecular aldol reaction, Wittig reaction, Nazarov cyclisation,41, 42,43 the Pauson-Khand reaction,44  metal catalysed cyclisation,45  as well as the Diels-Alder and retro Diels-Alder reactions.46
[bookmark: _Hlk508306947][bookmark: _Hlk4245175]In 1993, Zwanenburg and co-workers used an effective strategy for the synthesis of cyclic enones based on endo tricyclic cyclopentenone 116 as the starting material, which was made by a Diels-Alder reaction. The resulting cycloadducts underwent stereoselective conjugate addition providing an enolate that could be trapped by suitable electrophiles at the α-position, followed by a retro Diels-Alder strategy to regenerate functionalised cyclopentenones (Scheme 29).35 

[bookmark: _Toc17989508]                             
Scheme 29. The Zwanenburg protocol to obtain functionalised cyclopentenones

Based on this synthetic route, the addition of Ph2CuLi to enantiopure endo-tricyclodecadienone 116 provided an enantiopure addition product 117 in excellent yield (93%). The high regio- and stereoselectivities were achieved due to endo-face in 116 being shielded by the norbornene C8-C9 ethylene bridge. As a result, the 1,4- addition of nucleophiles to the enone moiety occurred at the sterically less hindered exo-face (Scheme 30).35 


           
Scheme 30. 1,4-addition of Ph2CuLi reagent

[bookmark: _Hlk517889618]Indeed, the Diels-Alder reaction could be a successful methodology for the synthesis of groups of  natural products in their optically pure form, in particular, isoprostanes (iPs) 118 that are isomeric with prostaglandins, and responsible for neuronal oxidative stress.47 The key chemical step involved is the cycloaddition of 1,3-dimethoxy-1,3-butadiene 119 with 4-hydroxy-cyclopenten-1-one 220 in a highly regioselective reaction to produce intermediates with two side chains derived from the diene part in the cis configuration, which is the predetermined stereochemistry of the hydroxyl group. The subsequent transformations produced iPF2α-V 118 in overall 9% yield in 15 steps (Scheme 31).48


Scheme 31.  The retrosynthetic approach of iPF2α-V

In another example, Borm and Winterfeld have synthesised (-)-methyl cucurbate 126 through a stepwise process involving a Diels-Alder reaction. Here, the enantiomerically pure  diene such as 121  was used as a chiral template to control the stereoselectivity of the Diels-Alder reaction with 4-acetoxycyclopenten-2-one 122 in the presence of zinc dichloride under high- pressure conditions (6.5 kbar, rt,  for 24 h) (Scheme 32).49 


Scheme 32. Synthesis of (-)-methyl cururbate 126

After the elimination process, the formed enantiopure enone 123 was subjected to Michael addition with allyl methylmalonate and then alkylated with (Z)-1-bromo-2-pentene to give ketone 124 in 60% with complete stereoselectivity. The resulting ketone 124 was subsequently decarboxylated with a palladium catalyst and reduced with NaBH4 to yield the allylic alcohol 125 in high diastereoselectivity (the ratio was not reported). Thermal retro-Diels-Alder reaction of compound 125 at 405 oC, furnished the enantiomerically pure methyl dehydrocucurbate 126 in 98% yield (Scheme 32).49 
1.2.2. [bookmark: _Toc30743067][bookmark: _Hlk5292028]Diels-Alder reactions of 2-cyclopenten-1-one 
[bookmark: _Hlk6753290]The Diels-Alder reaction of unsaturated pentacyclic ketones and their derivatives are relatively poor dienophiles.50, 51 This reaction usually requires harsh conditions including high pressures, high temperatures and long reaction times, and often leads to isomerisation of products, and generally proceeds with a low yield.52,53 A classic example is the reaction between butadiene 127 and 2-cyclopenten-1-one 128 as the dienophile to provide the cycloadduct products 129 and 130 in a 21% combined yield after 48 hours (Scheme 33).53 


Scheme 33. Synthesis of cycloadduct from butadiene 127 and 2-cyclopenten-1-one 128

[bookmark: _Hlk17653646][bookmark: _Hlk17653617]The addition of electron-donating groups to dienes or electron-withdrawing groups to α,β-unsaturated carbonyl compounds can improve cycloaddition rates and reduce the isomerisation issues. For example; the installation of the phenylthio group on enone 128 led to reducing the cycloaddition rate by 50% under otherwise the same conditions as used above. After removal of the phenylthio group using mild conditions, adducts 129 and 130 were obtained in a ratio of 80:20.53  The impact of Lewis acid catalysis (e.g. AlCl3) on the rate of cycloaddition of 2-cyclopenten-1-one 128 with butadiene 127 has also been evaluated. The reaction was performed at low temperature (-10 oC) for 4 hours to provide  52% of a mixture of the cis-ketone 129 (94%) and the trans-ketone 130 (6%).54  This acceleration can be explained by the complexation process of the Lewis acid with the dienophile which leads to lowering the LUMO energy of the π-orbital; therefore, the energy gap between the HOMO−LUMO energy levels is reduced. Some examples of cycloaddition of 2-cyclopenten-1-one 128 with different functional groups joined to the diene and the different reaction conditions have been summarised (Table 5).51, 55-59 


     Table 5.  [4 + 2] cycloaddition between cyclopentenone and different dienes
	Entry
	Diene
	Conditions
	Yields (%)

	
1
	

   
	
SnCl4, DCM, 54 h, 0 oC
	
          1255

	
2
	

       
	
AlCl3, Tol., 17 h, 25 oC
	
           8558

	
3
	    

     
	
Xylene, 27 h, 200 oC

	

           3857

	
4                    
	
       
	
12 kbar, DCM, 65 h
	
 7051

	
5                              
	

   
	
15 kbar, DCM, 96 h
	
 8559

	
6
	

      
	
LiBF4, MeCN, 14 d

	
 2556


          
The utilisation of Lewis acids does not only increase the reactivity of cyclopentenones toward dienes but also can improve the regioselectivity of products.54 For instance, cyclopentenone 128 was found to undergo cycloaddition with 2-trimethylsilylmethyl-1,3-butadiene 131 to provide 132  and 133 regioisomeric adducts in a ratio 89:11, which was improved to 93:7 under the influence of AlCl3. The para 132 isomer was the favoured product corresponding to frontier molecular orbital theory (Scheme 34).60   


Scheme 34. Cycloadditions under uncatalysed and AlCl3 catalysed

Despite a number of Lewis acids such as BF3·OEt2, AlCl3, Et2AlCl, having been used to promote the Diels-Alder reaction, there are disadvantages of using these acids. For instance, some dienes are quite sensitive to the acidic conditions, that could lead to the formation of decomposition products or polymerisation of the dienes with themselves.56, 61 Recently, stable carbocation Lewis acids, such as the tritylium salt [Ph3C][BArF] were used eﬀectively to activate the interaction of cyclopentenone 128 with anthracene 12 under mild conditions, yielding  the desired adduct 134 in moderate yield (77%) (Scheme 35).62

                
Scheme 35. The carbocation Lewis acid catalysed cycloaddition

[bookmark: _Hlk12497087]
[bookmark: _Hlk13143029]Oestreich and co-workers have evaluated a new effective Lewis acid to stimulate some unreactive dienophiles and dienes toward Diels−Alder reactions, which is the ferrocene-based silylium ion 136. For testing the power of this catalyst, they chose an unreactive diene, such as cyclohexa-1,3-diene 135 (500 times less reactive than cyclopentadiene)63 for cycloaddition with unreactive dienophile 128 in dichloromethane at a low temperature. The reaction proceeded smoothly to furnish the cycloadduct 137 in a high yield with excellent endo:exo ratio (96:4) (Scheme 36).64 


Scheme 36. Silylium cation 135 catalysed the Diels–Alder reaction
[bookmark: _Hlk12812331][bookmark: _Hlk12528940]Corey and co-workers used the proton and AlBr3-activated oxazaborolidines 138-141 as chiral catalysts to enhance the reactivity and the enantioselective cycloaddition of α,β-unsaturated carbonyl compounds with various dienes. In these oxazaborolidine species, the acidity of the boron atom is increased by protonation of the adjacent nitrogen atom, or by coordination of the Lewis acid to the nitrogen atom (Figure 16).65 

              
Figure 16. Examples of oxazaborolidine catalysts

[bookmark: _Hlk12607455]In this approach, cyclopentenone 128 underwent cycloaddition with cyclopentadiene 10 in the presence of 20 mol % of the oxazaborolidine 138 at -20 oC and gave the endo adduct 142 in high enantioselectivity (92% ee). The catalytic power of oxazaborolidine 138 was increased by replacement of the triflic acid by AlBr3 139, which led to production of the chiral Diels-Alder adduct 142 using only 4 mol % of catalyst 139 after 1 hour at a lower temperature. These conditions indicate the catalyst 139 is significantly more efficient than 138, and this is probably due to increasing steric hindrance at  the catalytic boron site by the neighbouring AlBr3  and reduced product inhibition (Scheme 37 and Table 6).66, 67 

         
Scheme 37. Cycloaddition catalysed by electrophilic chiral catalysts

Table 6. Stereoselective Diels-Alder reactions of cyclopentenone 128 with cyclopentadiene 10
	Entry
	Catalyst        (mol%)
	Temperature
(oC)
	Time (h)
	Yield (%)
	endo:exoa
	%eeb
(endo)

	1
	138 (20)              
	-20
	         14
	       99
	95:5
	       92

	2
	  139 (4)
	-40
	           1
	       95                       
	       93:7
	       92

	3
	  140 (10)
	         -20
	           2
	       98                       
	       95:5
	       92

	4
	  141 (1)
	-40
	           6
	        92
	       96:4
	       92


a endo:exo ratio was determined by GC analysis of the crude reaction mixture.   bThe enantiomeric excess as determined by GC analysis. 

Other attractive examples are chiral ﬂuorinated precatalysts 140 and 141, which have also been utilised to catalyse cycloaddition of cyclopentadiene 10 with 2-cyclopenten-1-one 128, yielding the endo-diastereoselective product in excellent yield and high enantiomeric excess (92%). Modification of the catalyst skeleton by replacement of the β-CH2 by a CF2 such as 140 or 141 was able to maximise electron deﬁciency of the boron atom and enhance its coordination to the carbonyl group in the dienophile. As a result, loadings of catalysts, temperatures and reaction times were diminished (Table 6). 
An organocatalytic strategy could promote Diels-alder reactions to provide cycloadducts with high facial selectivity. Typically, this approach is performed by condensation of chiral amino catalysts with an enone via an enamine or an imine intermediate with selective π-bond formation and geometry control that could provide an enantioenriched adduct, followed by hydrolysis after the cycloaddition (or stepwise cyclization) step.68 In 2015, Jorgensen and co-workers used dienamine activations 143-146 for the reaction of cyclopentenone 128 with several electron-deficient olefins; for example, nitrostyrene 147 in the presence of propionic acid that was used as an additive (Figure 17 and Scheme 38).69


 
Figure 17. Chiral bases used to promote asymmetric Diels-Alder reactions 


 
Scheme 38. Amino-catalytic asymmetric cycloaddition of cyclopentenone 128 with nitrostyrene 147

[bookmark: _Hlk12642719]Initially, this reaction was achieved with catalyst 143 in CDCl3 which gave the desired product 148 in a 20:1 ratio (endo:exo), but poor enantioselectivity (5% ee). Although the conversion of the reaction was 50%, a low yield (9%) was obtained, this is because of polymerisation of nitrostyrene. When the amino catalyst 144 was used, the yield and enantiomeric excess were improved to 26% and 28%, respectively. Unfortunately, when the bifunctionalised catalyst 145 was used, the cycloadduct 148 was isolated in very low yield (5%) with the complete racemate (1% ee). Surprisingly, in the case of the quinine-based catalyst 146, higher enantiomeric excess (83% ee) and acceptable yield (49%) were obtained with maintaining the same diastereoselectivity (20:1), which resulted by the hydrogen bonding control. In an attempt to improve yield and enantioselectivity, the reaction was performed in toluene for 18 hours; as a result, the enantioselectivity was increased to 90% with 52% yield, which was increased to 65% with extending the reaction time for 30 hours.69  However, organocatalytic dienamine-activated Diels–Alder reactions of cyclopentenones have been less extensively studied, in comparison with open-chain vinyl ketones, cyclohexenones and cycloheptenones.69 
Typically, degrees of diastereofacial control of Diels–Alder reactions can be affected by the presence of chiral groups in dienophile or diene units. For example, 2-cyclopentenone 128 was treated with N-acyl-2-phenyl-5-vinyl-2,3-dihydro-4-pyridone 149 in refluxing toluene, yielding an exclusive endo diastereoisomer 150 in 74% yield. This selectivity was obtained because the dienophile is approached anti to the C-2 phenyl group to avoid steric hindrance; as a result, only the endo adduct 150 was obtained (Scheme 39).70


[bookmark: _Hlk5291293]Scheme 39. Synthesis of cycloadduct 150

1.2.3. [bookmark: _Toc30743068]Strategies towards enantioenriched allylic alcohols

[bookmark: _Hlk15643542][bookmark: _Hlk17568742][bookmark: _Hlk15643616]Enantiopure allylic alcohols are very powerful synthons for the synthesis of a variety of natural products, agrochemicals and pharmaceuticals; therefore, the synthesis of these compounds has received considerable attention from many studies.71 Cyclic allylic alcohols could be used as starting materials or intermediates in various organic syntheses such as, the Ireland–Claisen rearrangement,72 SN2′ substitution reaction73 epoxidations,74, 75 cyclopropanation76, 77 and allylic amination;78 For that reason several methodologies have been developed for the production of allylic alcohols in high enantiomeric purity such as kinetic resolution of racemic allylic alcohols, and asymmetric reduction of vinyl ketones utilising enzymes or chiral catalysts. However, these strategies have some limitations, for example, enantioselective reactions of cyclic allylic alcohols require the presence of a large group at the 2-position in order to obtain a high enantiomeric excess. Thus, in cases where a large group is not present two additional steps would be needed to introduce this group before the enantioselective process, and then to remove it. Additionally, a disadvantage of kinetic resolution is that the yield of the isolated enantiopure alcohol cannot be more than 50%.71
Noyori and co-workers were the first to report the kinetic resolution of racemic cyclic allylic alcohol using (S)-BINAP-Ru diacetate complex 152 via asymmetric hydrogenation. When racemic alcohol 151 was hydrogenated with the (S)-Ru catalyst 152, the (R)- unreacted alcohol 153 was obtained in 79% ee and 50% yield. They suggested that the hydrogenation occurred through coordination of the OH to the Ru atom of the catalyst. Thus, the degree of enantioselective hydrogenation can be dependent on the coordination of the unsaturated alcohol 151 with a catalyst (Scheme 40).79  

           
Scheme 40. Resolution of cyclopentenol using Noyori catalyst 152
[bookmark: _Hlk13147307]Phutdhawong and co-workers have shown that anthracene templates can be used in the stereoselective synthesis of highly functionalised allylic alcohols through Diels-Alder and retro Diels-Alder reactions.80 In this context, anthracene 12 was treated with dimethyl fumarate 155 in refluxing xylene which produced the trans anthracene adduct 156 as a predominant product in 78% yield. After different subsequent reactions, the resulting allyl product 157 underwent intramolecular acylation, epoxidation, followed by base-catalysed ring opening to give spirocyclopent-2-enone  158 as the key intermediate in 95% yield (70:30 dr) with the epoxidation process being favoured on the less hindered face of the alkene. The addition of propyllithium provided the diol 159  as the major diastereomer in 34 %, with other unidentified products. After oxidation of the compound 159 with pyridinium dichromate, X-ray analysis confirmed that the propyl group was added from the top face of the anthracene template. Finally, compound 159 was  then subjected to a retro-Diels Alder reaction in 1,2-dichlorobenzene at 180  oC, giving the highly functionalised cyclopentenone 160 in a low yield (8%) (Scheme 41).80

Scheme 41. New route to methylenecyclopentenone 160
[bookmark: _Hlk15497794]
[bookmark: _Hlk15497989]In 2011, the Jones group reported a methodology to access secondary allyl alcohols, involving cycloaddition of a chiral anthracene template 25 (>99 %) with an unsymmetrical dienophile 128, followed by asymmetric transformations and a subsequent retro-Diels–Alder reaction which released enantioenriched allylic alcohols.  Initially, the reaction was performed under microwave irradiation conditions and furnished three isomers of adducts with isomer 161 predominating (Scheme 42).81  

 Scheme 42. [4 + 2] cycloaddition reaction using microwave irradiation

This selectivity was explained in terms of a favoured and disfavoured approach of the carbonyl of the dienophile 128 and the alkoxy oxygen on the C-9 substituent of the chiral anthracene 25, where the carbonyl group is orientated away from the alkoxy substituent to avoid electrostatic repulsion and steric interactions (Figure 18).81 

           
Figure 18. Proposed model of the approach of the dienophile

After flash column chromatography, the major isomer 161 was isolated as a single diastereomer in 40% yield. This then underwent stereoselective transformation of the carbonyl group, for example, reduction using lithium aluminium hydride, followed by flash vacuum pyrolysis (FVP). This gave the secondary allylic alcohol 165 in 79% ee and recovery of the auxiliary 25 (Scheme 43).81 


Scheme 43. Synthesis of a chiral cyclopentenol 165

[bookmark: _Hlk13156876]The Jones group and Snyder group found that the chiral anthracene template has proven to be one of the best groups for controlling stereoselectivity, not only the initial cycloaddition but also the subsequent transformations of the Diels-Alder cycloadduct, including, carbonyl reductions, α-alkylation of enolates, organometallic additions and retro Diels-Alder reactions.82,14 With the cyclopentane cycloadduct 161, the stereoselective carbonyl transformation was investigated by 1,2-addition of Grignard reagents and organolithium reagents in THF, giving alcohols in poor diastereoselectivity in all cases. Separation of the resulting diastereoisomers by flash column chromatography failed. Thus, these compounds were characterised as a mixture (Scheme 44 and Table 7).81 


                                                  Scheme 44. Addition of nucleophiles to the carbonyl group

	Compound
	R
	X
	yield (%)
	dra

	166
	Me
	        Li
	75
	64:36

	167
	Me
	MgBr
	84
	67:33

	168
	Ph
	MgBr
	90
	79:21

	169
	Allyl
	MgCl
	100
	58:42


                Table 7. Some of the organometallic addition to cycloadduct using THF as a solvent




[bookmark: _Hlk26393405]                       aThe diastereoselectivity was determined by 1H NMR analysis after purification by flash column 
                   chromatography


Surprisingly, methyl Grignard reagent gave a lower yield than the other reagents, but as expected, the highest diastereomeric ratio was obtained with increasing the size of the nucleophiles, for example, phenylmagnesium bromide (dr 79:21). The major diastereoisomer formed because the addition of the phenyl group from the Si-face was more accessible. In an attempt to improve diastereoselectivity of the phenylmagnesium bromide addition, the reaction was performed in diethyl ether under the same reaction conditions, which led to a drop in the conversion (65%), but no improvement in the selectivity.81 
The poor diastereoselectivity in Grignard additions could be explained by a competitive coordination process, involving the coordination of organometallic reagent to the oxygen atoms of the methoxy group and the carbonyl group to give the seven-membered ring organometallic intermediate. As a result, nucleophiles approached from the Re-face. In the case of the substrates [B] that lacked a co-ordinating methoxy group, Si-face Grignard addition occurred  (Figure 19).81


[bookmark: _Hlk15501644]Figure 19. The coordination of organometallic reagent

[bookmark: _Hlk17978281]Unpublished work from this group has shown that the enantiomer of 161 can undergo enolate alkylation and reduction with excellent regio and stereoselectivity. For example, the ketone cycloadduct 161 was treated with LDA followed by alkylation of the enolate ion using different electrophiles to afford the α- alkylated ketones 170-173 with >95:5 diastereoselectivity. These compounds 170-173 could then be reduced  using  LiAlH4 (1.5 equivalents) in THF  producing  the desired alcohols 174-177 as a mixture of two diastereoisomers (95:5) (Scheme 45 and Table 8).82

 Scheme 45. Formation of functionalised alcohols
                 Table 8. Diastereoselectivity in the addition of nucleophiles to ketone cycloadducts
	Entry
	R
	Ketone
yield (%)
	Alcohol
yield (%)
	   dra
    174-177

	1
	Me
	56
	82
	95:5

	2
	Et
	72
	78
	95:5

	3
	Bn
	68
	65
	95:5

	4
	Allyl
	65
	70
	95:5






                    aThe diastereoselectivity was determined by 1H NMR analysis after purification by flash column 
                   chromatography

[bookmark: _Hlk15502132][bookmark: _Hlk15502159]Subsequent retro Diels-Alder reaction using FVP led to various functionalised secondary allylic alcohols 178-180 in an excellent enantiomeric excess and good yield (Scheme 46 and Table 9). 82


                                     Scheme 46.  Preparation of highly functionalised alcohol

	Compound
	         R
	Alcohols yield (%)
	%eea

	178
	Me
	80
	99

	179
	Bn
	85
	94

	180
	Allyl
	82
	83


                                    Table 9. Retro Diels-Alder reaction of reduced compounda 178-180


[bookmark: _Hlk26393860]                                  aThe enantiomeric excess as determined by GC analysis. 

[bookmark: _Hlk15501594]Other unpublished work led to the transformation of the cycloadduct 161 to the 4-alkyl cyclopentanones through a dehydrogenation–conjugate addition reaction. The reaction proceeded via the initial treatment with  IBX 83 in DMSO at 75 – 80 oC to produce the desired enone 181 in 73% yield (Scheme 47).82  


Scheme 47. Dehydrogenation reaction of ketone 161

Alkyl Grignard reagents (Me and Ph) underwent a 1,4-addition reaction to the α,β-unsaturated ketone 181 in the presence of CuBr.SMe2 with high chemo- and regioselectivity to aﬀord the 4-alkylated ketones 182 and 183, which were then subjected to reduction using LiAlH4 to aﬀord the corresponding alcohols 184 and 185 in acceptable yield and high levels of diastereoselectivity (Scheme 48).82 

 Scheme 48. Some asymmetric transformations on the α,β-unsaturated compound 181

Subsequently, a retro Diels-Alder reaction of alcohols was investigated using ﬂash vacuum pyrolysis to afford the 4-substituted cyclopentenols 186 and 187 in high enantiomeric excess with quantitative recovery of the anthracene auxiliary (Scheme 49).82 

                    
Scheme 49. Cycloreversion reaction of 4-substituted alcohols 

[bookmark: _Hlk15502211][bookmark: _Hlk15146450]The high enantioselectivity obtained indicated that the chiral auxiliary anthracene strategy has been successfully used as a control stereochemistry in the conjugate addition of nucleophiles to enone adducts. However, the synthesis of the enantiomerically pure auxiliary via synthesis still represents a formidable challenge to the success of this approach. 
1.3. [bookmark: _Toc17989509][bookmark: _Toc30743069][bookmark: _Hlk14475854][bookmark: _Hlk14475830]Project Aims 

The aim of this work would be focussed on approaches to prepare a chiral ether anthracene 25 using suitable catalysts such as asymmetric reduction catalysts or kinetic resolution catalysts to obtain the target product with excellent yield and  a high degree of stereoselectivity in  a few steps (Scheme 50). 

                   
         Scheme 50. The pathway toward a chiral ether anthracene

After forming the ether cycloadduct 161  via asymmetric Diels-Alder reaction of the chiral auxiliary 25  with cyclopentenone 128 in good diastereoselactivity, subsequent asymmetric transformations on the major cycloadduct will be achieved for the synthesis of functionalized cyclopentenols.
Although previous work successfully produced the desired cyclopentenols in high enantioselectivity and in good yield, it required high temperatures, long reaction times and large equivalents of dienophile 128 (20 eq.). Further study will extend the investigation reported earlier by this group with an emphasis on improving the efficiency of the asymmetric Diels-Alder reaction using 9-methylanthracene derivatives with 2-cyclopenten-1-one 128. The objectives are to reduce both the reaction time and the amount of dienophile required, as well as increase the yield of the products. Following from this, work will then study a potential methodology to achieve an asymmetric Diels-Alder reaction that gives the enantioenriched cycloadduct in an acceptable yield.  Subsequent asymmetric transformations will be performed on the major cycloadduct, including alkylation and reduction, followed by a retro Diels-Alder reaction using flash vacuum pyrolysis (FVP) to give alkyl enantioenriched cyclopentenols (Scheme 51).


 Scheme 51. The main project aims


[bookmark: _Toc17989510][bookmark: _Toc30743070]Chapter 2: Results and Discussion
[bookmark: _Toc17989511][bookmark: _Toc30743071]2.1. Diels-Alder reaction of anthracene templates
[bookmark: _Toc17989512][bookmark: _Toc30743072]2.1.1. Background
The efﬁciency of a Diels-Alder/retro-Diels strategy relies on levels of stereoselectivity in the cycloaddition step. Thus, the synthesis of a chiral auxiliary in high enantioselectivity is the main requirement to achieve this purpose. In this respect, as referred to previously, the Jones group and Snyder group have used models such as 9-(methoxyethyl)anthracene 25 as a stereodirecting group to control the diastereoselectivity and regioselectivity, not only in an initial cycloaddition reaction but also in subsequent asymmetric transformations.14   
Following previous work30, 84, 85 the desired anthracene chiral auxiliary 25 was obtained from anthracene in a multistage synthesis, starting with Friedel-Crafts acetylation of anthracene 12, and then asymmetric reduction using (1S, 2R)-(+)-cis-1-amino-2-indanol 189 as a catalyst to afford (S)-alcohol 57 in 99% conversion and 81% ee, which dropped to 78% ee (66% yield) after purification by flash chromatography. The absolute conﬁguration was determined to be (S) by comparison of the speciﬁc rotation of the alcohol with the literature value.85 In an attempt to improve this selectivity the reaction was repeated and the purification was achieved by repeating the recrystallisation seven times over approximately 3 days. The enantiomeric excess was improved and increased to >95% ee, but only in 40% yield. Finally, methylation of the alcohol 57 using sodium hydride and methyl iodide furnished the enantiomerically pure methyl ether 25 in 81% yield (Scheme 52).  




                                
Scheme 52. Synthesis of methyl ether 25

In this study, alternative strategies were investigated in order to improve the efficiency of the reduction process, which is the key step used to access the target auxiliary 25. First, an enantioselective acyl transfer process was attempted. This is a convenient strategy for kinetic resolution of racemic alcohols using Birman's catalyst 194 in the presence propionic anhydride.86 Although commercially available (ca. £ 83/1g),87 (S)-BTM 194 was synthesised in three steps starting from L-(+)- phenylglycine 190 that was first reduced using sodium borohydride and iodine in dry THF to give chiral aminoalcohol88  191 in 47% yield, which was then reacted with chlorobenzothiazole 192 via a nucleophilic addition-elimination process in the presence of iPr2NEt to give the addition product86 193 in 12% yield after column chromatography. Subsequent mesylation of the alcohol, followed by cyclisation86 gave the crude (S)-BTM catalyst 194  as a relatively pure (12% yield) yellow gum after flash column chromatography. Obtaining high quantities of catalyst proved to be difficult due to the multiple chromatographic purifications (Scheme 53).


                    
Scheme 53. Synthesis of benzotetramisole catalyst 194

[bookmark: _Hlk13759866]This catalyst was then applied to the racemic anthracene alcohol 57 which after workup furnished a mixture of (R)- alcohol 57 (93% ee) and ester 195. Although a high enantiomeric excess (93% ee) was obtained for the crude alcohol 56, the result was unsatisfactory, since the attempted separation of the ester 195 from the alcohol by chromatography or crystallisation failed (Scheme 54).


[bookmark: _Hlk13758371]Scheme 54. Kinetic resolution of anthracene auxiliary

An alternative approach was considered of employing transfer hydrogenation using ruthenium catalysts 196 and 197 in the presence of HCOOH and Et3N.89 When this method was attempted on the 9-acetylanthracene 188, unfortunately, no reaction was observed and the unreacted starting material was returned (Scheme 55).



Scheme 55. Asymmetric transfer hydrogenation of 9-acetyl anthracene 188

In order to further investigate this, the reaction was carried out utilising a mixture of acetophenone 198 and 9-acetylanthracene 188 (1:1 ratio) under the previously described conditions. Both the starting materials 198 and 188 were reduced in 97% and 94% conversion, respectively. Surprising, when the reaction was repeated again under the standard conditions, a moderate level of conversion (54%) was observed for acetophenone 198, but no reaction was observed with 9-acetylanthracene 188. Furthermore, higher catalyst loading (5 mol%) led to an increase in the conversion of the hydrogenation of acetophenone 198 to 100%, while there was still no reduction observed for 9-acetylanthracene 188 (Scheme 56).

                   
Scheme 56. Asymmetric reduction of carbonyl groups

The result can possibly be attributed to steric factors, resulting from the size of the anthracene group that prevents the formation of the catalyst−substrate complex. Asymmetric reduction with only acetophenone 198 under these conditions proceeded eﬃciently with high conversion to product 199 (93%, 90% ee) (Scheme 57).


Scheme 57. Transfer hydrogenation from formic acid to acetophenone

The search for an efficient synthesis in terms of saving time and improvement in the yield still represents a formidable challenge.  
[bookmark: _Toc17989513][bookmark: _Toc30743073]2.1.2. Hydrogen-Bond-Promoted Diels-Alder reaction
One of the most interesting features of the Diels-Alder reaction is the effect of the reaction medium, where reports by many authors have shown that hydrogen-bond-donating solvents (e.g. water and  ionic liquids) have great potential to enhance selectivity and accelerate the rate of [4 + 2] cycloaddition reactions.90 Indeed, hydrogen bonding appears to play a significant role, perhaps in the same manner as Lewis acid activation.91 

Ionic liquids have been utilised as an alternative to replace the volatile organic solvents in Diels-Alder reactions, as they are non-volatile, non-flammable and exhibit high solubility towards different types of solutes.92  Furthermore, they can allow for easy product separation and can be recycled many times. These solvents can also exhibit a significant influence on the selectivity and reactivity of  Diels-Alder reactions.93, 94  For example, a Diels–Alder reaction in an imidazolium ionic liquid had been previously performed by Johari and co-workers who reacted anthracene 12 with imide 200 as the dienophile giving the desired cycloadduct 201 in excellent yield (Scheme 58).95


Scheme 58. The cycloaddition reaction in 1-butyl-3-methyl-imidazolium tetrafluoroborate

They postulated that the acidic proton of the ionic liquid could interact with the carbonyl group of the dienophile through hydrogen-bonding, activating the dienophile towards the Diels-Alder reaction.40, 96  
Initially, 9-methylanthracene 202 was employed as a test substrate for optimising the Diels-Alder cycloaddition, as it is an electron-rich and reactive diene compared to the 9-(1-methoxyethyl) anthracene 25 and is commercially available. Using a reactive diene is important as it could reduce the amount of the cyclopenten-1-one 128 dienophile which is also commercially available, but is very expensive.  Therefore, the reaction of 9-methylanthracene 202 with 2-cyclopenten-1-one 128 was attempted in an ionic liquid at room temperature, however, no reaction occurred after stirring for 24 hours.  An increase of the reaction temperature to 70 oC only led to traces of possible product 203 (6% conversion) as observed by 1H NMR spectroscopy (Scheme 59).


Scheme 59. Intermolecular Diels-Alder reaction of 9-anthracene with 2-cyclopenten-1-one in [bmim][BF4]

The addition of a co-solvent (such as toluene) to the reaction medium was explored since 9-methyl anthracene 202 appeared to be insoluble in [bmim][BF4]. In this case, the conversion was increased to 24%.  Thus, low conversions were unsatisfactory and no further investigations were undertaken. 
Another powerful hydrogen-bond-donating solvent is glycerol that has also been used as an effective promoting medium for the Diels-Alder reaction of unactivated aldehydes or ketones. For example, Perin and Jacob successfully used glycerol as a solvent promoter for the reaction of aldehyde 204 with different arylamines 205 at 90 ºC to afford the cycloadduct 206 in excellent yields (Scheme 60).97


Scheme 60. Diels–Alder reaction in glycerol under the catalyst-free condition

They found that glycerol was capable of promoting the reaction via hydrogen bonding to activate the imine towards the diene. In addition, the target product 203 could be separated from the reaction media through a simple technique, where the reaction mixture was diluted with H2O and extracted with DCM or diethyl ether. As a result, two phases were formed that could easily be separated.  Glycerol could be reused without purification for further reactions or without loss of efficiency.97 
[bookmark: _Hlk13761893]In this study, glycerol was chosen as the reaction media because it is inexpensive, non-toxic, immiscible with organic solvents and has high polarity and an ability to form hydrogen-bonds. Thus, the reaction was carried out between diene 202 and dienophile 128 at 75 oC to give compound 203 in just 5% conversion after one day by 1H NMR analysis (Scheme 61).

[bookmark: _Hlk26355221]                       
Scheme 61. Diels–Alder reaction in glycerol
                                                    
In order to solubilise the substrate, the reaction was carried out using glycerol in the presence of toluene to make a homogeneous system at 100 oC, giving the product in 36%  conversion. This might be attributed to the reaction deriving from hydrogen bonding interactions between the carbonyl oxygen and the OH group solvent which would make the carbonyl group a better dienophile. The conversion was improved to 42% when the reaction time was extended to 48 hours. Thus, the result was encouraging to prompt investigation by using different ratios of solvents at 100 oC for 2 days (Chart 1).


     Chart 1. Relationship between % conversion and concentration of Glycerol in Toluene (48 h at 100 ºC)

A solution of 9-methylanthracene 202 (1 mmol) in toluene and glycerol was stirred at room temperature, 2-cyclopenten -1-one 128 (1 mmol) was added, and then the mixture was heated for 48 h at 100 ºC. The conversion obtained with the glycerol in toluene amount increased. The conversion  % was determined from a comparison of the integrals in the 1H NMR spectrum of the crude reaction mixture.

As can be seen, the conversion was only 10%  in the absence of toluene, a result that is presumably due to the 9-methylanthracene 202 not being soluble in glycerol.  However, a similar result (11%) was obtained with just toluene. An increase in the glycerol concentration led to an increase in the conversion of the desired cycloadduct 203, reaching a value of about 42%  when an equal ratio of solvents was used.  Further increases in the amount of glycerol led to a decrease. It is possible that this particular solvent mixture is optimum to solubilize the reagents and also provide the necessary hydrogen bonding activation for the reaction.   
The effect of this solvent mixture was further investigated with other similar solvents to glycerol as shown below. Surprisingly, a significant but unexpected increase in conversion was obtained when using triethylene glycol as shown below (Table 10). 


	Entry
	Solvent
	Conversion (%)a

	1
	

	24

	2
	

	68

	3
	

	71

	4
	

	83

	5
	

	97

	6
	

	72


                  Table 10. Diels-Alder reaction in polar protic solvent at 118  oC
[bookmark: _Hlk31706223]        
             A solution of 9-methylanthracene 202 (1 mmol)  and  2-cyclopenten -1-one 128 (1 mmol) in toluene and polar 
       protic slovents (1:1 ratio) was heated for 48 h at 118 ºC. aThe conversion  % was determined from a comparison of
             the integrals in the 1H-NMR spectrum of the crude mixture.

1H NMR spectrum of the crude reaction material showed the cycloadduct 203 in 95:5 ratio with another isomer. After purification by flash column chromatography, the major isomer 203 was isolated which was characterised by the presence of a doublet signal at 2.33 ppm (J 9.3), assigned to the bridgehead hydrogen atom next to the carbonyl group.  Attempts to obtain the minor product in pure form was unsuccessful. 
[bookmark: _Hlk31706270]Based on this study, the best reaction conditions were applied to (S)-9-(1-methoxyethyl) anthracene 25. Unfortunately, no reaction was observed, probably as a result of this being a poorer diene than  9-methylanthracene 202 for steric and electronic reasons  (Scheme 62 and  Table 11). 


Scheme 62. Cycloaddition  between ether 25 and enone 128
          
          Table 11.Thermal Diels-Alder reaction with chiral anthracene 25
	Entry
	Solvent
	Temperature (oC)                                      
	% Conversiona

	1
	

	         118
	-

	2
	

	         118
	-

	3
	

	         118
	-

	4
	

	         140, µW
	-



  A solution of (S)-9-(1-methoxyethyl) anthracene 25 (1 mmol)  and  2-cyclopenten -1-one 128 (1 mmol) in toluene and polar             protic slovents (1:1 ratio) was heated for 48 h. aThe conversion  % was determined from a comparison of the  integrals in the   1H-NMR spectrum of the crude mixture.

[bookmark: _Toc17989514][bookmark: _Toc30743074]2.1.3. Diels-Alder cycloadditions by visible light photocatalysis
Visible light photoredox catalysis is an efficient strategy that has been used in cycloaddition reactions.  The key to the success of this method depends on the ability of the metal complex to react with the substrate in single electron transfer processes via photoexcitation with visible light. Iridium and ruthenium are often used as photocatalysts due to their complexes having relatively stable and long photoexcited state lifetimes.98
The Yoon group first used a transition metal bipyrazyl complex 209 to generate a Diels-Alder cycloadduct. They found that reaction of the dienophile 207 with isoprene 208 under thermal conditions at 200 oC for 24 hours failed to give the desired cycloadduct 210.  However, treatment with  photocatalyst 209 in the presence of visible light led to the formation of cycloadduct 210 in 76% yield after just 1 hour (Scheme 63).99




Scheme 63. Cycloadduct synthesis through visible light photocatalysis

In 2011, Diels-Alder cycloaddition was shown to occur via a radical anion cycloaddition. For example, irradiation of bis(enone) 211 in the presence of 5 mol% Ru(bipy)3Cl2 212 with LiBF4 and iPr2NEt provided the cycloadduct 213 in 46% yield with excellent diastereoselectivity (Scheme 64).100



  
Scheme 64.  Photocycloaddition of of bis(enone)  211
This approach was carried out open to the atmosphere without requiring  the use of specialized photochemical equipment. In addition, it required low catalyst loadings and a short reaction time. Photocycloadditions of anthracene have not been reported to date. For these reasons,  the use of photocatalysis in the Diels-Alder reaction between 9-methylanthracene 202 and 2-cyclopenten-2-one 128 was investigated.  
However, as the catalyst used for these reactions is  very expensive, it was prepared using a Pd catalyst, cross coupling reaction of 2-chloropyrazine 214 to give 2,2’-bipyrazine 215 in 15% yield. Treatment with RuCl3·xH2O in ethylene glycol and heating at reflux overnight, followed by addition of saturated aqueous KPF6,  gave  the desired complex  209, but in quite poor yield (5%) after purification (Scheme 65). 99, 101, 102


Scheme 65. Synthises of Ru(bpz)3(PF6)2 complex
 
This protocol was then applied to the synthesis of the cycloadduct 203, and the 9-methylanthracene 202 was reacted with 2-cyclopenten-1-one 128 by irradiation with a 23 W compact fluorescent light bulb in the presence of 1 mol% Ru(bpz)3(PF6)2 209 at room temperature. After 10 hours irradiation, no desired product 203 was observed but cyclic peroxide product  216 was obtained instead (Scheme 66).


Scheme 66. Intermolecular [4+2]  and photooxygenation reactions

It seems that the reaction proceeds in three steps, firstly, photoexcitation of Ru(bpy)32+ with the visible light produces a photoexcited state [Ru*(bpz]32+. This reacts with 9-methyl anthracene 202 in a single-electron transfer process to generate the 9-methylanthracene radical cation 202.+. Secondly, this reactive intermediate reacted with the ground-state triplet oxygen, followed by reduction by another equivalent of oxygen radical, to produce the endoperoxide product 216. Finally, the resulting Ru(bpz)3+ complex could be re-oxidised by reaction of  molecular oxygen to regenerate the Ru(bpz)32+ photocatalyst (Scheme 67).

            
Scheme 67. A possible mechanism  for the photooxygenation of 9-methylanthracene using visible light

The structure of cyclic peroxide 216  was confirmed by single crystal X-ray crystallography and 1H NMR spectroscopic data. This implies that the initial photoredox catalysis worked but the reactive anthracene complex 202+.  preferred to react with molecular oxygen, instead of cyclopentenone 128 (Figure 20). 
[image: ]
Figure 20. Crystal structure of the endoperoxide compound 216

In order to explore the efficiency of the dienophile for the Diels-Alder reaction using the photochemical protocol, N-methyl maleimide 17 was used. The Diels-Alder cycloadduct 217 could be isolated in 85% yield with a trace amount of cyclic peroxide 216 formed (Scheme 68).

                   
Scheme 68. Synthesis of cycloadduct 217 from 9-methylanthracene 202 and N-methylmaleimide 17

Control experiments indicated that there was competition between the [4+2] cycloaddition and photooxygenation which provide cyclic peroxide at a significantly slower rate than the Diels–Alder cycloaddition. Using both a photocatalyst and visible light in air for 1 hour produced the cycloaddition product 217 (98%), as well as trace quantities of peroxide byproduct 216. Increasing the reaction times led to a decrease in conversion in the Diels–Alder product 217 to 85%,  because the Diels-Alder adduct could be converted to peroxide compound 216.  The spectrum also showed clear proton signals for N-methylmaleimide 17, which indicated partial cleavage back to cycloadduct 217 (Chart 2).
Chart 2. The conversion of N-methylmaleimide cycloadduct as calculated from the signals in the 1H NMR anylsis 

Photocycloaddition using 9-methylanthracene 202 (1 mmol)  N-methylmaleimide 17 (1 mmol) and Ru(bpy)32+  (0.5 mol %). Reaction conducted using catalyst and light. 

In the absence of Ru(bpy)32+, complete conversion of the starting materials into cycloadduct 217 was observed. After 6 hours, only a trace (conversion 3%) of peroxide product 216 was formed,  even upon extended irradiation time (overnight). Additionally, no photooxygenation product 216 could be detected from this reaction in the absence of light and the Ru(II) catalyst, and only forming the cycloadduct 217 (conversion 100%).
[bookmark: _Hlk16382583][bookmark: _Toc17989515][bookmark: _Toc30743075][bookmark: _Hlk11827564][bookmark: _Hlk505191778][bookmark: _Hlk17676494]2.2. Resolution of the racemic Diels Alder cycloadduct
[bookmark: _Toc17989516][bookmark: _Toc30743076]2.2.1. Background 
[bookmark: _Hlk17589022]Several strategies have been used for separation of racemic compounds in high enantiomeric purity; among these is kinetic resolution of racemic mixtures, which is still one of the major strategies for the synthesis of individual enantiomer compounds. Based on this, the search for eﬀective asymmetric 1,2-addition reactions of cycloadduct 203 was started with a transfer hydrogenation protocol that is an effective way to prepare chiral alcohols from ketones using a ruthenium catalyst 196.  This strategy was chosen because this catalyst is easy to prepare and use. Furthermore, it provides high enantioselectivity for asymmetric hydrogenation of various aromatic ketones under simple conditions. In 1996,  Noyori and co-workers reported that asymmetric reduction of acetanisole 218 with 0.25 mol% of RuCl-TsDPEN catalyst (S, S)-196 in a mixture of formic acid and triethylamine afforded  (S)-alcohol 219 in 99% yield with 97% ee (Scheme 69).103

                 
Scheme 69 Asymmetric transfer hydrogenation of acetanisole 218
[bookmark: _Toc17989517][bookmark: _Toc30743077]2.2.2. Asymmetric 1,2-addition reactions
[bookmark: _Hlk17617978]In initial studies, the racemic cycloadduct 203 was treated with Noyori’s catalyst (0.1 mol%) 196 in the presence of a mixture of formic acid and triethylamine (1:1.2 ratio) at 35 °C for 48 hours, however, the ketone 203 was not reduced under these conditions. This was presumably due to the low solubility of cycloadduct 203 in these mixtures. Thus, solvents such as DCM, THF, EtOAc, as well as toluene were explored at 35 oC, but all these attempts were unsatisfactory, with no reduced cycloadduct 220 observed by TLC analysis (Scheme 70). 


Scheme 70. Formation of enantioenriched alcohol via asymmetric reduction

Increasing the catalyst loading to 0.25 mol% and 0.5 mol% did not improve the conversion to the corresponding alcohol 220. Based upon Lee’s procedure,89 the ratio of triethylamine to formic acid was also altered. Thus, the substrate 203 was subject to 0.5 mol% of catalyst in ratios of Et3N:HCO2H of (5:1) and (2:5) at 35 °C. However, no product 220 was obtained. 
The next option for resolution of the racemic cycloadduct 220 was asymmetric nucleophilic acyl transfer. The reaction was carried out on the racemic alcohol 220 using an enantiopure chloroformate 221 in the presence of pyridine in dry DCM at ambient temperature, but unfortunately, it did not give the O-acylated cycloadduct 222 (Scheme 71).

                  
Scheme 71. Acylation of racemic cycloadduct by chiral acyl chloride 

[bookmark: _Hlk505190791]Optimisation conditions using 4-dimethylaminopyridine (DMAP) at room temperature and 40 °C for two days were also found to be unfruitful, giving only recovery of the starting materials as judged by TLC analysis. To confirm that the reaction would be successful, cyclohexanol was used under the previous set of conditions. The 1H NMR spectrum of the crude material showed the reaction proceeded with complete conversion to the target compound 224 at room temperature for 24 hours (Scheme 72). 

         
Scheme 72.  The optimum reaction for acylation of cyclohexanol 223

This result indicated that the compound 222 was not formed probably because the anthracene ring system restricted the addition of the acyl group from the bottom face.
[bookmark: _Hlk17633583]Alternatively, the racemic mixture of cycloadduct 203 might be resolved via reductive amination of a carbonyl group using enantiomerically pure chiral amines. According to a literature procedure,104 (R)-phenylethylamine 225 was added to a solution of cycloadduct 203 and catalytic TFA in dry toluene. Initially, this reaction was treated at reflux under Dean Stark conditions for 24 hours, leading to cleavage of the cycloadduct 203 into 9-methylanthracene 202 in 56% yield after purification by flash column chromatography with the recovery of the unreacted cycloadduct 203 in 19% yield (Scheme 73).


Scheme 73. An attempt at formation of chiral imine cycloadduct 226
The literature procedure was modified,104 and the reaction mixture was treated at reflux overnight in toluene using p-TsOH instead of TFA. However, only the starting material 203 was recovered.  In order to achieve this reaction, Ti(Oi-Pr)4  was also used to catalyse the reductive amination reaction of the cycloadduct under thermal conditions using a Dean Stark trap. However, no reaction was achieved even when the reaction was performed at reflux (Scheme 74).


Scheme 74. Reductive amination reaction of cycloadduct 203 via Ti(Oi-Pr)4    

[bookmark: _Hlk31950643]The reaction was also explored with different solvents at room temperature or heating to reflux for 24 hours, but all attempts to generate the imine 226 failed (Table 12).

Table 12. Optimisation of the reductive amination in different solvents 
	     Entry
	Solvent
	%Conversiona

	1
	         DCM
	0

	2
	         THF
	0

	3
	         MeOH
	0

	4
	        EtOAc
	0







[bookmark: _Hlk26465230]                                                               aConversion calculated by 1H NMR analysis.

Finally, the cycloadduct 203 was subjected to (S)-1-amino-2-methoxymethylpyrrolidine (SAMP) 227 in dry DCM, and stirred at room temperature overnight. The reaction again failed to provide the product 228. An attempt at hydrazone formation under basic conditions in ethanol also resulted in no reaction at room temperature, even using temperatures of 40 °C and 70 °C for 48 hours (Scheme 75).


[bookmark: _Hlk11827592]Scheme 75. An attempt at synthesis of SAMP-hydrazone under basic conditions 

[bookmark: _Toc30743078]2.2.3. Asymmetric 1,4-addition reactions
Due to all attempts to resolve the racemic cycloadduct via asymmetric 1,2-addition reactions being unsuccessful, attention turned to stereoselective conjugate addition of the enone 229 (Figure 21).


Figure 21. (±)-Enone substrate 229

[bookmark: _Hlk17508359]Ikariya and co-workers showed that chiral Ru amido complex 197 could catalyse an enantioselective Michael addition of dimethyl malonate to cyclopentenone 128, providing the Michael product 230 in high enantioselectivity (82%) (Scheme 76).105


[bookmark: _Hlk17728208]Scheme 76. Synthesis in enantioselective fashion by 1,4-addition of cyclopentenone

This study prompted an enantioselective Michael reaction of the enone compound 229 to obtain β-alkylated ketone as a single diastereomer in a single step without the need for additional synthetic steps. Thus, enone 229 was mixed with dimethyl malonate and the chiral amido complex 197 in tert-butyl alcohol at 30 oC for 24 hours. The TLC analysis of the reaction mixture showed no trace of the desired 231 even with using a longer reaction time of 48 hours (Scheme 77).  

          
Scheme 77. Asymmetric Michael reaction

The reaction was also inspected using toluene as a solvent at 30 oC, 40 oC and 60 oC for 48 hours. Unfortunately, the outcomes were disappointing as no conversion to the product 231 was observed. The results were unencouraging for further optimization. 
2.3. Asymmetric Diels-Alder reactions 
[bookmark: _Toc17989519][bookmark: _Toc30743080]2.3.1. Background
Evans and co-workers used oxazolidinone and derivatives in asymmetric Diels-Alder reactions to obtain cycloadducts with excellent stereoselectivity.  For instance,  treatment of the divinyl ketone 232 and cyclopentadiene 10 with Me2AlCl2 produced cycloadduct 233 in high stereoselectivity (Scheme 78).106, 107 


Scheme 78. Diels Alder cycloaddition using chiral Oxazolidinone

These reactions have attracted a lot of attention in recent times because they could be a successful methodology for the synthesis of groups of natural products in their optically pure form. This has led to the development of a number of protocols to enhance these kinds of reactions, which can be achieved either by using a chiral catalyst, chiral ligand or chiral auxiliary.  
[bookmark: _Toc17989520][bookmark: _Toc30743081][bookmark: _Hlk26463674]2.3.2.  Organocatalysis of Diels-Alder reactions
The MacMillan group were the first to report the use of an organocatalytic strategy to achieve enantioselective Diels-Alder reactions of carbocycle compounds with various dienes using chiral amine catalysts. They found that these catalysts were capable of promoting the cycloaddition by LUMO-lowering activation of dienophile via iminium ion.  For instance, the cycloaddition of cyclopentadiene 10 with cyclopentenone 128 afforded the corresponding  cycloadduct 142 with endo:exo (94:6 ratio)  and 90% ee of endo isomer (Scheme 79).108


Scheme 79. MacMillan asymmetric synthesis of cycloadduct 142

The [4+2] cycloaddition of 9-methylanthracene 202 to 2-cyclopentenone 128 was first carried out using 5 mol% of (S)-proline 235 in a mixture of TFA and PEG-200 as a solvent at room temperature but gave only recovery of the starting material. A similar result, namely no product, was observed when PEG-200 was swapped for PEG-400 (Scheme 80).

                
Scheme 80. An attempt to produce cycloadduct under imine conditions

In order to solubilise the substrate 202, toluene was added to the reaction mixture to make a homogeneous system. The reaction was resubmitted under standard conditions, but no cycloadduct 203 was obtained. Further experiments were conducted by raising the reaction temperature to 80 oC; however, the substrates 202 and 128  still could not be converted into cycloadduct 203 (Scheme 81).

[bookmark: _Hlk8596794]                    
Scheme 81. Synthesis of cycloadduct 202 using (S)-proline 235

[bookmark: _Hlk17738159][bookmark: _Hlk17224596]This study was extended to examine the cycloaddition using catalyst 236, and treatment of diene 202 and dienophile 128 with imidazolidinone 236 at room temperature, but the cycloaddition was unsuccessful (0% conversion). Optimizing other parameters, such as the temperature, also failed to improve conversion to the desired product 203 (Scheme 82).


Scheme 82. Using imidazolidinone 236 as an organocatalyst in a Diels-Alder reaction
 between 9-methylanthracene 202 and cyclopentenone 128

[bookmark: _Hlk17235489]Notably, repetition of the reaction using of other optimisations was unfruitful; therefore, opting to evaluate the reaction using other methodology would be considered. 
2.3.3. [bookmark: _Toc17989521][bookmark: _Toc30743082][bookmark: _Hlk16382675][bookmark: _Hlk17198096][bookmark: _Hlk17200420][bookmark: _Hlk11827659]Chiral Lewis acids 

[bookmark: _Hlk17653947][bookmark: _Hlk17653985][bookmark: _Hlk17654016]The use of Lewis acids and Brønsted acids not only enhances the reaction rate of Diels-Alder reactions through complexation or protonation of the carbonyl oxygen atom of dienophiles but also provides a chiral environment through their combination with chiral ligands with impact on the facial selectivity of dienophiles. Chiral Lewis acid catalysts could effectively promote enantioselective Diels-Alder reactions, including  BINOL 237, TADDOL 238, amino-alcohols 239, Box 240 and menthol derivatives 241, all combined with different Lewis acids such as aluminium, titanium, boron, copper and lanthanides (Figure 22).109 

                            
Figure 22. Examples of chiral ligands

Kobayashi and co-workers have successfully employed (R)-BINOL 237 as a chiral ligand combined with scandium triflate in Diels Alder reactions to provide cycloadducts with an excellent stereoselectivity. For an instance, treatment of oxazolidinone 242 and cyclopentadiene 10 with (R)-BINOL-Sc(OTf)3 complex 243, produced the endo cycloadduct 244 in high stereoselectivity (>97 % ee) (Scheme 83).110


Scheme 83. Diels-Alder cycloaddition using chiral BINOL
[bookmark: _Hlk17031535]
The cycloaddition between 9-methylanthracene 202 and cyclopentenone 128 occurred effectively in the presence of 2 equivalents of Al(OTf)3  at ambient temperature over a period of  2 hours, yielding a single cycloadduct 203 in 97% conversion that was measured by 1H NMR spectroscopy of the crude reaction mixture. After purification by flash column chromatography, the desired ketone 203 was obtained in 92% yield (Scheme 84). 


Scheme 84. Al(OTf)3  catalysed cycloaddition of 9-methylanthracene and cyclopentenone
The study investigated the influence of Al(OTf)3 loading on the reactivity of the cycloaddition. The results showed that the increase of Lewis acid loadings led to considerable improvement in the conversion to cycloadduct 203, to 97% with 2 equivalents of catalyst (Table 13). 

	[bookmark: _Hlk16955401]Entry
	Lewis acid loading (eq.)
	     Conversion (%)a

	1
	0.5
	77

	2
	1.0
	87

	3
	1.5
	92

	4
	2.0
	97


                     Table 13. Influence of the catalyst loading on the percent conversion



                      Al(OTf)3  was added to a stirred solution of 2-cyclopenten-1-one (1 mmol) 128 in dry MeCN (5 cm3) 
                      at room temperature.  After 10 minutes, 9-methylanthracene (1 mmol) 202 dissolved in MeCN (5 cm3) 
                                 was added dropwise to the reaction mixture and stirred for 2 h.  aConversion calculated by 1H NMR
                      analysis of the crude reaction mixture.


The influence of the reaction time on the conversion was also studied using 2 equivalents of Al(OTf)3. The results showed the conversion levels of the cycloaddition were increased to 97% with using a longer reaction time of 2 hours (Table 14).
        

                   Table 14. Correlation relationship between the % conversion and the reaction time

	Entry
	      Time (min.)
	Conversion (%)a

	1
	30
	70

	2
	60
	84

	3
	90
	96

	4
	120
	97









[bookmark: _Hlk26616606]                     Al(OTf)3  (2 eq.) was added to a stirred solution of 2-cyclopenten-1-one (1 mmol) 128 in dry MeCN
                     (5 cm3) at room temperature.  After 10 minutes, 9-methylanthracene (1 mmol) 202 dissolved in MeCN 
                     (5 cm3) was added dropwise to the reaction mixture. aConversion calculated by 1H NMR analysis 
                     of the crude reaction mixture.

The reaction was examined with a number of other metal triflates, in order to increase the opportunity to find suitable enantiopure ligands that have been used widely to promote the enantioselective Diels Alder reaction. Thus, several Lewis acids were screened with substrates 128 and 202 under the optimised reaction conditions. Lewis acids such as, Sc(OTf)3, Yb(OTf)3,  Gd(OTf)3, Y(OTf)3, La(OTf)3, Mg(OTf)2 and AgOTf  led to no reaction after approximately 24 hours;  while using 1 equivalent of Sm(OTf)3,  Cu(OTf)2  and In(OTf)3   promoted cycloaddition after 2 hours in 46%, 88% and 100% conversion to product 203, respectively (Table 15).
                        Table 15. Scope of various Lewis acids for cycloadditions 
	Entry
	Lewis acid
	    %Conversion

	1
	Sc(OTf)3
	-

	2
	Yb(OTf)3
	-

	3
	Gd(OTf)3
	-

	4
	Y(OTf)3
	-

	5
	La(OTf)3
	-

	6
	Mg(OTf)2
	-

	7
8
9
10
	AgOTf
Sm(OTf)3
Cu(OTf)2
In(OTf)3
	-
46%
88%
100%










                    

                   Lewis acids (1 eq.) were added to a stirred solution of 2-cyclopenten-1-one (1 mmol) 128 in dry MeCN
                   (5 cm3) at room temperature.  After 10 minutes, 9-methylanthracene (1 mmol) 202 dissolved in MeCN 
                   (5 cm3) was added dropwise to the reaction mixture. aConversion calculated by 1H NMR analysis 
                    of the crude reaction mixture.

The reaction was also undertaken in the presence of non-triflate Lewis acids, such as BF3.Et2O, FeCl3, TiCl4, AlBr3, ZnCl2, SnCl2 and LiBF4 using DCM as a solvent at room temperature. Lowering the catalyst loading (0.1 eq) led to increase the reaction time to 24 hours in comparison with metal triflate acids.  When BF3.Et2O and FeCl3 were used, complete conversions were obtained (100%). The reaction was also achieved using AlBr3, with a high conversion of 96%. TiCl4 allowed the desired cycloadduct 203 to be obtained but with moderate conversion (69%). However, ZnCl2 and SnCl2 gave trace amounts of the desired product 203 in 9% and 17% conversion, respectively, while LiBF4 was not able to promote this reaction as detected by the 1H NMR spectrum of the crude materials (Table 16).
Table 16. Diels-Alder reactions catalysed by Non-triflate Lewis acids
	[bookmark: _Hlk26534826]Entry
	Lewis acid
	       %Conversion

	1
	BF3.Et2O
	100

	2
	FeCl3
	100

	3
	AlBr3
	96

	4
	TiCl4
	69

	5
	SnCl2
	17

	6
	ZnCl2
	9

	7
	LiBF4
	-



          







[bookmark: _Hlk26656885]Lewis acids (0.1 eq.) were added to a stirred solution of 2-cyclopenten-1-one (1 mmol) 128 in dry DCM (5 cm3) at 
room temperature.  After 10 minutes, 9-methylanthracene (1 mmol) 202 dissolved in DCM (5 cm3) was added dropwise 
to the reaction mixture and stirred for 24 h. aConversion calculated by 1H NMR analysis of the crude reaction mixture.

[bookmark: _Hlk17198149]Chiral Brønsted acids have considerable potential to promote asymmetric [4 + 2] cycloaddition reactions between a wide variety of dienes and dienophiles.111, 112 Thus, it was worth investigating the Diels Alder reaction between 9-methylanthracene 202 and 2-cyclopentenone 128 using these acids. The reaction was performed with 0.1 equivalent of Brønsted acids such as Tf2NH, TFA and diphenyl phosphate in DCM over a period of 24 hours. The cycloadduct was formed in complete conversion with Tf2NH and TFA, while diphenyl phosphate afforded the cycloadduct 203 with only 29% conversion (Table 17).
     Table 17.  Brønsted acids catalysed Diels-Alder reactions of 9-methylanthracene 202 and 2-cyclopentenone 128
	Entry
	Lewis acid
	  %Conversiona

	   1
	

	      100

	   2
	

	      100

	   3
	
  
	        29


          Brønsted acids (0.1 eq.) were added to a stirred solution of 2-cyclopenten-1-one (1 mmol) 128 in dry DCM (5 cm3) at 
          room temperature.  After 10 minutes, 9-methylanthracenee (1 mmol) 202 dissolved in DCM (5 cm3) was added dropwise 
          to the reaction mixture and stirred for 24 h. aConversion calculated by 1H NMR analysis of the crude mixture.

Based on these results,  the best Lewis acid was applied to (S)-9-(1-methoxyethyl) anthracene 25. Unfortunately, no reaction was achived (Scheme 85).

                     
Scheme 85. The Diels-Alder of chiral ether 25 and cyclopentenone 128

[bookmark: _Hlk26644086]After considering the previous results, the asymmetric Diels-Alder reaction would be performed with the best promoters which were In(OTf)3 and Al(OTf)3.  Initially, this reaction was examined by using (R)-BINOL 237 as a chiral ligand to induce stereoselectivity of the cycloaddition of 9-methylanthracene 202 and 2-cyclopentenone 128.  Therefore, dienophile 128 was treated with a mixture of (R)-BINOL 237 and indium triflate (1:1 ratio) in acetonitrile in the presence of 4 Å molecular sieves at room temperature.  After stirring for 15 minutes to allow the formation of the complex with the dienophile 128, a solution of 9-methylanthracene 202 in dry acetonitrile was added dropwise, and the mixture was left for 24 hours with stirring at the same temperature.  After workup, a complete conversion to ketone 203 was observed in the 1H NMR spectrum. HPLC analysis indicated that the complex of In(OTf)3-BINOL system gave the racemic cycloadduct 203. A similar result was obtained when the reaction was repeated with Al(OTf)3-BINOL complex under standard conditions (Scheme 86). 


Scheme 86. BINOL-Lewis acid system catalysed cycloaddition between 9-methylanthracene 202 and cyclopentenone 128

[bookmark: _Hlk17071830]It was possible that the lack of enantioselectivity was due to the relatively fast conversion at room temperature; therefore, the reaction was repeated at 0 oC for 5 hours with both of the Lewis acids, but  HPLC analysis showed the cycloadduct 202 was formed in a 50:50 ratio of enantiomers, even after an extended reaction time (24 hours) at the same temperature. 
[bookmark: baep-author-id1]Using a different procedure developed by Kobayashi and co-workers,113 9-methylanthracene 202 and 2-cyclopentenone 128 were subjected to the complex derived from  In(OTf)3, triethylamine and BINOL 245 in DCM at 0 oC. The mixture was stirred for 20 hours at room temperature. However, no reaction occurred and only 9-methylanthracene 202 was returned. In the same literature,113 they found that the best yield and enantiomeric excesses were obtained with bulky amines, thus 2,2,6,6-tetramethylpiperidine was used instead of triethylamine. Again, no reaction was observed by TLC (Scheme 87).


Scheme 87. Asymmetric Diels-Alder reaction 
Attention was turned to another series of chiral ligands such as tartaric acid derivatives 246-248 that were economical and readily accessible (Figure 23). 

                                
Figure 23. Examples of chiral tartaric acid derivatives 

Initially, a chiral ligand 246 was treated with indium triflate in dichloromethane at room temperature to furnish the complexed Lewis acid which was subjected to the Diels-Alder components in dichloromethane at room temperature for 5 hours. Despite the reaction proceeding with complete conversion, the enantiomeric excess was 0%. A similar result was observed when aluminium triflate was used with this catalytic system (Scheme 88). 


Scheme 88. [4 + 2] Cycloaddition reaction using chiral Lewis acids

The influence of temperature on the enantioselectivity was studied for this reaction, in which reducing the reaction temperature to -20 oC led to a drop in the conversion (39%) with a slight improvement to the enantioselectivity (3% ee) that was measured by HPLC analysis after purification by flash column chromatography. Upon extending the reaction time to 16 hours maintaining the temperature at -20 oC, the enantiomeric excess increased to 8% ee as was measured by HPLC analysis. However, treatment with Pirkle’s alcohol and then analysis using 1H NMR spectroscopy showed there was no enantioselectivity (0% ee).
[bookmark: _Hlk17141057]In(OTf)3  was exchanged with Al(OTf)3  and the reaction was conducted at 20 oC, -40 oC and -78 oC.  All these attempts failed to generate the desired cycloadduct 203 (0% conversion). Furthermore,  treatment of the substrates 128 and 202 with (−)-diethyl-D-tartrate 247 and (+)-2,3-dibenzoyl-D-tartaric acid 248 in the presence of  In(OTf)3 at -78 oC failed to show any improvement to the enantiomeric excess and the adduct was obtained as a racemic mixture in 67% and 64% conversion, respectively. The failure of tartaric acid ligands 246-248 to achieve the enantioselectivity led to the use of other ligands such as tartaric acid 249 and TADDOL derivatives 238 and 250 (Figure 24). 


Figure 24. Examples of effective ligands in cross-partnering with the Diels Alder reaction
A previous report114 described the synthesis of ligand 249 by heating to reflux a mixture of (S,S) tartaric acid 246 and 2,2-dimethoxypropane in methanol for 16 hours,  giving the product 249 in 86% without the need for purification (Scheme 89).



                                      Scheme 89. Synthesis of enantiopure 2,3-O-isopropylidene tartrate 249

The resulting complex of ligand 249 and indium or aluminium triflate was applied to the Diels-Alder reaction of 9-methylanthracene 202 to 2-cyclopentenone 128 to furnish the cycloadduct in a racemic mixture as shown by HPLC analysis (Scheme 90). 

                    
Scheme 90.  [4+2] Cycloaddition of α, β-enone 128 to anthracene template 202

TADDOL ligand 238 was synthesised in two steps following a procedure adapted by Wang group,115 which included the reaction of (S, S)-diethyl tartrate 247 with 2,2-dimethoxypropane along with a small amount of p-toluenesulfonic acid to furnish the ketal 251 which was used for the next step without further purification. Treatment with phenylmagnesium bromide afforded the corresponding TADDOL115  238  in 86% yield (Scheme 91).

                   
Scheme 91. Synthesis of (S, S)-TADDOL 238

This ligand 238 was used to catalyse the asymmetric Diels Alder reaction between 2-cyclopentenone 128 and 9-methylanthracene 202 using In(OTf)3 and Al(OTf)3 in DCM at room temperature. The 1H NMR spectrum showed the reaction was complete in 20 hours but with a lack of enantioselectivity (0% ee) (Scheme 92). 


Scheme 92. Synthesis of cycloadduct 203 from 9-methylanthracene 202 and 2-cyclopenten-1-one 128
[bookmark: _Hlk17555946]A similar Diels Alder reaction was performed using various solvents such as THF, toluene, MeCN at different temperatures, but none of these attempts led to an increase of the enantioselectivity of the desired product 203.  (R, R)-TADDOL 238 was also prepared and employed with In(OTf)3  and Al(OTf)3  as a  chiral Lewis acid  with the Diels-Alder starting materials 128  and 202. The results showed no enhancement in the enantiomeric excess in either reaction. Since the aryl groups attached to the TADDOL ligand might impact on the enantioselectivity, 2-naphthyl TADDOL 250 was synthesised and used. Unfortunately, no improvement of the enantioselectivity was observed (0% ee).
[bookmark: _Hlk17237682]The conditions established by Altava and co-workers 116 were applied to 2-cyclopenenone 128 and 9-methylanthracene 202 in the presence of a complex derived from TADDOL 238 and TiCl2(OiPr)2 complex. After quenching the reaction, the 1H NMR spectrum showed no cycloadduct 203 was obtained (Scheme 93).


Scheme 93. A failed attempt toward compound 203
Evans and co-workers found that a chiral bis(oxazoline) copper(II)triflate complex 253 was an effective chiral Lewis acid to promote an asymmetric Diels-Alder reaction between methacrolein 252 and cyclopentadiene 10 in DCM at -20 oC, providing the cycloadduct 254 in a ratio 96:4 (exo: endo). Chiral HPLC analysis showed that the enantiomeric excess of the exo adduct was 85% (Scheme 94).117  


[bookmark: _Hlk17500715]Scheme 94. The high stereoselectivity for the Diels–Alder reaction catalysed by bis(oxazoline)copper(II)triflate complex
Based on this result, it was considered worth investigating the Diels-Alder condensation of 9-methylanthracene 202 and 2-cyclopentenone 128 in the presence of the complex derived from (R,R)-BOX ligand 240 and copper(II)triflate or indium triflate –50 °C in anhydrous DCM. Unfortunately, no conversion of the starting materials 202 and 128 to cycloadduct 203 was observed, even when the reaction was accomplished at room temperature (Scheme 95).


Scheme 95. BOX-Lewis acid complex 240 failed to promote cycloaddition  

2.3.4. [bookmark: _Toc17989522][bookmark: _Toc30743083][bookmark: _Hlk11827694][bookmark: _Hlk16986990]Asymmetric Diels-Alder reaction using sulfinyl dienes

Despite there being only a few examples of the use of an electron-deficient anthracene as a diene in the asymmetric Diels Alder reaction, it was thought that using anthracene bearing an electron-withdrawing group, such as a sulfoxide might be able to perform an asymmetric Diels- Alder reaction with 2-cyclopentenone 128.  This idea was inspired by a study on the electron-deficient diene oxazoline 70 which underwent the thermal [4 + 2] cycloaddition with N-methylmaleimide 17 and provided a mixture of cycloadducts 71 and 72, but in a ratio of 1:1 (Scheme 96).118 


Scheme 96. Cycloaddition of chiral oxazoline 70 and N-methylmaleimide 17 under thermal condition

[bookmark: _Hlk17654135]Thus, the sulfinyl anthracene 257 was selected as the model diene in order to accomplish the optimum reaction conditions. It was synthesised by treatment of 9-bromoanthracene 255 with n-BuLi at -78 oC to furnish the aryllithium as an intermediate which was trapped by sulfinate ester 256 (57:43 dr) in the presence of TMEDA as a base. After purification by flash column chromatography, the diene 257 was obtained in 60 % yield (Scheme 97).

                  
Scheme 97. Synthesis of via the halogen/lithium exchange reaction

However, the enantioselectivity of the product 257 was measured by HPLC and found to be 33% (66.5:33.5), which is more than the expected value (14% ee) as the sulfinate ester 256 was a 57:43 mixture of inseparable diastereomers.
[bookmark: _Hlk31719421]This diene 257 was subjected to Diels–Alder reaction with 2-cyclopentenone 128 under different conditions, such as Lewis acid catalysis at ambient temperature or heating to reflux in toluene as shown below (Table 18). Disappointingly, all these attempts were unsuccessful and only the unreacted starting materials were returned. Therefore, the reaction was also performed under microwave irradiation conditions, and furnished unidentified products and recovered 2-cyclopentenone 128 with no evidence of the desired cycloadduct 258. Attempts at purification of unidentified products were unsuccessful (Scheme 98).

           
Scheme 98. An attempt at cycloaddition of the sulfinyl anthracene 257 with 2-cyclopentenone 128
                              Table 18. Thermal conditions of the [4 + 2] cycloaddition
	Entry
	Conditions
	Conversion (%)

	1
	BF3.OEt3, DCM, rt, 17 h
	0

	2
	Toluene, reflux, 48 h
	0

	3
	AlCl3, Toluene, 70 oC, 48 h
	0

	4
	µW, Toluene, 100 oC, 8 h
	unidentified products

	5
	µW, DMF, 140 oC, 14 h
	unidentified products





                                              
[bookmark: _Hlk31719401]In order to study the impact of the strength of dienophile on the reactivity of sulfoxide anthracene 257, the thermal Diels Alder reactions of p-benzoquinone 46 and N-methylmaleimide 17 were trialled with diene 257. Cycloadditions were performed by reﬂuxing in toluene for 24 hours.  As expected with N-methylmaleimide 17, the reaction proceeded with complete conversion to furnish the cycloadduct 259 in 63% yield as a single diastereoisomer, while in the case of dienophile 46, only unreacted starting materials were recovered (Scheme 99).

             
Scheme 99. The thermal Diels–Alder reactions
The success accessing the N-methylmaleimide cycloadduct 259 can be as the starting point for developing a new anthracene auxiliary methodology.
In an attempt to increase the reactivity of diene 257, a methyl group was introduced to the 10- position of the anthracene template. This it was thought, might balance the low reactivity which was produced by the electron-withdrawing benzenesufinyl group.  Thus, the substrate 263 was prepared via methylation of dibromoanthracene 261, followed by lithiation with n-BuLi at -78 oC to give an orange precipitate of 9-methyl-10-lithium anthracene 262 as an intermediate, which was then treated with a mixture of sulfinate ester 256 and TMEDA, yielding the desired compound 263 in 50% yield (Scheme 100). 

  
[bookmark: _Hlk31973258]Scheme 100. The pathway toward a new anthracene template 263

Attempts to achieve the thermal Diels Alder reaction of 2-cyclopentenone 128 and the sulfinyl diene 263 in toluene using various experimental conditions such as heating to reflux, heating in a sealed tube, and microwave irradiation, even also Lewis acid catalysis, were unsuccessful as there was no conversion. It was established that the presence of electron donating groups on the diene is the main factor in increasing its reactivity toward a normal Diels-Alder reaction. According to these studies, the next objective was directed towards dienophile modification by the introduction of an electron deficient group.
the introduction of an electron deficient group.

2.3.5. [bookmark: _Toc17989523][bookmark: _Toc30743084][bookmark: _Hlk14648900][bookmark: _Hlk14475924][bookmark: _Hlk14471586][bookmark: _Hlk15790007][bookmark: _Hlk16064306][bookmark: _Hlk31972906]Asymmetric Diels-Alder reaction using organosulfur dienophiles 

[bookmark: _Hlk17665977][bookmark: _Hlk17666089]Generally, in normal electron demand cycloaddition reactions, non-activated dienophiles require harsh reaction conditions that can give rise to low yields of the desired product, often with decomposition. Therefore, dienophiles may be modified by the addition of electron-withdrawing groups in order to reduce unwanted complications. This enables reaction at ambient temperature in the presence of classical Lewis acids or gentle heating.119   Sulfones and sulfoxides may be considered as powerful activating groups to be utilised for dienophile modification and have been invaluable starting materials in several cycloaddition reactions. Sulfone and sulfoxide functional groups also play a role in enhancing selectivity by fixing their conformation by chelation with bidentate Lewis acids resulting in good control of π-facial stereo-selectivity. Additionally, sulfone and sulfoxide groups can be removed under mild conditions in a single step.120 Some examples of the dienophiles used are listed in Figure 25, including vinyl sulfone 264,121 vinyl sulfonate 265,122 sulfonamide 266,123 vinyl sulfoxides 267124 and 268125 and bis-sulfoxide 269126 (Figure 25).

                        
Figure 25. Examples of active dienophiles

Taken together, the above arguments justify a chiral dienophile strategy application to improve on the poor reactivity of cyclopentenone.
2.3.5.1 [bookmark: _Hlk14452908][bookmark: _Hlk32989560][bookmark: _Hlk32989573]Lewis acids mediated [4+2] cycloaddition with sulfonyl dienophiles
Sulfones are a large class of organosulfur compounds, attracting attention due to their intrinsic biological characteristics that include antibacterial, antifungal, insecticidal and herbicidal attributes.127 β-Keto sulfones have been utilised extensively as synthetic intermediates in many organic reactions, including the Michael addition,128 the Knoevenagel reaction,129 and the synthesis of epoxy sulfones130 or β-hydroxy sulfones in optically active forms.131 Sulfones acquired the nickname of ‘chemical chameleons’ for their dual chemical behaviour;132  they can operate like a leaving group or stabilise carbanions through their electron-withdrawing property.132 Furthermore, sulfones exercise a pivotal influence on the reactivity and diastereo-selectivity of the Diels-Alder cycloaddition. Scheme 100 shows the example achieved by Bernabeu and co-workers utilising vinyl sulfonamide 270 as a dienophile in the asymmetric cycloaddition with cyclopentadiene 10. The reaction proceeded slowly in DCM at room temperature generating the adduct 271 in 98% yield with a ratio of 2.3:1 (endo:exo). However, no diastereomeric excess was observed for either of these isomers. On the other hand, when the reaction was carried out with AlEt2Cl at -40 oC, only the endo product was obtained in >99% diastereoselectivity (Scheme 101).121


Scheme 101. Using chiral vinylsulfonamides 270 as a dienophile

To date there appear to be no reports describing the utilisation of Lewis acids to catalyse the sulfonylcyclopentenone cycloaddition with anthracene templates. Several publications have illustrated a variety of processes for the synthesis of keto sulfones. However, the vast majority of these procedures are characterised by the requirement for toxic substrates, by long reaction times, and low yields after multi-step synthesis.133 From these studies stemmed the ambition of devising a procedure for the synthesis of a sulfonyl dienophile with increased efficiency, in one-pot and achieving acceptable product yields. With this in mind, 2-cyclopentenone 128 was treated with LDA, followed by addition of benzenesulfonyl chloride at -78 oC. Subsequent monitoring by TLC within 24 hours indicated a lack of reaction and returned the starting material (Scheme 102).



Scheme 102. An attempt at the synthesis of  β-ketosulfone

Venkateswarlu described an eﬃcient procedure for carrying out the reaction of α-halo ketone with sodium alkyl or aryl sulfinate in the presence of PEG-400. The reaction was complete within 10 minutes and it gave rise to excellent yield. Therefore, the sulfonyl dienophile was prepared with a two-step synthesis starting from 2-cyclopentenone 128 and the following Venkateswarlu’s procedure.133 The first step included the treatment of a solution of enone 128 in acetonitrile with a sub stoichiometric amount of TMSOTf (5 mol %) at room temperature, 134 producing the silyl enol ether as an intermediate. The second step consisted of small portion additions of N-bromo-succinimide (NBS) generating mono-bromocyclopentenone 273 in 75% yield. The formation of a di-bromination by-product was observed in the 1H NMR spectrum. To avoid this, NBS was dissolved in dry MeCN and added slowly. This was followed by a treatment step utilising sodium benzenesulfinate in the presence of polyethylene glycol (PEG-400).133 The desired product β-ketosulfone 272 was achieved with a 50% yield after purification by column chromatography (Scheme 103).


Scheme 103. Synthesis of β-ketosulfone 272

[bookmark: _Hlk16025305]Initially, the use of the Lewis acid BF3.OEt2 in the cycloaddition between 9-methylanthracene and β-ketosulfone 272 for 6 hours gave 90% conversion to product. After purification by flash column chromatography, the sulfonyl cycloadduct 274 was isolated with a 61% yield as a 95:5 mixture of major and minor isomers, as determined by integration of the appropriate signals in the 1H NMR spectrum. Although not directly confirmed, it was assumed that these both were the same regioisomer, and were epimeric at the α-sulfonyl centre (Scheme 104).


Scheme 104. BF3.OEt2 promoted Diels-Alder reaction of 9-methylanthracene 202 and β-ketosulfone 272

[bookmark: _Hlk14974392]This encouraging result motivated further examination using bis-coordinating Lewis acids and therefore the Diels-Alder reaction of 9-methylanthracene 202 with sulfonylcyclopenten-2-one 272 catalysed by indium triflate and titanium diisopropoxide dichloride was also investigated. Treatment with indium triflate led to 99% conversion to the product, albeit with a slow rate, only being completed in 48 hours. No reaction was observed with titanium diisopropoxide dichloride even over approximately 7 days (Scheme 105). 

    
Scheme 105. A failed attempt toward cycloadduct 274

Wada and co-workers reported on the reaction of cyclopentadiene 10 with (E)-1-phenylsulfonyl-3-alken-2-one 275 carried out using a chelating dienophile in the presence of chiral titanium catalyst. At -78 oC, both cycloadducts were produced in the exclusive endo-selectivity. The major isomer was isolated with a 97% chemical yield and a 0% ee as determined by chiral HPLC analysis. On the other hand, the lesser product was observed with a poor enantiomeric excess (16% ee)  (Scheme 106).135


Scheme 106. Asymmetric Diels–Alder reaction using chiral titanium catalyst
Inspired by this encouraging result, it was thought that using bis-coordinating Lewis acids such as indium triflate with TADDOL might be able to perform an asymmetric Diels-Alder reaction between 9-methylanthracene 202 and β-sulfonyl 272. Treatment of these compounds with a mixture of (S, S)-TADDOL 238 and indium triflate (ratio 1:1) in DCM gave a conversion of 87%, leading to 41% isolation of cycloadduct 274 after purification by flash column chromatography (Scheme107).


Scheme 107. A chiral Lewis acid catalysed cycloaddition of 9-methylantheacene 202 and enone 272

The sulfonyl group could be eliminated without difficulty by using a variety of reducing reagents, such as tributyltin hydride, SmI2, Na (Hg) and Al (Hg).136 Desulfonylation was carried out utilising small amounts of (0.1 M) SmI2 (0.19 eq.) in methanol at -78 °C for 20 minutes. Overall the reaction failed to achieve the anticipated results but gave 44% conversion when 2.2 equivalents of SmI2 were used. An increase in SmI2 equivalents led to complete reaction conversion (9.43 eq.) (Chart 3). Under standard conditions, adduct 274 produced the desulfonated product 203 in a 28% yield (Scheme 108). 


Scheme 108. Exchange of the sulfonyl group by hydrogen
                                             Chart 3 Reductive elimination of the sulfonyl group

                                     The amount of (0.1 M) SmI2 (eq.) versus the conversion % of the desulfonylation
                                      in THF at -78 oC. 
[bookmark: _Hlk17746306]In an attempt to reduce the amount of SmI2 required, an analysis of the reaction progress time was undertaken, but this did not produce any improvement in conversion. For an accurate assessment of the enantiomeric excess, the cycloadduct 203 was treated with Pirkle’s alcohol and then analysed using 1H NMR spectroscopy that showed the obtained cycloadduct was in the racemic form as identified by the peaks of the protons of the methyl groups (Figure 26)


[bookmark: _Hlk14174060]Figure 26. Using Pirkle’s alcohol to determine enantiomeric excess

Despite the unexpectedly disappointing result, the reaction of 9-methylanthracene 202 and β-phenylsulfonyl enone 272 was replicated using (R, R)-TADDOL using standard conditions. The result showed that the cycloadduct 203 was formed with a 38% yield, but without any improvement in the enantiomeric excess.  To sum up, this approach included two shortcomings that can be identified as two deficiencies: the low yield of the target product and the requirements for an excessive amount of SmI2. While this approach is easily employable, the associated costs are seriously restrictive. Consequently, a quest for a better reducing reagent may be appropriate. 
2.3.5.2 [bookmark: _Hlk14088018][bookmark: _Hlk32989691]The enantioselective [4+2] cycloaddition with sulfinyl dienophiles
Sulfoxides have been used as important chiral synthons in numerous asymmetric reactions such as the addition of nucleophiles to  α,β-unsaturated  sulfoxides via a Michael  reaction,137 the reduction of β-keto sulfoxides by metal hydrides, 138 the formation of carbon-carbon bonds through sulfoxide-stabilised carbanions,139 and the utilisation of unsaturated sulfoxides as a dienophile  in  asymmetric  Diels-Alder  reactions.140 All these reactions have shown to be extremely stereoselective. The effectiveness of sulfoxides as chiral controllers is based on: i) their diverse stereoelectronic structure which is pyramidal, with a stereogenic sulfur atom surrounded by an oxygen atom, a lone pair of electrons and two different carbon groups that are responsible for controlling the stereoselectivity at the reaction centre; ii) the high stability of the stereogenic centre  iii) the ability to coordinate with Lewis acids; iv) the simplicity of their preparation in enantiomeric forms.141, 142
[bookmark: _Hlk17658745]An example was provided by Alonso143 that demonstrates the use of sulfoxide 278 as a powerful dienophile for the complete facial selectivity of the Diels-Alder reaction, where α,β- unsaturated sulfoxide 278 was subjected to reaction with cyclopentadiene 10 in toluene at room temperature, leading to no reaction, and decomposition under thermal conditions. However, using AlC13 as a catalyst, the reaction proceeded well at room temperature over 5 hours, providing 73% yield as a mixture of exo/endo products in ratio (38:62). Using ElAlCl2 as promoter led to an increase in yield to 92% and reduction of the reaction time to 1 hour. Furthermore, it is interesting to observe that the exo product was predominant (60:40 exo:endo). The coordination of EtAlC12 with the dienophile 278 led to an increased steric bulk of the p-tolylsulfinyl group, in comparison with AlCl3. Thus, the exo product was preferred to avoid steric destabilisation of this group with the methylene group on diene 10 (Scheme 109).143  

                                                                                     Scheme 109. The effect of Lewis acid on the π-facial of 2-sulfinylcyclopentenone 

These differences in stereoselectivity resulted due to the Lewis acid chelating with the carbonyl and sulfinyl groups. Thus, the tolyl substituent blocked one face of the π-vinyl sulfoxide, this being a more sterically crowded face. As a result, the diene would approach from the face opposite to the tolyl group, providing exclusive endo and exo cycloadducts (Figure 27).143 


Figure 27. The chelation model established by Posner and co-workers.143

The first objective in this study was finding an appropriately modified dienophile for an asymmetric Diels-Alder reaction with 9-methylanthracene 202. One of the most prevalent ways to prepare chiral organosulfur compounds is using chiral menthyl arylsulfinates, which have been used to prepare chiral variants of 2-cyclopentenone 128. Thus, a modified approach144  was developed that involves the addition of thionyl chloride to a suspension of sodium benzenesulfonate 281 in dry toluene at ambient temperature that furnished the sulfinyl chloride 282, after release of sulfur dioxide.  Treatment with a mixture of L-menthol 283 and pyridine in diethyl ether at -0 oC gave the crude menthyl benzenesulfinate 284 and 285 as a colourless oil. After purification by flash column chromatography, the sulfinate ester was obtained in 76% as a mixture of diastereomers (57:43). Attempts to separate these diastereomers 284 and 285 using flash column chromatography or recrystallisation failed (Scheme 110). 


Scheme 110. The synthetic route for diastereomers of menthyl benzenesulfinate
[bookmark: _Hlk15143269][bookmark: _Hlk14721780]However, to evaluate the success of the dienophile auxiliary strategy in the Diels Alder reaction with 9-methylanthracene 202, benzenesulfinyl cyclopentenone 289 was examined as a model dienophile. This compound 289 was prepared in four steps sequence starting from cyclopentenone 128 which was reacted with bromine and triethylamine in DCM145 to afford the bromo compound 286 in 83% yield. Because of the risk of using benzene as a solvent, the bromo compound was dissolved in toluene, then treated with ethylene glycol and a small amount of p-toluenesulfonic acid. This reaction mixture was heated to 80 oC for 18 hours and afforded the bromoketal 287 in 33% conversion. In an alternative modified approach, triethyl orthoformate was used as a solvent instead of toluene.146 After 24 hours of stirring, the starting materials were fully consumed at room temperature. Although the desired product 287 was formed in 100% conversion, it was isolated in 53% yield after purification by flash column chromatography. The lower yield was obtained due to compound 287 being quite unstable and decomposed on standing at room temperature for a few minutes. Thus, the purified product 287 was used directly or stored at −20 °C to be used in the following step on the next day (Scheme 111).


Scheme 111. Formation of the bromo ketal 287

[bookmark: _Hlk17952237][bookmark: _Hlk14791613][bookmark: _Hlk16028565]Subsequent treatment of the ketal 287 with n-BuLi in dry THF at -78 oC furnished the vinyllithium intermediate144 that was transferred via a cannula to react with menthyl benzenesulfinates 284 and 285  (dr 57:43). The TLC analysis showed that crude material contained a mixture of products including sulfinyl ketal 288, menthol 283, menthyl sulfinate 284 and 285 and an unidentified product. After purification by modified flash chromatography as would be mentioned later, the sulfinyl ketal 288 was isolated in 48% yield. The final step was deprotection of the ketal group with CuSO4 in acetone which gave almost benzenesulfinyl-2-cycloalkenone 289 in 41% yield (Scheme 112).  


Scheme 112. Synthesis of the sulfinyl cyclopentenone 289

[bookmark: _Hlk14811755]This benzenesulfinyl-2-cycloalkenone 289 was used as a model dienophile for the subsequent studies. Thus, the Diels-Alder reaction of 9-methylanthracene 202 was investigated with benzene sulfinyl-2-cycloalkenone 289 under Lewis acid conditions. Initially, the reaction was performed in the presence of 20 mol % of In(OTf)3 in DCM at ambient temperature. Unexpectedly, no cycloadduct 290 was obtained. Only the unreacted starting material was recovered even with an extension of the reaction time to 4 days. The loading of Lewis acid was not considered for further optimisation due to its moisture sensitivity and cost. Thus, a switch to other Lewis acids was preferred and BF3.OEt2 was used as a promoter for this reaction, where, cycloadduct 290 was formed within 6 hours in 100% conversion to product. The 1H NMR analysis of the crude materials showed the formation of two isomers in a ratio of 80:20 which improved to 89:11 after purification by flash column chromatography. After washing with hexane three times, the insoluble isomer was isolated in 63% yield as a single adduct 290 (Scheme 113). 


Scheme 113. BF3.OEt2 promotes the Diels Alder reaction between compunds 202 and  289
The structure of the major cycloadduct 290 was confirmed from the multiplicity of the bridgehead proton and proton (C10H) that appear as a doublet of triplets and a doublet, respectively,  in the 1H NMR spectrum. Furthermore, the structure of the sulfinyl cycloadduct 290 was determined by an X-ray crystal structure (Figure 28).

[image: ] 
Figure 28. Crystal structure of the sulfinyl cycloadduct 290 

Following the previous procedure for desulfonylation, the sulfinyl group was reduced in the presence of 10 equivalents of SmI2 (0.1 M in THF) in dry THF and methanol which acts as cosolvent and additive, providing the desired cycloadduct 203 in 82% yield (Scheme 114).


[bookmark: _Hlk15487628]Scheme 114. Reduction of cycloadduct 290 by using SmI2

[bookmark: _Hlk15151027]The success accessing the desired cycloadduct 203 encouraged a further attempt of using a enantiopure sulfinate, such as the p-toluene sulfonate ester 293, which was the first isolated in optically pure form by Phillips.147 Therefore the reaction of sodium p-toluenesulfinate 291 with sulfonyl chloride afforded the intermediate sulfinyl chloride 292 which was trapped by L-menthol 283 in the presence of pyridine to afford the sulfinate ester as a mixture of diastereomers (58:42). Separation of these sulfinates by column chromatography was unsuccessful. However, after recrystalising from acetone at -20 oC several times, the less soluble (S)- sulfinate ester 293 was isolated in 36% yield as a single diastereomer. The absolute conﬁguration was determined to be (S) by comparison of the speciﬁc rotation of the compound 293 with the literature value (Scheme 115). 

              
Scheme 115. Synthesis of (S) menthyl p-toluenesulfinate 293

Sharpless et al. reported an alternative approach to the synthesis of diastereomeric sulfinate esters for which the sulfinyl chloride is not readily accessible. This route involved deoxygenation of the sulfonyl chloride 294  in the presence of triethyl phosphite, giving the intermediate sulfinyl chloride 292 that was attacked by menthol 283 in the presence of NEt3 to afford the sulfinate ester as a mixture of diastereomers (dr 58:42) which was isolated according to the Phillips procedure,147 yielding the (S)- sulfinate ester 293 in 66% yield as an optically pure diastereomer (Scheme 116).


        
Scheme 116. The Sharpless method for the synthesis of a chiral sulfinate ester 293

Interestingly, the major isomer of sulfinate ester 293 was prepared via the Sharpless approach which has S-configuration, while via the Phillips approach, it has R-configuration. This might be dependent on the type of bases (Et3N and pyridine) used (Figure 29).



Figure 29. the sulfinate ester as a mixture of diastereomer

Chiral p-toluenesulfinyl-2-cyclopentenone 278 was prepared according to the previous method that involved the functionalisation of 2-cyclopentenone 128 with Br2, protection by ethylene glycol and a subsequent bromine lithium exchange, giving a vinylic lithium intermediate. Then, nucleophilic substitution with (S)-menthyl p-toluenesulfinate 293 provided the chiral ketal 295 in 42% yield which was subjected immediately to deprotection, providing sulfoxide 278 in 73% yield (Scheme 117). 


Scheme 117. The pathway toward a chiral vinylic sulfoxide 278

With the desired dienophile 278 in hand, the reaction of 9-methylanthracene 202 with cyclopentenone sulfoxide 278 was examined in the presence of 20 mol% of BF3.OEt2 in DCM at room temperature. Under these conditions, the reaction proceeded in 100% conversion after 6 hours, and cycloadduct 296 was isolated in 54% yield as the major product (75:25 dr). Then, reductive elimination of the sulfinyl group under standard conditions provided a slight increase in the desired cycloadduct 203 (50 % ee) in comparison with cycloadduct 203 that formed by using menthyl benzenesulfinate (39% ee). The enantiomeric ratio of both cycloadducts were also determined by 1H NMR spectrum using Pirkle’s alcohol, and found the enantiomeric ratios were (75:25) and (70:30) (Scheme 118).


 
Scheme 118. Formation of a non-racmic ketone 203

However, this result encouraged us to evaluate this study by using other sulfinates, such as the sterically bulky aryl sulfinyl groups that were prepared according to Sharpless method.147 The sulfinates 297  and 298 were prepared and isolated as white crystals of diastereomerically pure material in 28% and 44% yield, respectively, after six sequential recrystallizations (Figure 30).

                   
Figure 30. Examples of chiral organosulfur compounds

The cyclopentenone sulfoxide precursors 300 and 302 were prepared by a method analogous to the corresponding p-tolylsulfoxide 278, which involved halogen/lithum exchange of the bromo ketal by using n-BuLi, followed by quenching with the appropriate chiral sulfinates 297 and 298, providing the ketal sulfoxides 299 and 301 in 66% and 43% yield, respectively.  Treatment with a suspension of copper sulfate in acetone led to deketalisation, yielding the desired cycloalkenones 300 and 302 in 73% and 79% yield, respectively (Scheme 119).

                            Scheme 119. Preparation of chiral organosulfur compounds 300 and 302

[bookmark: _Hlk14816704]Before studying a stereoselectivity reaction with these compounds, it was critically required to identify bidentate Lewis acids that would be able to catalyse the Diels-Alder reaction with 9-methylanthracene 202. In a preliminary study, (S) enantiomerically pure cyclopentenone sulfoxide 278 was chosen as a dienophile to optimize the reaction conditions, due to its easy synthesis from inexpensive starting materials. Therefore, it was reacted with 9-methylanthracene 202 in the presence of a series of Lewis acids (1 eq.).  Results showed that some of these Lewis acids could not promote this reaction, such as FeBr3, SnCl2, TiCl4, ZnCl2, Cu(OTf)2 and Sm(OTf)3. On the other hand, when the reaction was carried out with ZnBr2, ZnI2 or MeAlCl2, the cycloadducts were formed in 80%, 91%, 64% conversion to the product, respectively. Additionally, the use of AlCl3, AlBr3, Ti(O-i-Pr)2Cl2 and EtAlCl2 led to the formation of the desired product 296 with other isomers that were observed by 1H NMR spectroscopy (Table 19).
                     Table 19. Diels-Alder cycloaddition of 9-methylanthracene using a range of Lewis Acids                  
	        Entry
	Lewis acid
(1 eq.)
	Conversion (%)

	1
	      IrBr3
	0

	2
	      SnCl2
	0

	3
	       Ti(O-i-Pr)4
	0

	4
	         TiCl4
	0

	5
	Cu(OTf)2
	0

	6
	Sm(OTf)3
	0

	7
	ZnCl2
	0

	8
	AlCl3
	by-products

	9
	AlBr3
	by-products  

	10
	EtAlCl2
	by-products

	11
	Ti(O-i-Pr)2Cl2
	by-products

	12
	ZnBr2
	80%

	13
	Znl2
	91%

	14
	MeAlCl2
	64%




                                             




















                                           




                 Lewis acid (1 eq.) was added to a stirred solution of cyclopentenone sulfoxide (1 mmol) 278 in dry DCM 
                (5 cm3) at room temperature.  After 10 minutes, 9-methylanthracene (1 mmol) 202 dissolved in DCM (5 cm3)
                         was added dropwise to the reaction mixture and stirred for 24 h. aConversion calculated by 1H NMR
                 analysis of the crude reaction mixture.

[bookmark: _Hlk15139041]To evaluate the level of asymmetric induction in the cycloaddition, the influence of sulfoxide substituents on the reactivity and stereoselectivity with 9-methylanthracene 202 was investigated. Initially, the reaction was performed with aryl sulfoxide precursors using one of the best Lewis acid promoters, ZnBr2.  In an attempt to push the reaction to completion, 2 equivalents of Lewis acid were used. The result showed that with the phenyl substituent (Entry 1), the reaction proceeded in moderate reactivity (87% conversion), while less reactivity was observed with the bulkier naphthyl group (Entry 3) that aﬀorded the cycloadduct 303 in 67% conversion to product. This might be due to both steric and electronic eﬀects. Higher reactivity was obtained with sulfoxide precursors that have electron donating groups, such as tolyl (Entry 2) and methoxy groups (Entry 4), providing cycloadducts 296 and 304 in 98% and 100% conversion, respectively. In all cases, the cycloadduct was formed as diastereomeric pairs that were easily separated via flash column chromatography (Scheme 120 and Table 20).

                        
Scheme 120. ZnBr2 catalysed Diels-Alder reaction of different dienophiles 

                Table 20. Dienophile scope for Diels Alder reactions
	Entry
	R
	Conversion   (%)a
	  Yield        (%)
	drb

	1
	

	       84

	      62

	             73:27

	2
	

	       96
	      53
	            75:25

	3
	

	      67
	      55
	            83:17

	
	
	
	
	

	4
	

	      90
	      71
	            99:1


[bookmark: _Hlk15424228] 

                              



     
                              


[bookmark: _Hlk26657771]             ZnBr2 (2 eq.) was added to a stirred solution of cyclopentenone sulfoxide (1 mmol) in dry DCM (5 cm3) at room 
            temperature.  After 10 minutes, 9-methylanthracene (1 mmol) 202 dissolved in DCM (5 cm3) was added dropwise 
            to the reaction mixture and stirred for 24 h. aConversion calculated by 1H NMR analysis of the crude mixture.
                 bThe diastereoselectivity was determined by 1H NMR analysis of the crude reaction mixture. 
However, when the elimination of sulfinyl groups was carried out with SmI2 in THF at -78 oC, the adduct was formed with low enantiomeric ratio with phenyl and tolyl substituents in 40% and 50% ee, respectively, while moderate enantiomeric excess (66% ee) was obtained with a more sterically hindered substituent which belongs to the naphthyl group. Gratifyingly, the use of 4-methoxy sulfoxide precursor led to complete enantioselectivity of 98% (Scheme 121 and Table 21).


[bookmark: _Hlk15418880] Scheme 121. The elimination of sulfinyl groups via SmI2

Table 21. Enantioselective formation of the reductive removal of sulfinyl groups
	Entry
	Compound
	R
	dr
	     %eea
(203)
	er
(203)

	1
	290
	

	73:27
	44
	72:28

	2
	296
	

	75:25
	50
	75:25

	3
	303
	

	83:17
	66
	83:17

	4
	304
	

	99:1
	98
	99:1


%ee was determined by chiral HPLC

Interestingly, HPLC analysis of the reduced ketone 203 showed that the absolute configurations of the major enantiomers in entry 1 and 3 were opposite to those obtained with entry 2 and 4. For example, in the methoxy sulfoxide precursor, the major isomer had S configuration, as was confirmed by single-crystal X-ray diﬀraction analysis of the sulfinyl compound 304. In view of this result, it would be reasonable to predict the sense of the major isomer with the naphthyl substituent to be R configuration. These observations indicated that the stereochemistry of the sulfur atom in cyclopentenone sulfoxide precursors 303 and 304 could be control to the stereochemistry of the sulfinyl cycloadduct and the final cycloadduct (Figure 31).

[image: ][image: ][image: ]            [image: ]                                      
                                       Figure 31. Enantiomeric excess determined by chiral phase HPLC technique


These differences in diastereoselectivity between sulfoxide substituents were interpreted by  Posner et al. who found that 148  high diastereoselectivities were observed when organometallic reagents were added to 2-(p-methoxysulfinyl)-2-cycloalkenone 302 rather than 2-(p-tolylsulfinyl)-2-cycloalkenone 278. They demonstrated that bidentate β-ketosulfoxide would be coordinated with the metal ion of the Lewis acid in chelation system [A]; when this substrate attached to the aromatic ring bearing a strong electron-donating group such as methoxy group, the Lewis basicity of the  sulfinyl  oxygen would be increased, and the resulting  chelated complex would be quite rigid and stable. Consequently, high diastereoselectivity would be achieved.  When no Lewis acid was used, the most likely orientation of the molecule is such that the dipoles of the ketone and sulfoxide are in opposite directions (Figure 32).148


Figure 32. The proposed model to account for the selectivity’s

In further studies on the optimisation of this encouraging result, the enantioselective formation of the sulfinyl cycloadduct from the reaction of 9-methylanthracene 202 and a chiral dienophile 302 was examined. When the catalysts MeAlCl2, Ti(O-i-Pr)4 and Eu(fod)2 were employed, no reaction occurred. On the other hand, when BF3.OEt2 was used, the reaction typically proceeded in high reactivity (93% conversion) and an excellent diastereoselectivity (93:7). Additionally, the use of ZnI2 and ZnBr2 led to increasing in diastereoselectivity but with reaction rates reducing to 77% and 69% conversions, respectively, whilst increasing the amount of ZnBr2 (2 eq.)  improved both of the conversion rate to 89% and diastereoselectivity (98:2) (Scheme 122 and Table 22). 

          
Scheme 122. Synthesis of the sulfinyl cycloadduct using Lewis Acid catalysts

                    Table 22. The influence of Lewis acids on the reactivity and stereoselectivity of cycloaddition
	Entry
	Lewis acid (1 eq.)
	Conversion (%)
	drc

	1
	MeAlCl2 
	0
	-

	2
	Ti(O-i-Pr)4 
	0
	-

	3
	Eu(fod)2a
	0
	-

	4
	BF3.OEt2 
	91
	93:7

	5
	ZnI2 
	77
	97:3

	6
	ZnBr2 
	69
	96:4

	7
	ZnBr2 b
	89
	98:2



                    



                                aA trace of cycloadduct was formed in the slower reaction rate (7 days). b2 equivalents of ZnBr2
                      were used. cThe diastereomer ratio was calculated by 1H NMR analysis of the crude reaction mixture. 


[bookmark: _Hlk15929745]The purified cycloadduct 304 was obtained after purification by flash column chromatography and crystallization from hot ethanol. The absolute conﬁguration of the sulfinyl cycloadduct was (S) at the sulfur atom that was confirmed by single-crystal X-ray diﬀraction analysis. Unfortunately, attempt to obtain the minor isomer in pure form was unsuccessful. Thus, its identity remains unknown (Figure 33).  
[image: ]
Figure 33.  Crystal structure of the 4-methoxyphenyl sulfinyl cycloadduct 304

[bookmark: _Hlk15199878]In order to check the enantioselectivity of the cycloadduct 304, the ketones (Entry 4-7 in Table 22) were reduced under standard conditions, providing mixtures of the desired ketone 203 and sulfinylated compound which were easily separated by flash column chromatography (Scheme 123).


Scheme 123. Cleavage the sulfinyl group in a single step using SmI2

[bookmark: _Hlk16634928]HPLC analysis showed that ZnI2 provided the highest enantiomeric excess (96% ee) among Lewis acids tested. While the lowest enantiomeric excess was obtained with BF3.OEt2 (93% ee). In the presence of ZnBr2 (1 eq.), the reaction afforded adduct 203 in 92% ee which was significantly improved with an increasing amount of ZnI2 (2 eq.) to 99% ee after purification by flash column chromatography, followed by recrystallisation (Table 23 and Figure 34). 

      
                         Table 23. The impact of Lewis acid on the enantioselectivity of desulfinylated cycloadduct
	Entry
	Lewis acid
	(%) eea

	1
	BF3.OEt2
	93

	2
	                ZnI2
	96

	3
	                ZnBr2
	92b

	4
	                ZnBr2
	100c






                               aThe enantiomeric excess was determined by chiral HPLC analysis. b1 equivalent of ZnBr2
                                was used. c b2 equivalents of ZnBr2 were used.





         [image: ]                   [image: ]
              (A) Racemic cycloadduct                                           (B) Enantiomer cycloadduct

Figure 34.  er determined by chiral phase HPLC analysis
In further studies to confirm this result, the ketone 203 was reduced with NaBH4 in ethanol at room temperature, giving the alcohol 220 with no loss of enantiomeric purity (Scheme 124 and Figure 35).


Scheme 124. Reduction of the enantiomeric ketone 203
[image: ]                              [image: ]
        (A) Racemic alcohol                                                           (B) Enantiomer  alcohol
[bookmark: _Hlk18194863]Figure 35. The enantiomeric excess of reduced cycloadduct 304 under optimal HPLC condition          
One of the main shortcomings that was faced in this study was that the elimination of the sulfinyl group required a large excess of SmI2, which was necessary for the completion of the reaction. With this in mind, the cycloadduct was treated with catalytic Raney nickel in dry THF with stirring at room temperature under hydrogen atmosphere.136 It was interesting to observe that, the sulfinyl adduct 304 was converted to the corresponding alcohol 220 instead of the ketone 203. Therefore, the reaction was repeated under the same conditions, but with an increasing amount of THF.   As a result, desulfurization proceeded smoothly to provide the desired ketone 203 in 68% yield after purification by flash chromatography.  The 1H NMR spectrum was quite clean and the desulfinylated by-product was not observed but might have been removed during the workup process. Additionally, HPLC analysis indicated that reductive desulfuration of the sulfinyl group did not lead to racemization of the final products 220 and 203 where both of the compounds were formed in high enantiomeric purity (Scheme 125). 

                                                       Scheme 125. Desulfurization reaction via Raney nickel

To sum up, the replacement of the sulfinyl group by hydrogen occurred under room temperature in a single step by a readily accessible reducing agent, as well as the cycloadduct was obtained in acceptable yield without a loss of enantioselectivity. 
2.4. [bookmark: _Toc17989524][bookmark: _Toc30743085][bookmark: _Hlk16538897]A chiral anthracene strategy towards enantioenriched allylic alcohols
[bookmark: _Toc17989525][bookmark: _Toc30743086]2.4.1. Background 
The introduction of the methyl group at the 9-position of anthracene not only enhances the reaction rates but also improves the regio-selectivity in the cycloaddition step. This group may also contribute to enhancing or controlling the stereoselectivity in further stereoselective transformations of the adduct by increasing steric hindrance around the anthracene ring system. Thus, it was interesting to develop a chiral auxiliary methodology using a new chiral 9-methylcycloadduct as a control in asymmetric transformations and a subsequent retro-Diels–Alder reaction to access allylic alcohols, hopefully in high enantioselectivity.  In 2009, Jones and Valette149 used a synthetic chiral anthracene template 307 prepared by catalytic enantioselective cycloaddition to access these alcohols. Initially, the reactive diene 202 underwent a [4 + 2] process with methacrolein 305 in the presence of 30 mol % of a triﬂimide-activated oxazaborolidine catalyst 306, yielding the cycloadduct 307 in 92:8 ratio with its regio-isomer 308. HPLC data showed both regioisomers were obtained in excellent enantiomeric excess (90% and 83%, respectively).  Addition of phenylmagnesium bromide to the major aldehyde cycloadduct 309 exhibited moderate stereoselection (73:27), which was improved (95:5) after recrystallisation. Two diastereoisomers were formed due to the free rotation of the C-C bond around the carbonyl group exposing the two different faces of the prochiral atom for nucleophilic attack (Scheme126).


Scheme 126. Synthesis of the functionalised cycloadduct 309

[bookmark: _Hlk15592530]This methodology was developed to obtain a functionalised tertiary allylic alcohol, that was achieved by oxidation of the alcohol 309 in DCM at 0 ºC, giving ketone 311 in 80% yield. The addition of another Grignard reagent (MeMgBr) provided the cycloadduct 312 in high yield 91% but low diastereoselectivity (78:22) in comparison with aldehyde 307. Subsequently, both alcohols, 309 and 312, were subjected to retro-Diels-Alder reaction using FVP, yielding  the secondary alcohol 310 in 86% ee, but tertiary allylic alcohol 313 with a poor enantiomeric excess (52%) (Scheme 127).149

 

Scheme 127. Synthesis of secondary and tertiary allylic alcohols 310 and 313

Unpublished work from the  Jones group82 also reported a methodology to access allylic alcohols 186 and 187 based on a chiral cycloadduct 161 as a key synthetic step, which involved dehydrogenation–conjugate addition, followed by cycloreversion reaction. Although their strategy succeeded in providing functionalised secondary allylic alcohols 186 and 187 in an excellent enantiomeric excess, some practical drawbacks were identified, including the key challenge of finding an appropriate reducing reagent for the synthesis of the enantiomerically pure auxiliary anthracene 25 as was mentioned previously. Futhermore, Asymmetric Diels-Alder reaction of the chiral 25 required high temperatures, high loadings of dienophile 128 (20.4 eq.) and gave low yields of cyclodduct 161 (Figure 36).81, 82

                             Figure 36. Jones  and co-workers82 strategy toward  enantioenriched allylic alcohols

[bookmark: _Toc17989526][bookmark: _Toc30743087]2.4.2. Asymmetric transformation on sulfinyl cycloadduct
[bookmark: _Hlk16373393]In an attempt to modify the previous methodology for the synthesis of allylic alcohols, asymmetric transformations were tested on the sulfinyl cycloadduct 304. Thus, α-alkylation of the sulfinyl cycloadduct was achieved by treatment of adduct 304 with lithium diisopropylamide at -78 oC, and the resulting enolate reacted with an electrophile such as methyl iodide to give the desired alkylated product 314 in less than 16% conversion. This is perhaps because of extreme steric hindrance preventing the approach of the electrophile.  However, purification by flash column chromatography returned unchanged starting material and a trace amount of the desired product 314 (94:6 dr). It is expected that the electrophile would add from the Si face of the enolate to avoid steric interactions with the aromatic ring of the anthracene template.  This expectation was confirmed by 1H NMR spectrum that showed a new doublet signal at 0.74 ppm (J 6.7 Hz) indicating the methyl group; additionally, the proton geminal to this methyl group had shifted to a lower chemical shift at 0.43-0.56 pm due to an anisotropic effect of the aromatic ring.  A similar result was observed with the Jones group in the previous work (Scheme 128).82  



Scheme 128. Attempts to functionalise the sulfinyl adduct 304
[bookmark: _Hlk16642899][bookmark: _Hlk31948641]In further studies, the sulfinyl cycloadduct 304 was next subjected to dehydrogenation reaction to provide the enone 315 that could undergo the stereoselective conjugate addition. Treatment of ketone 304 with 3 equivalents of IBX at 85 oC gave a mixture of the desired enone 315 and an unidentified product in a ratio 1:1 which was determined by integration of the appropriate signals in the 1H NMR spectrum. The compound 315 was identified by a neighbouring alkene proton to the carbonyl group that appeared as a doublet of doublet signal at 5.47 pm (J 5.8 and 1.6 Hz). Lowering the temperature to 75 oC led to the improvement of the ratio in approximately 2:1 with respect to the desired product 315. When the reaction was performed at 60 oC, no reaction was observed. The addition of a Grignard reagent was also explored. Treatment of cycloadduct 304 with methylmagnesium bromide (1 equivalent) led to the formation of the sulfoxide 317 and ketone 203 in a ratio (1:1) instead of the desired alcohol 316 (Scheme 128).
Although the result was disappointing, this led to finding an alternative approach for reductive elimination of the sulfoxide. Thus, optimized conditions for the reduction were performed in THF and Et2O at room temperature for 4 hours. Analysis of the crude 1H NMR spectrum showed the amount of cycloadduct 203 increased with increasing the equivalents of the Grignard reagent in Et2O and the best conversion (94%) was obtained when 4 equivalents of reagent were used.   After purification by flash column chromatography, the reduced ketone 203 was isolated in 39% yield. Chiral HPLC analysis showed that this compound was produced in 97% ee (Scheme 129 and Table 24).


Scheme 129.  An alternative approach to reductive elimination of sulfinyl group
	Entry
	solvent
	MeMgBr
	%Conversiona

	1
	Et2O
	1
	63b

	2
	THF
	1
	60

	3
	Et2O
	2
	67

	4
	Et2O
	3
	92

	5
	Et2O
	4
	94


                           Table 24. Optimisation of sulfinyl addition condition 




                              aThe %conversion of the crude materials as was calculated by the 1HNMR spectrum
                              b The compound 203 isolated in 39% yield
 
Based on these results, future work would be based on repeating and extending the diastereoselectivity of the addition reaction with ketone 203 as shown in the next section. 
2.4.3 [bookmark: _Toc30743088]Asymmetric transformation on ketone cycloadduct
The ketone 203 appeared to be an attractive synthon for further transformations as it could undergo various functional group transformations such as 1,2 or 1,4-nucleophilic addition either at the carbonyl or oleﬁn via enone formation.  With the enantiomerically pure ketone 203 in hand, the stereoselective carbonyl transformation was investigated by 1,2-addition of lithium aluminium hydride to compound 203, giving alcohol 220 with an excellent diastereomeric ratio (99:1). Purification via flash column chromatography led to the isolation of the desired alcohol 220 as a single diastereoisomer (100% ee) in 83% yield. The newly formed stereocentre was formed from the addition of the hydride ion from the less hindered face that was confirmed by a new doublet signal at a lower chemical shift (0.71 ppm , J 9.4 Hz) indicating a hydroxyl group, as well as a new multiplet (4.25-4.32 pm) assigned as  the proton vicinal to the hydroxyl group. The facial reduction selectivity was also determined in early studies within the Jones group by X-ray analysis (Scheme 130). 82 

     
Scheme 130. Reduction of the cycloadduct 203 using lithium aluminium hydride

[bookmark: _Hlk17659106]Attention was directed to further application of asymmetric transformations on the compound 203 through a dehydrogenation–conjugate addition reaction that allowed the ketone 203 to be converted to β-alkylated cycloadduct via the enone intermediate under mild oxidation conditions. Thus, the ketone 203 was dissolved in DMSO and treated with 3 equivalents of o-iodoxybenzoic acid at 85 oC for 48 hours. This was sufficient to convert the compound 203 to 
the corresponding enone 229 in 70% yield. Analysis of the 1H NMR spectrum showed olefinic peaks at 5.79 ppm (dd, J 5.7 and 1.7 Hz) and at 7.40 ppm inferring the formation of the desired enone 229 (Scheme 131). 

             
                                                   Scheme 131. Dehydrogenation of cycloadduct 203 via IBX

[bookmark: _Hlk17747914]β-Functionalisation of the enone 229 was achieved by the conjugate addition of a Grignard reagent using a CuBr.Me2S complex in THF:Me2S as a solvent, yielding the 4-alkylated products 318-321 with high levels of diastereoselectivity in all cases (≈ 99:1 dr).  Purification via flash column chromatography led to the isolation of single diastereoisomers 318-321 in acceptable yields. The diastereoselectivity of all these transformations was assumed to be controlled by anthracene allowing nucleophilic approach from the Si face of the double bond only, due to this face being more accessible. This was deduced by the 1H NMR spectrum that showed the proton vicinal to substituted groups had shifted to a lower chemical shift due to an anisotropic effect of the anthracene (Scheme 132 and Table 25).  

 
Scheme 132.  1,4-Addition reaction to the α,β-unsaturated cycloadduct 229

                    Table 25. Addition of nucleophiles to enone 
	Entry
	Compound
	R
	X
	Yield (%)
	dra

	1
	318
	Ph
	Br
	81
	99:1

	2
	319
	n-Butyl
	Cl
	51
	99:1

	3
	320
	iso-Butyl
	Br
	67
	99:1

	4
	321
	tert-Butyl
	Cl
	74
	100:0






[bookmark: _Hlk30740971]                    aThe diastereomer ratio was calculated by 1H NMR analysis of the crude reaction mixture. 

[bookmark: _Hlk17668304]Subsequently, all alkylated cycloadducts were reduced using LiAlH4 in THF at 0 oC, then warmed to room temperature for 8 hours. 1H NMR spectrum of crude alcohols 322-325 showed that the reaction proceeded with complete conversion and moderate levels of diastereoselectivity, except in the tert-butyl cycloadduct 325 (100:0 dr). Unexpectedly, the phenyl reagent gave a lower diastereomeric ratio (77:23) than the other reagents, but as expected, the highest diastereomeric ratio was obtained with increasing the size of the substituent, for example, tert-butyl (dr 100:0). However, purification via flash column chromatography succeeded in removing the undesired diastereomer and provided the major isomers in moderate yields (Scheme 133 and Table 26).



Scheme 133. 1,2-Reduction of carbonyl compounds

                Table 26. Diastereoselectivity in the addition of LiAlH4 to ketones 
	Entry
	Compound
	R
	Yield (%)
	dr (crude)a
	dr (pure)b

	1
	322
	Ph
	70
	77:23
	99:1

	2
	323
	n-Butyl
	67
	87:13
	99:1

	3
	324
	iso-Butyl
	64
	83:17
	99:1

	4
	325
	tert-Butyl
	60
	100:0
	100:0



                

                 a,bThe diastereomer ratio was calculated by 1H NMR analysis of the crude reaction mixture. 

[bookmark: _Hlk16378597][bookmark: _Hlk16373975][bookmark: _Hlk16211537]In each experiment, the structure of the alcohol was confirmed from the multiplicity of the hydroxyl group and the bridgehead proton next to the carbon attached to OH  that appears as a doublet and a doublet of doublets, respectively, in the 1H NMR spectrum. Once again the major isomer in every case was assumed to be from the addition of hydride from the top face of the anthracene template. Interestingly, in the tert-butyl cycloadduct 325, the multiplicity of proton C10H appeared at 4.16 ppm (d, J 2.7 Hz) and CHOH at 4.40 - 4.48 (m). Peaks of these protons were inverse in comparison with the phenyl cycloadduct 322 (Figure 37).


                                                                                

[image: ]                            [image: ]
                                                                                       

Figure 37. Multiplicity of the proton of the carbon attached to OH  and the bridgehead proton C10H

Alcohols 220, 322 and 325 were prepared in a racemic form and used as model compounds to find appropriate conditions for the final step which is a retro Diels–Alder reaction.
2.5. [bookmark: _Toc17989527][bookmark: _Toc30743089][bookmark: _Hlk18202502]Retro Diels-Alder reactions

In the first attempt, the retro Diels-Alder reaction was performed under mild conditions due to volatility of some of the desired allylic alcohols 322-325. Thus, the cycloadduct 325 underwent reversibility of Diels–Alder reaction using maleic anhydride 55 in the presence MeAlCl2 in DCM at 40 oC. Unfortunately, no reaction was observed by TLC (Scheme 134).


Scheme 134. A failed attempt toward compound 327

In order to investigate the reactivity of 9-methyl adducts towards cycloreversion reaction, the reaction was resubmitted to the previous cycloaddition condition with ketone 328. The result produced was complete cleavage, giving the cycloadduct 326 and alkylated ketone 329 as detected by 1H NMR spectroscopy in 100 % conversion with 1:1 ratio (Scheme 135).


Scheme 135. Reversibility of Diels–Alder reaction

In an alternative attempt to access allylic alcohol 327, a retro Diels-Alder reaction was conducted by heating alcohol 325 at 180 oC in dichlorobenzene. After 48 hours, alcohol 327 could not be obtained and  325 was returned (Scheme 136).



Scheme 136. Attempt to achieve cycloreversion of alcohol 325

[bookmark: _Hlk31946553]Eventually, all alkylated alcohols 322-325 were applied to retro Diels-Alder reaction using the flash vacuum pyrolysis technique (FVP). Under reduced pressure, alkylated alcohols were heated in the inlet at a suitable temperature, which led to the evaporation of samples, and the resultant vapour passed through a heated furnace. At this stage, samples were exposed to further heating to allow the retro Diels-Alder reaction to occur. Finally, the vaporised target compound was trapped in the cooled U-tube via liquid nitrogen, while 9-methylanthracene remained in the Vigreux column (Figures 3882 and 39).
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Figure 38. Flash vacuum pyrolysis technique
[image: ]
                                  Figure 39. Flash vacuum pyrolysis technique in the Lab E27 in the University of Sheffield
All alcohols 322-325 were then subjected to flash vacuum pyrolysis under conditions that have been summarised (Scheme 137 and Table 27). 


Scheme 137. The formation of secondary allylic alcohols
Table 27.  A retro [4 + 2] cycloaddition of alcohols 
	[bookmark: _Hlk31949517]Entry 
	Cycloadduct
	Allylic acohol
	      Conditions 
	%ee

	1
	

	


	
  Inlet: 170 ºC 
Furnace: 642 ºC,
75 min, 0.005 Hg
	
100a

	2
	

	


	
Inlet: 270 ºC 
Furnace: 650ºC, 85 min, 0.005 Hg
	

67b

	

	3
	

	



	
Inlet: 180 ºC 
Furnace: 650ºC, 
3 hours, 0.005 Hg
	
100a

	4
	

	


	
Inlet: 210 ºC 
Furnace: 650 ºC, 120 min, 0.005 Hg
	
90


 aThe enantiomeric excess as determined by GC analysis. bThe enantiomeric excess was determined by chiral HPLC analysis

In all cases, the trapped compounds 330-332 in the U-tube were submitted immediately for 1H NMR spectrum that showed the desired alcohols 330-332 were isolated in pure form. The occurrence of retro Diels-Alder reaction was confirmed by the presence of olefinic proton signals in the region 5.90 - 6.05 ppm, as well as the proton geminal to the OH proton at 4.90 ppm. 
Attempts made to determine the enantiomeric excess of alkyl substituted alcohols 330, 332 and 327 by chiral HPLC failed due to their high volatilities, whereas moderate enantioselectivity (67% ee) was obtained for phenyl alcohol 331.   The enantiomeric purity of alcohols 330, 332 and 327 were measured by GC and found to be 100%, 100% and 90%, respectively. 
2.6. [bookmark: _Toc17989528][bookmark: _Toc30743090]Conclusion

Initially, the study was focussed on approaches to prepare a chiral ether anthracene 25 using suitable catalysts such as asymmetric reduction catalysts or kinetic resolution catalysts to obtain the target product with excellent yield and a high degree of stereoselectivity in a few steps.  Despite these methods having been used efficiently to convert different aromatic ketone into pure secondary alcohol, the results could not be done with anthracene templates. Thus, the attention was turned towards asymmetric Diels-Alder reaction of the chiral auxiliary 25 with cyclopentenone 128  using the best conditions which were the outcome with the Diels-Alder reaction of 9-methylanthracene, involving catalytic Lewis acid (BF3.OEt2 & In(OTf)3 or under thermal conditions in polar protic solvents, such as glycerol, TEG, PEG-200 and PEG-400. Howerver, all these attempts were unsuccessful in providing a chiral cycloadduct 161 (Scheme 138).  

 
Scheme 138. Attemps at the synthesis of a chiral ether anthracene
After forming the ether cycloadduct 161  via asymmetric Diels-Alder reaction of the chiral auxiliary 25  with cyclopentenone 128 in good diastereoselactivity, subsequent asymmetric transformations on the major cycloadduct will be achieved for the synthesis of functionalized cyclopentenols
These results indicated a lack of reactivity of diene 25 and dienophile 128; thus, 9-methylanthracene 202 used as a diene to undergo the Diels Alder reaction with (1 eq.) of 2- cyclopentenone 128 under thermal conditions and Lewis acids, providing the racemic cycloadduct 203 in 92% yield. In order to obtain the enantiopure cycloadduct 202, resolution of the resulting racemic cycloadduct 203 was investigated by using various protocols, such as asymmetric hydrogenation, an asymmetric nucleophilic acyl transfer, a reductive amination using chiral amines, and enantioselective Michael reaction. The unreacted starting material 203 was observed in all cases. 
Based on these results, asymmetric Diels-Alder using chiral dienophile strategy was attempted.  Asymmetric cycloadditions of sulfinyl cyclopentenone 302 proved to be effective with 9-methylanthracene 202, giving the cycloadduct 203 in complete enantioselectivity (>99%) (Scheme 139).

                
Scheme 139. Enantiomer formed from asymmetric Diels-Alder reaction 

After forming the enantiopure cycloadduct 203  in good yield, it was used as the starting material for subsequent asymmetric transformations, including an α, β-alkylation, reduction and a retro Diels-Alder reaction using FVP, giving functionalised cyclopentanols with excellent enantioselectivity and good yield (Scheme 140).

                       
Scheme 140. The formation of functionalised alcohols via a retro Diels-Alder reaction

Using the sulfinyl dienophile strategy showed satisfactory results for the synthesis of alkylated cyclopentenols. 
2.7. [bookmark: _Toc17989529][bookmark: _Toc30743091]Future work 
Future work in this study will extend previous work on these systems and develop routes to highly functionalised materials such as those formed in rosaprostol, which exhibits gastric antisecretory activity and cytoprotective action.  A key step will be to enhance the efficiency of the process, and to provide products with three contiguous stereogenic centres (Scheme 141).


Scheme 141. The pathway towards highly functionalised alcohols
Additionally, the study will expand this organosulfur chemistry to other class of dienophiles with different functionalisation, for example, benzoquinone which can provide a wide range of useful precursors to be exploited in the synthesis of naturally occurring molecules (Secheme 142).

 
Scheme 142. Asymmetric Diels–Alder reaction between methylanthracene and the sulfinyl benzoquinone

[bookmark: _Hlk31973952]Finally, future work will focus on the synthesis of enantiomeric anthracene templates and reinvestigate asymmetric Diels-Alder reaction with more reactive dienophiles such as N-methylmaleimide and maleic anhydride (Scheme 143). 


Scheme 143. The pathway toward enantiomeric cycloadducts
[bookmark: _Toc17989530][bookmark: _Toc30743092]Chapter 3: Experimental
All solvents were obtained dry from a Grubbs dry solvent system and glassware was flame dried and cooled under vacuum and nitrogen before use. All dry reactions were carried out under nitrogen or argon. TLC was carried out using Merck aluminium TLC sheets and was visualised by UV light (254 nm) or by dipping in KMnO4 or molybdophosphoric acid solution followed by exposure by heating. Flash column chromatography was carried out with Geduran® silica gel 60Å 40-63μm (Merck). Melting points were determined using Gallenkamp melting point apparatus equipped with a thermometer. 1 H and 13C NMR spectra were performed on a 100 or 400 MHz machine using CDCl3 as solvent (unless otherwise stated) and TMS as an internal standard (TMS, δ = 0 ppm).13C NMR spectra were recorded using the DEPT method. Chemical shifts for carbon and hydrogen are given on the δ scale, relative to tetramethylsilane. Coupling constants were measured in Hz. HPLC analysis was carried out on a Gilson analytical system using a Chiracel OD (4.8 mm × 250) column with 5% IPA in hexane as solvent. The flow rate was 1.00 cm3/min and the detector were set at 254 nm.  Commercial compounds were obtained from the Aldrich chemical company, Alfa Aeser and were used without further purification except (1R,2S)-cis-1-aminoindan-2-ol which was recrystallised from hot toluene before to use. Where compounds have been previously reported in the literature citing full analytical data, only 1H, 13C data and melting points are recorded. 





1-Anthracen-9-yl ethenone (188)85 


[bookmark: _Hlk527548618][bookmark: _Hlk26273619][bookmark: _Hlk527551725][bookmark: _Hlk527553187][bookmark: _Hlk527557833]A stirred solution of anthracene (5.00 g, 28.05 mmol) in dry dichloromethane (100 cm3) was cooled at -5 °C in an ice–sodium chloride bath before the addition of acetyl chloride (12.00 cm3, 168.79 mmol). Solid of AlCl3 (7.48 g, 56.10 mmol) was added in a small portion at -5 °C with vigorous stirring. The reaction mixture was stirred for 30 minutes maintaining the temperature between -5 and 0 o C before warming to room temperature, then added to a beaker containing ice (10 g) and concentrated HCl (5 cm3) with vigorous stirring. After the ice melted, the red suspension was extracted into dichloromethane (3 × 20 cm3) and the combined organic extracts were washed with water (3 × 20 cm3) and dried over MgSO4.  After filtration, the solvent was removed in vacuo to give a glossy red oil which solidified on standing (5.49 g). The crude product was purified by recrystallization from hot ethanol to afford a yellow-brown crystalline product (4.30 g, 70%); mp 74 – 76 °C (lit.,85 75 – 76  oC  from EtOH); 1H NMR (400 MHz; CDCl3) δH 2.85 (3H, s, CH3), 7.47 – 7.58 (4H, m, ArCH), 7.87 (2H, app d, J 8.2,  ArCH), 8.06 (2H, app d, J  7.2, ArCH), 8.51 (1H, s, ArCH); 13C NMR (100 MHz; CDCl3) δC 33.9 (CH3), 124.3 (2 × ArCH), 125.5 (2 × ArCH), 126.6 (2 × ArC), 126.8 (2 × ArCH), 128.2 (ArCH), 128.8 (2 × ArCH), 131.1 (2 × ArC), 136.7 (ArC), 208.2 (C= O). 
1H and 13C NMR data were in accordance with the literature.85 

(±)-1-Anthracen-9-yl ethanol (57)85 





[bookmark: _Hlk521321]Sodium borohydride (2.80 g, 74.02 mmol) was added portion-wise to a solution of 1-anthracen-9-ylethanone 188 (7.00 g, 31.88 mmol) in ethanol (50 cm3).  The solution was heated at reflux for 6 h then cooled to room temperature.  The reaction was quenched by the addition of saturated NH4Cl (30 cm3), followed by extraction with dichloromethane (3 × 30 cm3) and dried over MgSO4. Filtration and removal of the solvent gave the crude alcohol as a yellow solid which was purified by recrystallization from ethanol (4.00 g, 57%); mp 122 – 124 °C (lit.,85 mp 119 – 120 °C without purification); 1H NMR (400 MHz; CDCl3) δH 1.95 (3H, d, J 6.8, CH3), 2.26 (1H, br  s, OH), 6.50 (1H, q, J 6.8, CH3CH), 7.45 – 7.56 (4H, m, ArCH), 8.03 (2H, d, J 7.9, ArCH), 8.42 (1H, s, ArCH), 8.70 (2H, br d, J  8.2, ArCH); 13C NMR (100 MHz; CDCl3) δC 23.5 (CH3), 67.3 (CH3CH), 124.7 (4 × ArCH), 125.5 (2 × ArCH), 127.9 (ArCH), 128.8 (2 × ArC), 129.3 (2 × ArCH), 131.7 (2 × ArC), 135.7 (ArC).
1H and 13C NMR were in accordance with the literature.85 



 (±)-9-(1-Methoxyethyl) anthracene (25)85



[bookmark: _Hlk527551810]Sodium hydride (0.50 g, 20.83 mmol) was washed with petroleum ether 40 – 60 (3 × 20 cm3) and dried in vacuo for 30 min. Dry THF (40 cm3) was added and the suspension cooled to 0 ºC. A solution of 1-anthracen-9-yl ethanol 57 (0.95 g, 4.27 mmol) in THF (10 cm3) was added dropwise at 0 ºC. After addition was complete, the mixture was allowed to warm to room temperature for 2 hr.  Methyl iodide (1.00 cm3, 16.06 mmol) was added and stirred for a further 24 hr. The solution was cooled to 0 °C and quenched with MeOH (20 cm3), followed by addition of water (20 cm3). The reaction mixture was extracted into CH2Cl2 (3 × 20 cm3), and the combined organic layers dried over MgSO4, filtered and evaporated to yield a brown solid.  Purification was carried out by flash column chromatography on silica gel (eluting with 50% CH2Cl2 in petroleum ether 40 – 60 °C) to yield yellow crystals (0.59 g, 60%): mp 93 – 94 ºC (lit.,85 89 – 91 ºC from EtOH); 1H NMR (400 MHz; CDCl3) δH 1.93 (3H, d, J 6.8 CH3), 3.27 (3H, s, OCH3), 5.99 (1H, q, J 6.8, CH3CH), 7.48 – 7.58 (4H, m, ArCH), 8.06 (2H, d, J 7.8, ArCH), 8.45 (1H, s, ArCH), 8.75 (2H, br s, 4-H and 5-H); 13C NMR (100 MHz; CDCl3) δC 22.5 (CH3), 56.5 (OCH3), 76.2 (CH3CHOCH3), 124.8 (2 × ArCH), 125.6 (2 × ArCH), 127.9 (ArCH), 129.3 (2 × ArCH), 129.5 (2 × ArC), 131.6 (2 × ArC), 133.4 (ArC).
1H and 13C NMR data were in accordance with the literature.85 
(S)-1-Anthracen-9-ylethanol (57)85 


A solution of (1R, 2S)-1-amino indan-2-ol (0.20 g, 1.41 mmol) in dry THF (1 cm3) was stirred under nitrogen before addition of trimethylborate (0.20 cm3, 1.80 mmol).  After stirring at room temperature for 30 minutes, a solution of borane dimethyl sulfide complex (1.20 cm3, 12.50 mmol) in THF (1 cm3) was added dropwise, then cooled to 0 °C.  1-Anthracen-9-yl ethanone 188 (2.51 g, 11.40 mmol) dissolved in THF (3.50 cm3) was added via syringe to the reaction mixture and stirred for 2.5 hours maintaining the temperature at 0 °C.  MeOH (10 cm3) was added to quench the reaction. The solution was allowed to warm up to room temperature for 10 minutes, followed by addition water (10 cm3), and extraction with CH2Cl2 (3 ×10 cm3). The combined organic layers were washed with aqueous HCl (1 M, 10 cm3) and water (10 cm3), dried over MgSO4, filtered and concentrated by rotary evaporation gave crude alcohol (1.89 g, ee 81%) as a yellow solid. Purification was carried out by flash column chromatography on silica gel, eluting with 50% CH2Cl2 in petroleum ether 40-60, to yield white crystals (1.66 g, 66%, ee 78 %);  mp 112 – 114 °C (lit.;85 mp 116 – 117 °C from EtOH); [α]24D -14 (c 1  in CHCl3) [lit.;85 [α]22D  - 17.5 (c 1 in CHCl3, ee 96 %); 1H NMR (400 MHz; CDCl3) δH 1.96 (3H, d, J 6.8, CH3), 2.27 (1H, br s, OH), 6.50 (1H, q, J 6.8, CH3CH), 7.45 – 7.56 (4H, m, ArCH), 8.03  (2H, app d, J 7.7, ArCH), 8.42 (1H, s, 10-H), 8.70  (2H, d, J 8.6, 4-H and 5-H); 13C NMR (100 MHz; CDCl3) δC 23.5 (CH3), 67.3 (CH3CH), 124.8 (4 × ArCH), 125.5 (2 × ArCH), 127.9 (ArCH), 128.8 (2 × ArC), 129.4 (2 ×  ArCH), 131.7 (2 × ArC), 135.7 (ArC); HPLC (Using OD chiral, 1.0 mL/min, 5% isopropanol in hexane) @ 254 nm; Rt17.6 min (major enantiomer)  and Rt 37.1 min (minor enantiomer).   
1H and 13C NMR data were in accordance with the literature.85
 (S)-9-(1-Methoxyethyl)anthracene (25)85 



Prepared according to the same procedure used to (±)-9-(1-methoxyethyl) anthracene 25 using but (S)-1-anthra cen-9-yl ethanol 57 (0.95 g, 4.27 mmol). The product was isolated as golden solid  that was purified by flash column chromatography using silica gel (eluting with 50%  CH2Cl2 and petroleum ether 40-60) to yield  white crystals (0.81 g, 81%); mp 96 – 97 oC (lit.,85 mp 99 – 100 °C from EtOH); [α]25D -41.0 (c 1 in CHCl3, ee 84 %) (lit.,85 [α]24D  - 44.6 (c 1 in CHCl3,  ee 96 %); 1H NMR (400 MHz; CDCl3)  δH 1.89 (3H, d, J 6.8, CH3), 3.25 (3H, s, OCH3), 5.97 (1H, q, J 6.8, CH3CH), 7.46–7.56 (4H, m, ArCH), 8.04 (2H, d, J 7.7, ArCH), 8.44 (1H, s, 10-H), 8.72 (2H, br s, 4-H, 5-H); δC (100 MHz;  CDCl3) 22.6 (CH3), 56.6 (OCH3), 76.2 (CH3CH), 124.8 (4 × ArCH), 125.6 (2 × ArCH), 127.9 (ArCH), 129.3 (2 × ArCH), 129.5 (2 × ArC), 131.6 (2 × ArC), 133.4 (ArC); HPL (Using Cellulose 1, 1.0 mL/min, 5% isopropanol in hexane); Rt 4.9 min (minor enantiomer) and Rt 5.1 min (major enantiomer).
1H and 13C NMR data were in accordance with the literature.85

(S)-amino-2-phenylethanol (191)88





A solution of iodine (3.86 g, 15.21 mmol) in dry THF (10 cm3) was added dropwise to a stirred solution of sodium borohydride (1.38 g, 36.48 mmol) in (40 cm3) of dry THF at 0 °C under an argon atmosphere. (S)-2-Phenylglycine (2.30 g, 15.21 mmol) was added in one portion. After evolution of all hydrogen gas, the resulting white suspension was heated at reflux for 18 h, then cooled to room temperature.  The reaction mixture was quenched by dropwise addition of methanol (10 cm3) until the mixture became clear. After stirring for 30 min, the solvent was removed to yield a white paste which was dissolved by addition of 20% KOH (30 cm3). After stirring for 4 h, the product was extracted into dichloromethane (3 × 20 cm3), dried over Na2SO4 and filtered. The solvent was removed under reduced pressure to yield the crude material (1.62 g) as a white semi-solid which was recrystallized from toluene to afford  fluffy colorless crystals  (0.98 g,  47%); mp 69 – 70 °C (lit.,88 mp 69 – 71 °C from toluene); [α]20D +33.7 (c 1  in EtOH) [lit.;88 [α]D  - 24.1 (c 1 in EtOH)]; 1H NMR (400 MHz; CDCl3) δH 3.58 (1H, dd, J 10.8 and 8.4 CH-OH ), 3.77 (1H, dd, J 10.8 and 4.4,  CH-OH), 4.08 (1H, dd, J 8.4 and 4.4, CH-NH), 7.28–7.45 (5H, m, ArCH);  13C NMR (100 MHz; CDCl3) δC 57.3 (CH2-O), 68.0 (CH-N), 126.5 (2 × ArCH), 127.6 (ArCH), 128.7 (2 × ArCH), 142.6 (ArC). 


(S)-N-(Thiazolyl-2-)hydroxy-1-phenylethylamine (193)86




[bookmark: _Hlk524214](S)-2-Phenylglycinol 191 (1.42 g, 10.35 mmol) was added to a stirred solution of 2-chloro- benzothiazole (1.72 g, 10.14 mmol) and freshly distilled diisopropylethylamine (2.70 cm3, 15.63 mmol) under an argon atmosphere. The reaction mixture was heated with microwave irradiation at 130 °C for 16 hours, then cooled to room temperature. The resulting viscous suspension was left overnight at room temperature after addition of CH2Cl2 (5 cm3). Saturated aqueous NH4Cl (10 cm3) was added, the organic layer separated and the eques layer extracted with CH2Cl2 (3 × 20 cm3). The organic layer was washed with brine (3 × 15 cm3), dried over MgSO4, filtered and concentrated under reduced pressure. Purification of the crude material was carried out by flash column chromatography on silica gel eluting with  EtOAc / petroleum 40-60  (1:2) to give 0.33 g (12%) of white crystals; mp 158 – 160 °C (from toluene), (lit.,86 mp  159 – 160 ˚C);  [α]D20 + 99 (c 0.99 in MeOH );  lit.86 [α]D + 98.7 (c 0.99 in MeOH); 1H NMR (400 MHz; CDCl3)  δH 3.96 – 4.07(2H, m, CH2), 4.91 (1H, dd, J 5.7 and  4.3, CH), 7.11 (1H, td, J 7.6 and 1.1, ArCH), 7.29 – 7.44 (6H, m, ArCH), 7.56 (2H, dd, J 8.1 and  1.2, ArCH); 13C NMR (100 MHz; CDCl3) δC 62.0 (CH), 67.1 (CH2), 118.9 (ArCH), 120.9 (ArCH), 122.0 (ArCH), 126.1 (ArCH), 126.9 (2 ×ArCH), 128.3 (ArCH), 129.0 (2 × ArCH), 130.5 (ArC), 138.5 (ArC-S),151.4 (ArC-N), 167.6 (ArC=N).
1H and 13C NMR data were in accordance with the literature.86
(S)-2, 3-dihydro-2-phenyl-imidazo[2,1-b]benzothiazole (194)86





[bookmark: _Hlk524145]Triethylamine (2.09 cm3, 15.61 mmol) was added into a solution of (S)-N-(Thiazolyl-2-) hydroxy-1-phenylethylamine 193 (1.35 g, 5.00 mmol) in dry CH2Cl2 (50 cm3) at 0 °C under an atmosphere of Argon.  Methanesulfonyl chloride (0.58 cm3, 7.50 mmol) was added dropwise, then stirred for 1 hour with maintain a constant temperature at 0 °C. The reaction mixture was warmed to room temperature followed by addition of methanol (0.30 cm3). The reaction was quenched with the mixture of MsCl. NEt3 (1.50 cm3).  The reaction mixture was refluxed for overnight, then allowed to cool to room temperature. Once cooled, the mixture was washed with a small amount of H2O, dried over Na2SO4, filtered, and concentrated in vacuo. Purification of the crude material was carried out by column chromatography to give 0.15 g (12% ) as a white solid; mp 92 – 93 °C (lit.,86 mp  94.5 – 95.0 ˚C); A third purification by flash column chromatography was required; [α]D20 -247 (c 1.00 in MeOH;  lit.86 [α]D + 256.7˚(c 1.00 in MeOH); 1H NMR (400 MHz; CDCl3)  δH 3.80 (1H, t, J 8.5, CHH),  4.36 (1H, t, J 9.6, CHH), 5.72 (1H, dd, J 10.2 and 8.1, CH2CH), 6.74 (1H, d,  J 7.8,  ArCH), 7.03 (1H, td,   J 7.8 and 1.0,  ArCH), 7.24 (1H, td,   J 7.8 and 1.0,  ArCH), 7.30 – 7.35 (1H, m, ArCH), 7.37 (1H, d, J 7.9, ArCH), 7.40 ( 4H, d, J 4.4,  ArCH); 13C NMR (100 MHz; CDCl3) δC 52.5 (CH2), 75.3 (CH2CH), 108.6 (ArCH), 121.5 (ArCH), 123.2 (ArCH), 126.5 (2 × ArCH), 126.60 (ArCH), 127.4 (ArCH), 127.6 (ArCH), 128.8 (2 × ArCH), 137.0 (ArC-S), 143.0  (ArC-N), 166.0  (N=C-S).
1H and 13C NMR data were in accordance with the literature.86
[bookmark: _Hlk18280738][bookmark: _Hlk31804814]General procedure A for the Diels-Alder reaction

[bookmark: _Hlk2604025][bookmark: _Hlk12558895]BF3.OEt2 (0.12 g, 0.10 cm3, 0.8 mmol) was added to a solution of 2-cyclopenten-1-one (0.33 g, 0.33 cm3, 4.04 mmol) in dry dichloromethane (5 cm3) at room temperature.  After 10 minutes, 9-methylanthracene (0.77 g, 4.00 mmol) dissolved in CH2Cl2 (5 cm3) was added dropwise to the reaction mixture and stirred for 24 hours at ambient temperature. After this time, water (10 cm3) was added followed by CH2Cl2 (10 cm3). The organic layer was separated and washed with H2O (20 cm3), dried over MgSO4, filtered and the solvent removed in vacuo to yield the crude product (1.06 g) which recrystallized from EtOH.
General procedure B for Diels-Alder reaction

[bookmark: _Hlk875366]9-Methylanthracene (0.38 g, 2.00 mmol) was dissolved in a mixture triethylene glygcol (1.00 cm3) and toluene (1.00 cm3) at room temperature, before the addition of 2-cyclopenten-1-one (0.16 g, 1.50 cm3, 2.00 mmol). The reaction mixture was refluxed at 118 oC for 48 hours, and then allowed to cool to room temperature. Dichloromethane (10 cm3) was added and stirred vigorously. The formation of two layers was separate by a separatory funnel or with a pipette. The dichloromethane layer was washed with brine, dried over MgSO4, filtered and concentrated by rotary evaporation. The crude product was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (1:9).
[bookmark: _Hlk6318082][bookmark: _Hlk10313464][bookmark: _Hlk11658952][bookmark: _Hlk18287567][bookmark: _Hlk6299453](±)-(11RS,12RS)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopent anthracen-​13-​one (203)150


[bookmark: _Hlk6249036][bookmark: _Hlk256768][bookmark: _Hlk6251722][bookmark: _Hlk3563983]Prepared according to the general procedure A giving the title compound  (1.00 g, 92%)  as  white crystals; mp 168 – 170; ºC (lit,150 mp 157–160 ºC from EtOH); 1H NMR (400 MHz; CDCl3) δH 0.72 (1H, dt, J  17.9 and 11.0, CHH), 1.70 (1H, ddt, J 13.4, 11.0 and 2.9, CHH), 1.79 (1H, dddd, J 17.9, 9.4, 2.6 and 1.7, CHH), 2.02 (1H, ddt, J 13.5, 11.5 and 9.5, CHH), 2.13 (3H, s, CH3), 2.33 (1H, dd, J 9.4 and 1.3, CH), 2.94 (1H, tt, J  9.5 and 2.9, CH),  4.27 (1H, d, J 2.9, 10-H), 7.13 –7.25 (5H, m, ArCH), 7.31 – 7.41 (3H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 15.0 (CH3), 24.4 (CH2), 38.8 (CH2), 42.7 (CH), 45.5 (9-C), 50.4 (CH), 56.9 (CH), 121.5 (ArCH), 121.8 (ArCH), 123.1 (ArCH), 125.1 (ArCH), 125.8 (ArCH), 125.9 (ArCH), 126.2 (ArCH), 126.4 (ArCH), 140.8 (ArC), 143.0 (ArC), 144.5 (ArC), 144.8 (ArC), 218.9 (C=O).
1H and 13C NMR data were in accordance with the literature.150
2,2′-Bipyrazine (215) 99


2-Chloropyrazine (5.00 g, 43.65 mmol) was added to a stirred suspension of tetrabutyl-ammonium bromide (14.00 g, 43.42 mmol) and K2CO3 (20.50 g, 148.32 mmol) in DMF (42 cm3) open to the atmosphere. Pd(PPh3)4(1.50 g, 1.29 mmol) was added, then heated to 140 °C for 16 hr. The reaction mixture was cooled to room temperature, filtered through Celite and washed with CH2Cl2 (100 cm3).  Water (4 ×100 cm3) was added, the organic phase was separated, dried over MgSO4, filtered, and concentrated by rotary evaporation. Purification of the crude material was carried out by flash column chromatography on silica gel eluting with EtOAc/Hexanes (1:1), followed by recrystallization from MeOH to afford a pale yellow crystal (0.50 g 3.16 mmol, 7 % yield); mp 183-185 oC (lit.,151 mp 186 –187 °C); 1H NMR (400 MHz; CDCl3) δH 8.69 (4H, s, ArCH), 9.62 (2H, s, ArCH); 13C NMR (400 MHz; CDCl3) δC 143.5 (2 × ArCH), 143.8 (2 × ArCH), 145.3 (2 × ArCH), 149.4 (2 × ArC).
1H and 13C NMR data were in accordance with the literature.99 
Tris(2,2′-bipyrazine)ruthenium bis(hexafluorophosphate) [Ru(bpz)3](PF6)2 (209) 101, 102



RuCl3·xH2O (0.13 g, 0.63 mmol) was added to a stirred suspension of 2,2’-bipyrazine (0.34 g, 2.15 mmol) 215 in ethylene glycol (7 cm3). The reaction mixture heated to reflux for 16 hr, then added was cooled to room temperature. Saturated aqueous KPF6 (9 cm3) was added and allowed to stir for 2 hr until precipitation was complete. The red suspension was filtered and washed with H2O several times. After filtration, the crude product was purified by column neutral alumina column using acetonitrile as the solvent and eluent to yield an orange solid (0.092 g, 5%), mp 162 – 164 °C; 1HNMR (400 MHz; DMSO-d6) δH 8.00 (3H, d, J 3.1, ArCH), 8.71 (3H, d, J 3.2, ArCH), 10.13 (3H, s, ArCH).
1H NMR data was in accordance with the literature.101, 102
10-Hydro-9-methyl--9,10-epidioxyanthracene (216)152


A mixture of 9-methylanthracene (0.69 g, 3.59 mmol) and Ru(bpz)3(BArF)2 (0.01 g, 0.01 mmol) 209 in dry MeCN  (9 cm3) was stirred in front of a 23 W compact fluorescent light bulb at room temperature. After 10 hours irradiation, the solvent removed in vacuo to yield the crude material which was purified by flash column chromatography eluting with EtOAc / petroleum 40-60 (1:3) to give the cyclic peroxide product as pale-yellow needle crystals (0.08 g, 10%); mp 128 – 129°С (lit.,153 mp 128 – 129°С); 1H NMR (400 MHz; CDCl3) δH 2.19 (3H, s, CH3), 6.02 (1H, s, CH), 7.27 – 7.33  (4H, m, ArCH), 7.41 – 7.47  (4H, m, ArCH); 13C NMR (400 MHz; CDCl3) δC 13.4 (CH3), 79.6 (CH), 80.0 (C), 120.9 (2 × ArCH), 123.4 (2 × ArCH), 127.7 (2 × ArCH), 127.8 (2× ArCH), 138.4 (2 × ArC), 140.4 (2 × ArC).
1H and 13C NMR data were in accordance with the literature.152 
(±)-(3aRS,9aRS)-2,4-Dimethyl-3a,4,9,9a-tetrahydro-4,9[1′,2′]-benzeno-1H-benz[f] isoindole-1,3(2H)-dione (217)118


[bookmark: _Hlk519182235]9-Methylanthracene (0.19 g, 1.00 mmol) was added in one portion to a solution of N-methylmaleimide (0.11 g, 1.00 mmol) in acetonitrile (3.00 cm3) and the mixture was stirred at room temperature. After 1 h, the solvent was removed under reduced pressure to yield a pale yellow solid (0.29 g). The crude was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:9), then recrystallized from toluene giving a white solid (0.26 g, 85%); mp 241 – 243 oC (lit.,118 146 – 150 oC); 1H NMR (400 MHz; CDCl3) δH 2.31 (3 H, s, CH3), 2.53 (3 H, s, CH3), 2.87 (1H, d, J 8.3, COCH), 3.29 (1H, dd, J 8.3 and 3.3 COCHCH), 4.78 (1H, d, J 3.3, COCHCH), 7.12 – 7.26 (4H, m, ArCH), 7.27 – 7.30 (2H, m, ArCH), 7.41 (2H, t,  J 6.9,  ArCH); 13C NMR (100 MHz; CDCl3) δC 15.3 (CH3), 24.3 (CH3), 45.0 (C), 45.5 (CH), 48.5 (CH), 50.6 (CH), 122.0 (ArCH), 122.1 (ArCH), 123.8 (ArCH), 124.8 (ArCH), 126.6 (2 × ArCH), 126.7 (ArCH), 126.9 (ArCH), 138.7 (ArC), 141.0 (ArC), 141.9 (ArC), 144.5 (ArC), 177.2 (C=O), 176.8 (C=O).
1H and 13C NMR data were in accordance with the literature.118
General procedure for the synthesis of TADDOL
A solution of diethyl D or L-tartrate (2.00 g, 9.70 mmol) and p-TsOH (0.02 g, 0.11mmol) in dry CH2Cl2 (20 cm3) was stirred under nitrogen before the addition of 2,2-dimethoxypropane (2.04 g, 2.40 cm3, 14.56 mmol). The reaction mixture was refluxed for 8 hours, then allowed to cool to ambient temperature. NaHCO3 (0.30 g) was added slowly and stirred for 15 minutes.  After this time, water (20 cm3) was added followed by separation the layers. The aqueous layer was extracted with ethyl acetate (2 ×100 cm3). The combined organic layers were washed with brine (2 × 20 cm3), dried over Na2SO4, filtered and the solvent removed in vacuo to yield the diethyl-2,3-O-isopropylidenetartrate as a yellow oil (2.10 g), which was used for subsequent reaction without further purification.
A solution of aryl bromide (5.0 eq.) in dry THF (10 cm3) was added dropwise to magnesium powder (1.14 g, 46.92 mmol) at room temperature under an argon atmosphere. The reaction mixture was heated at reflux for 1.5 hours, then cooled to room temperature. The Grignard reagent was cooled on ice bath before the addition of the solution of diethyl 2,3-O- isopropylidenetartrate (2.10 g, 8.53 mmol) in dry THF (15 cm3). The reaction was heated at reflux for 1.5 hours. After cooling at ambient temperature, saturated aqueous NH4Cl (10 cm3) was added, the organic layer separated and then the aqueous layer extracted with ethyl acetate (3 × 20 cm3). The organic layer was washed with brine (3 × 15 cm3), dried over Na2SO4, filtered and concentrated under reduced pressure. Purification was carried out as described in each compound.
(4S, 5S)-2,2-Dimethyl-α, α, α′, α′-tetraphenyldioxolane-4, 5-dimethanol (238)115
[image: ]
[bookmark: _Hlk18217776]Prepared according to the general procedure using bromobenzene (6.70 g, 4.49 cm3, 42.65 mmol), and diethyl (2S, 3S)-2,3-O- isopropylidenetartrate (2.10 g, 8.53 mmol). Purification was carried out by flash column chromatography on silica gel eluting with dichloromethane / petroleum ether 40–60 (1:9) giving white crystals  (3.42  g, 86%); mp 193–195 °C (lit.,154 mp 192 –194 ºC); [α]19D +67 (c 1 in CHCl3) (lit.,154 [α]rtD +60.7 (c 1 in CHCl3); 1H NMR (400 MHz; CDCl3) δH 1.06 (6H, br s, 2 × CH3O), 3.95 (2H, s, 2 × OH), 4.63 (2H, s, 2 × CH), 7.22 – 7.40 (16H, m, ArCH), 7.56 (4H, dd, J 7.8 and 1.3, ArCH);  13C NMR (100 MHz; CDCl3) δC 27.2 (2 × CH3), 78.2 (C), 81.0 (2 × CH), 109.6 (2 × C), 127.3 (2 × ArCH), 127.3 (4 × ArCH), 127.6 (6 × ArCH), 128.2 (4 × ArCH), 128.6 (4 × ArCH), 142.7 (2 × ArC), 145.9 (2 × ArC).
1H NMR data was in accordance with the literature.115
(4R, 5R)-2, 2-Dimethyl-α,α,α′,α′-tetraphenyldioxolane-4,5-dimethanol (238)115      
[image: ]
Prepared according to the general procedure using bromobenzene (6.70 g, 4.49 cm3, 42.65 mmol), and diethyl (2R, 3R)-2,3-O-isopropylidenetartrate (2.10 g, 8.53 mmol). Purification was carried out by flash column chromatography on silica gel eluting with dichloromethane/ petroleum ether 40–60 (1:9) giving white crystals (3.50 g, 88%); mp 193 – 195 °C (lit.,155 mp 195 –196.5 ºC from MeOH); [α]19D -62 (c 1 in CHCl3) (lit.,155 [α]D -60.6 (c 1 in CHCl3); 1H NMR (400 MHz; CDCl3) δH 1.06 (6H, br s, 2 × CH3O), 3.92 (2H, s, 2 × OH), 4.63 (2H, s, 2 × CH), 7.22 – 7.40 (16H, m, 16 ×  ArCH), 7.53 – 7.76 (4H, m, 4 × ArCH); 13C NMR (100 MHz; CDCl3) δC 27.2 (2 × CH3), 78.2 (C), 81.0 (2 × CH), 109.6 (2 × C), 127.3 (2 × ArCH), 127.3 (4 × ArCH), 127.6 (6 × ArCH), 128.1 (4 × ArCH), 128.6 (4 × ArCH), 142.7 (2 × ArC), 145.9 (2 × ArC). 1H NMR data was in accordance with the literature.115
 (4S, 5S)-2,2-Dimethyl-α, α, α′, α′-tetra(2-naphthyl)-1,3-dioxolane-4,5-dimethanol (250)156
[image: ]
Prepared according to the general procedure using 2-bromonaphthalene (8.83 g, 42.64 mmol), and diethyl (2S, 3S)-2,3-O-isopropylidene tartrate (2.10 g, 8.53 mmol). Purification was carried out by flash column chromatography on silica gel eluting with dichloromethane / petroleum ether 40–60 (1:9) giving white crystals (4.50 g, 79%); mp 213 – 215 °C (lit.,154 mp 215 –216 ºC); [α]20D +116 (c 1 in EtOAc) (lit.,154 [α]rtD +114 (c 1 in EtOAc)); 1H NMR (400 MHz; CDCl3) δH 1.21 (6H, s, 2 × CH3O), 4.32 (2H, br s, 2 × OH), 5.01 (2H, s, 2 × CH), 7.25 –7.30 (2H, m, 2 × ArCH), 7.40 – 7.48 (4H, m, 4 × ArCH), 7.50 – 7.56 (6H, m, 6 × ArCH), 7.66 – 7.76 (6H, m, 6 × ArCH), 7.82 (2H, d, J, 8.7, 2 × ArCH), 7.86 – 7.94 (4H, m,  4 × ArCH), 7.95 (2H, br s, 2 × ArCH), 8.21 (2H, br s,  2 × ArCH); 13C NMR (100 MHz; CDCl3) δC 27.5 (2 × CH3), 78.7 (C), 81.5 (2 × CH2), 110.0 (2 × C), 125.8 (2 × ArCH), 126.0 (3 × ArCH), 126.0 (2 × ArCH), 126.1 (2 × ArCH), 126.1 (2 × ArCH), 126.2 (2 × ArCH),126.9 (2 × ArCH), 127.1 (2 × ArCH), 127.3 (2 × ArCH), 127.4 (2 × ArCH), 127.5 (2 × ArCH), 127.9 (2 × ArCH), 128.6 (3 × ArCH), 132.6 (ArC), 132.7 (ArC), 132.7 (ArC), 132.8 (ArC), 140.6 (4 × ArC), 142.5 (4 × ArC).
1H NMR data was in accordance with the literature.156
9-Phenylsulfinylanthracene (257)


[bookmark: _Hlk32999740][bookmark: _Hlk18365013]n-butyllithium (0.44 cm3, 2.1 M in hexane, 1.10 mmol) was added dropwise to dry THF (2 cm3) at −78 °C. After 10 minutes, a solution of 9-bomoanthracene (0.26 g, 1.00 mmol) in THF (2 cm3) was added via a syringe. The orange solution was stirred for 1.50 hours at −78 °C. The resulting vinyllithium reagent was transferred through a cooled cannula to a stirred white suspension of a diastereomeric mixture of (1R, 2S, 5R)-menthyl benzenesulfinate 284 and 285 (0.31 g, 1.10 mmol) in dry THF (3 cm3) at −78 °C. The orange suspension was stirred for an additional 3.50 hours at −78°C, and then the cold bath was removed. The reaction mixture was quenched with saturated aqueous NH4Cl (5 cm3) and then allowed to warm to room temperature. The solvent was removed in vacuo, followed by addition water (3 × 10 cm3). The mixture was extracted with dichloromethane (3 × 10 cm3), then dried over MgSO4.  After filtration, the solvent was removed in vacuo to give a sticky brown oil which purified by flash column chromatography on silica gel eluting with ethyl acetate / petroleum ether 40–60 (1:1). After the menthol, menthyl sulfinate and minor by-product fractions were collected, the solvent was changed to ethyl acetate. The combined ethyl acetate fractions were evaporated in vacuo to yield the sulfinyl anthracene as a yellow solid (0.13 g, 43%); mp 143 - 145 oC; [α]23D -104 (c 1 in CHCl3, ee 33%); vmax (ATR) /cm-1 3081, 3050, 2939, 1623, 1579, 1442; 1H NMR (CDCl3, 400 MHz): δH 7.32 – 7.42 (3H, m, ArCH), 7.50 – 7.64 (6H, m, ArCH), 8.08 (2H, d, J 7.8, ArCH), 8.70 (1H, s, ArCH), 9.01 (2H, d, J 7.8, ArCH); 13C NMR (100 MHz; CDCl3) δC 123.6 (ArCH), 124.3 (ArCH), 125.7 (2 × ArCH), 128.0 (2 × ArCH), 128.7 (2 × ArCH), 129.0 (2 × ArCH), 129.3 (2 × ArCH), 129.7 (ArCH), 131.3 (2 × ArC), 131.4 (2 × ArC), 132.8 (ArC), 133.1 (ArCH), 145.1 (ArC); m/z (ESI+) 325 (3%), 303.0838 (100, M+H+. C20H14OS requires 303.0845); HPLC (Using Cellulose 1, 1.0 mL/min, 5% isopropanol in hexane); Rt 24.4 min (major enantiomer), Rt 82.3 min (minor enantiomer).
(±)-(3aRS,9aRS)-2-Methyl-4-[(SR)-phenylsulfinyl]-3a,9,9a-trihydro-4,9[1′,2′]-benzeno-1H-benz[f]isoindole-1,3(2H)-dione (259)


[bookmark: _Hlk32998353][bookmark: _Hlk32998661][bookmark: _Hlk10317102][bookmark: _Hlk3244907][bookmark: _Hlk6305602]A solution of N-methylmaleimide (0.11 g, 1.00 mmol) and 9-phenylsulfinylanthracene (0.30 g, 1.00 mmol) 257 in dry toluene (5 cm3) was stirred and heated to 110 oC. After 24 hours, the reaction mixture was cooled to room temperature, then the solvent was removed in vauco to produce the desired cycloadduct as a white solid, which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:9) giving a white solid (0.26 g, 63%); mp. 251-252 oC; vmax (ATR) / cm-1 3054, 2987, 2687, 2305, 2306, 1779, 1703;  1H NMR (400 MHz; CDCl3) δH 2.57 (3H, s, CH3), 3.28 (1H, dd, J 8.5 and 3.1, CH), 4.04 (1H, d, J 8.5, CH), 4.88 (1H, d, J 3.1, 10-H), 6.87 (1H, td, J 7.7 and 1.1, ArCH), 7.14 (1H, td, J 7.5 and 1.0, ArCH), 7.25 (1H, td, J 7.6 and 1.3, ArCH), 7.22 – 7.48 (8H, m, ArCH), 7.69 (2H, dd, J 8.1 and 1.2, ArCH);  13C NMR (100 MHz; CDCl3) δC 24.5 (CH3), 46.3 (CH), 48.6 (CH), 48.7 (CH), 66.4 (9-C), 124.1 (ArCH), 124.7 (ArCH), 125.3 (ArCH), 126.0 (ArCH), 126.6 (ArCH), 126.9 (2 × ArCH), 127.1 (ArCH), 127.2 (ArCH), 128.3 (ArCH), 129.1 (2 × ArCH), 130.1 (ArCH), 135.0 (ArC), 136.0 (ArC), 138.2 (ArC), 141.7 (ArC), 143.0 (ArC), 173.8 (C=O), 175.5 (C=O); m/z (ESI+) 452 (4%), 436 (54), 414.1173 (100, M+H+. C25H20NO3S requires 414.1158), 267 (10), 247 (23).
5-Bromo-2-cyclopenten-1-one (273)157


 

[bookmark: _Hlk970949][bookmark: _Hlk18355395]Cyclopenten-1-one (0.41 g, 0.41 cm3, 5.00 mmol) was added to a solution of N-bromo succinimide (0.98 g, 5.48 mmol) in dry acetonitrile (30 cm3) at room temperature. Trimethylsilyl triﬂuoromethanesulfonate (0.06 g, 0.05 cm3, 0.25 mmol) was added slowly dropwise via syringe. The reaction mixture was stirred for 24 hours and then diluted with diethyl ether (10 cm3) and washed with water (3 ×10 cm3).  After drying over MgSO4, filtration and concentration in vacuo, the crude product was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (1:9) to afford a pale yellow solution (0.22 g, 93%); 1H NMR (400 MHz; CDCl3) δH 2.97 – 3.07 (1H, m, CHH), 3.35 – 3.47 (1H, m, CHH), 4.35 (1H, dd, J 6.4 and 1.8, CH), 6.33 (1H, t, J 2.9, =CH), 7.69-7.79 (1H, m, =CH).
5-(Phenylsulfonyl)-2-cyclopenten-1-one (272) 



5-Bromo-2-cyclopenten-1-one (0.32 g, 2.00 mmol) 273 was added to a mixture of polyethylene glycol 400 (5 cm2) and acetonitrile (5 cm2). The sodium benzenesulphinate (0.35 g, 2.16 mmol) was added and stirred at room temperature for 5 hours. The mixture was poured into water and extracted into ethyl acetate (3 ×10 cm3), then dried over MgSO4.  After filtration, the solvent was removed in vacuo to give a sticky whit oil which purified by flash column chromatography on silica gel eluting with ethyl acetate / petroleum ether 40–60 (1:1), giving a pale yellow solution (0.22 g, 50%); 1H NMR (400 MHz; CDCl3) δH 3.05 – 3.15 (1H, m, CHH), 3.27 – 3.37 (1H, m, CHH), 4.01 (1H, dd, J 7.2 and 2.4, CH), 6.15 – 6.20 (1H, m, =CH), 7.56 –7.62 (2H, m, 2 × ArCH), 7.67 –7.72 (1H, m, ArCH), 7.73 –7.77 (1H, m, =CH), 7.87 –7.91 (2H, m, 2 × ArCH). 
[bookmark: _Hlk25029679] (±)-(11RS,12RS,14SR)-9,10,​11,​12,​14,​15-​Hexahydro-14-(phenylsulfonyl)-​9-​methyl-13H-​9,​10[2',​3']-endo-​cyclopentanthracen-​13-​one (274)



In(OTf)3  (0.11 g, 0.20 mmol) was added to a solution of 5-(phenylsulfonyl)-2-cyclopenten-1-one (0.22 g, 0.99 mmol) 272 in dry dichloromethane (5 cm3) at room temperature under argon. After 10 minutes, 9-methyl anthracene (0.19 g, 0.99 mmol) dissolved in CH2Cl2 (5 cm3) was added dropwise to the reaction mixture and stirred for 48 hours at ambient temperature. After this time, water (10 cm3) was added followed by CH2Cl2 (10 cm3). The organic layer was separated and washed with H2O (20 cm3), dried over MgSO4, filtered and the solvent removed in vacuo to yield the crude product (1.06 g). Purification of the crude material was carried out by flash column chromatography eluting with EtOAc / petroleum 40-60 (3:7) to give the desired compound as a white solid (0.25 g, 61%); mp 165 –167 oC; vmax (ATR) / cm-1 3065, 2910, 1741, 1584, 1464, 1448; 1H NMR (400 MHz; CDCl3) δH  2.01 (1H, ddd, J 14.2, 10.1 and 3.9, CH), 2.08 (3H, s, CH3), 2.53 – 2.63 (2H, m, 2 × CH), 2.70 (1H, dt, J 14.4 and  9.2, CH), 3.03 – 3.12 (1H, m, CH), 4.29 (1H, d, J 2.8, 10-H), 7.11 –7.22 (5H, m, ArCH), 7.30 – 7.39 (3H, m, ArCH), 7.35 (2H, t, J 7.4, ArCH), 7.66 (1H, t, J 7.4, ArCH), 7.72 (2H, d, J 7.4,  ArCH); 13C NMR (100 MHz; CDCl3) δC 14.7 (CH3), 26.4 (CH2), 40.7 (CH), 45.5 (9-C), 49.5 (CH), 57.9 (CH), 71.2 (CH), 121.7 (ArCH), 122.0 (ArCH), 123.4 (ArCH), 125.5 (ArCH), 126.2 (ArCH), 126.3 (ArCH), 126.5 (ArCH), 126.7 (ArCH), 128.9 (2 × ArCH), 129.0 (2 × ArCH), 134.0 (ArCH), 137.8 (ArC), 140.3 (ArC), 142.6 (ArC), 143.5 (ArC), 144.2 (ArC), 205.8 (C=O); m/z (ESI+) 460 (23%), 437.1190 (100, M+Na+. C26H22O3SNa requires 437.1182), 223 (37), 193 (83).


2-Bromo-2-cyclopenten-1-one (286)145, 158




[bookmark: _Hlk9305642][bookmark: _Hlk536581105][bookmark: _Hlk9303498][bookmark: _Hlk2249931]A stirred solution of 2-cyclopenten-1-one (5.05 g, 5.00 cm3, 60.51 mmol) in dry dichloromethane (30 cm3) was cooled at 0 °C with an ice bath before the addition of a solution of bromine (9.67 g, 3.10 cm3, 60.51 mmol) in dichloromethane (30 cm3) via a dropping funnel. After 5 minutes, a mixture solution of triethylamine (9.22 g, 12.70 cm3, 91.35 mmol) and dichloromethane (30 cm3) was added dropwise with maintaining the temperature at 0 oC. The reaction mixture was allowed to warm to room temperature and stirred for an additional 2 hours. The resulting brown suspension was filtered over a pad of Celite and washed with dichloromethane (3 × 30 cm3). The solvent was removed in vacuo to give a glossy red oil (9.50 g). The crude product was purified by flash column chromatography on silica gel eluting with EtOAc/haxane (1:9) to provide a colourless oil which solidified on standing as a white crystalline solid (8.22 g, 83%); mp 36 – 38 o C (lit.158 36 – 38 oC after distillation); 1H NMR (400 MHz; CDCl3) δH 2.54 – 2.58 (2H, m, CH2), 2.71 – 2.75 (2H, m, CH2), 7.81 (1H, t, J 2.9, =CH); 13C NMR (100 MHz; CDCl3) δC 28.0 (CH2), 32.4 (CH2), 126.2 (CH=CBr), 161.9 (=CBr), 201.7 (C=O). 
1H and 13C NMR data were in accordance with the literature.145, 158

[bookmark: _Hlk520989426][bookmark: _Hlk459270]6-Bromo-1,4-dioxaspiro[4.4]non-6-ene (287)145, 146


2-Bromocyclopent-2-enone (0.32 g, 2.00 mmol) 286 was dissolved triethylorthoformate (1.04 g, 1.17 cm3, 7.00 mmol) under argon. Ethylene glycol (0.87 g, 0.78 cm3, 14.00 mmol) and a small amount of p-toluenesulfonic acid monohydrate were added. The reaction mixture was stirred at room temperature and monitored by TLC until complete reaction. After 48 hours, water (20 cm3) was added, and the mixture was extracted with cyclohexane (3 × 10 cm3). The combined cyclohexane layers were washed with brine (2 × 10 cm3), dried over MgSO4, filtered and concentrated by rotary evaporation. The brown resultant oil was purified by flash column chromatography on silica gel eluting with EtOAc/hexane (5:95) to provide the ketal as colourless mobile oil (0.21 g, 52%); 1H NMR (400 MHz; CDCl3) δH 2.17 – 2.22 (2H, m, CH2), 2.37 – 2.42 (2H, m, CH2), 3.9 – 4.07 (2H, m, CH2), 4.18 – 4.27 (2H, m, CH2), 6.20 (1H, t, J 2.7, =CH); 13C NMR (100 MHz; CDCl3) δC 28.6 (CH2), 34.4 (CH2), 65.9 (2 × CH2), 117.7 (C), 123.9 (=CBr), 136.6 (=CH).  
1H and 13C NMR data were in accordance with the literature.145, 146
General procedure A for a chiral menthyl arylsulfinate

[bookmark: _Hlk2783290][bookmark: _Hlk3370529]Thionyl chloride (6.50 g, 3.96 cm3, 54.64 mmol) was added dropwise via a syringe to a solution of sodium arylsulfinate salt (21.68 mmol) in dry toluene (50 cm3) under nitrogen. The reaction mixture was stirred at room temperature for 3 hours, then concentrated in vacuo at moderate heating to remove the extra thionyl chloride. The resulting sulfinyl chloride and sodium chloride and residual toluene was dissolved in dry diethyl ether (10 cm3) and cooled to 0 °C on an ice bath.  A solution of L-menthol (3.28 g, 20.03 mmol) in pyridine (2.45 g, 2.50 cm3, 30.91 mmol) was added in dropwise via a syringe. Immediately a white precipitate was formed which was allowed to stir at room temperature overnight. Crushed ice (10 g) was added, and the layers were separated. The aqueous layer was extracted with diethyl ether (3 × 20 cm3). The ether layer was washed with 20% aqueous hydrochloric acid (3 × 10 cm3), dried over MgSO4, filtered and concentrated in vacuo. The crude product was obtained as semi white crystals of a mixture diastereoisomers, which were separated by flash column chromatography on silica gel eluting with Et2O/petroleum 40-60 (1:9), followed by crystallization from acetone at −20 °C in several crops, providing (S)-(−)-menthyl arylsulfinate as pure white crystals. 
General procedure B for a chiral menthyl arylsulfinate
[bookmark: _Hlk18261760]Aryl sulfonyl chloride (3.00 mmol) was added to a solution of L-menthol (0.31 g, 2.0 mmol) in dichloromethane (10 cm3) at room temperature under nitrogen. Triethylamine (0.30 g, 0.42 cm3, 3.00 mmol) was added via a syringe in dropwise. Trimethyl phosphite (0.49 g, 0.47 cm3, 4.00 mmol) was added cautiously via a syringe. The reaction mixture was heated at reflux for 24 hours, then cooled to room temperature. The mixture was added to a beaker containing a mixture of ether (20 cm3) and 1 N hydrochloric acid (10 cm3) with vigorous stirring. The ether layer was separated, washed with saturated NaHCO3(10 cm3), brine (10 cm3), dried over MgSO4, filtered and concentrated vacuo. The crude product was purified by flash column chromatography on silica gel eluting with Et2O/petroleum 40-60 (1:9), followed by crystallization from acetone at −20 oC in several crops, providing a chiral menthyl arylsulfinate as pure white crystals.
(1R, 2S, 5R)-Menthyl (S) and (R)-benzenesulfinate (284 and 2285)144, 159



      
[bookmark: _Hlk18261793][bookmark: _Hlk18261820][bookmark: _Hlk18269935][bookmark: _Hlk6397665][bookmark: _Hlk6401171][bookmark: _Hlk6398096][bookmark: _Hlk9721309][bookmark: _Hlk6311764][bookmark: _Hlk3229084]Prepared according to the general procedure A using sodium benzenesulfinate (3.56 g, 21.68 mmol) giving the crude compound which was purified  by flash column chromatography on silica gel eluting with Et2O/ petroleum 40-60 (1:9),  providing a mixture of inseparable diastereoisomers (dr 1.3:1) as colourless oil (4.45 g, 76%); [α]23D -109 (c 2 in acetone) [lit.,159 [α]25D – 127.8 (c 2.01 in acetone)];  1H NMR (400 MHz; CDCl3) δH (minor) 0.74 (3H, d, J 6.9, CH3), 0.85 – 0.95 (14H, m, 4 × CH3 and 2 × CHH), 0.98 (3H, minor, d, J 6.5, CH3), 1.01 – 1.14 (2 H, m, 2 × CHH), 1.18 – 1.32 (2H, m, 2 × CHH),  1.34 – 1.56 (4H, m, 4 × CHH), 1.65  – 1.76 (4H, m, 4 × CHH), 2.08 – 2.19 [3H, m, 2 × CH(CH3) and CH(CH3)2], 2.28 – 2.35 [1H, minor, m, CH(CH3)2] , 4.15 (1H, minor, td, J 16.1 and 4.5, OCH), 4.23 (1H, major, td, J 16.1 and 4.5, OCH), 7.58 – 7.52 (6H, m, 6 × ArCH), 7.72 – 7.77 (4H, m, 4 × ArCH); 13C NMR (100 MHz, CDCl3)  (minor diastereomer) δ 15.5 (CH3), 20.9 (CH3), 22.1 (CH3), 23.2 (CH2), 25.2 (CH), 31.8 (CH), 34.0 (CH2), 43.0 (CH2), 47.9 (CH), 80.4 (OCH), 125.1 (2 × ArCH), 129.0 (2 × ArCH), 132.0 (ArCH), 146.1 (ArCS); (major diastereomer) δ 15.6 (CH3), 20.9 (CH3), 21.9 (CH3), 23.1 (CH2), 25.5 (CH), 31.9 (CH), 33.9 (CH2), 43.6 (CH2), 48.2 (CH), 82.3 (OCH), 124.6 (2 × ArCH), 129.0 (2 ×ArCH), 131.9 (ArCH), 146.2 (ArCS).
[bookmark: _Hlk6318106][bookmark: _Hlk18262846] (1R,2S,5R)-(-)-Menthyl (S)-p-toluene sulfinate (293)144, 160



[bookmark: _Hlk18262890][bookmark: _Hlk18262904][bookmark: _Hlk14790373][bookmark: _Hlk18266456]Prepared according to the general procedure B using sodium  p-toluenesulfonyl chloride (0.57 g, 3.00 mmol) giving a mixture diastereomers (dr 1.4:1) which were separated by flash column chromatography on silica gel eluting with Et2O/ petroleum 40-60 (1:9), followed by crystallization from acetone at −20 oC in several crops,  providing the pure (1R,2S,5R)-(-)-menthyl (S)- p-toluenesulfinate as white crystals (0.38 g, 66%); mp 102-104 °C (lit.,160 106-107 °C); [α]21D-195 (c 2 in acetone) (lit.,160 [α]25D  -199 (c 2 in acetone)); 1H NMR (400 MHz; CDCl3) δH 0.74 (3H, d, J 6.9 CH3), 0.89 (3H, d, J 7.0, CH3), 0.81 – 0.95 (1H, m, CH), 0.98 (3H, d, J 6.5 CH3), 1.00 – 1.12 (1H, m, CHH), 1.24 (1H, dd, J 23.9 and 12.0, CHH), 1.32 – 1.42 (1H, m, CHH), 145 – 1.57 (1H, m, CHH), 1.71 (2H, br d, J 11.7, CH and CH), 2.15 (1H, d sept, J  7.0 and 2.7 CHCH), 2.23-2.35 (1H, m, J 11.7, CH), 2.44 (3H, s, CH3), 4.13 (1H, td, J 16.1 and 4.5, OCH), 7.34 (2H, d, J 8.0, 2 × ArCH), 7.62 (2H, d, J 8.1, 2 × ArCH); 13C NMR (100 MHz, CDCl3) δC 15.5 (CH3), 20.8 (CH3), 21.5 (CH3), 22.1 (CH3), 23.2 (CH2), 25.2 (CH), 31.7 (CH), 34.0 (CH2), 43.0 (CH2), 47.9 (CH), 80.1 (OCH), 125.0 (2 × ArCH), 129.6 (2 × ArCH), 142.4 (ArC), 143.3 (ArCS).
(1R, 2S, 5R)-(+)-Menthyl (R)- 2-naphthalenesulfinate (297)147



[bookmark: _Hlk3370307][bookmark: _Hlk18266482][bookmark: _Hlk3370920][bookmark: _Hlk3278538][bookmark: _Hlk3235692][bookmark: _Hlk18271485]Prepared according to the general procedure B using 2-naphthalene sulfonyl chloride (0.67 g, 3.00 mmol) giving a mixture diastereomers (dr 1.5:1) which were separated by flash column chromatography on silica gel eluting with Et2O/ petroleum 40-60 (1:9), followed by crystallization from acetone at −20 oC, in several crops,  providing  the pure (1R,2S,5R)-(+)-menthyl (R)-2-naphthalenesulfonate as white crystals (0.18 g, 28%); mp 134-136 °C (lit.,147 133-136 °C); [α]23D +42 (c 1.36 in acetone) [lit.,147[α]25D  + 41.03 (c 1.36 in acetone)]; 1H NMR (400 MHz; CDCl3) δH 0.81 – 1.00 (10H, m, 3 × CH3 and CHH), 1.00 – 1.16 (1H, m, CH), 1.30 (1H, dd, J 23.7 and 11.9, CHH),  1.38 – 1.56 (2H, m, CHH and CHH), 1.63 – 1.77 (2H, m, CHCH and CHCH), 2.11 – 2.27 (2H, m,  CH and CH), 4.28 (1H, td, J  15.8 and 4.2, OCH), 7.57 – 7.66 (2H, m, 2 × ArCH), 7.74 (1H, d, J 8.4, ArCH), 7.93 (1H, d, J 7.3, ArCH), 8.00 (2H, d, J 8.2, 2 × ArCH), 8.28 (1H, s, ArCH); 13C NMR (100 MHz, CDCl3) δ15.7 (CH3), 20.9 (CH3), 21.9 (CH3), 23.1 (CH2), 25.6 (CH), 31.9 (CH), 33.9 (CH2), 43.6 (CH2), 48.3 (CH), 82.3 (OCH), 120.6 (ArCH), 125.3 (ArCH), 127.2 (ArCH), 128.0 (ArCH), 128.1 (ArCH), 129.1 (ArCH), 129.2 (ArCH), 132.6 (ArC), 135.0 (ArC), 143.4 (ArCS).

[bookmark: _Hlk2617946](1R,2S,5R)-(-)-Menthyl (S)-4-methoxbenzenesulfinate (298)147



[bookmark: _Hlk5629845][bookmark: _Hlk618448]Prepared according to the general procedure B using 4-methoxybenzenesulfonyl chloride (0.62 g, 3.00 mmol) giving a mixture diastereomers (dr 1.1:1) which were separated by flash column chromatography on silica gel eluting with Et2O/ petroleum 40-60 (1:9), followed by crystallization from acetone at −20 in several crops provided the pure (1R,2S,5R)-(-)-menthyl (S)-4-methoxybenzenesulfinate as white crystals (0.27 g, 44%); mp 114-115 °C (lit.,147 111-115 °C); [α]23D -189 (c 1.21 in CHCl3 ) [lit., 147[α]23D -189.3 (c 1.21 in CHCl3)];   1H NMR (400 MHz; CDCl3) δH 0.74 (3H, d, J 6.9, CH3), 0.89 (3H, d, J 7.1, CH3), 0.90 – 0.95 (1H, m, CHH), 0.98 (3H, d, J 6.6, CH3) 1.02 – 1.12 (1H, m, CHH), 1.24 (1H, dd, J 23.3 and 12.1, CHH),  1.32 – 143 (1H, m, CHH), 1.44 – 1.58 (1H, m, CHH), 1.70 (2H, br d, J 11.6, CHCH and CHCH3), 2.10-2.21 (1H, m, CHH), 2.29[1H, m, CH(CH3)2], 3.88 (3H, br s, CH3O) 4.13 (1H, td, J  10.7 and 4.5, OCH), 7.01 – 7.06 (2H, m, J 8.8, 2 × ArCH), 7.65 – 7.69 (2H, m, J 8.8, 2 × ArCH); 13C NMR (100 MHz, CDCl3) δ15.5 (CH3), 20.8 (CH3), 21.5 (CH3), 22.1 (CH3), 23.2 (CH2), 25.3 (CH), 31.7 (CH), 34.0 (CH2), 43.0 (CH2), 47.9 (CH), 55.5 (OCH3), 79.9 (OCH), 114.3 (2 × ArCH), 126.8 (2 × ArCH), 137.8 (ArC), 162.5(ArCS).
General procedure for 2-cyclopentenone ethylene ketal

[bookmark: _Hlk2602892][bookmark: _Hlk2603887]n-butyllithium (0.44 cm3, 2.5 M in hexane, 1.10 mmol) was added dropwise to dry THF (2 cm3) at −78 °C. After 10 minutes, a solution of 2-bromo-2-cyclopentenone ethylene ketal (0.21 g, 1.00 mmol) in THF (2 cm3) was added via a syringe. The pale-yellow solution was stirred for 1.50 hours at −78 °C. The resulting vinyllithium reagent was transferred through a cooled cannula to a stirred white suspension of menthyl arylsulfinate (1.5 mmol) in dry THF (3 cm3) at −78 °C. The yellow suspension was stirred for an additional 3.50 hours at −78°C, and then the cold bath was removed. The reaction mixture was quenched with saturated aqueous sodium dihydrogen phosphate (5 cm3) and then allowed to warm to room temperature. The solvent was removed in vacuo, followed by addition water (3 × 10 cm3). The mixture was extracted with dichloromethane (3 × 10 cm3), then dried over MgSO4.  After filtration, the solvent was removed in vacuo to give a sticky brown oil which purified by flash column chromatography on silica gel eluting with ethyl acetate / petroleum ether 40–60 (1:1). After the menthol, menthyl sulfinate and minor by-product fractions were collected, the solvent was changed to ethyl acetate. The combined ethyl acetate fractions were evaporated in vacuo to yield the sulfinyl ketal as a pale-yellow or colourless oil.
6-(Benzenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene (288) 




[bookmark: _Hlk9724314]Prepared according to the general procedure using a diastereomeric mixture of (1R, 2S, 5R)-menthyl benzenesulfinate 284 and 285 (0.42 g, 1.5 mmol) giving a pale-brown oil (0.12 g, 48%);   1H NMR (400 MHz; CDCl3) δH 2.15 – 2.29 (2H, m, CH2), 2.46 – 2.62 (2H, m, CH2), 3.74 – 3.81 (1H, m, CH),  3.81 – 3.87  (1H, m, CH),  3.88 – 3.93  (2H, m, 2 × CH),  6.75 (1H, td, J 3.9 and 1.0, =CH), 7.49 – 7.55 (3H, m, 3 × ArCH), 7.69 – 7.74 (2H, m, 2 × ArCH); 13C NMR (100 MHz; CDCl3) δC 28.4 (CH2), 37.4 (CH2), 65.2 (CH2), 65.40 (CH2), 118.4 (C), 125.6 (2 × ArCH), 129.0 (2 × ArCH), 131.1 (ArCH), 143.1 (=CH), 143.7 (ArC), 148.5 (=C).


[bookmark: _Hlk9726339][bookmark: _Hlk18275303](S)-(+)-6-(p-Toluenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene (295)144 




[bookmark: _Hlk9024558][bookmark: _Hlk14790339][bookmark: _Hlk18274372][bookmark: _Hlk14790352][bookmark: Note1N12]Prepared according to the general procedure using (1R, 2S, 5R)-(-)-menthyl (S)-p-toluenesulfinate 293 (0.44 g, 1.5 mmol) giving a pale yellow oil (0.11 g, 42%); [α]21D +79 (c 0.25 in CHCl3) [lit.,144 [α]25D +78 (c 0.25 in CHCl3)];  1H NMR (400 MHz; CDCl3) δH 2.15 – 2.29 (2H, m, CH2), 2.42 (3H, s, CH3), 2.46 – 2.61 (2H, m, CH2), 3.70 – 3.76  (1H, CHH),  3.79 – 3.85 (1H, m, CHH), 3.89 – 3.95 (2H, m, CH2), 6.74 (1H, t, J 2.6, =CH), 7.31 (2H, d, J 8.0, ArCH), 7.60 (2H, d, J 8.2, ArCH);  13C NMR (100 MHz; CDCl3) δC 21.5 (CH3), 28.3 (CH2), 37.5 (CH2), 65.2 (CH2), 65.4 (CH2), 118.3 (C), 125.7 (2 × ArCH), 129.7 (2 × ArCH), 140.6 (ArC), 141.7 (ArC), 142.5 (=CH), 148.6 (=C).
[bookmark: _Hlk2800842][bookmark: _Hlk2800620][bookmark: _Hlk18372136] (R)-6-(2-Naphthalenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene (299) 




[bookmark: _Hlk11695997]Prepared according to the general procedure using (1R, 2S, 5R)-(+)-menthyl (R)-2-naphthelenesulfinate  297 (0.50 g, 1.5 mmol) giving a pale yellow oil (0.20 g, 66%); [α]21D +79o (c 0.25 in CHCl3); 1H NMR (400 MHz; CDCl3) δH 2.16 – 2.30 (2H, m, CH2), 2.48 – 2.64 (2H, m, CH2), 3.72  –  3.84 (2H, m, CH2),  3.86 – 3.91 (1H, m, CH2), 3.89 – 3.95 (2H, m, CH2), 6.80 (1H, t, J 2.6, =CH), 7.56 – 7.64 (2H, m, ArCH), 7.66 (1H, dd, J 8.6 and 1.7, ArCH), 7.89 – 7.98 (3H, m, ArCH), 8.29 (1H, br s, ArCH); 13C NMR (100 MHz; CDCl3) δC 28.4 (CH2), 37.4 (CH2), 65.2 (CH2), 65.4 (CH2), 118.4 (C), 121.5 (ArCH), 126.0 (ArCH), 127.1 (ArCH), 127.8 (ArCH), 128.1 (ArCH), 128.6 (ArCH), 29.1 (ArCH), 132.8 (ArC), 134.5 (ArC), 140.8 (ArC), 143.6 (=CH), 148.4 (=C).

[bookmark: _Hlk18369638][bookmark: _Hlk25031514](S)-6-(4-Methoxybenzenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene (301)148




[bookmark: _Hlk5626187][bookmark: _Hlk25031383]Prepared according to the general procedure using (1R, 2S, 5R)-(-)-menthyl (S)-4-methoxybenzenesulfinate 298 (0.47 g, 1.5 mmol) giving colourless oil (0.12 g, 43%); [α]21D +37o (c 1.45 in acetone);  1H NMR (400 MHz; CDCl3) δH 2.16 – 2.32 (2H, m, CH2), 2.47 – 2.63 (2H, m, CH2),  3.62 (1H, dd, J 13.8 and 6.2, CHH), 3.79 (1H, dd, J 13.8 and 6.2, CHH), 3.87 (3H, s, OCH3), 3.91 (2H, t, J 6.2, CH2), 6.76 (1H, t, J 2.6, =CH), 7.01 (2H, d, J 8.9,  2 × ArCH), 7.65 (2H, d, J 8.9,  2 × ArCH); 13C NMR (100 MHz; CDCl3) δC 28.2 (CH2), 37.6 (CH2), 55.5 (OCH3), 65.2 (CH2), 65.4 (CH2), 114.4 (2 × ArCH), 118.4 (C), 128.0 (2 × ArCH), 134.8 (=C), 142.1 (=CH), 148.5 (ArC), 162.1 (COCH3).
General procedure for 2-(Arylsulfinyl)-2-cyclopentenones
Anhydrous copper (II) sulfate (2.46 g, 15.41 mmol) was added to the ketal sulfoxide (1.02 mmol) dissolved in acetone (8 cm3) under nitrogen. The mixture was stirred vigorously at room temperature for 24 hours. The suspension was filtered, and the filter cake was washed with acetone (3 ×10 cm3). The solvent was removed in vacuo to yield pure white crystals.

[bookmark: _Hlk14015559][bookmark: _Hlk18371112]2-(Benzenesulfinyl)-2-cyclopentenone (289)161




Prepared according to the general procedure using 6-(benzenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene 288 (0.21 g, 1.02 mmol) giving a white solid (0.07 g, 41%); mp 70 – 72 ºC (lit.,161 mp 72 – 74 ºC); 1H NMR (400 MHz; CDCl3) δH 2.46 – 2.68 (2H, m, CH2), 2.70 – 2.92 (2H, m, CH2), 7.50 –7.54 (3H, m, ArCH), 7.79 – 7.83  (2H, m, ArCH), 8.17 (1H, t, J 2.8, =CH); 13C NMR (100 MHz; CDCl3) δC 27.6 (CH2), 36.4 (CH2), 124.8 (2 × ArCH), 129.3 (2 × ArCH), 131.5 (ArCH), 142.5 (ArC), 151.6 (C=), 163.7 (CH=), 202.1 (C=O).
1H NMR data was in accordance with the literature.161
(S)-(+)-2-(p-Toluenesulfinyl)-2-cyclopentenone (278)144



Prepared according to the general procedure using (S)-(+)-6-(p-toluenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene 295 (0.27 g, 1.02 mmol) giving white crystals (0.16 g, 73%); mp 122 –124 ºC (lit.,144 mp 125 – 126 ºC); [α]21 D +143 (c 0.11 in CHCl3) (lit.,144 [α]25D  +148 (c 0.11 in CHCl3); 1H NMR (400 MHz; CDCl3) δH 2.32 (3H, s, CH3), 2.33 – 2.56 (2H, m, CH2), 2.60 – 2.82 (2H, m, CH2), 7.22 (2H, d, J 8.2, ArCH), 7.58 (2H, d, J 8.2, ArCH), 8.06 (1H, t, J 2.8, =CH); 13C NMR (100 MHz; CDCl3) δC 21.5 (CH3), 27.5 (CH2), 36.4 (CH2), 125.0 (2 × ArCH), 130.0 (2 × ArCH), 139.2 (CCH3), 142.2 (ArC), 151.9 (C=), 163.3 (CH=), 202.1 (C=O).
1H NMR data was in accordance with the literature.144
(R)-(-)-2-( Naphthalenesulfinyl)-2-cyclopentenone (300)



[bookmark: _Hlk11998669][bookmark: _Hlk12000010]Prepared according to the general procedure using  (R)-(-)-6-(2-naphthalenesulfinyl)-1,4-dioxaspiro[4.4]non-6-ene 299 (0.27 g, 1.02 mmol) giving white crystals (0.16 g, 73%); mp 122 –124 ºC; [α]21 D -290 (c 0.11 in CHCl3); 1H NMR (400 MHz; CDCl3) δH 2.49 (1H, ddd, J 19.4, 6.9 and 2.5, CH), 2.63 (1H, ddd, J 19.4, 6.9 and 2.5, CH), 2.70 – 2. 78 (1H, m, CH), 2.84 – 2. 93 (1H, m, CH), 7.57 –7.64 (2H, m, 2 × ArCH), 7.80 (1H, dd, J 8.6 and 1.7, ArCH), 2.57 – 2.64 (3H, m, 3 × ArCH), 8.22 (1H, t, J 2.8, =CH), 8.34 (1H, br s, ArCH); 13C NMR (100 MHz; CDCl3)  δC 27.6 (CH2), 36.4 (CH2), 120.3 (ArCH), 125.7 (ArCH), 127.2 (ArCH), 128.0 (2 × ArCH), 128.8 (ArCH), 129.6 (ArCH), 132.8 (ArC), 134.7 (ArC), 139.5 (ArC), 151.6 (C=), 163.8 (CH=), 202.1 (C=O).
 (S)-(+)-2-(4-Methoxybenzenesulfinyl)-2-cyclopentenone (302)148

 

[bookmark: _Hlk10308746]Prepared according to the general procedure using (S)-6-[(4-methoxyphenyl)sulfinyl)]-1,4-dioxaspiro[4.4]non-6-ene 301 (0.29 g, 1.02 mmol) giving white crystals (0.19 g, 79%); mp 121–  122 ºC (lit.,148 mp 120.5 – 121.5 ºC from EtOAc,  DCM and hexane); [α]23 D +142 (c 1.45 in acetone) (lit.,148  [α]25D  +141 (c 1.45 in acetone);  1H NMR (400 MHz; CDCl3) δH 2.46 – 2.67 (2H, m, CH2), 2.71 – 2.92 (2H, m, CH2), 3.86 (3H, s, CH3), 7.01 (2H, dt, J 8.9 and 2.9, ArCH), 7.71 (2H, dt, J 8.9 and 2.9, ArCH), 8.17 (1H, t, J 2.9, =CH);  13C NMR (100 MHz; CDCl3) δC 27.5 (CH2), 36.4 (CH2), 55.5 (CH3), 114.8 (2 × ArCH), 127.1 (2 × ArCH), 133.3 (ArCOCH3), 151.8 (ArC), 162.4 (C=), 163.1 (CH=), 202.1(C=O).
General procedure for Diels-Alder reaction

[bookmark: _Hlk2247991]Under argon, ZnBr2 (0.45 g, 2.00 mmol) was added to a solution of 2-(Arylsulfinyl)-2-cyclopentenones (1.00 mmol) in dry dichloromethane (5 cm3) at room temperature. After 10 minutes, 9-methyl anthracene (0.19 g, 1.00 mmol) dissolved in dry dichloromethane (5 cm3) was added dropwise to the reaction mixture and stirred at ambient temperature. After 24 hours, water (10 cm3) was added followed by dichloromethane (10 cm3). The organic layer was separated, washed with brine (10 cm3), dried over MgSO4, filtered and the solvent removed in vacuo. The crude product was purified by column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (3:7) to afford the desired product as white crystals. 
[bookmark: _Hlk24403210] (±)-(11SR,12SR)-9,10,​11,​14,​15-​Pentahydro-12-(SR)-(benzenesulfinyl)-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (290)





[bookmark: _Hlk13741306][bookmark: _Hlk18361027]Prepared according to the general procedure using 2-(benzenesulfinyl)-2-cyclopentenone 289 (0.55 g, 1.00 mmol) giving white crystals (0.38 g, 53%); mp 139 – 141ºC; [α]23 D 0 (c 1 in CHCl3); vmax (ATR)/cm-1 3069, 2944, 2880, 1721, 1579, 1470, 1457; 1H NMR (400 MHz; CDCl3) δH 0.73 – 0.85 (2H, m, 2 × CHH), 1.26 – 1.39 (2H, m, 2 × CHH), 2.47 (1H, dt, J 9.1 and 2.4, CH), 2.57 (3H, s, CH3), 4.18 (1H, d, J 2.9, 10-H), 7.12 – 7.25 (2H, m, 2 × ArCH), 7.24 – 7.48 (5H, m, 5 × ArCH), 7.56 (2H, d, J 8.2, 2 × ArCH), 7.61 –  7.65 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 12.9 (CH3), 22.5 (CH2), 40.1 (CH2), 46.9 (CH), 49.2 (9-C), 50.1 (CH), 76.5 (C), 123.1 (ArCH), 123.2 (ArCH), 124.2 (ArCH), 124.9 (ArCH), 126.5 (ArCH), 126.8 (3 × ArCH), 127.0 (ArCH), 127.0 (ArCH), 129.1 (2 × ArCH), 132.0 (ArC), 140.9 (ArC), 141.1(ArC), 141.2 (ArC), 142.7 (ArC), 143.0 (ArC), 211.1 (C=O); m/z (ESI+) 421.1232 (20%, M+Na+. C26H22O2SNa requires 421.1233), 207 (100).
(11S,12S)-9,10,​11,​14,​15-​Pentahydro-12-(S)-(p-tolylsulfinyl)-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (296)



Prepared according to the general procedure using (S)-(+)-2-(p-toluenesulfinyl)-2-cyclopentenone 278 (0.22 g, 1.00 mmol) giving white crystals (0.22 g, 54%); mp 139 – 141 ºC; [α]22 D -114 (c 1 in CHCl3);  vmax (ATR)/cm-1 3059, 2944, 2880, 1721, 1593; 1H NMR (400 MHz; CDCl3) δH 0.73 – 0.90 (2H, m, 2 × CHH), 1.26 – 1.41 (2H, m, 2 × CHH), 2.35 (3H, s, CH3), 2.46 (1H, dt, J 9.1 and 2.4, CH), 2.56 (3H, s, CH3), 4.18 (1H, d, J 2.9, 10-H), 7.11 – 7.23 (4H, m, 4 × ArCH), 7.23 – 7.36 (5H, m, 5 × ArCH), 7.43 (2H, d, J 8.2, 2 × ArCH), 7.58 – 7.63 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 12.9 (CH3), 21.4 (CH3), 22.6 (CH2), 40.2 (CH2), 47.0 (CH), 49.1 (9-C), 50.1 (CH), 76.6 (C), 123.1 (ArCH), 123.2 (ArCH), 124.2 (ArCH), 124.8 (ArCH), 126.4 (ArCH), 126.7 (3 × ArCH), 126.9 (ArCH), 126.9 (ArCH), 129.7 (2 × ArCH), 137.8 (ArC), 140.9 (ArC), 141.3 (ArC), 142.6 (ArC), 142.8 (ArC), 143.1 (ArC), 211.1 (C=O); m/z (ESI+) 435.1401 (12%, M+Na+. C27H24O2SNa requires 435.1389), 359 (3), 221 (100).
(11S,12S)-9,10,​11,​14,​15-​Pentahydro-12-(R)-(2-naphthalenesulfinyl)-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (303)



Prepared according to the general procedure using (R)-(-)-2-(naphtelenesulfinyl)-2-cyclopentenone (0.27 g, 1.00 mmol) 300 giving white crystals (0.25 g, 55%); mp 240 – 243 ºC; [α]22 D -146 (c 1 in CHCl3); vmax (ATR)/cm-1 3061, 2939, 3855, 1722, 1587, 1448; 1H NMR (400 MHz; CDCl3) δH 0.68 – 0.83 (2H, m, 2 × CHH), 1.22 – 1.36 (2H, m, 2 × CHH), 2.56 – 2.62 (4H, m, CH and CH3), 4.19 (1H, d, J 2.9, 10-H), 7.11 – 7.27 (5H, m, ArCH), 7.30 – 7.37 (2H, m, ArCH), 7.53 – 7.65 (4H, m, ArCH), 7.83 – 7.89 (3H, m, ArCH), 8.03 (1H, s, ArCH);   13C NMR (100 MHz; CDCl3) δC 12.9 (CH3), 22.7 (CH2), 40.0 (CH2), 46.9 (CH), 49.3 (9-C), 50.2 (CH), 76.6 (CSO), 122.1 (ArCH), 123.2 (ArCH), 124.2 (ArCH), 124.8 (ArCH), 125.4 (ArCH), 126.4 (3 × ArCH), 126.7 (ArCH), 126.9 (ArCH), 127.4 (ArCH), 127.7 (ArCH), 128.0 (ArCH), 128.7 (ArCH),129.1 (ArCH), 132.4 (ArC), 134.8 (ArC), 138.2 (ArC), 140.9 (ArC), 141.2 (ArC), 142.7 (ArC), 143.1 (ArC), 211.1 (C=O); m/z (ESI+) 471.1389 (12%, M+Na+. C30H24O2SNa requires 471.1389), 449 (20), 257 (100), 128 (3).

[bookmark: _Hlk18360402] (11S,12S)-9,10,​11,​14,​15-​Pentahydro-12-(S)-(4-methoxybenzenesulfinyl)-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (304)



[bookmark: _Hlk25023393]Prepared according to the general procedure using (S)-(+)-2-(4-methoxybenzenesulfinyl)-2-cyclopentenone 302 (0.24 g, 1.00 mmol) giving white crystals (0.31 g, 71%); mp 145 – 146 ºC; [α]22 D -115 (c 1 in CHCl3); vmax (ATR)/cm-1 3029, 2953, 2847, 1725, 1669, 1593, 1497; 1H NMR (400 MHz; CDCl3) δH 0.70 – 0.96 (2H, m, 2 × CHH), 1.27 – 1.47 (2H, m, 2 × CHH), 2.46 (1H, dt, J 9.1 and 2.4, CH), 2.54 (3H, s, CH3), 3.82  (3H, s, OCH3), 4.18 (1H, d, J 2.9, 10-H), 6.89 (2H, d, J, 8.9, 2 × ArCH),  7.12 – 7.23 (2H, m, 2 × ArCH), 7.23 – 7.36 (5H, m, 5 × ArCH), 7.48 (2H, d, J 8.9, 2 × ArCH), 7.57 – 7.62 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 12.9 (CH3), 22.6 (CH2), 40.2 (CH2), 47.0 (CH), 49.1 (9-C), 50.2 (CH), 55.5 (OCH3), 76.7 (C), 114.5 (2 × ArCH), 123.1 (ArCH), 123.2 (ArCH), 124.2 (ArCH), 124.8 (ArCH), 126.4 (ArCH), 126.7 (ArCH), 126.9 (2 × ArCH), 128.4 (2 × ArCH), 131.7 (ArC), 140.9 (ArC), 141.3 (ArC), 142.8 (ArC), 143.0 (ArC), 162.5 (ArCS), 211.5 (C=O); m/z (ESI+) 451.1349 (16%, M+Na+. C27H24O3SNa requires 451.1338), 237 (100).
Reduction of ketones

General procedure A 

[bookmark: _Hlk1125416]Dry methanol (1.00 cm3) was added to a solution of sulfinyl ketone (0.02 g, 0.50 mmol) in dry THF (2 cm3) at room temperature. The mixture was cooled at -78 oC before the addition of a solution of SmI2 (0.1 M in THF, 5.00 cm3, 0.50 mmol).  The resultant dark blue mixture was stirred for 20 minutes at -78 °C, and then allowed to warm to room temperature. The yellow mixture was quenched by the addition of saturated aqueous K2CO3 (10 cm3), followed by extraction with dichloromethane (3 × 5 cm3), dried over MgSO4, filtered and concentrated by rotary evaporation. The crude product was puriﬁed by flash column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (1:9).
General procedure B 

Under a hydrogen atmosphere, a mixture of sulfinyl cycloadduct (1.40 mmol) and Raney nickel (0.40 g) in dry THF (25 cm3) was vigorously stirred at room temperature overnight.  After ﬁltration through a pad of Celite and evaporation of the solvent under reduced pressure, the crude product was puriﬁed by flash column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (1:9).
General procedure C 

[bookmark: _Hlk882274]A solution of ketone cycloadduct (1.00 mmol) in dry THF (10 cm3) was added drop wise via syringe to a stirred suspension of LiAlH4 (0.08 g, 2.00 mmol) in dry THF (5 cm3) at 0 °C. The reaction mixture was stirred for 8 hours at room temperature. After this time, the reaction allowed to cooled at 0 oC and quenched with aqueous HCl (1 M, 5 cm3) and water (5 cm3). The product was extracted with dichloromethane (3 × 10 cm3) dried over MgSO4, filtered and concentrated by rotary evaporation gave crude alcohol. Purification was carried out as described in each compound.
 (11S,12S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopent anthracen-​13-​one (203)

 
[bookmark: _Hlk9739406][bookmark: _Hlk31804975][bookmark: _Hlk25347234][bookmark: _Hlk17814825]Following the general procedure B, cycloadduct  304 (0.60 g, 1.40 mmol) was reduced to give  0.26 g (68%) of (11S,12S)-9,10,​11,​12,​14,​15-​hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one 203 as white crystals after purification by flash column chromatography eluting with EtOAc / petroleum 40-60 (1:9); mp 182-183 oC; [α]20D -165 (c 0.5 in CHCl3, ee 99 %); vmax (ATR) / cm-1 3069, 2941, 2925, 2877, 1724, 1483, 1450; 1H NMR (400 MHz; CDCl3)  δH 0.73 (1H, dt, J  17.9 and 11.0, CHH), 1.70 (1H, ddt, J 13.4, 11.0 and 1.7, CHH), 1.79 (1H, dddd, J 17.9, 9.4, 2.9 and 1.7, CHH), 2.02 (1H, ddt, J 13.4, 11.0 and 9.4, CHH), 2.13 (3H, s, CH3), 2.33 (1H, dd, J 9.4 and 1.5, CH), 2.94 (1H, tt, J  9.4 and 2.9, CH),  4.27 (1H, d, J 2.9, 10-H), 7.13 –7.25 (5H, m, ArCH), 7.30 – 7.40 (3H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 14.9 (CH3), 24.4 (CH2), 38.8 (CH2), 42.8 (CH), 45.5 (9-C), 50.4 (CH), 56.9 (CH), 121.5 (ArCH), 121.8 (ArCH), 123.1 (ArCH), 125.1 (ArCH), 125.8 (ArCH), 125.9 (ArCH), 126.2 (ArCH), 126.3 (ArCH), 140.8 (ArC), 143.0 (ArC), 144.5 (ArC), 144.9 (ArC), 218.8 (C=O); m/z (ESI+) 297.1250 (71%, M+Na+. C20H18ONa requires 297.1250), 286 (6), 258 (5), 193 (100), 178 (9); HPLC (Using Cellulose 2, 1.0 mL/min, 5% isopropanol in hexane); Rt 6.7 min (minor enantiomer).and Rt 8.5 min (major enantiomer).
(11S,12S,13S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopent anthracen-​13-​ol (220)


[bookmark: _Hlk16516786][bookmark: _Hlk18278541]Following the general procedure C, the solution of solution of (11S,12S)-9,10,​11,​12,​14,​15-​hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one 203 (0.27 g, 1.00 mmol) in THF (10 cm3) was added dropwise to the suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) to produce the alcohol 220 which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.22 g, 83%); 135 – 137 oC; [α]21.5D +34 (c 1 in CHCl3, ee 100%); vmax (ATR) / cm-1 3574, 2941, 2939, 2866, 1459; 1H NMR (400 MHz; CDCl3) δH 0.71 (1H, d, J 9.4, OH), 0.92 – 1.09 (1H, m, CHH), 1.51 – 1.61 (2H, m, CH2), 1.71 – 1.81 (1H, m, CHH), 2.14 (3H, s, CH3), 2.22 (1H, dd, J 11.2 and 6.6, COHCH), 2.54 – 2.64 (1H, m, CH), 4.20 (1H, d, J 2.8, 10-H), 4.25 – 4.32  (1H, m, CHOH), 7.06 – 7.21 (4H, m, ArCH), 7.25 – 7.36 (3H, m, ArCH), 7.39 – 7.43 (1H, m, ArCH);  13C NMR (100 MHz; CDCl3) δC 16.0 (CH3), 27.0 (CH2), 38.2 (CH2), 44.4 (9-C), 48.0 (CH), 48.2 (CH), 54.5 (CH), 74.3 (CH), 120.8 (ArCH), 122.7 (ArCH), 123.2 (ArCH), 125.4 (ArCH), 125.4 (ArCH), 125.7  (ArCH), 126.0  (ArCH), 126.1  (ArCH), 142.8 (ArC), 145.3 (ArC), 146.1 (ArC), 147.0  (ArC); m/z (ESI+) 376 (8%), 299.1398 (17, M+Na+. C20H20ONa requires 299.1406), 294 (99), 259 (99), 193 (100); HPLC (Using Cellulose 2, 1.0 mL/min, 5% isopropanol in hexane); Rt 5.2 min (major enantiomer), Rt 5.9 min (minor enantiomer). 
(±)-(11SR,12SR,13RS)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​ol82


Following the general procedure C, the solution of solution of (±)-(11RS,12RS)-9,10,​11,​12,​14,​15-​hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one 203 (0.27 g, 1.00 mmol) in THF (10 cm3) was added dropwise to the suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) to produce the cycloadduct which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.21 g, 80%); 98 – 100 oC (lit.,82 mp 79 – 81 ºC); 1H NMR (400 MHz; CDCl3) δH 0.71 (1H, d, J 9.6, OH), 0.97 – 1.10 (1H, m, CHH), 1.51 – 1.61 (2H, m, CH2), 1.71 – 1.81 (1H, m, CHH), 2.14 (3H, s, CH3), 2.23 (1H, dd, J 11.1 and 6.0, COHCH), 2.54 – 2.64 (1H, m, CH), 4.20 (1H, d, J 2.8, 10-H), 4.25 – 4.32  (1H, m, CHOH), 7.06 – 7.21 (4H, m, ArCH), 7.25 – 7.35 (3H, m, ArCH), 7.38 – 7.43 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 16.0 (CH3), 27.0 (CH2), 38.2 (CH2), 44.4 (9-C), 48.0 (CH), 48.2 (CH), 54.5 (CH), 74.3 (CH), 120.8 (ArCH), 122.7 (ArCH), 123.2 (ArCH), 125.4 (ArCH), 125.4 (ArCH), 125.7  (ArCH), 126.0  (ArCH), 126.1  (ArCH), 142.8 (ArC), 145.3 (ArC), 146.1 (ArC), 147.0  (ArC).
(11S, 12S)-9,10,​11,​12-​Tetrahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (229)


A solution of cycloadduct 203 (0.55 g, 2.00 mmol) in DMSO (15 cm3) was stirred at room temperature before the addition of fresh IBX (1.68 g, 6.00 mmol).  The reaction mixture was heated at 80 °C for 48 h, then cooled to room temperature. Water (20 cm3) was added to the reaction mixture, followed by filtration and extraction with Et2O (3 × 20 cm3). The combined organic extracts were washed with 5% aqueous NaHCO3 (3 × 20 cm3) and H2O (3 × 20 cm3), then dried over MgSO4.  After filtration, the solvent was removed in vacuo to give a yellow solid. The crude product was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (1:9) to afford white crystals (0.38 g, 70%); mp 166 – 167 ºC; [α]23 D -112 (c 0.5 in CHCl3);  vmax (ATR) / cm-1 3063, 3022, 2964, 2908, 1689, 1587, 1456; 1H NMR (400 MHz; CDCl3) δH 2.26 (3H, s, CH3), 2.41 (1H, d, J 6.2, CH), 3.43 – 3.47 (1H, m, CH), 4.45 (1H, d, J 3.0, 10-H),  5.79 (1H, dd, J 5.7 and 1.7, CH), 7.09 – 7.27 (6H, m, ArCH), 7.37 – 7.43 (3H,  m, =CH and 2 × ArCH);  13C NMR (100 MHz; CDCl3) δC  14.8 (CH3), 45.6 (9-C), 47.8 (CH), 50.3 (CH), 54.1 (CH), 121.8 (ArCH), 122.2 (ArCH), 123.6 (ArCH), 124.4 (ArCH), 126.0 (ArCH), 126.1 (ArCH), 126.2 (ArCH), 126.5 (ArCH), 137.0 (CH=), 139.8 (ArC), 141.2 (ArC), 143.5 (ArC), 145.6 (ArC), 164.4 (=CH), 208.1 (C=O); m/z (ESI+) 295 (4%), 273.1280 (100, M+H+. C20H17O requires 273.1274), 193 (8).
(±)-(11RS,12RS)-9,10,​11,​12-​Tetrahydro-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopent anthracen-​13-​one (229)82

 
[bookmark: _Hlk9739700][bookmark: _Hlk483922866][bookmark: _Hlk481712118][bookmark: _Hlk481711353][bookmark: _Hlk481708726][bookmark: _Hlk536487327]A solution of (±)-(11RS,12RS)-9,10,​11,​12,​14,​15-​hexahydro-​13H-9-​methyl-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one 203 (0.55 g, 2.00 mmol) in DMSO (15 cm3) was stirred at room temperature before the addition of fresh IBX (1.68 g, 6.00 mmol).  The reaction mixture was heated at 80 °C for 48 h, then cooled to room temperature. Water (20 cm3) was added to the reaction mixture, followed by filtration and extraction with Et2O (3 × 20 cm3). The combined organic extracts were washed with 5% aqueous NaHCO3 (3 × 20 cm3) and H2O (3 × 20 cm3), then dried over MgSO4.  After filtration, the solvent was removed in vacuo to give a yellow solid. The crude product was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum 40-60 (1:9) to afford pale yellow crystals (0.39 g, 71%); mp 156-158 °C (lit.,1 162–165 °C); 1H NMR (400 MHz; CDCl3) δH 2.23 (3H, s, CH3), 2.40 (1H, d, J 6.2, CH), 3.43–3.47 (1H, m, CH), 4.44 (1H, d, J 3.0, 10-H),  5.79 (1H, dd, J 5.7 and 1.7, CH), 7.08–7.25 (6H, m, ArCH), 7.35–7.42 (3H,  m, =CH and 2 × ArCH); 13C NMR (100 MHz; CDCl3) δC  14.8 (CH3), 45.6 (9-C), 47.8 (CH), 50.3 (CH), 54.1 (CH), 121.8 (ArCH), 122.2 (ArCH), 123.5 (ArCH), 124.4 (ArCH), 126.0 (ArCH), 126.1 (ArCH), 126.2 (ArCH), 126.4 (ArCH), 137.0 (CH=), 139.8 (ArC), 141.2 (ArC), 143.5 (ArC), 145.6 (ArC), 164.2 (=CH), 208.1 (C=O). 
General procedure for the β-alkylation of enone

[bookmark: _Hlk500218216]A solution of CuBr.Me2S (0.62 g, 3.03 mmol) in a Me2S:THF (5 cm3 :10 cm3) solvent mixture was stirred at -40 °C under argon before addition of a solution of Grignard reagent (3.00 equiv.). After stirring for 10 minutes, a solution of BF3.Et2O (0.43 g, 0.37 cm3, 3.03 mmol) was added and stirred for 10 minutes. The enone (0.55 g, 2.02 mmol) dissolved in THF (10 cm3) was added dropwise via syringe to the reaction mixture and stirred for 10 minutes maintaining the temperature at -40 °C. The solution was allowed to warm up to room temperature and stir for 4 hours. Saturated aqueous NH4Cl (20 cm3) was added to quench the reaction. The solution was allowed to stir for 15 minutes, followed by extraction with CH2Cl2 (3 × 20 cm3).  The combined organic layers were dried over MgSO4, filtered and concentrated by rotary evaporation gave the crude desired β-alkylated products. Purification was carried out as described in each compound.
[bookmark: _Hlk10564675][bookmark: _Hlk25024115][bookmark: _Hlk11799387] (11S,12S,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-phenyl-​endo- cyclopentanthracen-​13-​one (318)


Prepared according to the general procedure using phenylmagnesium bromide (3.0 M, 2.02 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.56 g, 80%); mp 89 –  90 °C; [α]23 D -145 (c 1 in CHCl3); vmax (ATR) / cm-1 3026, 2935, 1729, 1601, 1494, 1454; 1H NMR (400 MHz; CDCl3) δH 1.51 (1H, dd, J 17.8 and 9.7, COCHH), 2.17 (1H, dd, J 17.8 and 5.0, COCHH), 2.28 (3H, s, CH3), 2.66 (1H, d, J 9.7, COCH), 2.98 – 3.08  (2H, m, PhCH and PhCHCH), 4.42 (1H, d, J 2.8, 10-H), 7.07 – 7.26 (7H, m, ArCH), 7.26 – 7.37 (5H, m, ArCH), 7.48 – 7.54 (1H, m, ArCH);  13C NMR  (100 MHz; CDCl3) δC 15.1 (CH3), 43.7 (CHPh), 45.4 (9-C),  47.7 (CH2),  49.4 (CH), 52.4 (CH), 57.1 (CH), 121.6 (ArCH), 122.3 (ArCH), 123.4 (ArCH), 125.3 (ArCH), 125.9 (ArCH), 126.0 (ArCH), 126.4 (ArCH), 126.5 (ArCH), 126.6 (ArCH), 126.7 (2 × ArCH), 129.0 (2 × ArCH), 141.0 (ArC), 143.1 (ArC), 144.0 (ArC), 145.1 (ArC), 146.1 (ArC), 216.8 (C=O); m/z (ESI+) 373.1570 (37%, M+Na+. C26H22ONa requires 373.1563), 193 (19), 159 (100).
[bookmark: _Hlk18284739][bookmark: _Hlk9449893](±)-(11RS,12RS,15RS)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-phenyl-​endo-cyclopentanthracen-​13-​one (318)82


                        
[bookmark: _Hlk18284767][bookmark: _Hlk484122794][bookmark: _Hlk6680828][bookmark: _Hlk484190642]Prepared according to the general procedure using phenylmagnesium chloride (2.0 M, 3.03 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:9) giving white crystals (0.48 g, 70%); mp 102 –104 °C (Ref.,82 mp 186 –188 °C); vmax (ATR) / cm-1 3027, 2936, 1730, 1602;  1H NMR (400 MHz; CDCl3) δH 1.46 (1H, dd, J 17.9 and 9.4, COCHH), 2.07 – 2.16 (1H, m, COCHH), 2.21 (3H, s, CH3), 2.61 (1H, app. dd, J 9.4 and 1.8, COCH), 2.92 – 3.02  (2H, m, PhCH and PhCHCH), 4.42 (1H, d, J 2.8, 10-H), 7.07 – 7.26 (7H, m, ArCH), 7.26 – 7.37 (5H, m, ArCH), 7.43 – 7.48  (1H, m, ArCH); 13C NMR  (100 MHz; CDCl3) δC 15.0 (CH3),  43.7 (CHPh), 45.4 (9-C),  47.6 (CH2),  49.3 (CH), 52.3 (CH), 57.1 (CH), 121.5 (ArCH), 122.2 (ArCH), 123.3 (ArCH), 125.2 (ArCH), 125.9 (ArCH), 126.0 (ArCH), 126.3 (ArCH), 126.5 (ArCH), 126.6 (ArCH), 126.7 (2 × ArCH), 128.9 (2 × ArCH), 140.9 (ArC), 143.0 (ArC), 144.0 (ArC), 145.1 (ArC), 146.0 (ArC), 216.8 (C=O).
[bookmark: _Hlk11799923][bookmark: _Hlk25026401](11S, 12S,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-n-butyl-​endo- cyclopentanthracen-​13-​one (319)



Prepared according to the general procedure using tert-butyl magnesium chloride (2.0 M, 3.03 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.44 g, 67%); mp 148 – 149 °C; [α]23 D -156 (c 1 in CHCl3);  vmax (ATR) / cm-1 3070, 2971, 2921, 2852, 1727, 1483, 1455; 1H NMR (400 MHz; CDCl3) δH 0. 92 (3H, t, J 7.0, CH3), 1.03 (1H, dd, J 18.0 and 9.6, COCHH), 1.19 – 1.45 (6H, m, CH2), 1.63 (1H, ddd,  J 18.0, 3.4 and 1.6, CH2CHCH), 1.79 – 1.89 (1H, m, COCHH), 2.16 (3H, s, CH3), 2.40 (H, dd, J 9.6 and 1.3, COCH), 2.61 (1H, dt, J 9.6 and 2.7, COCHCH), 4.32 (1H, d, J 2.9, 10-H),  7.15 – 7.26 (5H, m, ArCH), 7.32– 7.33 (3H,  m, ArCH); 13C NMR  (100 MHz; CDCl3) δC  14.0 (CH3), 15.0 (CH3), 22.8 (CH2), 29.3 (CH2), 37.0 (CH2), 37.6 (CH), 45.3 (9-C), 45.8 (CH2), 50.0 (CH), 50.0 (CH), 56.7 (CH), 121.5 (ArCH), 122.9 (ArCH), 123.1 (ArCH), 125.0 (ArCH), 125.8 (ArCH), 125.9 (ArCH), 126.2 (ArCH), 126.3 (ArCH), 141.1 (ArC), 142.9 (ArC), 144.5 (ArC), 145.0 (ArC), 208.3 (C=O);  m/z (ES+) 353.200 (22%, M+Na+. C24H26ONa requires 353.200), 277 (7), 193 (10), 139 (100).
(11S,12S,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-iso-butyl-​endo- cyclopentanthracen-​13-​one (320)



Prepared according to the general procedure using tert-butyl magnesium chloride (2.0 M, 3.03 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.34 g, 51%); mp 109 – 111 °C; [α]23 D -173 (c 1 in CHCl3); vmax (ATR) / cm-1 3065, 3023, 2959, 2921, 2872, 1727, 1481, 1455;  1H NMR (400 MHz; CDCl3) δH 0.88 (3H, d, J 6.6, CH3), 0.95 (3H, d, J 6.6, CH3), 1.05 – 1.15 (2H, m, CH2), 1.24 – 1.33 (1H, m, CH), 1.53 – 1.68 (2H, m, CH and CH), 1.83 – 1.93 (1H, m, CH), 2.15 (3H, s, CH3), 2.39 (1H, dd, J 9.7 and 1.4, COCH), 2.58 (1H, dt, J 9.7 and 2.9 CH), 4.30 (1H, d, J 2.9, 10-H), 7.15 – 7.27 (5H, m, ArCH), 7.32 – 7.38 (3H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 15.0 (CH3), 22.4 (CH3), 23.0 (CH3), 25.5 (CH), 35.3 (CH),  45.3 (9-C), 46.1 (CH2),  46.7 (CH2), 49.8 (CH), 50.2 (CH), 56.4 (CH), 121.5 (ArCH), 122.0 (ArCH), 123.2 (ArCH), 125.0 (ArCH), 125.9 (ArCH), 125.9 (ArCH), 126.2 (ArCH), 126.3 (ArCH), 141.2 (ArC), 143.0 (ArC), 144.5 (ArC), 144.1 (ArC), 218.0 (C=O); m/z (ESI+) 353.1883 (22%, M+Na+. C24H26ONa requires 353.1876), 193 (22), 139 (100).
(11S,12S,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-tert-butyl-​endo- cyclopentanthracen-​13-​one (321)


Prepared according to the general procedure using tert-butyl magnesium chloride (2.0 M, 3.03 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.50 g, 74%); mp 139-142 °C; [α]23 D -147 (c 1 in CHCl3); vmax (ATR) / cm-1 3070, 2961, 1725, 1465, 1458;  1H NMR (400 MHz; CDCl3) δH 0.80 – 0.91 (10 H, m, 3 × CCH3 and CH), 1.63 (1H, dt, J 10.7 and 2.9, CH), 1.84 (1H, dt, J 10.7 and 2.9, CH),  2.13 (3H, s, CH3), 2.33 (1H, dd, J 9.7 and 1.5, COCH), 2.80 (1H, dt, J 9.7 and 2.9 CH), 4.19 (1H, d, J 2.9, 10-H), 7.15 – 7.27 (5H, m, ArCH), 7.32 – 7.37 (3H, m, ArCH); 13C NMR  (100 MHz; CDCl3) δC 15.0 (CH3),  26.9 (3 × CH3),  33.8 (C),  42.17 (CH2),  45.5 (9-C), 45.8 (CH), 48.5 (CH), 51.0 (CH), 57.9 (CH), 121.5 (ArCH), 121.9 (ArCH), 123.1 (ArCH), 125.1 (ArCH), 125.9 (ArCH), 125.9 (ArCH), 126.1 (ArCH), 126.3 (ArCH), 140.9 (ArC), 142.9 (ArC), 144.5 (ArC), 144.9 (ArC), 219.0 (C=O); m/z (ESI+) 353.1879 (14%, M+Na+. C24H26ONa requires 353.1876), 277 (14), 193 (17), 139 (100).

 (±)-(11RS,12RS,15RS)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-tert-butyl-​endo-cyclopentanthracen-​13-​one (321)


Prepared according to the general procedure using tert-butyl magnesium chloride (2.0 M, 3.03 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) giving white crystals (0.57 g, 86%); mp 46 – 48 °C; vmax (ATR) / cm-1 3067, 2961, 2871, 1730, 1466, 1459; 1H NMR (400 MHz; CDCl3) δH 0.82 – 0.92 (10 H, m, 3 × CH3 and CH), 1.64 (1H, dt, J 10.7 and 2.8 CH), 1.85 (1H, dt, J 10.7 and 2.8, CH),  2.14 (3H, s, CH3), 2.34 (1H, dd, J 9.7 and 1.5, COCH), 2.80 (1H, dt, J 9.7 and 2.9 CH), 4.20 (1H, d, J 2.9, 10-H), 7.15 – 7.27 (5H, m, ArCH), 7.32 – 7.39 (4H, m, ArCH); 13C NMR  (100 MHz; CDCl3) δC 15.0 (CH3),  27.0 (3 × CH3),  33.8 (C),  42.2 (CH2),  45.5 (9-C), 45.8 (CH), 48.5 (CH), 51.0 (CH), 57.9 (CH), 121.5 (ArCH), 121.9 (ArCH), 123.1 (ArCH), 125.2 (ArCH), 125.9 (ArCH), 125.9 (ArCH), 126.2 (ArCH), 126.3 (ArCH), 140.9 (ArC), 142.9 (ArC), 144.5 (ArC), 144.9 (ArC), 219.0 (C=O); m/z (ESI+) 353.1886 (37%, M+Na+. C24H26ONa requires 353.1876), 277 (14), 193 (30), 139 (100).
[bookmark: _Hlk18282002](±)-(11RS,12RS,15RS)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-hexyl-endo-cyclopentanthracen-​13-​one (328)

[bookmark: _Hlk481756962]
[bookmark: _Hlk483059857][bookmark: _Hlk882579][bookmark: _Hlk10619747][bookmark: _Hlk481711213][bookmark: _Hlk481711995][bookmark: _Hlk482259800][bookmark: _Hlk481711285][bookmark: _Hlk481711817][bookmark: _Hlk481712856][bookmark: _Hlk482004203][bookmark: _Hlk484126360]Prepared according to the general procedure using hexyl magnesium bromide (2.0 M, 3.03 cm3, 6.06 mmol), followed by purification by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:9) giving a colourless gum (0.51 g, 71%); vmax (ATR) / cm-1  2957, 2927, 2855, 1728, 1458; 1H NMR (400 MHz; CDCl3) δH 0.89 (3H, t, J 6.9, CH3), 1.00 (1H, dd, J 17.9 and 9.4, COCHH), 1.18–1.42 (10H, m, CH2), 1.58– 1.67 (1H, m, CH2CHCH), 1.77–1.86 (1H, m, COCHH) 2.13 (3H, s, CH3), 2.38 (H, dd, J 9.6 and 1.4, COCH), 2.58 (1H, dt, J 9.6 and 2.7, COCHCH) 4.29 (1H, d, J 2.9, 10-H),  7.13 – 7.24 (5H, m, ArCH), 7.31– 7.36 (3H,  m, ArCH); 13C NMR  (100 MHz; CDCl3)  δC  14.1 (CH3), 15.0 (CH3), 22.6 (CH2), 27.1 (CH2), 29.4 (CH2), 31.8 (CH2), 37.3 (CH2), 37.6 (CH), 45.3 (9-C), 45.8 (CH2), 50.0 (CH), 50.1 (CH), 56.7 (CH), 121.5 (ArCH), 122.0 (ArCH), 123.1 (ArCH), 125.0 (ArCH), 125.8 (ArCH), 125.9 (ArCH), 126.2 (ArCH), 126.3 (ArCH), 141.1 (ArC), 142.9 (ArC), 144.5 (ArC), 145.0 (ArC), 208.1 (C=O);  m/z (ES+) 381.2203 (100%, M+Na+. C26H30ONa requires 381.2189).
General procedure reduction of ketone 

A solution of ketone cycloadduct (1.00 mmol) in dry THF (10 cm3) was added drop wise via syringe to a stirred suspension of LiAlH4 (0.08 g, 2.00 mmol) in dry THF (5 cm3) at 0 °C. The reaction mixture was stirred for 8 hours at room temperature. After this time, the reaction allowed to cooled at 0 oC and quenched with aqueous HCl (1 M, 5 cm3) and water (5 cm3). The product was extracted with dichloromethane (3 × 10 cm3) dried over MgSO4, filtered and concentrated by rotary evaporation gave crude alcohol. Purification was carried out as described in each compound.
 (11S,12S,13S,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-phenyl-​endo-cyclopentanthracen-​13-​ol (322)

 
[bookmark: _Hlk17409735][bookmark: _Hlk18511337][bookmark: _Hlk10703281]Following the general procedure , a suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) was added dropwise to solution of  (11S,12S,15S)-9,10,​11,​12,​14,​15-​hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-phenyl-​endo-cyclopentanthracen-​13-​one 318 (0.35 g, 1.00 mmol) in THF (10 cm3),  to produce the alcohol which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) to give white crystals (0.22 g, 63%); mp 141-142 °C; [α]23 D +90 (c 1 in CHCl3); vmax (ATR) / cm-1  3574, 3063, 3023, 2928, 1600, 1492, 1454;  1H NMR (400 MHz; CDCl3) δH 0.99 (1H, d J 9.0, OH), 1.90 (1H, dd, J 13.1  and 5.5, CHH), 1.98 (1H, td, J 13.1 and 4.1, CHH), 2.18 (3H, s, CH3), 2.46 – 2.57 (2H, m, PhCH and CHCHPh), 2.62 (1H, td, J 10.9 and 2.8, CHCHOH), 4.15 (1H, d, J 2.8, 10-H), 4.40 – 4.47 (1H, m, CHOH), 7.00 –7.20 (3H, m, ArCH), 7.21 –7.33 (6H, m, ArCH), 7.36 –7.43 (3H, m, ArCH), 7.44 – 7.49 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 15.8 (CH3), 44.5 (9-C), 46.0 (CH), 46.0 (CH2), 46.3 (CH), 55.0 (CH), 56.0 (CH), 73.6 (CHOH), 120.7 (ArCH), 122.9 (ArCH), 123.5 (ArCH), 125.4 (ArCH), 125.5 (ArCH), 126.0 (ArCH), 126.1 (ArCH), 126.3 (ArCH), 126.5 (ArCH), 127.6 (2 × ArCH), 128.6 (2 × ArCH), 142.8 (ArC), 143.1 (ArC), 145.2 (ArC), 145.6 (ArC), 147.1 (ArC); m/z (ESI+) 398 (4%), 375.1725 (22, M+Na+. C26H24ONa requires 357.1719), 370 (69), 335 (100), 193 (85), 143 (21).
[bookmark: _Hlk33003291](±)-(11SR,12SR,13RS,15SR)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-phenyl-endo- cyclopentanthracen-​13-​ol (322)82



[bookmark: _Hlk500221337][bookmark: _Hlk484342852][bookmark: _Hlk484189100][bookmark: _Hlk484189630][bookmark: _Hlk484189902][bookmark: _Hlk484190084]Following the general procedure, a suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) was added dropwise to solution of (±)-(11RS,12RS,15RS)-9,10,11,12,14,15-hexahydro-9-phenyl-13H-9,10[1',2']-15-methyl-endo-cyclopentanthracen-13-one 318 (0.35 g, 1.00 mmol) in THF (10 cm3),  to produce the alcohol which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) to give white crystals (0.15 g, 43%); mp 110-112°C (Ref.,82 mp 210–213 °C); vmax (ATR) / cm-1  3583, 3054, 2986, 1602, 1455, 1387, 1265; 1H NMR (400 MHz; CDCl3) δH 1.02 (1H, br. s, OH), 1.90 (1H, dd, J 12.5  and 5.5, CHH), 2.00 (1H, td, J 12.5 and 4.1, CHH), 2.18 (3H, s, CH3), 2.45–2.58 (2H, m, PhCH and CHCHPh), 2.62 (1H, td, 10.9 and 2.8, CHCHOH), 4.16 (1H, d, J 2.8, 10-H), 4.43 (1H, t, 4.7, CHOH), 7.00 –7.20 (3H, m, 3 ×  ArCH ), 7.21–7.34 (6H, m, 6 × ArCH), 7.35–7.43 (3H, m, 3 × ArCH), 7.44–7.49 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 15.8 (CH3), 44.5 (9-C), 46.0 (CH), 46.0 (CH2), 46.3 (CH), 55.0 (CH), 56.0 (CH), 73.6 (CHOH), 120.7 (ArCH), 122.9 (ArCH), 123.5 (ArCH), 125.4 (ArCH), 125.5 (ArCH), 126.0 (ArCH), 126.1 (ArCH), 126.3 (ArCH), 126.5 (ArCH), 127.6 (2 × ArCH), 128.6 (2 × ArCH), 142.8 (ArC), 143.1 (ArC), 145.2 (ArC), 145.6 (ArC), 147.1 (ArC).

(11S,12S,13S,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-n-butyl-​endo-cyclopentanthracen-​13-​ol (323)



Following the general procedure, a suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) was added dropwise to solution of  (11S, 12S,15S)-9,10,​11,​12,​14,​15-​hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-n-butyl-​endo-cyclopentanthracen-​13-​one 319 (0.33 g, 1.00 mmol) in THF (10 cm3),  to produce the alcohol which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) to give white crystals (0.22 g, 67%); mp 88- 89°C; [α]24 D +64 (c 1 in CHCl3); vmax (ATR) / cm-1  3596, 3067, 2941, 2920, 2850, 1479, 1451, 1378; 1H NMR (400 MHz; CDCl3) δH 0.72 (1H, d J 8.9, OH), 0.99 (3H, t, J 6.6, CH3), 1.25 – 1.44 (7H, m, 3 × CH2 and CH), 1.70 – 1.79 (2H, m, CH and CH), 2.15 (3H, s, CH3), 2.19 (1H, dd, J 9.3 and 2.6,  CH), 2.32 (1H, dd, J 11.2 and 6.2, COCH), 4.27 (1H, d, J 2.9, 10-H), 4.27 – 4.35 (1H, m, CHOH), 7.07 – 7.24 (4H, m, ArCH), 7.26 – 7.36 (3H, m, ArCH), 7.41 – 7.45 (1H, m, ArCH); 13C NMR  (100 MHz; CDCl3) δC 14.1 (CH3),  15.8 (CH3), 23.1 (CH2), 30.7 (CH2), 34.0 (CH2), 39.9 (CH), 44.4 (9-C), 44.8 (CH2), 47.3 (CH), 54.4 (CH), 55.3 (CH), 73.6 (CH), 120.7 (ArCH), 122.8 (ArCH), 123.2 (ArCH), 125.3 (ArCH), 125.4 (ArCH), 125.7 (ArCH), 125.8 (ArCH), 126.1 (ArCH),  143.2 (ArC), 145.2 (ArC), 146.0 (ArC), 147.2 (ArC); m/z (ESI+) 355.2040 (19%, M+Na+. C24H28ONa requires 355.2032), 350 (64), 315 (97), 193 (100), 123 (40).
(11S,12S,13R,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-iso-butyl-​endo-cyclopentanthracen-​13-​ol (324)



[bookmark: _Hlk11975484][bookmark: _Hlk11790442][bookmark: _Hlk11792614][bookmark: _Hlk11796004][bookmark: _Hlk11796710][bookmark: _Hlk13643736][bookmark: _Hlk10566617]Following the general procedure, a suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) was added dropwise to solution of  (11S,12S,15S)-9,10,​11,​12,​14,​15-​hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-iso-butyl-​endo-cyclopentanthracen-​13-​one 320 (0.33 g, 1.00 mmol) in THF (10 cm3),  to produce the alcohol which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) to give white crystals (0.21 g, 64%); mp 99 - 100 °C; [α]24 D +63 (c 1 in CHCl3); vmax (ATR) / cm-1  3582, 3072, 2947, 2899, 1481, 1458, 1373; 1H NMR (400 MHz; CDCl3) δH 0.81 (1H, d J 9.7, OH), 0.99 (3H, d J 6.5, CH3), 1.08 (3H, d, J 6.5, CH3), 1.26 – 1.39 (2H, m, CH2), 1.44 – 1.55 (1H, m, CH), 1.58 – 1.66 (1H, m, CH), 1.70 – 1.79 (1H, m, CH), 1.82 (1H, dd, J 12.7 and 5.3 CH), 2.17 – 2.23 (1H, m, CH), 2.20 (3H, s, CH3), 2.35 (1H, dd, J 11.3 and 5.1, COCH), 4.31 (1H, d, J 2.9, 10-H), 4.27 – 4.35 (1H, m, CHOH), 7.14 – 7.29 (4H, m, ArCH), 7.33 – 7.43 (3H, m, ArCH), 7.48 – 7.52 (1H, m, ArCH); 13C NMR  (100 MHz; CDCl3) δC 15.9 (CH3),  22.7 (CH3), 23.8 (CH3), 26.9 (CH), 37.8 (CH), 44.3 (CH2), 44.5 (9-C), 45.2 (CH2), 47.3 (CH), 54.8 (CH), 55.2 (CH), 73.7 (CH), 121.8 (ArCH), 122.9 (ArCH), 123.2 (ArCH), 125.4 (ArCH), 125.5 (ArCH), 125.8 (2 × ArCH), 126.2 (ArCH), 143.2 (ArC), 145.3 (ArC), 146.0 (ArC), 147.3 (ArC); m/z (ESI+) 355.2041 (20%, M+Na+. C24H28ONa requires 355.2032), 350 (94), 327 (6), 315 (67), 193 (100), 123 (41).
(11S,12S,13R,15S)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-tert-butyl-​endo-cyclopentanthracen-​13-​ol (325)



[bookmark: _Hlk18286542][bookmark: _Hlk18070502]Following the general procedure, a suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) was added dropwise to solution of  (11S,12S,15S)-9,10,11,12,14,15-hexahydro-9-methyl-13H-9,10[1',2']-15-tert-butyl-endo-cyclopentanthracen-13-one 321 (0.33 g, 1.00 mmol) in THF (10 cm3),  to produce the alcohol which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) to give white crystals (0.20 g, 61%); mp 110-112 °C; [α]23 D +73 (c 1 in CHCl3); vmax (ATR) / cm-1  3587, 3069, 3023, 2953, 1574, 1456; 1H NMR (400 MHz; CDCl3) δH 0.61 (1H, d J 9.4, OH), 1.00 (9H, s, 3 × CCH3), 1.28 – 1.37 (1H, m, CH), 1.52 (1H, td, J 12.3 and 4.3 CH), 1.55 – 1.62 (1H, m, CH), 2.12 (3H, s, CH3), 2.30 (1H, dd, J 11.5 and 6.0, COCH), 2.36 – 2.43 (1H, m, CH), 4.18 – 4.25 (1H, m, CHOH), 4.36 (1H, d, J 2.4, 10-H), 7.06 – 7.22 (4H, m, ArCH), 7.23 – 7.31 (2H, m, ArCH), 7.31 – 7.35 (1H, m, ArCH), 7.41 (1H, t, J 4.4 ArCH); 13C NMR (100 MHz; CDCl3) δC 15.8 (CH3), 28.9 (3 × CH3), 32.4 (C), 40.4 (CH2), 44.5 (9-C), 49.1 (CH), 49.2 (CH), 49.6 (CH), 55.9 (CH), 72.9 (CH), 121.7 (ArCH), 122.7 (ArCH), 123.2 (ArCH), 125.3 (ArCH), 125.5 (ArCH), 125.7 (ArCH), 126.1 (ArCH), 126.1 (ArCH), 142.5 (ArC), 145.7 (ArC), 146.3 (ArC), 146.9 (ArC); m/z (ESI+) 378 (2%), 355.2040 (23, M+Na+. C24H28ONa requires 355.2032), 350 (31), 315 (100), 193 (53), 123 (50).
[bookmark: _Hlk18285658](±)-(11SR,12SR,13RS,15SR)-9,10,​11,​12,​14,​15-​Hexahydro-​9-​methyl-13H-​9,​10[1',​2']​-15-tert-butyl-​endo- cyclopentanthracen-​13-​ol (325)




[bookmark: _Hlk10611823]Following the general procedure, a suspension of LiAlH4 (0.08 g, 2.00 mmol) in THF (5 cm3) was added dropwise to solution of  (±)-(11SR,12SR,15SR)-9,10,11,12,14,15-hexahydro-9-methyl-13H-9,10[1',2']-15-tert-butyl-endo-cyclopentanthracen-13-one 321 (0.33 g, 1.00 mmol) in THF (10 cm3),  to produce the alcohol which was purified by flash column chromatography on silica gel eluting with EtOAc / petroleum ether 40–60 (1:12) to give white crystals (0.24 g, 71%); mp 110-112 °C; vmax (ATR)/cm-1 3581, 3058, 2962, 1466, 1452; 1H NMR (400 MHz; CDCl3) δH 0.61 (1H, d J 9.4, OH), 1.00 (9H, s, 3 × CH3), 1.28 – 1.37 (1H, m, CH), 1.49 (1H, td, J 12.3 and 4.3 CH), 1.55 – 1.62 (1H, m, CH), 2.12 (3H, s, CH3), 2.30 (1H, dd, J 11.4 and 5.9, COCH), 2.36 – 2.44 (1H, m,  CH), 4.18 – 4.25 (1H, m, CHOH), 4.36 (1H, d, J 2.5, 10-H), 7.05 – 7.21 (4H, m, 4 ×  ArCH), 7.23 – 7.31 (2H, m, 2 × ArCH), 7.31 – 7.35 (1H, m, ArCH), 7.38 – 7.42 (1H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 15.8 (CH3), 28.9 (3 × CH3), 32.4 (C), 40.4 (CH2), 44.4 (9-C), 49.1 (CH), 49.2 (CH), 49.6 (CH), 55.9 (CH), 72.9 (CH), 120.7 (ArCH), 122.7 (ArCH), 123.2 (ArCH), 125.3 (ArCH), 125.5 (ArCH), 125.7 (ArCH), 126.1 (ArCH), 126.1 (ArCH), 142.5 (ArC), 145.7 (ArC), 146.3 (ArC), 146.9 (ArC); m/z (ESI+) 355.2026 (23%, M+Na+. C24H28ONa requires 355.2032), 315 (100), 193 (49), 123 (49).

General procedure for a retro Diels-Alder reaction
A 50 cm quartz thermolysis tube was connected with “O”-ring joints to a 25 cm3 flask containing crystals of the starting material, and the other end to a cold trap. The starting material was heated to the desired the temperature before reaching the thermolysis tube which was heated at the chosen temperature under vacuum until no more of the cycloadduct was observed. After allowing the system to reach RT, the remaining residue in the nitrogen trap was analyzed by 1H NMR spectroscopy without further purification as most of these compounds were unstable under the standard conditions of silica gel chromatography and were analysed directly by GC or HPLC. 
[bookmark: _Hlk33005698](±)-2-Cyclopenten-1-ol (330)162


Following the general procedure, the reduced cycloadduct 220 (0.13 g, 0.39 mmol) was heated at 170 oC, for the inlet oven and 642 oC for furnace (0.005 Hg, 75 mints),  the title alcohol obtain as colourless oil  (0.02 g, 49%); 1H NMR (400 MHz; CDCl3) δH 1.61-1.76 (2H, m, CH2), 1.81 (1H, br. s, OH), 2.21-2.35 (2H, m,  CH2), 1.73-176 (1H, m,  CHH), 2.74 – 2.80 (1H, m, CH), 4.86 (1H, m, CHOH), 5.87 – 5.91 (1H, m, =CHOH), 4.18 – 4.25 (1H, m, CH=); 13C NMR (100 MHz, CDCl3) δC 30.9 (CH2), 33.3 (CH2), 77.6 (CHOH), 133.3 (=CH), 135.1 (=CH); chiral GC (β-cyclodextrin column at 80 oC) Rt 18.17 min and Rt 18.43 min.
(R)-2-Cyclopenten-1-ol (330)


Following the general procedure, the reduced cycloadduct 220 (0.13 g, 0.39 mmol) was heated at 170 oC, for the inlet oven and 642 oC for furnace (0.005 Hg, 75 mints),  the title alcohol obtain as colourless oil  (0.03 g, 50%); [α]21.5 D -137 (c 1 in CHCl3, 100% ee); 1H NMR (400 MHz; CDCl3) δH 1.61-1.76 (2H, m, CH2), 1.81 (1H, br. s, OH), 2.21-2.35 (2H, m,  CH2), 1.73-176 (1H, m,  CHH), 2.74 – 2.80 (1H, m, CH), 4.86 (1H, m, CHOH), 5.87 – 5.91 (1H, m, =CHOH), 4.18 – 4.25 (1H, m, CH=); 13C NMR (100 MHz, CDCl3) δC 30.9 (CH2), 33.3 (CH2), 77.6 (CHOH), 133.3 (=CH), 135.1 (=CH), chiral GC (β-cyclodextrin column at 80 oC) Rt 18.64 (major isomer).  
 (±)-(1RS, 4RS)-4-Phenylcyclopenten-1-ol (331)163, 164



Following the general procedure, the reduced cycloadduct 322 (0.13 g, 0.37 mmol) was heated at 270 oC, for the inlet oven and 650 oC for the furnace (0.005 Hg, 85 min), the title alcohol obtained as yellow oil (0.03 g, 51%); 1H NMR (400 MHz; CDCl3) δH 1.57 (1H, br. s, OH), 2.10 – 2.17  (1H, m, CHH), 2.28 – 2.35 (1H, m, CHH), 4.15– 2.21 (1H, m, CHPh), 5.06 – 5.11 (1H, m, CHOH), 6.04 – 6.11 (2H, m, CH=CH), 7.14 –7.19 (2H, m, 2 ×  ArCH), 7.20 –7.26 (1H, m, ArCH), 7.27 –7.35 (2H, m, 2 × ArCH); 13C NMR (100 MHz; CDCl3) δC  44.1 (CH2), 49.9 (CH), 77.5 (CH), 126.4 (ArCH), 127.1 (2 × ArCH), 128.6 (2 × ArCH), 134.0 (=CH), 139.1 (=CH), 144.8 (ArC); HPLC (Using Cellulose 1, 1.0 mL/min, 5% isopropanol in hexane); Rt 13.99 min and Rt 14.09 min. 
1H NMR data was in accordance with the literature.
(1R, 4R)-4-Phenylcyclopenten-1-ol (331) 


[bookmark: _Hlk33003353][bookmark: _Hlk19112281]Following the general procedure, the reduced cycloadduct 322 (0.13 g, 0.37 mmol) was heated at 270 oC, for the inlet oven and 650 oC for the furnace (0.005 Hg, 85 min), the title alcohol obtained as yellow oil (0.03 g, 51%); [α]21.5 D -113 (c 1 in CHCl3, 67% ee); vmax (ATR) / cm-1 3330, 3060, 3027, 2933, 2885, 1598, 1490, 1454, 1024, 750, 699; 1H NMR (400 MHz; CDCl3) δH 1.57 (1H, br. s, OH), 2.14  (1H, ddd,  J 14.1, 7.0 and 5.6, CH), 2.32 (1H, ddd, J 14.1, 8.0 and 2.7, CH), 4.15 – 2.20 (1H, m, CHPh), 5.06 – 5.10 (1H, m, CHOH), 6.05 – 6.09 (2H, m, CH=CH), 7.14 –7.18 (2H, m, ArCH), 7.20 –7.25 (1H, m, ArCH), 7.28 –7.34 (2H, m, ArCH); 13C NMR (100 MHz; CDCl3) δC 44.1 (CH2), 49.9 (CH), 77.5 (CH), 126.4 (ArCH), 127.1 (2 × ArCH), 128.6 (2 × ArCH), 134.0 (=CH), 139.1 (=CH), 144.8 (ArC); m/z (EI+) 160.0883 (100%, M+. C11H12O requires 160.0883), 142 (83), 131 (43), 117 (84), 104 (32), 91 (59), 77 (22), 65 (9), 51 (8); HPLC (Using Cellulose 1, 1.0 mL/min, 5% isopropanol in hexane); Rt 13.1 min (major enantiomer) and Rt 14.8 min (minor enantiomer). 
 (1R, 4R)-4-sec-Butyl-cyclopenten-1-ol (332)


[bookmark: _Hlk33003103]Following the general procedure, the reduced cycloadduct 324 (0.13 g, 0.39 mmol) was heated at 180 oC, for the inlet oven and 650 oC for the furnace (0.005 Hg, 180 mins), the title alcohol obtained as colourless oil  (0.048 g, 87%);  [α]21.5 D -133 (c 1in CHCl3, 100% ee); vmax (ATR) / cm-1 3320, 3054, 2958, 2898, 2872, 1473, 1465, 1366; 1H NMR (400 MHz; CDCl3) δH 0.92 (3H, d, J 5.8, CH3), 0.94 (3H, d, J 5.8, CH3), 1.11 – 1.20 (1H, m, CH), 1.25 – 1.32 (1H, m, CH), 1.52 (1H, br. s, OH), 1.60 – 1.71 (1H, m, CH), 1.73 – 1.80 (1H, m, CH), 1.95 (1H, ddd, J 13.9, 7.4 and 2.5, CH), 2.92 – 3.01 (1H, m, CH), 4.85 – 4.90 (1H, m, CHOH), 5.84 (1H, dt, J 5.4 and 2.2, CH=), 5.97 (1H, dd, J 5.6 and 1.5, =CH); 13C NMR (100 MHz; CDCl3) δC 22.6 (CH3), 22.9 (CH3), 26.7 (CH), 41.0 (CH), 41.9 (CH2), 45.5 (CH2), 77.1 (CH), 132.2 (=CH), 140.7 (=CH); m/z (EI+) 55 (27%), 67 (13), 79 (24), 83 (100), 91 (2), 97 (8), 107 (6), 125 (2), 139 (1), 140.1189 (<1, M+. C9H16O requires 140.1196); chiral GC (β-cyclodextrin column at 80 oC), Rt 44.03 min (major isomer).
 (±)-(1RS, 4RS)-4-tert-Butyl-cyclopenten-1-ol (327)



Following the general procedure, the reduced cycloadduct 325 (0.13 g, 0.39 mmol) was heated at 210 oC, for the inlet oven and 650 oC for furnace (0.005 Hg 120 mins), the title alcohol obtained as colourless oil (0.02 g, 49%); vmax (ATR) / cm-1 3320, 3054, 2958, 2869, 1473, 1465, 1363; 1H NMR (400 MHz; CDCl3) δH 0.87 (9H, s, 3 × CCH3), 1.37 (1H, br. s, OH), 1.73 (1H, ddd, J  14.2, 7.9 and 2.9, CHH), 1.99 (1H, ddd, J 14.2, 7.2 and 5.4,  CHH), 2.73 – 2.80 (1H, m, CH), 4.86 (1H, d, J  5.4, CHOH), 5.89 (1H, dt, J 5.7 and 2.3, =CHOH), 5.99 (1H, ddd, J 5.7, 2.1 and 0.8, CH=), 13C NMR (100 MHz; CDCl3) δC 27.4 (3 × CH3), 32.6 (C), 36.1 (CH2), 55.5 (CH), 77.5 (CH), 133.7 (=CH), 137.8 (=CH); m/z (EI+) 57 (77), 66 (100%), 79 (8), 83 (19), 91 (7), 95 (<1), 107 (10), 125 (7), 139 (<1), 140.1195 (<1, M+. C9H16O requires 140.1196); chiral GC (β-cyclodextrin column at 80 oC) Rt 41.03 min and Rt 41.30 min. 
(1R, 4R)-4-tert-Butyl-cyclopenten-1-ol (327)



[bookmark: _Hlk20894682]Following the general procedure, the reduced cycloadduct 325 (0.13 g, 0.39 mmol) was heated at 210 oC, for the inlet oven and 650 oC for furnace (0.005 Hg 120 mins), the title alcohol obtained as colourless oil  (0.03 g, 52%);  [α]21.5 D -105 (c 0.65 in CHCl3, 90% ee);   vmax (ATR) / cm-1 3320, 3054, 2958, 2869, 1473, 1465, 1363; 1H NMR (400 MHz; CDCl3) δH 0.87 (9H, s, 3 × CCH3), 1.37 (1H, br. s, OH), 1.73 (1H, ddd, J  14.2, 7.9 and 2.9, CHH), 1.99 (1H, ddd, J 14.2, 7.2 and 5.4,  CHH), 2.73 – 2.80 (1H, m, CH), 4.86 (1H, d, J  5.4, CHOH), 5.89 (1H, dt, J 5.7 and 2.3, =CHOH), 5.99 (1H, ddd, J 5.7, 2.1 and 0.8, CH=), 13C NMR (100 MHz; CDCl3) δC 27.4 (3 × CH3), 32.6 (C), 36.1 (CH2), 55.5 (CH), 77.5 (CH), 133.7 (=CH), 137.8 (=CH); m/z (EI+) 57 (77), 66 (100%), 79 (8), 83 (19), 91 (7), 95 (<1), 107 (10), 125 (7), 139 (<1), 140.1195 (<1, M+. C9H16O requires 140.1196); chiral GC (β-cyclodextrin column at 80 oC), Rt 41.02 min (minor isomer) and Rt 41.30 min (major isomer).
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10-Hydro-9-methyl--9,10-epidioxyanthracene (216)

Table 1.  Crystal data and structure refinement for 10-Hydro-9-methyl-9,10-epidioxy- anthracene
Identification code 	NAJWA1QV_0m_a
Empirical formula 	C15 H12 O2
Formula weight 	224.25
Temperature 	100(2) K
Wavelength 	1.54178 Å
Crystal system 	Monoclinic
Space group 	Cc
Unit cell dimensions	a = 13.9692(11) Å	a= 90°.
	b = 9.2680(7) Å	b= 92.288(2)°.
	c = 8.8303(7) Å	g = 90°.
Volume	1142.32(15) Å3
Z	4
Density (calculated)	1.304 Mg/m3
Absorption coefficient	0.688 mm-1
F(000)	472
Crystal size	0.380 x 0.380 x 0.320 mm3
Theta range for data collection	5.730 to 66.600°.
Index ranges	-16<=h<=16, -11<=k<=11, -10<=l<=10
Reflections collected	6947
Independent reflections	1933 [R(int) = 0.0180]
Completeness to theta = 66.601°	97.8 % 
Absorption correction	Semi-empirical from equivalents
Max. and min. transmission	0.85 and 0.48
Refinement method	Full-matrix least-squares on F2
Data / restraints / parameters	1933 / 2 / 155
Goodness-of-fit on F2	1.058
Final R indices [I>2sigma(I)]	R1 = 0.0250, wR2 = 0.0671
R indices (all data)	R1 = 0.0251, wR2 = 0.0672
Absolute structure parameter	0.05(4)
Extinction coefficient	n/a
Largest diff. peak and hole	0.133 and -0.135 e.Å-3

 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)
for NAJWA1QV_0m_a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor.
________________________________________________________________________________ 
	x	y	z	U(eq)
________________________________________________________________________________  
O(1)	5087(1)	9469(1)	4768(1)	21(1)
O(2)	4870(1)	8493(1)	3444(1)	20(1)
C(1)	4776(1)	6971(2)	3924(2)	17(1)
C(2)	5721(1)	6574(2)	4715(2)	16(1)
C(3)	6324(1)	5452(2)	4360(2)	19(1)
C(4)	7180(1)	5271(2)	5207(2)	21(1)
C(5)	7433(1)	6217(2)	6370(2)	21(1)
C(6)	6821(1)	7347(2)	6734(2)	19(1)
C(7)	5961(1)	7506(2)	5920(2)	16(1)
C(8)	5189(1)	8606(2)	6152(2)	17(1)
C(9)	4251(1)	7836(2)	6339(2)	17(1)
C(10)	3653(1)	7934(2)	7549(2)	20(1)
C(11)	2808(1)	7137(2)	7506(2)	22(1)
C(12)	2560(1)	6277(2)	6267(2)	22(1)
C(13)	3167(1)	6168(2)	5051(2)	18(1)
C(14)	4014(1)	6950(2)	5100(2)	16(1)
C(15)	4544(1)	6182(2)	2450(2)	22(1)
________________________________________________________________________________ 
 Table 3.   Bond lengths [Å] and angles [°] for  NAJWA1QV_0m_a.
_____________________________________________________ 
O(1)-C(8) 	1.462(2)
O(1)-O(2) 	1.4989(17)
O(2)-C(1) 	1.480(2)
C(1)-C(2) 	1.514(2)
C(1)-C(14) 	1.516(2)
C(1)-C(15) 	1.516(2)
C(2)-C(3) 	1.382(3)
C(2)-C(7) 	1.400(2)
C(3)-C(4) 	1.395(3)
C(3)-H(3) 	0.9500
C(4)-C(5) 	1.386(3)
C(4)-H(4) 	0.9500
C(5)-C(6) 	1.397(3)
C(5)-H(5) 	0.9500
C(6)-C(7) 	1.383(3)
C(6)-H(6) 	0.9500
C(7)-C(8) 	1.505(2)
C(8)-C(9) 	1.507(2)
C(8)-H(8) 	1.0000
C(9)-C(10) 	1.385(3)
C(9)-C(14) 	1.397(2)
C(10)-C(11) 	1.392(3)
C(10)-H(10) 	0.9500
C(11)-C(12) 	1.386(3)
C(11)-H(11) 	0.9500
C(12)-C(13) 	1.398(3)
C(12)-H(12) 	0.9500
C(13)-C(14) 	1.388(2)
C(13)-H(13) 	0.9500
C(15)-H(15A) 	0.9800
C(15)-H(15B) 	0.9800
C(15)-H(15C) 	0.9800

C(8)-O(1)-O(2)	109.35(11)
C(1)-O(2)-O(1)	111.70(11)
O(2)-C(1)-C(2)	106.11(13)
O(2)-C(1)-C(14)	106.31(13)
C(2)-C(1)-C(14)	107.67(14)
O(2)-C(1)-C(15)	103.42(13)
C(2)-C(1)-C(15)	115.54(14)
C(14)-C(1)-C(15)	116.79(15)
C(3)-C(2)-C(7)	120.44(16)
C(3)-C(2)-C(1)	127.30(16)
C(7)-C(2)-C(1)	112.26(15)
C(2)-C(3)-C(4)	119.09(16)
C(2)-C(3)-H(3)	120.5
C(4)-C(3)-H(3)	120.5
C(5)-C(4)-C(3)	120.59(17)
C(5)-C(4)-H(4)	119.7
C(3)-C(4)-H(4)	119.7
C(4)-C(5)-C(6)	120.30(17)
C(4)-C(5)-H(5)	119.8
C(6)-C(5)-H(5)	119.8
C(7)-C(6)-C(5)	119.14(17)
C(7)-C(6)-H(6)	120.4
C(5)-C(6)-H(6)	120.4
C(6)-C(7)-C(2)	120.39(16)
C(6)-C(7)-C(8)	127.90(16)
C(2)-C(7)-C(8)	111.71(15)
O(1)-C(8)-C(7)	107.65(13)
O(1)-C(8)-C(9)	107.15(13)
C(7)-C(8)-C(9)	108.97(14)
O(1)-C(8)-H(8)	111.0
C(7)-C(8)-H(8)	111.0
C(9)-C(8)-H(8)	111.0
C(10)-C(9)-C(14)	120.77(16)
C(10)-C(9)-C(8)	127.42(16)
C(14)-C(9)-C(8)	111.82(15)
C(9)-C(10)-C(11)	118.77(17)
C(9)-C(10)-H(10)	120.6
C(11)-C(10)-H(10)	120.6
C(12)-C(11)-C(10)	120.76(17)
C(12)-C(11)-H(11)	119.6
C(10)-C(11)-H(11)	119.6
C(11)-C(12)-C(13)	120.53(16)
C(11)-C(12)-H(12)	119.7
C(13)-C(12)-H(12)	119.7
C(14)-C(13)-C(12)	118.76(16)
C(14)-C(13)-H(13)	120.6
C(12)-C(13)-H(13)	120.6
C(13)-C(14)-C(9)	120.40(15)
C(13)-C(14)-C(1)	127.34(16)
C(9)-C(14)-C(1)	112.26(14)
C(1)-C(15)-H(15A)	109.5
C(1)-C(15)-H(15B)	109.5
H(15A)-C(15)-H(15B)	109.5
C(1)-C(15)-H(15C)	109.5
H(15A)-C(15)-H(15C)	109.5
H(15B)-C(15)-H(15C)	109.5
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms: 
 

 Table 4.   Anisotropic displacement parameters  (Å2x 103) for NAJWA1QV_0m_a.  The anisotropic
displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]
______________________________________________________________________________ 
	U11	U22 	U33	U23	U13	U12
______________________________________________________________________________ 
O(1)	29(1) 	13(1)	20(1) 	-1(1)	0(1) 	-1(1)
O(2)	30(1) 	16(1)	15(1) 	0(1)	0(1) 	-1(1)
C(1)	22(1) 	13(1)	16(1) 	0(1)	2(1) 	0(1)
C(2)	17(1) 	15(1)	15(1) 	3(1)	4(1) 	-3(1)
C(3)	21(1) 	20(1)	18(1) 	1(1)	7(1) 	0(1)
C(4)	19(1) 	19(1)	25(1) 	6(1)	8(1) 	3(1)
C(5)	16(1) 	24(1)	23(1) 	10(1)	1(1) 	0(1)
C(6)	19(1) 	20(1)	18(1) 	4(1)	1(1) 	-5(1)
C(7)	19(1) 	14(1)	15(1) 	2(1)	5(1) 	-3(1)
C(8)	21(1) 	14(1)	17(1) 	-1(1)	2(1) 	0(1)
C(9)	17(1) 	13(1)	20(1) 	1(1)	1(1) 	3(1)
C(10)	24(1) 	17(1)	20(1) 	1(1)	3(1) 	6(1)
C(11)	21(1) 	19(1)	26(1) 	4(1)	8(1) 	6(1)
C(12)	16(1) 	18(1)	32(1) 	7(1)	2(1) 	2(1)
C(13)	18(1) 	14(1)	22(1) 	2(1)	-2(1) 	2(1)
C(14)	17(1) 	14(1)	16(1) 	2(1)	0(1) 	5(1)
C(15)	25(1) 	27(1)	16(1) 	-3(1)	0(1) 	1(1)
___________________________________________________________________________
 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3)
for NAJWA1QV_0m_a.
________________________________________________________________________________ 
	x 	y 	z 	U(eq)
________________________________________________________________________________ 
 
H(3)	6158	4813	3551	23
H(4)	7593	4492	4984	25
H(5)	8025	6098	6922	25
H(6)	6994	7997	7530	23
H(8)	5352	9230	7049	21
H(10)	3816	8535	8392	24
H(11)	2396	7183	8335	26
H(12)	1973	5759	6244	26
H(13)	3002	5569	4208	22
H(15A)	3954	6576	1977	34
H(15B)	4457	5153	2656	34
H(15C)	5072	6309	1763	34
_________________________________________________________________________ 
 Table 6.  Hydrogen bonds for NAJWA1QV_0m_a  [Å and °].
____________________________________________________________________________ 
D-H...A	d(D-H)	d(H...A)	d(D...A)	<(DHA)
____________________________________________________________________________ 
 C(8)-H(8)...O(2)#1	1.00	2.55	3.405(2)	143.7
____________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms: 
#1 x,-y+2,z+1/2      
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(±)-(11SR, 12SR)-9,10,​11,​14,​15-​Pentahydro-12(SR)-(benzenesulfinyl)-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (290)
	Table 1 Crystal data and structure refinement for cycloadduct 290. 

	Identification code 
	OSJ241s 

	Empirical formula 
	C26H22O2S 

	Formula weight 
	398.49 

	Temperature/K 
	100 

	Crystal system 
	orthorhombic 

	Space group 
	P212121 

	a/Å 
	9.3720(9) 

	b/Å 
	10.6391(9) 

	c/Å 
	19.7478(17) 

	α/° 
	90 

	β/° 
	90 

	γ/° 
	90 

	Volume/Å3 
	1969.0(3) 

	Z 
	4 

	ρcalcg/cm3 
	1.344 

	μ/mm‑1 
	0.185 

	F(000) 
	840.0 

	Crystal size/mm3 
	0.4 × 0.3 × 0.15 

	Radiation 
	MoKα (λ = 0.71073) 

	2Θ range for data collection/° 
	4.126 to 55.572 

	Index ranges 
	-12 ≤ h ≤ 11, -13 ≤ k ≤ 13, -25 ≤ l ≤ 25 

	Reflections collected 
	26225 

	Independent reflections 
	4631 [Rint = 0.0311, Rsigma = 0.0256] 

	Data/restraints/parameters 
	4631/0/263 

	Goodness-of-fit on F2 
	1.073 

	Final R indexes [I>=2σ (I)] 
	R1 = 0.0310, wR2 = 0.0763 

	Final R indexes [all data] 
	R1 = 0.0343, wR2 = 0.0783 

	Largest diff. peak/hole / e Å-3 
	0.29/-0.23 

	Flack parameter
	0.022(18)




 
	Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for OSJ241s. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.

	Atom
	x
	y
	z
	U(eq)

	S1
	2011.4(5)
	4628.5(4)
	5693.7(2)
	17.11(12)

	O1
	83.3(16)
	4995.8(15)
	7070.1(8)
	26.6(4)

	O2
	553.2(17)
	5133.3(14)
	5562.4(7)
	25.1(3)

	C1
	2927(2)
	6328.1(17)
	6691.5(9)
	14.5(4)

	C2
	3233(2)
	6400.8(18)
	7453.9(9)
	14.7(4)

	C3
	2568(2)
	7201(2)
	7913.2(10)
	18.5(4)

	C4
	2968(2)
	7157(2)
	8595.1(10)
	21.3(4)

	C5
	3975(2)
	6302(2)
	8814.6(10)
	21.9(5)

	C6
	4648(2)
	5502(2)
	8355.5(9)
	18.7(4)

	C7
	4284(2)
	5567.5(19)
	7676.4(9)
	14.8(4)

	C8
	4952(2)
	4804.3(19)
	7115.5(9)
	15.1(4)

	C9
	5457(2)
	5717.2(18)
	6582.5(9)
	15.8(4)

	C10
	6846(2)
	5822(2)
	6346.0(10)
	20.1(4)

	C11
	7163(3)
	6742(2)
	5864.2(10)
	25.3(5)

	C12
	6100(3)
	7523(2)
	5622.9(10)
	26.0(5)

	C13
	4696(3)
	7408(2)
	5853.7(9)
	21.3(5)

	C14
	4377(2)
	6508.6(19)
	6344.1(9)
	15.1(4)

	C15
	1790(2)
	7259.3(19)
	6459.4(10)
	20.2(4)

	C16
	2489(2)
	4892.1(18)
	6594.7(9)
	13.9(4)

	C17
	3747(2)
	4012.3(19)
	6778.6(9)
	15.0(4)

	C18
	3136(2)
	2972(2)
	7243.9(10)
	20.5(4)

	C19
	1729(2)
	3467(2)
	7529.6(11)
	23.2(5)

	C20
	1242(2)
	4512(2)
	7063.0(10)
	17.8(4)

	C21
	1823(2)
	2945.7(19)
	5687.8(9)
	17.2(4)

	C22
	603(2)
	2391(2)
	5952.5(10)
	20.5(4)

	C23
	420(2)
	1100(2)
	5885.7(11)
	24.3(5)

	C24
	1428(2)
	390(2)
	5544.7(10)
	23.9(4)

	C25
	2646(2)
	948(2)
	5280.7(10)
	22.2(4)

	C26
	2847(2)
	2236(2)
	5351.7(9)
	18.7(4)


 
	Table 3 Anisotropic Displacement Parameters (Å2×103) for OSJ241s. The Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].

	Atom
	U11
	U22
	U33
	U23
	U13
	U12

	S1
	20.6(2)
	17.0(2)
	13.76(19)
	0.66(17)
	-3.62(18)
	-1.3(2)

	O1
	16.7(8)
	34.8(10)
	28.3(7)
	2.7(7)
	0.6(6)
	2.6(7)

	O2
	27.1(8)
	21.5(8)
	26.7(8)
	0.2(6)
	-13.0(6)
	3.2(7)

	C1
	16.9(9)
	14.2(9)
	12.5(7)
	-0.4(7)
	-0.7(7)
	2.0(8)

	C2
	14.8(9)
	16.9(10)
	12.3(8)
	0.8(7)
	1.0(7)
	-1.7(8)

	C3
	15.4(10)
	22.2(11)
	17.8(9)
	-2.1(8)
	1.0(7)
	0.0(8)

	C4
	17.9(10)
	29.9(11)
	16.1(8)
	-4.7(8)
	5.8(8)
	-5.7(10)

	C5
	20.4(11)
	33.5(13)
	11.9(8)
	2.0(9)
	0.3(7)
	-7.2(10)

	C6
	17.1(10)
	22.2(11)
	16.8(8)
	5.1(8)
	-2.3(7)
	-2.1(9)

	C7
	13.6(9)
	14.9(10)
	16.0(8)
	0.2(7)
	0.3(7)
	-2.6(8)

	C8
	13.6(9)
	15.8(10)
	15.8(8)
	0.9(8)
	-2.2(7)
	1.7(8)

	C9
	19.5(10)
	13.7(9)
	14.1(8)
	-4.3(7)
	0.6(7)
	-2.3(8)

	C10
	19.1(10)
	20.1(10)
	21.1(9)
	-8.1(8)
	1.7(8)
	-1.6(9)

	C11
	27.7(12)
	25.2(11)
	23.1(10)
	-9.1(8)
	11.1(9)
	-9.5(10)

	C12
	41.5(14)
	20.1(11)
	16.3(9)
	-2.2(8)
	10.0(9)
	-11.5(10)

	C13
	35.7(13)
	14.2(10)
	14.0(9)
	-2.1(7)
	-0.3(8)
	-1.3(9)

	C14
	19.0(10)
	15.2(9)
	11.1(8)
	-3.7(7)
	-0.2(7)
	-1.1(8)

	C15
	23.4(11)
	18.9(10)
	18.2(9)
	-0.7(7)
	-6.3(8)
	6.2(9)

	C16
	14.5(9)
	14.9(9)
	12.3(8)
	0.9(7)
	-3.7(6)
	0.7(7)

	C17
	15.2(9)
	14.6(10)
	15.1(8)
	0.9(7)
	-2.4(7)
	2.0(8)

	C18
	19.0(10)
	18.6(10)
	23.8(9)
	6.5(8)
	-1.7(8)
	-1.2(9)

	C19
	21.4(11)
	24.3(11)
	23.8(9)
	7.7(8)
	2.0(8)
	-2.6(9)

	C20
	15.3(10)
	21.1(11)
	16.9(8)
	0.1(8)
	-0.3(7)
	-0.6(9)

	C21
	19.8(10)
	17.7(9)
	14.1(8)
	-0.9(7)
	-3.9(8)
	-0.1(8)

	C22
	18.4(11)
	20.8(11)
	22.3(9)
	-3.2(8)
	1.4(8)
	-0.3(9)

	C23
	23.0(11)
	22.4(11)
	27.6(10)
	0.6(9)
	0.9(9)
	-5.2(9)

	C24
	29.6(11)
	16.5(10)
	25.6(10)
	-0.9(8)
	-5.6(8)
	2.1(9)

	C25
	23.5(11)
	25.6(11)
	17.6(9)
	-4.7(8)
	-0.6(8)
	6.0(9)

	C26
	18.6(10)
	24.4(11)
	12.9(8)
	-0.9(7)
	-0.8(8)
	0.1(9)


 
	Table 4 Bond Lengths for OSJ241s.

	Atom
	Atom
	Length/Å
	 
	Atom
	Atom
	Length/Å

	S1
	O2
	1.4911(16)
	 
	C9
	C10
	1.388(3)

	S1
	C16
	1.8561(18)
	 
	C9
	C14
	1.398(3)

	S1
	C21
	1.799(2)
	 
	C10
	C11
	1.397(3)

	O1
	C20
	1.202(2)
	 
	C11
	C12
	1.382(4)

	C1
	C2
	1.535(2)
	 
	C12
	C13
	1.398(3)

	C1
	C14
	1.535(3)
	 
	C13
	C14
	1.394(3)

	C1
	C15
	1.525(3)
	 
	C16
	C17
	1.548(3)

	C1
	C16
	1.593(3)
	 
	C16
	C20
	1.544(3)

	C2
	C3
	1.392(3)
	 
	C17
	C18
	1.548(3)

	C2
	C7
	1.396(3)
	 
	C18
	C19
	1.528(3)

	C3
	C4
	1.399(3)
	 
	C19
	C20
	1.514(3)

	C4
	C5
	1.380(3)
	 
	C21
	C22
	1.388(3)

	C5
	C6
	1.394(3)
	 
	C21
	C26
	1.390(3)

	C6
	C7
	1.385(3)
	 
	C22
	C23
	1.391(3)

	C7
	C8
	1.509(3)
	 
	C23
	C24
	1.384(3)

	C8
	C9
	1.508(3)
	 
	C24
	C25
	1.388(3)

	C8
	C17
	1.559(3)
	 
	C25
	C26
	1.390(3)


 
	Table 5 Bond Angles for OSJ241s.

	Atom
	Atom
	Atom
	Angle/˚
	 
	Atom
	Atom
	Atom
	Angle/˚

	O2
	S1
	C16
	109.46(9)
	 
	C11
	C12
	C13
	120.9(2)

	O2
	S1
	C21
	105.49(9)
	 
	C14
	C13
	C12
	119.3(2)

	C21
	S1
	C16
	100.38(9)
	 
	C9
	C14
	C1
	114.54(16)

	C2
	C1
	C14
	105.44(15)
	 
	C13
	C14
	C1
	125.91(19)

	C2
	C1
	C16
	102.37(14)
	 
	C13
	C14
	C9
	119.47(19)

	C14
	C1
	C16
	107.12(15)
	 
	C1
	C16
	S1
	108.77(12)

	C15
	C1
	C2
	113.13(16)
	 
	C17
	C16
	S1
	108.48(13)

	C15
	C1
	C14
	113.76(16)
	 
	C17
	C16
	C1
	110.83(15)

	C15
	C1
	C16
	114.03(16)
	 
	C20
	C16
	S1
	110.62(12)

	C3
	C2
	C1
	125.90(18)
	 
	C20
	C16
	C1
	111.98(16)

	C3
	C2
	C7
	119.97(17)
	 
	C20
	C16
	C17
	106.10(15)

	C7
	C2
	C1
	114.13(16)
	 
	C16
	C17
	C8
	108.97(16)

	C2
	C3
	C4
	119.12(19)
	 
	C18
	C17
	C8
	113.65(15)

	C5
	C4
	C3
	120.52(19)
	 
	C18
	C17
	C16
	106.86(17)

	C4
	C5
	C6
	120.48(18)
	 
	C19
	C18
	C17
	106.95(17)

	C7
	C6
	C5
	119.17(19)
	 
	C20
	C19
	C18
	106.76(16)

	C2
	C7
	C8
	113.78(16)
	 
	O1
	C20
	C16
	125.35(19)

	C6
	C7
	C2
	120.67(18)
	 
	O1
	C20
	C19
	125.41(19)

	C6
	C7
	C8
	125.54(18)
	 
	C19
	C20
	C16
	109.20(16)

	C7
	C8
	C17
	107.66(15)
	 
	C22
	C21
	S1
	120.09(16)

	C9
	C8
	C7
	107.21(16)
	 
	C22
	C21
	C26
	121.17(19)

	C9
	C8
	C17
	106.12(15)
	 
	C26
	C21
	S1
	118.41(15)

	C10
	C9
	C8
	125.51(19)
	 
	C21
	C22
	C23
	119.0(2)

	C10
	C9
	C14
	121.17(19)
	 
	C24
	C23
	C22
	120.0(2)

	C14
	C9
	C8
	113.31(17)
	 
	C23
	C24
	C25
	120.7(2)

	C9
	C10
	C11
	119.0(2)
	 
	C24
	C25
	C26
	119.67(19)

	C12
	C11
	C10
	120.2(2)
	 
	C21
	C26
	C25
	119.35(19)


 
	Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) for OSJ241s.

	Atom
	x
	y
	z
	U(eq)

	H3
	1851
	7770
	7766
	22

	H4
	2544
	7720
	8910
	26

	H5
	4211
	6259
	9282
	26

	H6
	5347
	4919
	8507
	22

	H8
	5747
	4263
	7286
	18

	H10
	7571
	5276
	6509
	24

	H11
	8111
	6831
	5702
	30

	H12
	6327
	8147
	5296
	31

	H13
	3968
	7936
	5678
	26

	H15A
	2073
	8112
	6591
	30

	H15B
	876
	7049
	6672
	30

	H15C
	1692
	7215
	5966
	30

	H17
	4124
	3618
	6355
	18

	H18A
	2971
	2191
	6982
	25

	H18B
	3812
	2785
	7616
	25

	H19A
	1008
	2788
	7544
	28

	H19B
	1869
	3793
	7995
	28

	H22
	-97
	2887
	6176
	25

	H23
	-398
	704
	6074
	29

	H24
	1285
	-488
	5491
	29

	H25
	3338
	453
	5053
	27

	H26
	3676
	2627
	5172
	22


Crystal structure determination of OSJ241s
Crystal Data for C26H22O2S (M =398.49 g/mol): orthorhombic, space group P212121 (no. 19), a = 9.3720(9) Å, b = 10.6391(9) Å, c = 19.7478(17) Å, V = 1969.0(3) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.185 mm-1, Dcalc = 1.344 g/cm3, 26225 reflections measured (4.126° ≤ 2Θ ≤ 55.572°), 4631 unique (Rint = 0.0311, Rsigma = 0.0256) which were used in all calculations. The final R1 was 0.0310 (I > 2σ(I)) and wR2 was 0.0783 (all data). 








[bookmark: _Toc17989532][bookmark: _Toc30743096][bookmark: _Hlk26400357]Appendix 3
[image: ]
 (11S,12S)-9,10,​11,​14,​15-​Pentahydro-12-(S)-(4-methoxybenzenesulfinyl)-​9-​methyl-13H-​9,​10[1',​2']​-​endo-cyclopentanthracen-​13-​one (204)
	Table 1 Crystal data and structure refinement for cycloadduct 204.

	Identification code
	OSJ242k_0m

	Empirical formula
	C27H25O3.5S

	Formula weight
	437.53

	Temperature/K
	110

	Crystal system
	monoclinic

	Space group
	C2

	a/Å
	19.061(19)

	b/Å
	7.630(8)

	c/Å
	15.970(17)

	α/°
	90

	β/°
	116.369(18)

	γ/°
	90

	Volume/Å3
	2081(4)

	Z
	4

	ρcalcg/cm3
	1.397

	μ/mm‑1
	0.187

	F(000)
	924.0

	Crystal size/mm3
	0.5 × 0.09 × 0.06

	Radiation
	MoKα (λ = 0.71073)

	2Θ range for data collection/°
	2.846 to 54.818

	Index ranges
	-22 ≤ h ≤ 24, -9 ≤ k ≤ 9, -19 ≤ l ≤ 20

	Reflections collected
	11232

	Independent reflections
	4467 [Rint = 0.1222, Rsigma = 0.2038]

	Data/restraints/parameters
	4467/1/290

	Goodness-of-fit on F2
	0.977

	Final R indexes [I>=2σ (I)]
	R1 = 0.0731, wR2 = 0.1113

	Final R indexes [all data]
	R1 = 0.1633, wR2 = 0.1381

	Largest diff. peak/hole / e Å-3
	0.40/-0.51

	Flack parameter
	0.08(11)





	Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for OSJ242k_0m. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.

	Atom
	x
	y
	z
	U(eq)

	S1
	5891.7(10)
	4854(2)
	6313.5(13)
	20.7(5)

	O1
	6008(3)
	2900(6)
	6405(3)
	24.8(13)

	O2
	7569(3)
	5532(6)
	6697(3)
	24.2(12)

	O3
	2735(3)
	5645(7)
	6043(3)
	29.9(13)

	C1
	6682(4)
	5594(9)
	7428(5)
	18.1(16)

	C2
	7421(4)
	5024(9)
	7316(5)
	17.6(16)

	C3
	7895(4)
	3734(10)
	8071(5)
	21.2(17)

	C4
	7364(4)
	3128(9)
	8507(5)
	20.2(18)

	C5
	6728(4)
	4543(9)
	8286(4)
	17.8(17)

	C6
	4991(4)
	5252(9)
	6366(4)
	15.6(17)

	C7
	4689(4)
	4009(10)
	6754(4)
	23.1(18)

	C8
	3927(4)
	4214(10)
	6632(5)
	23.1(18)

	C9
	3484(4)
	5612(10)
	6144(5)
	21.2(18)

	C10
	3783(4)
	6862(10)
	5768(5)
	23.0(18)

	C11
	4556(4)
	6676(10)
	5887(5)
	21.1(18)

	C12
	6713(4)
	7651(9)
	7614(5)
	15.6(16)

	C13
	6122(4)
	8057(9)
	7997(5)
	15.5(16)

	C14
	5506(4)
	9246(9)
	7621(5)
	20.6(18)

	C15
	5011(4)
	9458(10)
	8034(5)
	25(2)

	C16
	5126(4)
	8510(10)
	8817(5)
	23.6(19)

	C17
	5743(4)
	7342(9)
	9210(5)
	19.0(18)

	C18
	6240(4)
	7124(9)
	8794(5)
	15.6(17)

	C19
	6921(4)
	5857(9)
	9109(5)
	15.6(17)

	C20
	7635(4)
	6872(9)
	9219(5)
	17.1(17)

	C21
	8378(4)
	6752(10)
	9963(5)
	19.6(17)

	C22
	9000(4)
	7654(10)
	9936(5)
	23.6(18)

	C23
	8882(4)
	8651(10)
	9166(5)
	23.2(18)

	C24
	8139(4)
	8767(10)
	8408(5)
	19.4(17)

	C25
	7525(4)
	7860(9)
	8427(5)
	17.5(17)

	C26
	6584(4)
	8716(10)
	6750(4)
	21.1(17)

	C27
	2195(4)
	6840(10)
	5359(5)
	27.5(19)

	O1W
	5000
	10551(9)
	5000
	38(2)


 
	Table 3 Anisotropic Displacement Parameters (Å2×103) for OSJ242k_0m. The Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].

	Atom
	U11
	U22
	U33
	U23
	U13
	U12

	S1
	17.9(10)
	23.0(11)
	21.4(10)
	-1.2(10)
	8.9(8)
	0.4(9)

	O1
	27(3)
	18(3)
	29(3)
	-3(2)
	13(3)
	-1(3)

	O2
	29(3)
	23(3)
	29(3)
	0(3)
	21(3)
	-1(3)

	O3
	22(3)
	35(3)
	39(3)
	11(3)
	18(3)
	7(3)

	C1
	14(4)
	19(4)
	20(4)
	4(3)
	6(3)
	-3(3)

	C2
	15(4)
	10(4)
	25(4)
	-12(4)
	7(3)
	-1(4)

	C3
	14(4)
	19(4)
	27(4)
	4(4)
	6(3)
	5(3)

	C4
	16(4)
	16(4)
	28(4)
	4(3)
	10(4)
	4(3)

	C5
	12(4)
	21(5)
	22(4)
	1(3)
	9(3)
	-1(3)

	C6
	17(4)
	17(5)
	18(4)
	-3(3)
	11(3)
	0(3)

	C7
	24(4)
	16(4)
	25(4)
	1(4)
	6(4)
	-1(4)

	C8
	20(4)
	19(5)
	30(4)
	3(3)
	10(4)
	-4(4)

	C9
	19(4)
	20(4)
	29(4)
	-5(4)
	15(4)
	-6(4)

	C10
	21(4)
	25(5)
	26(4)
	4(4)
	13(4)
	3(4)

	C11
	24(4)
	22(4)
	17(4)
	3(4)
	8(4)
	-6(4)

	C12
	14(4)
	10(4)
	27(4)
	1(3)
	13(3)
	2(3)

	C13
	9(4)
	16(4)
	18(4)
	-2(3)
	3(3)
	-3(3)

	C14
	21(4)
	15(4)
	22(4)
	1(3)
	6(3)
	1(3)

	C15
	19(4)
	30(5)
	28(4)
	0(4)
	13(4)
	2(4)

	C16
	16(4)
	36(6)
	23(4)
	-1(4)
	12(3)
	3(4)

	C17
	16(4)
	23(5)
	17(4)
	0(3)
	5(3)
	-3(3)

	C18
	13(4)
	17(4)
	14(4)
	-2(3)
	3(3)
	0(3)

	C19
	16(4)
	14(4)
	16(4)
	-2(3)
	7(3)
	-1(3)

	C20
	16(4)
	16(4)
	17(4)
	-5(3)
	6(3)
	-3(3)

	C21
	19(4)
	16(4)
	20(4)
	-3(3)
	4(3)
	6(4)

	C22
	9(4)
	30(5)
	28(5)
	-3(4)
	5(4)
	-2(4)

	C23
	16(4)
	18(4)
	37(5)
	0(4)
	13(4)
	0(4)

	C24
	21(4)
	14(4)
	31(4)
	-4(4)
	18(4)
	-1(4)

	C25
	9(4)
	16(4)
	28(4)
	-5(3)
	10(3)
	0(3)

	C26
	23(4)
	20(4)
	25(4)
	4(4)
	15(3)
	6(4)

	C27
	22(4)
	32(5)
	30(5)
	-2(4)
	13(4)
	2(4)

	O1W
	36(5)
	13(4)
	39(5)
	0
	-7(4)
	0


 
	Table 4 Bond Lengths for OSJ242k_0m.

	Atom
	Atom
	Length/Å
	 
	Atom
	Atom
	Length/Å

	S1
	O1
	1.504(5)
	 
	C10
	C11
	1.408(9)

	S1
	C1
	1.837(7)
	 
	C12
	C13
	1.533(9)

	S1
	C6
	1.782(7)
	 
	C12
	C25
	1.524(9)

	O2
	C2
	1.206(7)
	 
	C12
	C26
	1.524(9)

	O3
	C9
	1.364(8)
	 
	C13
	C14
	1.390(9)

	O3
	C27
	1.445(8)
	 
	C13
	C18
	1.387(9)

	C1
	C2
	1.559(9)
	 
	C14
	C15
	1.379(9)

	C1
	C5
	1.555(9)
	 
	C15
	C16
	1.377(9)

	C1
	C12
	1.593(9)
	 
	C16
	C17
	1.384(9)

	C2
	C3
	1.507(9)
	 
	C17
	C18
	1.388(9)

	C3
	C4
	1.533(9)
	 
	C18
	C19
	1.514(9)

	C4
	C5
	1.542(8)
	 
	C19
	C20
	1.506(9)

	C5
	C19
	1.561(9)
	 
	C20
	C21
	1.390(9)

	C6
	C7
	1.390(9)
	 
	C20
	C25
	1.406(10)

	C6
	C11
	1.375(9)
	 
	C21
	C22
	1.388(9)

	C7
	C8
	1.386(9)
	 
	C22
	C23
	1.377(9)

	C8
	C9
	1.368(9)
	 
	C23
	C24
	1.398(9)

	C9
	C10
	1.379(10)
	 
	C24
	C25
	1.373(9)


 
	Table 5 Bond Angles for OSJ242k_0m.

	Atom
	Atom
	Atom
	Angle/˚
	 
	Atom
	Atom
	Atom
	Angle/˚

	O1
	S1
	C1
	100.9(3)
	 
	C25
	C12
	C1
	101.6(5)

	O1
	S1
	C6
	105.6(3)
	 
	C25
	C12
	C13
	106.7(6)

	C6
	S1
	C1
	107.1(3)
	 
	C25
	C12
	C26
	114.2(6)

	C9
	O3
	C27
	117.3(5)
	 
	C26
	C12
	C1
	112.3(6)

	C2
	C1
	S1
	101.3(4)
	 
	C26
	C12
	C13
	113.7(5)

	C2
	C1
	C12
	109.6(5)
	 
	C14
	C13
	C12
	126.0(7)

	C5
	C1
	S1
	113.4(5)
	 
	C18
	C13
	C12
	114.4(6)

	C5
	C1
	C2
	104.8(5)
	 
	C18
	C13
	C14
	119.5(7)

	C5
	C1
	C12
	111.2(5)
	 
	C15
	C14
	C13
	119.7(7)

	C12
	C1
	S1
	115.5(5)
	 
	C16
	C15
	C14
	120.5(7)

	O2
	C2
	C1
	123.9(6)
	 
	C15
	C16
	C17
	120.6(7)

	O2
	C2
	C3
	126.1(6)
	 
	C16
	C17
	C18
	119.0(7)

	C3
	C2
	C1
	110.0(6)
	 
	C13
	C18
	C17
	120.7(6)

	C2
	C3
	C4
	106.1(5)
	 
	C13
	C18
	C19
	113.5(6)

	C3
	C4
	C5
	107.2(5)
	 
	C17
	C18
	C19
	125.8(6)

	C1
	C5
	C19
	108.0(5)
	 
	C18
	C19
	C5
	106.5(5)

	C4
	C5
	C1
	107.1(5)
	 
	C20
	C19
	C5
	107.0(5)

	C4
	C5
	C19
	112.9(5)
	 
	C20
	C19
	C18
	107.9(6)

	C7
	C6
	S1
	120.2(5)
	 
	C21
	C20
	C19
	126.2(7)

	C11
	C6
	S1
	117.6(5)
	 
	C21
	C20
	C25
	119.5(7)

	C11
	C6
	C7
	121.4(6)
	 
	C25
	C20
	C19
	113.8(6)

	C8
	C7
	C6
	118.4(7)
	 
	C22
	C21
	C20
	120.0(7)

	C9
	C8
	C7
	120.7(7)
	 
	C23
	C22
	C21
	119.9(7)

	O3
	C9
	C8
	115.5(6)
	 
	C22
	C23
	C24
	120.6(7)

	O3
	C9
	C10
	123.3(7)
	 
	C25
	C24
	C23
	119.6(7)

	C8
	C9
	C10
	121.2(7)
	 
	C20
	C25
	C12
	113.6(6)

	C9
	C10
	C11
	118.8(7)
	 
	C24
	C25
	C12
	126.0(6)

	C6
	C11
	C10
	119.4(7)
	 
	C24
	C25
	C20
	120.2(6)

	C13
	C12
	C1
	107.4(5)
	 
	 
	 
	 
	 

	


Table 6 Hydrogen Bonds for OSJ242k_0m.

	D
	H
	A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°

	O1W
	H1WA
	O11
	0.87
	2.07
	2.848(7)
	148.8

	O1W
	H1WB
	O12
	0.87
	1.99
	2.848(7)
	166.6


1+X,1+Y,+Z; 21-X,1+Y,1-Z
 
	Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) for OSJ242k_0m.

	Atom
	x
	y
	z
	U(eq)

	H3A
	8372.98
	4301.21
	8547.82
	25

	H3B
	8052.56
	2726.26
	7802.49
	25

	H4A
	7671.68
	2989.76
	9191.11
	24

	H4B
	7120.56
	1986.76
	8238.62
	24

	H5
	6212.61
	3968.05
	8125.33
	21

	H7
	4997.11
	3041.12
	7094.13
	28

	H8
	3709.25
	3375.28
	6889.83
	28

	H10
	3472.24
	7832.87
	5434.2
	28

	H11
	4775.85
	7526.53
	5637.62
	25

	H14
	5427.11
	9909.01
	7082.99
	25

	H15
	4588.62
	10263.91
	7775.03
	30

	H16
	4777.47
	8659.03
	9091.45
	28

	H17
	5824.75
	6699.76
	9755.28
	23

	H19
	7007.17
	5240.71
	9699.36
	19

	H21
	8460.5
	6051.56
	10491.07
	23

	H22
	9506.67
	7583.75
	10447.87
	28

	H23
	9309.17
	9265.34
	9149.49
	28

	H24
	8060.61
	9469.68
	7882.57
	23

	H26A
	6056.89
	8490.72
	6253.59
	32

	H26B
	6972.77
	8374.17
	6534.45
	32

	H26C
	6640.74
	9966.34
	6905.7
	32

	H27A
	2224.27
	6696.9
	4765.32
	41

	H27B
	2331.99
	8047.5
	5580.41
	41

	H27C
	1660.77
	6586.34
	5265.53
	41

	H1WA
	5437.19
	11037.81
	5386.97
	57

	H1WB
	4730.78
	11402.04
	4636.84
	57


 
	Table 8 Atomic Occupancy for OSJ242k_0m.

	Atom
	Occupancy
	 
	Atom
	Occupancy
	 
	Atom
	Occupancy

	H1WA
	0.5
	 
	H1WB
	0.5
	 
	 
	 



Crystal structure determination of OSJ242k_0m
Crystal Data for C27H25O3.5S (M =437.53 g/mol): monoclinic, space group C2 (no. 5), a = 19.061(19) Å, b = 7.630(8) Å, c = 15.970(17) Å, β = 116.369(18)°,V = 2081(4) Å3, Z = 4, T = 110 K, μ(MoKα) = 0.187 mm-1, Dcalc = 1.397 g/cm3, 11232 reflections measured (2.846° ≤ 2Θ ≤ 54.818°), 4467 unique (Rint = 0.1222, Rsigma = 0.2038) which were used in all calculations. The final R1 was 0.0731 (I > 2σ(I)) and wR2 was 0.1381 (all data).
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