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“If you think you’ll lose, you’re lost,
For out of the world we find,
Success begins with a fellow’s will,
It’s all in the state of mind.”
Walter D. Wintle
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[bookmark: _Toc505089524][bookmark: _Toc506311581][bookmark: _Toc523135177]2.1 Background
Investigations into the synthesis and reactivity of -diazosulfoxides has been a consistent line of research within our group with over 20 years.1-3 Before these investigations, it was believed that -diazosulfoxides were inherently unstable and not isolable. Work within this group has showcased both their stability and versatility in organic synthesis. Under transition metal catalysis, photolysis, thermolysis or microwave irradiation conditions, reactive -oxo sulfines are generated.4,5 These sulfines have great potential to be used in organic synthesis, as detailed in Chapter 1 and recent literature.6,7 
The first two reported examples of stable -diazosulfoxides in the literature were the cephalosporin derivatives by Rosati8 and Campbell (Figure 1).9,10 However, the uniqueness and importance of these isolated examples was not noted by the authors. Hodson and Holt11 described -diazosulfoxides as being reactive intermediates, unable to be isolated. The authors were successful in isolating thiol esters and sulfonamide by-products, which showed the -diazosulfoxide had indeed formed, but had undergone further reaction due to its labile nature (Scheme 1).


[bookmark: _Ref483552786]Scheme 1
We proposed that the reason cephalosporin derived -diazosulfoxides (Figure 1) are stable is because of the reduced conformational mobility, due to the strained bicyclic system, which depletes the chance of spontaneous diazo decomposition.


[bookmark: _Ref483552200]Figure 1: Cephalosporinate derived -diazosulfoxide as described by Rosati and Campbell.
To investigate whether this was the case, a series of bicyclic lactone and lactam based sulfoxides were synthesised. These successfully underwent diazo transfer and a series of -diazosulfoxides were isolated by Kelleher and Collins.12-14 This work was expanded further by O’Sullivan who  characterised some -oxo sulfines and investigated conditions used for induction of the hetero-Wolff rearrangement,4,5,15 and then Buckley who investigated nucleophilic addition (Scheme 2). [4+2] Diels Alder cycloaddition reactions of sulfines under various reaction conditions have also been of significant interest throughout the duration of this line of research (Scheme 3).16 


[bookmark: _Ref483553239]Scheme 2


[bookmark: _Ref483553250]Scheme 3
With this previous work in mind, the objectives for this research project were established. 
[bookmark: _Toc505089525][bookmark: _Toc506311582][bookmark: _Toc523135178]2.2 Objectives
This initial aim in this work was to synthesise a series of lactone, lactam and ketone derived sulfoxides. On obtaining these compounds the focus of the work would be to:
investigate the diazo transfer process to β-oxo sulfoxides in continuous flow, with an aim of successfully optimising the reaction conditions to provide increased yields of the desired -diazosulfoxide.
apply the new continuous flow diazo transfer reaction conditions to a range of substrates.
investigate the reactivity of the -diazosulfoxides in continuous flow.
telescope the continuous flow diazo transfer reaction conditions with induction of the hetero-Wolff rearrangement. 
carry out an investigation in to the 1,3-dipolar cycloaddition of -oxo sulfines with nitrone and nitrile oxide dipoles. 
[bookmark: _Toc505089526][bookmark: _Toc506311583][bookmark: _Toc523135179]2.3 Synthesis of -diazosulfoxides

Maguire and Kelleher1 first prepared bicyclic and monocyclic lactone based α-diazosulfoxides showing that the reduced conformational mobility was responsible for their stability. Collins13 built on this work and successfully designed and synthesised a range of lactone and lactam based α-diazosulfoxides. Buckley subsequently designed and synthesised a range of ketone derived -diazosulfoxides. The first step in the synthesis of these labile compounds is the generation of the sulfide precursors which can then be oxidised and undergo a Regitz diazo transfer step. The novel reactivity of these                                          -diazosulfoxides is their ability to undergo the hetero-Wolff rearrangement to form -oxo sulfines in short reaction times and under mild reaction conditions (Scheme 4).


[bookmark: _Ref483554774]Scheme 4
[bookmark: _Toc505089527][bookmark: _Toc506311584][bookmark: _Toc523135180]2.3.1 Synthesis of sulfides
[bookmark: _Toc505089528][bookmark: _Toc506311585][bookmark: _Toc523135181]2.3.1.1 Synthesis of lactone derived sulfides

Routes to the lactone derived sulfides are reported in the literature13 and were originally described by Koskimies.17 For this project, the epoxide 1 is ring opened via a SN2 nucleophilic attack of the thioglycolic acid 2 dianion which is prepared using freshly prepared sodium methoxide. Attack occurs only by the sulfur anion as it is more nucleophilic than the oxygen. After completion of this step, the reaction mixture is acidified with concentrated hydrochloric acid to pH 1 producing the hydroxy acid 3. Due to the tendency of the hydroxy acid 3 to spontaneously cyclise it is not isolated, and undergoes lactonisation in Dean-Stark conditions using p-toluenesulfonic acid as the catalyst to generate the lactone 4 in 75% yield over the two steps. A basic workup was sufficient to remove the catalyst and provide the sulfide product (Scheme 5). 


[bookmark: _Ref483556596]Scheme 5

This methodology was used to synthesise a range of lactone derived sulfides which are suitable for oxidation to sulfoxide level and subsequent diazo transfer to form the corresponding -diazosulfoxides. For the methyl-bridgehead substituted sulfide 5, the epoxide 6 is first generated through an m-CPBA epoxidation of the corresponding alkene and the pure epoxide 6 is isolated in a yield of  58%.  The yields of sulfide 5, 7, 8 and 9 were moderate to good across each of the epoxide substrates 6, 10, 11 and 12  (Scheme 6) and the crude lactonisation products  were often pure on analysis of the 1H NMR spectrum, and carried through to the next step without further purification.  A hot recrystallisation from ethyl acetate was employed if purification was needed.  


[bookmark: _Ref483559914]Scheme 6
Sulfides 5, 7-9 have been previously characterised in the group and spectral characteristics were consistent with earlier reports. The yields and quality of the products were comparable.
[bookmark: _Toc505089529][bookmark: _Toc506311586][bookmark: _Toc523135182]2.3.1.2 Synthesis of ketone derived sulfides 
Regitz diazo transfer to β-keto sulfoxides was first carried out within our research group by Buckley, to generate novel -diazosulfoxides.16  Under transition metal catalysis, microwave irradiation, photolysis and thermolysis, the -oxo-sulfine 13 is generated from the -diazosulfoxide 14  and corresponding carbene 15 via the hetero-Wolff rearrangement. 


Scheme 7
The work carried out by Buckley is summarised in Scheme 8 below including Diels-Alder cycloadditions to the -oxo sulfine along with studies of the transformation of the -oxo sulfine in the absence of a diene trap (Scheme 8), see section 2.4 for further discussion. 




[bookmark: _Ref483560999]Scheme 8
The route to the ketone derived sulfide 16 was first reported by Akkurt18 and after extensive optimisation by Buckley, an efficient synthetic route to substituted sulfides was established (Scheme 9).16 The first step in the synthetic sequence, consists of a reaction of benzyl chloride 17 and methyl thioglycolate 18 to generate the sulfide ester 19. Hydrolysis of the ester 19 is carried out using acetic acid/water mixture (50:50) at reflux and proceeds in an almost quantitative yield to form the desired acid 20. The acid 20 is converted to the acid chloride 21 quantitatively using thionyl chloride and the final step is a Friedel-Crafts type cyclisation to form the ketone derived sulfide 16 (Scheme 9). The intramolecular cyclisation and dehydration was inconsistent across the acid substrates 27,32,33 (Scheme 10) with regards to the yield and some investigation in to the optimum reaction conditions were carried out during this work. A similar cyclodehydration procedure has recently been described by Aitken for the synthesis of the cyclic sulfide 16 where a combination of phosphorus pentoxide and Celite® are used to induce the transformation directly from the carboxylic acid.19


[bookmark: _Ref483561282][bookmark: _Ref456185503]Scheme 9
A literature procedure described by Ramadas was applied in this work, for generation of the substituted sulfides 22, 23 and 24 (Scheme 10).20 The final step in the synthesis of these sulfides is a direct cyclisation in a cyclodehydration step, which involved an intramolecular Friedel-Crafts reaction of the acid directly to the sulfide.20 2-Methylbenzyl chloride 25 was reacted with methyl thioglycolate 18 in the presence of potassium carbonate and catalytic sodium iodide to give the methyl ester 26  in a good yield. Hydrolysis of the ester 26 in refluxing acetic acid and water leads to the acid 27 in 94% yield. Using a procedure previously established by Buckley, cyclisation and dehydration via an intramolecular Friedel-Crafts reaction with five equivalents of phosphorous pentoxide leads to the cyclic sulfide 22 in a yield of 23 % after purification by column chromatography. The same sequence of reactions and reaction conditions are applied to the substituted benzyl chlorides 28 and 29, resulting in the formation of the ester intermediates 30 and 31, which are subsequently converted to the acids 32,33. Following cyclisation the desired sulfides 23 and 24 were isolated in yields of 28% and 30% respectively after purification (Scheme 10). 


[bookmark: _Ref483562068]Scheme 10
Recently, Aitken has described similar reaction conditions for this cyclodehydration step, and these were used for the synthesis of the sulfide 24 in this work.19 The naphthalene derived acid 33 was subjected to the described reaction conditions and the reaction mixture was quenched after 3 h at reflux and the analysis of the 1H NMR spectrum of the crude material showed a ratio of starting material to product as 3.5 : 2, along with the formation of impurities. Purification of this reaction mixture led to the elution of the cyclised product 24 along with a minor impurity in a yield of 8%.  A third set of reaction conditions was used for the attempted cyclisation to the sulfide 24, whereby a combination of Aitken and Buckley’s methods was attempted. A mixture of Celite®, 33, and phosphorus pentoxide (2 equivalents) was heated to reflux for 2 h. On cooling a further 3 equivalents of Celite® was added and heated to reflux again. Analysis of the crude material showed the absence of the desired sulfide 24. 
Although the yield from this cyclisation and dehydration step was moderate, the cyclised sulfides 16,22–24 were still available in multigram quantities. These sulfides were found to be relatively unstable and short lived at room temperature and were stored in the dark, in the freezer to successfully prevent decomposition to unidentified, highly coloured, intractable material. The sulfides were typically used within 24 h of purification. 
[bookmark: _Toc505089530][bookmark: _Toc506311587][bookmark: _Toc523135183]2.3.1.3 Synthesis of monocyclic ketone-derived sulfides
Previously, when monocyclic ketone derived sulfides were synthesised and isolated within the group, the isolated yields after purification were low.16 The monocyclic sulfide 34 was synthesised using conditions optimized by Buckley, which were a modification of a procedure described by Kamenka.21 Generation of the diester 35 is achieved through condensation of methyl thioglycolate 18 with the alkyl bromide 36. Cyclisation of the diester 35 to the cyclic sulfide 34 is achieved using a Dieckmann condensation reaction. An intermediate keto-enol mixture 37 initially forms which subsequently undergoes hydrolysis and decarboxylation at high temperatures to give the desired sulfide 34 (Scheme 11) in 44% isolated yield from 35. 


[bookmark: _Ref461631816]Scheme 11
[bookmark: _Toc505089531][bookmark: _Toc506311588][bookmark: _Toc523135184]2.3.1.4 Synthesis of lactam derived sulfides
In this research group, investigations into the decomposition pathways of lactone derived -diazosulfoxides, such as 38,39, have provided invaluable insight in to the reactivity of these types of compounds and novel routes to other compounds such as the disulfide 40, the substituted alkene dimer 41 and the enol derivative 42 (Scheme 12). 

[bookmark: _Ref483564119]Scheme 12


With this reactivity in mind it was decided to synthesise a range of lactam derived -diazosulfoxides and investigate their transformations to -oxo sulfines. The synthesis, isolation and characterisation of lactam derived α-diazosulfoxides was first reported by Collins.13 The syntheses of the lactam derived sulfides, 43 and 44  were reported by Ruano22 in 1992 (Figure 2). 


[bookmark: _Ref483564427]Figure 2: Di-phenyl lactam derived sulfides. 
In Ruano’s reported procedure the synthesis of the thiomorpholinone rings begins from their epoxide precursors; trans stilbene oxide 1214 and cis stilbene oxide 45.14 In this work, the epoxides were synthesised from trans stilbene 46 and cis stilbene 47 using m-CPBA at 0°C, increasing to room temperature over 16 h (Table 1).
Table 1: Yields of epoxidation reactions.


	Entry
	Alkene
	Yield (%)

	1
	cis stilbene
	93

	2
	trans stilbene
	86


Methyl thioglycolate 18 was reacted with trans-stilbene oxide 12 and a catalytic amount of freshly prepared sodium methoxide (0.15 equiv) to give the hydroxy ester 48 in 80% yield without the need for further purification (Scheme 13). Catalytic amounts of base are needed as larger amounts result in the hydroxyacid 49, which on treatment with thionyl chloride or hydrochloric acid would lactonise forming the undesired lactone by-product 9. The hydroxy ester 48 was transformed to the chloro ester 50 on treatment with 2 equivalents of thionyl chloride resulting in 97% yield. The reaction of the chloroester 50 with 20% NH4OH gave the desired lactam 44 in 38% yield after column chromatography. It was proposed that part of the reason for the low yield was difficulty in purifying the lactam 44 by column chromatography on silica gel. On repeating the procedure using 33% NH4OH and then repeated recrystallisations with hot ethyl acetate, the desired product is isolated in an improved yield of 64%. 


[bookmark: _Ref483565012]Scheme 13
The synthesis of the trans-diphenyl thiomorpholinone 43 begins with cis-stilbene oxide 45 and methyl thioglycolate 18 (Scheme 14). Ruano reports that the trans disposition of the phenyl groups  encourages the formation of the lactone 51 when reacted with thionyl chloride. To avoid this happening, it is essential to convert the ester functionality in 52 to the amide 53 before the hydroxyl group is replaced with a chloride. This transformation is carried out on treatment with 20% ammonium hydroxide for 12 h. The crude product is recrystallized from ethyl acetate providing the hydroxy amide 53 in 80% yield. Chlorination of the hydroxy amide 53 is carried out using one equivalent of thionyl chloride at room temperature. A short reaction time is needed as well as low temperature to reduce the rate of lactone 51 formation. The results with varying reaction conditions are outlined in Table 2 below. 
[bookmark: _Ref486524904]Table 2: Product ratios on addition of SOCl2
	Temperature
	Time
	Ratio of chloro amide 54 : lactone 52

	Room Temperature
	16 h
	1:1

	Room Temperature
	5 min
	85:15

	0°C
	5 min
	97:3



The mixture of the chloro-amide 54 and lactone 51 is used in the next step where they form the desired lactam 43 and the hydroxy amide 53 respectively. The hydroxy amide 53 is re-formed by ring opening of the lactone 51 by ammonia and the two products are easily separated by recrystallisation. The crude product is repeatedly recrystallized from ethyl acetate to isolate the pure lactam 43 in 70% yield and as a white crystalline solid. This is compared to 34% when purified by column chromatography.14 


[bookmark: _Ref483565787]Scheme 14
Following the successful synthesis of the lactam derived sulfides 44 and 43, in three and four steps from the cis and trans diphenyl epoxides respectively, sulfoxidation of the sulfides became the next aim of this work. 
[bookmark: _Toc505089532][bookmark: _Toc506311589][bookmark: _Toc523135185]2.3.2 Synthesis of sulfoxides

[bookmark: _Toc505089533][bookmark: _Toc506311590][bookmark: _Toc523135186]2.3.2.1 Synthesis of lactone derived sulfoxides
Oxidation of the lactone derived sulfides is carried out in dichloromethane using one equivalent of m-CPBA as the oxidant (Scheme 16). The sulfoxidation reactions are typically complete within 1.5 - 3 h, and the m-chlorobenzoic acid by-product is removed by a basic work-up. As oxidation of the sulfur forms a new chiral centre, there is the potential for the formation of 2 diastereomers, depending on whether the oxidant approached from the  or β face (Scheme 15).


[bookmark: _Ref483840713]Scheme 15
Typically for the oxidation of the cyclohexyl sulfide 4 the sulfoxidation shows essentially no diastereoselectivity (Scheme 16) for the formation of the pseudo[footnoteRef:1]-equatorial 55 and pseudo-axial 56 sulfoxides in a ratio of 1:1. [1:  The term “pseudo” has consistently been used within our research group with regards to the axial or equatorial orientation of the sulfoxide oxygen. ] 



[bookmark: _Ref483571254]Scheme 16
Separation of the diastereomers 55 and 56 can be achieved by repeated chromatography on silica gel, or by slow recrystallisation of the diastereomeric mixture from dichloromethane/hexane. With the range of lactone derived sulfides, oxidation is also carried out with m-CPBA. For the methyl bridgehead sulfide 5, and cis-diphenyl derivative 9, oxidation occurs preferentially from the β face showing high diastereoselectivity in formation of the sulfoxides 57,58 and 59 respectively, caused by steric hindrance to approach from the opposite face. For the cycloheptene derived sulfoxides 60 and 61, the oxidation is carried out by sodium periodate in aqueous methanol, which were the optimal conditions for this substrate previously established within the group.16 Purification is carried out by column chromatography on silica gel. The lower isolated yield may be due to ring opening of the lactone moiety due to adventitious methanol (Table 3).15
[bookmark: _Ref485294399]Table 3: Sulfoxidation reaction conditions and yields
	Entry
	1
	2
	3

	Product
	

	

	


	Conditions
	m-CPBA/CH2Cl2
0°C – r.t., 1.5 h
	m-CPBA/CH2Cl2
0°C – r.t., 1.5 h
	NaIO4/MeOH
0°C – r.t., 2.5 h 

	Product Ratio
	
9.5:1
	
1:0
	
1:1

	Yield
	70%
	64%
	28%



The trans-dimethyl monocyclic sulfoxides 62 and 63 were synthesised via oxidation of the sulfide 8 using Oxone® as the oxidising reagent in aqueous acetone which leads to the formation of two diastereomers in the ratio of 1 : 0.3 (Scheme 17). The sulfoxides 62 and 63 were fully characterised as they are both novel compounds. The stereochemistry of the major diastereomer 62, with the pseudo-axial orientation of the sulfoxide oxygen, is assigned on the basis of the CHO signal in the 1H NMR spectra but has not been structurally confirmed. This signal appears as a multiplet between 4.97 – 5.04 ppm, whereas the corresponding signal for the minor equatorial sulfoxide 63 is between 4.18 – 4.25 ppm. The difference between these two signals is due to a 1,3 interaction between the sulfoxide moiety and CHO proton, as discussed by Collins14 and Evans.23  In line with the cycloheptene derivatives 60 and 61 the low yield of 62 and 63 could be due to ring opening of the lactone in the aqueous conditions and subsequent losses in water washes. 


[bookmark: _Ref483572191]Scheme 17
[bookmark: _Toc505089534][bookmark: _Toc506311591][bookmark: _Toc523135187]2.3.2.2 Synthesis of β-keto sulfoxides
In earlier work carried out by Buckley, a range of conditions for sulfoxidation reactions were screened on each of the ketone derived sulfide precursors. The various reaction conditions used included m-CPBA in dichloromethane, Oxone® in aqueous acetone and sodium periodate in aqueous methanol. The optimal conditions for each derivative established by Buckley were used for the generation of the range of β-keto sulfoxides in this work. Each of the reaction conditions include addition of the oxidant at 0°C over a period 10 – 20 minutes, in an attempt to prevent over oxidation to the corresponding sulfone. The sulfoxides 64 and 65 were each synthesised using sodium periodate as the oxidant following a standard procedure while sulfides 22, 23, 24  were oxidized to the corresponding sulfoxides 66, 67, and 68 using Oxone® as oxidant (Figure 3).



[bookmark: _Ref483572419]Figure 3: Results of sulfoxidation reactions. 
The exceptionally polar compounds 64–68 were obtained in good yield as white crystalline solids and did not require further purification after aqueous work up. The sulfoxides 64–68 possess a similar stability profile as the sulfides and to prevent thermal or photochemical decomposition, they are kept in the freezer after preparation and used within 24 h. Notably, in one case, on sulfoxidation of an impure sample of the sulfide 22 the acyclic sulfoxide 69 was isolated in one fraction from the column (~8%) and was later used in an attempt to make an acyclic -diazosulfoxide (Section 2.3.5). 
[bookmark: _Toc505089535][bookmark: _Toc506311592][bookmark: _Toc523135188]2.3.2.3 Synthesis of lactam derived sulfoxides
The oxidation of the cis-diphenyl lactam 44 was carried out using m-CPBA (77%) in dichloromethane to give the sulfoxide 70 in 84% yield after recrystallisation from ethyl acetate (Scheme 18). Only one diastereomer was present, the sulfoxide 70 with pseudo-axial orientation. This is due to oxidation from the β-face only, due to steric hindrance to approach from the α-face by the two phenyl groups. 


[bookmark: _Ref485293088]Scheme 18
The same procedure was used for the sulfoxidation of the trans-diphenyl sulfide 43 leading to a 1 : 1 ratio of the diastereomeric sulfoxides 71 and 72 in the crude material. 


Scheme 19
The sulfoxides were purified by chromatography and and the diastereomers were isolated in the ratio 1 : 1. These results are comparable to Collins who obtained a ratio of 1 : 1 for the crude material and an isolated sample with a ratio of 2.5 : 1, equatorial : axial after recrystallisation.14 
[bookmark: _Toc505089536][bookmark: _Toc506311593][bookmark: _Toc523135189]2.3.2.4 Synthesis of lactam derived β-keto sulfones
On one attempt to oxidise the cis-phenyl sulfide 44 to the sulfoxide 70, unidentified signals at 4.06 and 4.21 ppm were seen in the 1H NMR spectra (Figure 5). To determine if this extra signal was the equatorial sulfoxide or the corresponding sulfone 73, an authentic sample of the sulfone was prepared. The synthesis and isolation of the novel sulfones 73 and 74 was carried out using 3 equivalents of m-CPBA in dichloromethane with an aqueous sodium bicarbonate workup on the reaction mixture providing pure sample of both sulfones (Scheme 20). 


[bookmark: _Ref483573048]Scheme 20
The 1H NMR spectrum of the sulfone 73 shows an AB quartet system (JAB = 17.3 Hz) as doublets at 4.06 (finely split by W coupling) and 4.21 ppm. The CHS multiplet comes at 4.38 ppm and the CHN doublet at 5.65 ppm (JAB = 4.0 Hz) (Figure 4). This is in comparison to the sulfoxide 70 which has the CHS signal at 4.38 ppm and the CHN at 5.68 ppm. An authentic sample of the trans diphenyl sulfone 74 was also prepared from the sulfoxides 71,72, as a way of checking for over-oxidation of the sulfide starting material 43 (Scheme 20). The SO2CH2 AB quartet system  (JAB = 17.3 Hz) appears as doublets at 4.18 ppm and 4.26 ppm. The CHS is at 4.30 ppm (J = 10.2) and the CHN is at 5.23 ppm (J = 11.0 Hz) (Figure 4). Both sulfones 73,74 are white crystalline solids with high melting points and are novel compounds. 


[bookmark: _Ref486597349]Figure 4: 1H NMR spectrum characteristic signals of sulfones 73 and 74.
The extra signals seen on oxidation of the sulfide 44 were confirmed as being the sulfone formed from over oxidation (Figure 5). After this result, the m-CPBA was assumed to be the maximum concentration of 77% to avoid further over oxidation. 



[bookmark: _Ref486597256]Figure 5: 1H NMR spectra of the crude sulfoxide 70  (top) from the sulfoxidation of the cis-diphenyl sulfide 45, with an authentic sample of the sulfone 73 (bottom). 
The synthesis of the lactone, lactam13,24 and ketone25 derived sulfoxides (55 - 72), have been published by our research group. 
[bookmark: _Toc505089537][bookmark: _Toc506311594][bookmark: _Toc523135190]2.3.3 Synthesis of -diazosulfoxides
[bookmark: _Toc505089538][bookmark: _Toc506311595][bookmark: _Toc523135191]2.3.3.1 Synthesis of lactone derived -diazosulfoxides 
The standard conditions for diazo transfer to lactone derived sulfoxides have been long established within our research group, using one equivalent of triethylamine as base, acetonitrile as solvent and  one equivalent of tosyl azide as diazo transfer reagent. This is the Regitz diazo transfer methodology to activated methylene groups by deprotonation.26 The reactions are set up by cooling to 0°C, followed by the addition of the base, the reaction is stirred for 10 minutes, and subsequently followed by slow addition of a solution of a diazo transfer reagent over 10 minutes. The reaction is typically complete within 16 h with 100% consumption of the sulfoxide starting material. In this work, a series of lactone derived -diazosulfoxides 38,39,75–79 were synthesised in this way (Figure 6), while concurrently investigating new methodologies for their synthesis in continuous flow and new conditions for the batch reaction. 


[bookmark: _Ref483574057]Figure 6: Isolated yields of -diazosulfoxides from standard batch reaction conditions. 
Notably, the yields for these reactions are consistently poor to moderate across a range of substrates in line with earlier work in the team.  When these batch reactions are stirred for an extended period of time, the reaction mixture develops an extreme red coloration. This coloration which is caused by impurities is easily removed by column chromatography. Typically, the formation of this colour is consistent across the series and generally suggests successful diazo transfer. However, as the cause of this colouration is removed on purification, and the isolated -diazosulfoxides are yellow crystalline solids, the colour may be due to residual by-products from decomposition. To date, no decomposition products have been isolated from a batch diazo transfer reaction. Additionally, Collins14 highlighted the base sensitivity of this series of compounds when he carried out three different purification procedures on crude reaction mixtures which had endured the same reaction conditions.  Direct purification of the crude reaction mixture by column chromatography on silica gel led to an isolated yield of the -diazosulfoxides 38, 39 in 40% yield. When an aqueous wash and a base wash were carried out before column chromatography on silica gel, the product was isolated in 16% yield. When a water wash only was carried out before column chromatography on silica gel the isolated yield was 24%.14 These results by Collins indicate not only the base sensitivity of these compounds, but also the potential for hydrolysis induced losses caused by adventitious water. And as result of this observation, purification of the crude diazo transfer material is carried out by column chromatography on silica gel only. 
[bookmark: _Toc505089539][bookmark: _Toc506311596][bookmark: _Toc523135192]2.3.3.2 Synthesis of ketone derived -diazosulfoxides under standard batch conditions 
Typically, α-diazoketones are more labile than α-diazoesters, therefore opening the possibility of different reactivity and more diverse synthetic applications.27 These -diazosulfoxide derivatives contain an α-diazoketone functionality as opposed to the -diazolactone derivatives previously described.13 The properties, stability and reactivity of α-diazoketones are distinctly different to those of α-diazoesters and diazo compounds derived from carboxylic acids in general. In comparison to the lactone derived -diazosulfoxides though, this series of compounds are lacking the lactone moiety which is susceptible to hydrolysis, and base sensitive as a result. 
The first syntheses of the -diazosulfoxides 14,80–83 were reported by Buckley16 who established the reactivity of these -diazosulfoxides in batch reactions, under transition metal catalysis, thermolysis and photolysis conditions. The optimum conditions for the synthesis of the lactone derived -diazosulfoxides were utilized in this work in an attempt to effect diazo transfer to the β-keto sulfoxide precursors 66, 68 and 65. In contrast to the synthesis of the lactone derived -diazosulfoxides, complete consumption of the sulfoxide starting material within 9 h or less is achieved, presumably as a result of the lower pKa value of approximately 11. 


[bookmark: _Ref483575529]Figure 7: Isolated yields of ketone derived -diazosulfoxides from standard batch reaction conditions.
On complete consumption of the starting material in these reactions, the 1H NMR spectra of the crude material shows the disappearance of the characteristic and diastereotopic SOCH2 signal and is accompanied by the appearance of the diazo stretch between 2111 cm-1 and 2120 cm-1 in the infrared spectrum. For the lactone and lactam derived -diazosulfoxides the diazo stretch in the infrared spectrum is usually between 2111 cm-1 and 2127 cm-1  and in the 13C NMR spectrum the C=N2 peaks are observed between 71.3 and 79.2 ppm for both ketone and lactone derivatives. Interestingly, the naphthalene derived -diazosulfoxide 81, and monocyclic -diazosulfoxide 82 were not successfully isolated as pure compounds after chromatography due to the presence of inseparable impurities caused by product decomposition, however, the signals indicative of successful diazo transfer, such as the sulfonamide NH2 and the diastereotopic CH2 doublets of the corresponding -diazosulfoxide were present in the 1H NMR spectrum of the crude material. 
[bookmark: _Toc505089540][bookmark: _Toc506311597][bookmark: _Toc523135193]2.3.3.3 Synthesis of lactam derived -diazosulfoxides
The cis-diphenyl lactam derived -diazosulfoxide 84 was prepared using sodium hydride as base, tosyl azide as diazo transfer reagent and THF as solvent (Scheme 21). These conditions were optimised by Collins who found triethylamine was not basic enough to deprotonate the proton alpha to the sulfoxide in the lactam 70. 14


[bookmark: _Ref483576140]Scheme 21
Isolation of the pure -diazosulfoxide 84 (Scheme 21) was extremely challenging due to the similar polarity of the sulfonamide by-product. It was found that when using silica gel for column chromatography the majority of the product would not elute from the silica gel. Alumina was also used but this did not provide an efficient separation. The pure product 84 was obtained in a low yield of 12% yield after repeated column chromatography. 
The trans-diphenyl lactam derived -diazosulfoxides, both axial 85 and equatorial 86 were generated under the same conditions but could not be separated from the p-toluenesulfonamide by-product. Previous work within the group28 had shown the effectiveness of using polymer supported benzene sulfonyl azide as the diazo transfer reagent (Scheme 22). The polymer supported reagent can be removed by filtration and eliminates the need to separate the sulfonamide by-product from the reaction product. With this in mind, the lactam derivatives 71,72 (1 : 1) were deprotonated using sodium hydride in THF, under  a nitrogen atmosphere and the polymer supported sulfonyl azide was swollen separately, before the reaction, in THF (Scheme 22). The swelling of the polymers depends on the dipole moment of the solvent. THF has a similar dipole moment to dichloromethane which is usually used to swell polymer supported reagents (THF = 1.63, DCM = 1.6)28 and so after swelling of the beads in THF for 15 minutes, they were added to the reaction mixture. 


[bookmark: _Ref483841436]Scheme 22
After 16 h the beads were removed by Buchner filtration and rinsed with dichloromethane. After purification, the pure -diazosulfoxide products 85 and 86 were isolated in one fraction (27%), in a ratio of 5.5 : 1 , 85 : 86, followed by starting material (36%, 2 : 1, 71 : 72 ). The low recovery is in line with Collins’ work using standard tosyl azide which had a ratio of 1.6 : 1, 86 : 85.14 These results highlight the fact that formation or isolation of the axial diastereomer is favoured. 
[bookmark: _Toc505089541][bookmark: _Toc506311598][bookmark: _Toc523135194]2.3.4 Generation of -diazosulfoxides in a continuous flow system 
The generation of -diazocarbonyl compounds utilizing continuous flow protocols has recently been reported by our group, and others, highlighting its applicability to continuous flow.29-31 The Regitz diazo transfer reaction to lactone derived β-oxo sulfoxides typically required 16 h at room temperature in a batch reaction and only provided moderate to good yields. A key objective of this work was to optimise the diazo transfer to form -diazosulfoxides, in a continuous flow system. The synthesis of the sulfoxide precursors for diazo transfer is previously reported in section 2.3.2.13 These six lactone derived substrates 55,56,59,62,63,57,58 were chosen for investigation because they would provide a good insight in to the robustness of a new methodology by variations in the steric, and conformational properties. While dr’s indicated on Figure 8 refer to NMR’s of samples of materials used in flow reactions, there may be alterations in the precise ratios if the diastereomer sulfoxides are not homogeneous. 


[bookmark: _Ref487561825]Figure 8: Sulfoxide precursors used for the diazo transfer reaction in continuous flow. 
Tosyl azide is traditionally used in batch reaction conditions and was used in our initial continuous flow reactions. However, p-dodecylbenzenesulfonyl azide (DBSA) 87 was later used instead of tosyl azide as the diazo transfer reagent for two main reasons. Firstly the relatively low polarity of the dodecylbenzenesulfonyl amide 88 by-product makes chromatographic purification of the -diazosulfoxides more efficient. The second reason is the additional safety aspect compared to most other diazo transfer reagents. Multiple reports exist in the literature on the safe generation and use of diazo transfer reagents,32-37 and although tosyl azide is known to be shock sensitive and highly explosive it can be used effectively when proper precautions are taken - such as the addition of the diazo transfer to the reaction at 0°C. DBSA 87, however, is an oil at room temperature with an approximate initiation temperature of 151°C and an impact sensitivity of 150 kg cm, compared to tosyl azide which has an initiation temperature of 120°C and an impact sensitivity of 50 kg cm.34 
The initial study was an investigation on how a modified batch protocol (room temperature, as opposed to 0°C) would perform in a continuous flow reactor with an aim to achieve maximum conversion to the desired product (Table 4). The sulfoxides 55,56 were selected as the model substrate to begin the optimisation. As mentioned earlier, the batch procedure consists of one equivalent of tosyl azide as the diazo transfer reagent, one equivalent of triethylamine and acetonitrile as solvent. Initial results from transferring of these batch reaction conditions to continuous flow were not very promising, showing limited success (Table 4, Entries 1 – 7). 
The initial optimisation investigation was carried out on the Vapourtec R-Series reactor using 2 mL injection loops, and consisted of varying the equivalents of base, residence time and temperature.  The best conversion achieved in this screen of the reaction conditions was 40% consumption of the starting material (Table 4, entry 8), therefore a new approach was explored. Due to the challenge of separating the tosyl amide by-product and tosyl azide from the desired -diazosulfoxides 38,39 the crude mixtures were not purified and the products were not isolated in these initial screening studies. 
[bookmark: _Ref483846028]Table 4: Applying the batch reaction diazo transfer conditions to continuous flow. 
	


	Entry
	Residence Time (min)
	Et3N (eq.)
	Tosyl Azide
	Temp (°C)
	Conversion (%)a

	1
	25
	1
	1
	22
	22

	2
	50
	3
	1
	25
	26

	3
	50
	1
	1
	25
	17

	4
	50
	1
	1
	40
	22

	5
	50
	1.9
	2
	40
	38

	6
	25
	1
	1
	40
	26

	7
	50
	1
	1 (DBSA)[footnoteRef:2] [2:  For all diazo transfer reactions using DBSA (mixture of isomers), the sulfonyl azide was sourced directly from TCI Chemicals and used without purification. ] 

	25
	38

	8
	50
	2
	1 (DBSA)
	40
	40


[a]The conversion results were obtained from 1H NMR spectroscopy analysis.
The low percentage conversion to the desired product is most likely due to the short residence time, and increasing the residence time substantially, may have provided higher conversions to the desired products. However, our aim was to achieve high conversions and high yields in short residence times, and so this approach of extending the residence time was not investigated further. The next parameter investigated was the effect of changing the base for these reactions. A series of secondary and tertiary amine bases were screened, again with limited success, except for an interesting result with DBU (Table 5, entry 5). Significant red coloration was noted at the “T”-piece, similar to what is observed after approximately 16 h with the batch reaction. Interestingly, this coloration was not observed in the other flow reactions (Table 5, entries 1 – 4). This observation was important because, as diazo transfer proceeds in the batch conditions, the colour change is from colourless to yellow, then to yellow/orange, orange, orange/red and finally red. At this point the 1H NMR spectrum of the crude material shows complete consumption of the sulfoxide starting material 55,56. The purified -diazosulfoxides 38,39 are yellow crystalline solids and yellow in solution, suggesting that the red coloration is associated with successful diazo transfer to the sulfoxide and formation of resulting impurities responsible for the colour. Despite the red colour, the 1H NMR spectrum of the crude material from this flow reaction (Table 5, entry 5) showed starting material 55,56 and unidentified decomposition products with no -diazosulfoxide observed. For all other previous entries in the continuous flow investigations (Table 5), no change in coloration was observed. This intense red coloration observed in the tubing suggested that among the bases used, DBU is sufficiently basic to initiate rapid diazo transfer but the sensitivity of the sulfoxide substrate to DBU as base, led to complete decomposition (Table 5, entry 5). Interestingly, Table 5 shows clearly that conversions are poor even in the presence of 2 equivalents of base and 2 equivalents of diazo transfer reagent. These results, combined with the results by Collins (Section 2.3.3.1) show that prolonged exposure to base is incompatible with a high yielding process for the synthesis of these -diazosulfoxides.  
[bookmark: _Ref483565877]Table 5: Continuation of the Investigation into the use of homogeneous phase bases.
	Entry
	Base (eq.)
	Diazo transfer reagent (eq.)
	Residence time (minutes)
	Conversion (%)a


	1
	Et2NH (1.05)
	Tosyl Azide (1.05)
	25
	9

	2
	Et3N (2)
	DBSA (1)
	50
	40b

	3
	Et3N (1.9)
	Tosyl Azide (2)
	50
	38b

	4
	DIPEA (1.05)
	Tosyl Azide (1.05)
	25
	4

	5
	DBU (1.05)
	Tosyl Azide (1.05)
	25
	-c


[a] Conversions were determined by 1H NMR Spectroscopy.
[b] These reactions were carried out at 40°C.
[c] The percentage conversion to -diazosulfoxide could not be determined due to the decomposition of the product to multiple unidentifiable products.
As base sensitivity of the products was a limiting factor (Section 2.3.3.1) the use of solid supported bases was attempted. This move towards polystyrene supported DBU (PS-DBU) and other solid phase bases was with the aim of formation of the product and immediate removal from the basic environment, leading to their successful isolation overcoming base mediated decomposition. These solid (K2CO3) or solid supported bases (Amberlyst A21, PS-DBU) are loaded in to a column reactor forming a packed bed of reagent that the substrate is flowed over. The characteristics of these bases are highlighted in Table 6.



[bookmark: _Ref487536698]Table 6: Solid supported or insoluble bases used in the investigation.
	Entry
	Base
	Structure
	pKa (in CH3CN)

	1


	K2CO3
	

	10.3

	2
	Amberlyst A21
	Styrene divinyl benzene backbone – dimethylamine functionality at the surface



	18.4*38

	3
	PS-DBU
	1% cross linked with divinyl benzene


	24.1339


*Using triethylamine as a model.
The combination of back pressure in the system, along with tight packing of the solid base ensures reaction of the heterogeneous reagents (Table 7). Specific control of the residence time is one of the key process control parameters in continuous flow which is easily varied by adjusting the flow rate – a control parameter which cannot be achieved in batch. 
[bookmark: _Ref487464626]Table 7: Investigation into the use of solid phase bases.
	


	Entry
	Base 
(equivalents)
	Diazo transfer reagent 
(equivalents)
	Residence time in reactor column (minutes)
	Conversion
 (%)

	1
	PS-DBU (5)
	Tosyl Azide (2)
	9
	100

	2
	K2CO3 (5)
	Tosyl Azide (2)
	15
	3

	3
	Amberlyst A21* (20)
	Tosyl Azide (2)
	9
	100

	4
	Amberlyst A21* (20)
	DBSA (2)
	9
	100



*Amberlyst A21 is polymer supported dimethylamine (PS-NMe2).
Using polystyrene supported DBU with tosyl azide led to 100% consumption of starting material 55,56 and critically, the intense red coloration from unidentified decomposition products, seen with the homogeneous phase DBU reaction were not observed in with the polystyrene supported DBU (Table 7, entry 1) indicating that decomposition when using DBU is avoided through immobilisation. Regeneration of the polymer supported DBU has previously been reported using a 1M solution of DBU in dichloromethane.40 This method was successfully used in this work to regenerate the polymer supported DBU and this regenerated material was then used in turn for other successful diazo transfer reactions. These reactions gave comparable results to the commercially sourced PS-DBU, however some non bound DBU remains and subsequently leached in to the reaction mixture. Due to this challenge, the use of Amberlyst A21 was investigated, with great success (Table 8). Amberlyst A21 as a catalyst or reagent in organic synthesis and continuous flow synthesis has been previously reported and is advantageous due to its affordability and potential for regeneration.41-43 Amberlyst A21 is reported to have excellent stability, low leaching, and resistance to thermal and mechanical shock.44 With the excellent results we achieved using Amberlyst A21, including when DBSA was used as diazo transfer reagent (Table 7, entry 4), it was decided to focus on this solid supported base for our substrate scope, using the conditions that would afford us 100% consumption of starting material (Table 8). The conditions used were 20 equivalents of Amberlyst A21 as base, a residence time of 9 minutes and 2 equivalents of DBSA as the diazo transfer reagent. The solvent for the reaction, acetonitrile, was kept consistent to that used in the batch reaction. 






[bookmark: _Ref485296229]Table 8: Diazo transfer in flow using Amberlyst A21 as base. 
	


	Entry
	Product
	Residence time (minutes)
	Diastereomeric Ratio
	Conversion (%)
	Yield (%)a

	
	
	
	Sulfoxide
	Diazosulfoxides
	
	

	1
	

	9
	1:1
	1:1
	100
	49

	2
	

	9
	Axial only
	Axial only
	100
	30

	3
	

	9
	1:0.3
(axial : eq)
	Axial only
	100b
	47

	4
	

	9
	Equatorial only
	Equatorial only
	100
	70


a After column chromatography.
b The sulfoxide starting material was a 1:0.3 mixture of diastereomers, axial : equatorial. 
As can be seen in Table 8 yields are between 10 – 15% higher than the standard batch reaction conditions for generation of the -diazosulfoxides 38,39,76–78 and entry 4 in particular showed the reproducible high yield of 70% for 76. This yield of 70% for the isolation of an -diazosulfoxide was unprecedented, and suggests that the process control which is enabled in flow, through the use of solid supported bases, leads to substantial increases in the yields for the synthesis of lactone derived -diazosulfoxides. Interestingly, the bridgehead methyl group on 76 is anticipated to reduce the base sensitivity of this lactone relative to the others in this series, which may account for the increased yield. Based on this exciting result, a new investigation was carried out without the use of injection loops and through the use of peristaltic pumps on the Vapourtec E-Series reactor. The low solubility of the relatively polar sulfoxide substrates made the use of peristaltic pumps a better choice than the Vapourtec R-Series reactor with HPLC pumps, for these reactions in which the consistent flow rate is important.* The solutions of sulfoxides used were between 0.039 M and 0.06 M, because of their limited solubility in acetonitrile. Table 9 illustrates the results of a yield optimisation study whereby the effect of reducing the equivalents of base, sulfonyl azide and the residence time were all investigated. It is noted that the highest yield (76%) is obtained when 5 equivalents of base are used and a residence time of nine minutes (Table 9, entry 12). A comparable yield (73%) is recorded when 20 equivalents of base are used with a short residence time (Table 9, entry 3). However, the lowest yield (46%) was recorded when there was a large excess of base and a long residence time (Table 9, entry 1). This suggests that significant decomposition occurs with prolonged exposure to basic conditions, either excess Amberlyst A21 or through a too long residence time on the Amberlyst A21. This low yield of 47% (Table 9, entry 1) is comparable to the yield from the reaction in batch, however it is much lower than the yields from the other continuous flow reactions.















*It was easier to maintain the constant flow rate with the peristaltic pump rather than with a HPLC pump. 

[bookmark: _Ref486525726]Table 9: Yield optimisation by reduction of residence time, and equivalents of base.
	


	Entry
	Amberlyst A21
	Diazo Transfer Reagent
	Residence time
(minutes)
	Conversion
	Isolated Yield

	1
	(20 eq)
	DBSA(2)
	9.5
	100
	47%

	2
	(20 eq)
	DBSA (2)
	9
	100
	49%

	3
	(20 eq)
	DBSA (2)
	4.5
	100
	73%

	4
	(20 eq)
	DBSA(2)
	2.25
	98
	73%

	5
	(7 eq)
	DBSA (2)
	4.5
	96
	68%

	6
	(7 eq)
	TsN3 (2)
	6.5
	100
	-*

	7
	(7 eq)
	DBSA (1.2)
	6.5
	73
	-*

	8
	(7 eq)
	DBSA (1.2)
	9
	82
	-*

	9
	(7 eq)
	DBSA (1.5)
	9
	85
	54%

	10
	(5 eq)
	DBSA (2)
	4.5
	77
	68%

	11
	(5 eq)
	DBSA (2)
	9.5
	95
	71%

	12
	(5 eq)
	DBSA (2)
	9
	86
	76%


*The crude material was not purified to obtain an isolated yield. 
Noteworthy, is the fact that the conditions in Table 9, entry 12, which provides us with the highest isolated yield of the product, consumption of the sulfoxide starting material 55,56 is only 86%. In all cases where 100% consumption of starting material was recorded, the isolated yields were lower. Effectively, this shows that balancing the equivalents of Amberlyst A21 and the residence time are vital parameters for a high isolated yield. Sufficient time is required to achieve diazo transfer, but if the -diazosulfoxide products 38,39 are exposed to the basic reaction conditions for too long, decomposition begins to reduce the amount of the desired -diazosulfoxide which can be isolated. 
These optimised conditions (Table 9, entry 12) from the flow reaction were used for a comparison to the standard batch conditions. With 2 equivalents of DBSA 87 and 5 equivalents of Amberlyst A21, and a reaction time of 24 h, 100% conversion was achieved with an isolated yield of 61% of the -diazosulfoxides 38,39 after column chromatography (Scheme 23). As a comparison to the flow reaction, when the reaction time in batch is reduced to 9 minutes, a conversion of 39% is achieved, which is significantly lower. A 49% conversion was obtained after 25 min in the batch conditions, in the presence of 5 equivalents of Amberlyst A21 at room temperature (Scheme 23). Notably, while reactions were incomplete in a short period of time in batch, use of the immobilised base Amberlyst A21 led to significantly better outcomes in terms of yields and efficiency than was seen using triethylamine. Immobilisation of base also led to substantial improvement in yields (see Scheme 23, 61% cf circa. 40%). Notably, the ease of the protocol is enhanced by:
Conducting the reactions at room temperature without the need for an ice bath, and 
The ease of sulfonamide and base removal is increased relative to tosyl azide and triethylamine. 
When reactions were conducted in continuous flow, relative to batch reactions with Amberlyst A21, conversions are much higher with shorter residence times than seen in Scheme 23, presumably due to rate enhancement by better mixing and back pressure.
While batch conditions using Amberlyst A21 are an important outcome of this work, the reactions conducted in continuous flow are higher yielding because the product is completely removed from the base. 


[bookmark: _Ref486687650]Scheme 23
Using the newly optimised conditions (Table 9, entry 12) a series of lactone derived -diazosulfoxides were synthesised (Table 10). A significant increase in yield is achieved using the flow process and newly optimised conditions with Amberlyst A21 as base and DBSA 87 as the diazo transfer reagent across a range of substrates. To the best of our knowledge use of Amberlyst A21 for diazo transfer has not been previously reported. Although 100% conversion was achieved using the conditions outlined in Table 8, the highest yields of 38,39 were obtained using the conditions outlined in Table 9, entry 12.  Interestingly for Table 10, entry 4, this sulfoxide starting material was more soluble in acetonitrile and so a test reaction was carried out the concentration of 0.09 M, instead of the usual 0.05 M. However, the yield decreased significantly to 60% under this increased concentration, with decomposition residues remaining both on the solid supported base and on the silica gel, in a manner similar to the batch reactions. 
Table 10: Isolated yields of products using the newly established flow procedure.
	



	Entry
	1
	2
	3*
	4

	Product
	


	

	

	


	Concentration (M)
	0.05
	0.04
	0.06
	0.05
	0.09

	Flow Conversion (%)
	(86)
	(96)
	(100)
	(98)
	-

	Flow Yield
	76%
	88%
	86%
	86%
	60%

	Batch Yield
	34%
	28%
	35%
	33%
	33%


*Only the axial sulfoxide was used as the substrate resulting in the formation of the axial -diazosulfoxide 78 only. 

In conclusion, by using solid phase bases and in particular PS-NMe2, in a glass reactor column, we have significantly enhanced the synthesis of -diazosulfoxides resulting in a dramatic increase in isolated yields and reduction in reaction times. The new conditions perform consistently well across a range of lactone derived -diazosulfoxide substrates with 2 – 3 fold increases in yield over the standard batch conditions. Both PS-NMe2 (all series) and polystyrene supported DBU (38,39 only) are applicable to the diazo transfer reaction. This flow method enables reproducible access to a high yielding synthesis of the -diazosulfoxides for the first time in over 16 years of research in our team, and also shows greater potential for scale-up. This study highlights the advantages of highly controlled residence times in flow which can enable efficient synthesis of compounds that are sensitive to prolonged exposure to the reaction conditions. With this in mind this new methodology for the synthesis of lactone derived -diazosulfoxides was also applied to the synthesis of a range of ketone derived -diazosulfoxides.  
[bookmark: _Toc505089542][bookmark: _Toc506311599][bookmark: _Toc523135195]2.3.4.1 Application of the new continuous flow diazo transfer to ketone derived β-keto sulfoxides
The standard Regitz diazo transfer methodology under batch reaction conditions was used for the generation of ketone derived -diazosulfoxides. However, in these conditions, this led to poor to moderate yields and for some derivatives in situ decomposition. More specifically, in this work in situ decomposition was observed specifically with the naphthalene derived -diazosulfoxide 81; on analysis of the 1H NMR spectrum of the crude material a significant amount of unknown impurities had formed. When these ketone derived β-keto sulfoxides were subjected to the continuous flow diazo transfer reaction conditions, the optimal outcome was achieved. The conditions which had been optimised for the lactone series were utilised without re-optimisation. Although discoloration of the solid supported base was observed, changing from yellow to a deep purple/black colour, analysis of the crude reaction mixtures by 1H NMR spectroscopy showed excellent conversions to the desired -diazo-β-keto sulfoxides. For the more stable -diazosulfoxides 14,80,83 which were easily accessed from batch reactions (Table 11, entries 1 – 3), conversions were between 89 and 95% in the continuous flow reactions. For the more sensitive substrates 81,82 (Table 11, entry 4 – 5) which were challenging to synthesise and isolate from the batch reaction, their conversions were 65 and 72% respectively. However, even with these moderate conversions, the desired -diazosulfoxides were successfully isolated and characterised in moderate yields. Notably, even when pure in the freezer both  of these -diazosulfoxides undergo transformation to a complex mixture of unknown decomposition products. The ketone derived β-keto sulfoxides are notably more labile than the lactone series, even as pure products (samples of 38, 39 maintained their purity and quality when stored on the bench over a period of months, whereas the ketone derivative such as 82, 80 need to be kept in the freezer to maintain their quality). While the base sensitivity of the lactone derivatives is readily rationalised due to basic hydrolysis, it is less clear why the ketone derivatives are base sensitive. The properties, stability and reactivity of α-diazoketones are distinctly different to those of α-diazoesters and diazo compounds derived from carboxylic acids in general. 27 This is due to the extent of stabilisation through resonance delocalisation of the  -diazoketones compared to -diazoesters. Typically, α-diazoketones are more labile than α-diazoesters, therefore opening the possibility of different reactivity and more diverse synthetic applications.27
[bookmark: _Ref486527866]Table 11: Synthesis of ketone derived -diazosulfoxides in continuous flow.
	


	Entry
	1


	
2
	
3
	4


	5




	Conversion (%)a
	95
	89
	95
	65
	72

	Yield (%)b

	80
	88
	60
	39
	19

	Batch Yield (%)b
	35c
	33
	26c
	Not isolable
	Pure sample not isolable


a Conversions were determined by analysis of the 1H NMR spectra of the crude material.
b Isolated yields after purification by column chromatography on silica gel. 
c Results reported by Buckley. 
[bookmark: _Toc505089543][bookmark: _Toc506311600][bookmark: _Toc523135196]2.3.5 Attempted generation of an acyclic -diazo-β-keto sulfoxide
The inability to isolate acyclic -diazosulfoxides has previously been described within our group under batch reaction conditions.14 However, with our new continuous flow reaction conditions, the synthesis of an acyclic -diazosulfoxide 89 was attempted using this continuous flow methodology (Scheme 25). The synthesis of acyclic -diazo-β-keto sulfoxides has been of significant interest within our research group over the years and has been investigated by both Kelleher12 and Collins.14 Kelleher had previously show that on addition of m-CPBA to a reaction mixture containing the β-keto sulfoxide 90 , base, and tosyl azide as the transfer reagent, the desired  -diazo-β-keto sulfone 91 was isolated. This indicated the formation of the -diazo-β-keto sulfoxide 92 in situ and subsequent trapping of this compound as the sulfone derivative 91. 


Scheme 24
Additionally, Collins had investigated the synthesis of -sulfinyl esters, phosphonates and imidazoles to investigate whether the electron withdrawing group would prevent loss of the diazo moiety, but with no success in isolating acyclic -diazosulfoxides. Two attempts were made for the synthesis of an acyclic -diazosulfoxide 89  (Scheme 25) using this new methodology which provides enhanced yields of -diazosulfoxides by preventing decomposition induced by the reaction conditions. The pure sulfoxide substrate 69 (Section 2.3.2.2) was obtained in one fraction after column chromatography, after an oxidation  was carried out on an impure sample of the sulfide 22.  Polystyrene-supported DBU and Amberlyst A21 were both used as the solid supported base in two separate reactions, each reaction having a residence time of 9 minutes and 2 equivalents of DBSA 87 used as diazo transfer reagent  (Scheme 25). Although successful diazo transfer from DBSA 87 occurred, as evidenced by the sulfonamide NH2 peak on the 1H NMR spectra of the crude material, and a colour change from colourless to yellow was observed within the reactor tubing, the desired -diazosulfoxide 89 could not be identified after purification of the crude reaction mixture by column chromatography. The sulfoxide 69 was not isolated from the reaction mixture after purification, suggesting complete consumption in the reaction conditions. If the formation of the -diazosulfoxide 89 occurs there are two possible further reaction pathways. The first is the instant loss of molecular nitrogen forming the carbene 93. Two C-H insertion products, could be envisaged to form from the carbene 93 (Scheme 25). First, the formation of the lactone 94 or more favourably, the 6 membered cyclic sulfoxide 95. Unfortunately, neither of these C-H insertion products were observed after purification of the crude reaction mixture by column chromatography on silica gel. The second, more likely, reaction pathway is similar to that described by Hodson and Holt11 which is formation of a thiol ester 96 by oxygen abstraction from the sulfoxide. 


[bookmark: _Ref483843056]Scheme 25
This inability to isolate an acyclic -diazosulfoxide reflected the work by Hodson, Holt,11 Kelleher12 and Collins,14 however, recently in the literature progress has been made in accessing -sulfinyl carbenes. -Sulfinyl metallocarbenes have been accessed by the group of Grainger45 using oxidative gold catalysis with alkynyl sulfoxides, and in that work the subsequent reactivity was exploited to carry out intramolecular cyclopropanation reactions (Scheme 26). 


[bookmark: _Ref487568278]Scheme 26
[bookmark: _Toc505089544][bookmark: _Toc506311601][bookmark: _Toc523135197]2.3.6 Attempted telescoping of diazo transfer to sulfoxides followed by quench
A recent report in the literature, from our research group, has shown the generation, use and subsequent quench of reactive sulfonyl azides in a continuous flow system.29 It was envisaged that this quench method could be used in our process to safely remove the excess DBSA 87 from the system after reaction completion. In the traditional batch reaction conditions the diazo transfer reagent, tosyl azide, is 100% consumed in the reaction forming the sulfonamide by-product. This is in comparison to our new continuous flow reaction conditions whereby two equivalents of the diazo transfer reagent DBSA 87 were necessary to achieve high conversions and high yields in short residence time.  Therefore any unused DBSA 87, which is a heat and shock sensitive sulfonyl azide is a part of the crude mixture of products. With this in mind, the appropriate safety precautions were taken in all cases and crude reaction mixtures were concentrated under reduced pressure without heating. Interestingly, on purification of the crude reaction mixtures by flash chromatography on silica gel, the excess DBSA 87 is easily separated from the dodecylbenzenesulfonyl amide by-product 88 by column chromatography on silica gel. The  excess DBSA 87 elutes first, followed by the sulfonamide by-product  88 followed by the desired -diazosulfoxide after increasing the polarity of the eluent system substantially. The sacrificial quench process reported by our group has the added safety advantage of not concentrating the unused equivalent of DBSA 87 on a rotary evaporator. We envisaged it would be possible to telescope the reaction of diazo transfer in flow using solid supported base and a subsequent sacrificial quench of the residual sulfonyl azide 87 as outlined in Scheme 27. The sacrificial quench results in formation of a labile diazoketone compound 97 which breaks down in basic aqueous solution to the benign fragment of acetate 98 and diazopropanone 99 which is subsequently quenched with sodium nitrite and dilute sulfuric acid. However, before attempting the quench in continuous flow we first had to show that the sodium acetyl acetone salt 100 would effectively quench DBSA 87 in aqueous acetonitrile. With a reaction time of 15 mins and 1.5 equivalents of the sacrificial quench solution it was established that the quench completely removes unreacted DBSA 87. Dodecylbenzenesulfonyl amide 88 was recovered in 66% yield (Scheme 27).  


[bookmark: _Ref483844538]Scheme 27
Having shown that our sacrificial quench removes unreacted DBSA 87 under batch reaction conditions, we aimed to confirm that the quench would also work in continuous flow, so that it would be applicable to our telescoped diazo transfer process and enhance the safety features of our process. Using 1.5 equivalents of the sacrificial quench solution 100 and a residence time of 15 minutes, 100% conversion of the sulfonyl azide 87 to the desired sulfonyl amide 88 was achieved with the formation of a notable yellow colour in the reactor coil (Scheme 28). 


[bookmark: _Ref483844613]Scheme 28
For the attempted telescoping of the diazo transfer procedure and the sacrificial quench 100, the optimum conditions for diazo transfer, as previously established, were used (9 minute residence time, 2 equivalents DBSA 87, 5 equivalents Amberlyst A21). For the subsequent quench in line, 1.5 equivalents of the sacrificial quench solution 100 were used as reported in the literature and had been successful in our earlier quench experiments. The telescoped process (Scheme 29) was carried out with a residence time of 9 minutes for the diazo transfer reaction, and 8 minutes for the quench reaction. As expected, even with the much shorter residence time for the quench, 100% consumption of the excess DBSA 87 was achieved. However, analysis of the 1H NMR spectrum of the crude material showed a complete absence of β-keto sulfoxide starting material 64 or -diazo-β-keto sulfoxide product 14 and the presence of complex unidentified byproducts. In the reaction coil containing the quench solution intense red coloration was observed. It appears the labile -diazosulfoxide 14 is incompatible with this sacrificial quench 100. 
It appears that the labile -diazosulfoxide 14 is incompatible with the quench solution of sodium acetyl acetone in aqueous acetonitrile, interestingly this can not be explained solely on base lability as the pKa(BH+) of approximately 9 in H2O is comparable or weaker than Amberlyst A21 or DBU. The most likely rationale is that the -diazosulfoxides are sensitive to aqueous base. Further investigation of this is warranted, including the lactone series. In hindsight, this quench could be attempted at lower temperatures, or with less equivalents of the quench solution to see if decomposition of the -diazosulfoxide product is an issue. However with the establishment of a high yielding process for the synthesis of -diazosulfoxides the focus of this work became their further reactivity.


[bookmark: _Ref483844812]Scheme 29
[bookmark: _Toc506311602][bookmark: _Toc523135198][bookmark: _Toc505089545]2.3.7 Spectroscopic characteristics of the novel -diazosulfoxide 81 
Having established new reaction conditions we successfully accessed the novel naphthalene derived -diazosulfoxide 81. The characterisation was used to confirm the structure of the -diazosulfoxide  81. The characteristic C=N2 absorption stretch in the infra-red spectrum was at 2126 cm-1, all other ketone derived -diazo-β-oxo sulfoxides are in the corresponding range of 2118 – 2129 cm-1.16 On successful diazo transfer there is complete disappearance of the SOCH2 signals in the proton NMR spectrum as well as a significant change in the splitting for the AB quartet system of the methylene group alpha to the sulfoxide reflecting the altered conformation as the carbon becomes sp2 hybridised, compared to sp3 hybridised in the starting material (Figure 9). 


[bookmark: _Ref481164413]Figure 9: Comparison of the 1H NMR spectra of the sulfoxide starting material and the -diazosulfoxide product.
In the 13C NMR spectrum there is only one CH2 signal observed for the -diazosulfoxide product  81, which confirms the presence of the diazo moiety and the structure of the novel -diazosulfoxide. The stability of this -diazosulfoxide is further discussed in section 2.5.5.1. 
[bookmark: _Toc505089546][bookmark: _Toc506311603][bookmark: _Toc523135199]2.3.8 New batch conditions for the synthesis of -diazosulfoxides
To improve the poor yields from the diazo transfer reaction in batch conditions we investigated a combination of our optimum flow reaction conditions and the standard batch reaction conditions. Applying what we learned about the synthesis of these -diazosulfoxides during the continuous flow optimisation, we designed new batch reaction conditions with the objective of minimising the exposure of the product to base. These new conditions were established by combining aspects of both the traditional batch reactions and the newly developed continuous flow methodology. A sulfoxide substrate is combined with 2 equivalents of the diazo transfer reagent DBSA 87, and crucially, the base is added last, dropwise, over 20 minutes, limiting the exposure of both the substrate and product to excess base. This is in comparison to the set-up of the standard batch reaction which consists of cooling the substrate in acetonitrile to 0°C, followed by addition of the base in one portion, stirring of the reaction mixture for 10 minutes and lastly addition of a solution of the sulfonyl azide. Following completion of addition of the base, the reaction mixtures were stirred for significantly shorter times compared to traditional batch reaction conditions. While ultimately the amount of base employed is the same, the concentration of active base at any one time is reduced due to the slow dropwise addition. In all cases, the appropriate precautions were taken with reaction mixtures containing one equivalent of unreacted sulfinyl azide. The results of diazo transfer to the sulfoxide substrates under these new batch reaction conditions are outlined in Figure 10.


[bookmark: _Ref483845608]Figure 10: Isolated yields of -diazosulfoxides from new batch reaction conditions. 
The isolated yields for the ketone derived -diazosulfoxides 14,80,81,83 and the lactam derived -diazosulfoxides 84–86 show a significant increase in the isolated yield of product compared to the original batch conditions. Work by Collins had shown that the lactam derivatives require NaH as base for successful deprotonation, and so for these reactions, NaH in mineral oil was added portionwise to the reaction mixtures over 20 minutes. Interestingly, the lactone derived -diazosulfoxides 38,39,77,78  show only a slight increase in yield, albeit with a significant reduction in reaction time.  This may be due to the reactivity of the lactone moiety making it more susceptible to base mediated decomposition compared to the other derivatives. This is in contrast to the use of Amberlyst A21 in batch reaction conditions (Scheme 23) for the formation of the lactone derivative -diazosulfoxides 38 and 39. 100% consumption of the starting material was achieved after 24 h reaction time, giving the desired products in 61% yield. This result suggested that use of the heterogeneous base in batch reactions may lead to reduced base mediated decomposition of the lactone derived -diazosulfoxides. Notably this may also contribute to the improved outcome in the continuous flow process.   
On subjecting the sulfoxide reagents to these new batch reaction conditions (2 eq. DBSA, slow addition of 1 eq. Et3N), each reaction was closely monitored by TLC, and more accurately by 1H NMR spectroscopy, whereby an aliquot (<5%) was removed from the reaction mixture, concentrated under reduced pressure without heating and analysed by 1H NMR spectroscopy to determine percentage conversion (Table 12 and Graph 1).
[bookmark: _Ref483845744]Table 12: Monitoring percentage conversion to the desired -diazosulfoxide using new batch reaction conditions. 
	

	

	


	Time (min)
	Conversion (%)
	Time (min)
	Conversion (%)
	Time (min)
	Conversion (%)

	60
	41
	20
	33
	60
	75

	180
	70
	60
	68
	120
	94

	300
	89
	105
	87
	
	



	

	


	Time (min)
	Conversion (%)
	Time (min)
	Conversion (%)

	60
	48
	60
	40

	180
	70
	150
	67

	240
	84
	210
	90



As seen in graph 1, the rate of the reactions in batch (2 eq. DBSA, slow addition of 1 eq. Et3N) were significantly slower than the newly developed flow processes (5 eq. Amberlyst A21, 2 eq. DBSA, 9 min residence time) where the reaction was essentially complete after 9 minutes. This is most likely due to better mixing in continuous flow as well as the back pressure on the system which promotes reaction of the sulfoxide substrates with the heterogeneous base in the packed bed reactor. 

[bookmark: _Ref485305011]Graph 1: Conversion versus time for diazo transfer under new batch reaction conditions. 
When diazo transfer to the cyclohexyl sulfoxides 55,56 (Scheme 30) under these new conditions was monitored by 1H NMR spectroscopy, all of axial sulfoxide 56 present was converted to the axial -diazosulfoxide 38 after 1 h (Scheme 30). With continued stirring after 3 h, there was still substantial amounts of equatorial sulfoxide 55 present and this was the same result at 5 h, when the reaction was concentrated under reduced pressure. Analysis of the 1H NMR spectrum showed conversion to the desired -diazosulfoxides to be 69%. 


[bookmark: _Ref485304663]Scheme 30
-
Figure 11: 1H NMR spectra of the sulfoxide starting material (top), the reaction mixture after 3 h (centre) and 5 h (bottom). The disappearance of the ABq (underlined green) of the axial sulfoxide shows it is consumed whereas the ABq of the equatorial sulfoxide (underlined orange) remains. 
Purification of the crude reaction mixture led to elution of the -diazosulfoxide in a total yield of 46% yield. The first fraction (40%) contained a 2 : 1 mixture of the -diazosulfoxides 38,39 while the second fraction (6%) contained the axial diazosulfoxide 38 only. The sulfoxide starting material was not recovered from the column. Previously within the group Kelleher46 had noted that formation of the axial diazo sulfoxide 38 was more efficient than that of the equatorial diazosulfoxide 39 resulting in higher recoveries of 38. Kelleher suggests that this is due to the relative stereochemistry of the sulfoxide and diazo moieties and that this relationship has a significant effect on the stability. Notably, we have seen here that this also affects the rate of reaction in the diazo transfer step.  This faster formation of the axial -diazosulfoxide is consistent across the series, with the most notable differences in rates of the diazo transfer reaction with the cyclohexyl and dimethyl substituted lactone derivatives and the trans-diphenyl lactam derivative.  


Figure 12: Comparison of the 1H NMR spectra of both isolated fractions of the reaction outlined in scheme 30. The top fraction is 2 : 1, axial : equatorial and the second fraction (bottom) is axial only.
Interestingly on analysis of the diphenyl substituted derivatives, in both the lactam (NaH, THF) and lactone series (Et3N, CH3CN) (Figure 10), after 1.5 h they were all at 100% conversion. This was an unexpected result and in hindsight, closer monitoring of the reaction times and conversion by 1H NMR spectroscopy may lead to higher isolated yields for these compounds if terminated earlier. Interestingly though, this mirrors the standard batch reaction conditions where the cis-diphenyl lactone derivative undergoes complete diazo transfer in 6 h. In all cases, the  conversion in the reaction mixtures was monitored by 1H NMR spectroscopy (Table 13, Table 12 ). On achieving >85% conversion, the diazo transfer reactions were concentrated under reduced pressure without heating. Purification by chromatography to provide pure -diazosulfoxides leads to easy separation from the residual DBSA and sulfonamide byproduct. 
A series of reactions were carried out to establish whether the key factor that leads to the improvement in isolated yield is the slow addition of the base, or using 2 equivalents of the diazo transfer reagent. Table 13, entry 3 shows that one equivalent of base and one equivalent of diazo transfer reagent 87, achieved a high conversion of 84%, however a much lower yield of 54% was obtained compared to the use of 2 equivalents of DBSA 87. Additionally, comparing Table 13 entries 3 and 4, when slow addition of the base is carried out we get high conversion of 84% and a moderate yield of 54%; but when the sulfonyl azide is added to the basic solution a much lower yield is obtained. Therefore, high conversions can be achieved using either order of addition, but for increased yields of the desired -diazosulfoxide 83, addition of the base last, over a period of time, is vital. 
[bookmark: _Ref486528033]Table 13: Investigation into the parameter responsible for the increase in isolated yield. 
	



	Entry
	Conditions*

	Conversion (%)
	Yield (%)

	1
	2 eq. of DBSA 
1 eq. Et3Na

	89
	85

	2
	1 eq.Et3N 
2 eq. DBSAa

	100
	84

	3
	1 eq. DBSA, 
1 eq. Et3Na

	84
	54

	4 c
	1 eq. Et3N
1 eq. TsN3
	100
	26

	
5
	
1 eq. base
	-b
	-


a Added last, by slow addition, over 20 minutes.
b On analysis of the crude material by 1H NMR after 5 hours, there was no change in the quality of the sulfoxide starting material.
c Work carried out by Buckley - A reaction time of 9 hours was used and the base was added before the sulfonyl azide.
*All reaction mixtures had a reaction time of 5 h, except for entry 4.

Table 13, Entry 2
Table 13, Entry 3
Table 13, Entry 5
Table 13, Entry 1

Figure 13: Stacked 1H NMR spectra of the crude material from the reactions outlined in Table 13.
This careful control of exposure to base to achieve a higher isolated yield, is vital and can be seen by reviewing earlier results. In Table 8, entries 1-4, 2 equivalents of DBSA are used with 20 equivalents of Amberlyst A21, leading to yields which are only 10 – 15% higher than the isolated yields from the standard batch reactions. When the excess base is reduced to 5 equivalents and the residence time is carefully controlled the isolated yields undergo a 2 – 3 fold increase (Table 10, Table 11). Additionally, in Table 5, entry 3, the use of excess homogeneous base (Et3N), with 2 equivalents of tosyl azide leads to a poor conversion of 38%, and in Table 9 modification of the extent of exposure to the base led to higher isolated yields, even when 2 equivalents of diazo transfer reagent were used in all cases. 
These new conditions with shorter reaction time help achieve higher yields for the lactone derivatives. The isolable yield of the lactone derivatives may be compromised due to undergoing base mediated decomposition (either of the sulfoxide starting material 67 or the desired -diazosulfoxide 83) through either ring opening of the lactone moiety or hydrolysis in situ.
[bookmark: _Toc505089547][bookmark: _Toc506311604][bookmark: _Toc523135200]2.3.9 Conclusions
In conclusion, the first generation  batch reaction conditions (1 eq. tosyl azide, 1 eq. triethylamine, 16-24 h) were used for the synthesis of a range of -diazosulfoxides. Through optimisation of the diazo transfer process in continuous flow and utilisation of solid supported  bases, in particular Amberlyst A21, we have significantly enhanced the synthesis of -diazosulfoxides resulting in a notable increase in isolated yield. The new conditions (2 eq. DBSA 87, 5 eq. Amberlyst A21, 9 min residence time) are consistently performing well across a range of lactone and ketone derived -diazosulfoxide substrates with 2 – 3 fold increase in yield over the standard batch reaction. The use of Amberlyst A21 as well as polystyrene supported DBU are both applicable to the reaction, with the previously published regeneration of the PS-DBU also proving useful.40 This method is an improvement on previous work reported from within the group and it highlights the suitability of flow for the synthesis of compounds that may be sensitive to basic conditions and also allows the synthesis in a manner which is safer, more scalable and more time efficient. Interestingly, this new method, allows access to ketone derived -diazosulfoxides which could not be successfully isolated from batch reaction conditions.  Application of these new conditions to the synthesis of lactam derived -diazosulfoxides was not investigated in this work, as it is anticipated that the Amberlyst A21 is not a strong enough base for the deprotonation in the initial step of the Regitz diazo transfer mechanism. However solid supported organobases do exist and may be beneficial in the synthesis of lactam derived -diazosulfoxides.47 
Through optimisation of the continuous flow process a new batch protocol (Et3N, CH3CN, DBSA) was developed, utilizing dropwise addition of base to control base concentration, which proved to be successful in increasing the batch reactions yields for the synthesis of the lactone and the ketone derived -diazosulfoxides. An increase in yield was also noted for the synthesis of the lactam derivatives (using NaH, THF, DBSA). Through optimising the diazo transfer to β-keto sulfoxides in continuous flow, design of the experimental protocol to control the base sensitivity of the desired products became apparent. Optimisation of the batch procedure, using insight from the new continuous flow reaction conditions, lead to new batch reactions conditions. Additionally, the major impact of this work, is using either the new batch conditions or the continuous flow diazo transfer conditions, it is now possible to easily access -diazosulfoxides in synthetically useful quantities (e.g.  1.12 g of 14 was obtained from a single experiment).  


[bookmark: _Toc505089548][bookmark: _Toc506311605][bookmark: _Toc523135201]2.4 Reactivity of -diazosulfoxides to form -oxo sulfines

[bookmark: _Toc505089549][bookmark: _Toc506311606][bookmark: _Toc523135202]2.4.1 Background
As outlined in section 2.3, with access to a range of -diazosulfoxides in high yields for lactone, ketone and lactam derivatives, the focus of this work now turned to their reactivity. The reactivity of both lactone and ketone derived -diazosulfoxides has been established within the group to form -oxo sulfines such as 101 via a hetero-Wolff rearrangement as the major reaction pathwway (Scheme 31). The Wolff rearrangement was first established in the early 1900’s and has been widely reviewed in the literature.48 Through loss of molecular nitrogen, induced either by transition metal catalysis, thermolysis, microwave irradiation or photolysis, a reactive carbene 102 is generated which subsequently undergoes a hetero-Wolff rearrangement to the -oxo sulfine  101. 


[bookmark: _Ref485373594]Scheme 31
Significant investigations have been carried out to understand both the reaction pathway for formation of -oxo sulfine intermediates (101) and its subsequent reactivity. 4,49-51 A laser flash photolysis study has shown that on loss of molecular nitrogen, 90% of the material forms an -oxo sulfine49 whereas 10% forms a triplet carbene 102. Relaxation of the triplet carbene to a singlet carbene occurs, and a ring contraction via the hetero-Wolff rearrangement occurs, resulting in the formation of the -oxo sulfine 101. The -oxo sulfine can exist in both E and Z isomers (Scheme 31). Previous work within our group has shown that -oxo sulfines can undergo nucleophilic attack in either a carbophilic or thiophilic manner in line with literature precedent6,52-54 highlighting the ambiphilic nature of these reactive intermediates (Scheme 32).16 Additionally, the lactone and ketone derived -oxo sulfines readily undergo Diels-Alder cycloadditions with the retention of stereochemistry in the cycloadduct product  (Scheme 33).5,12-14,29,55 


[bookmark: _Ref485998282]Scheme 32


[bookmark: _Ref485998291]Scheme 33
With the work described in section 2.3 in mind, providing access to -diazosulfoxides under mild reaction conditions, in a fast and efficient manner, a series of objectives were set to investigate the diverse reactivity of the -diazosulfoxides to  form the corresponding -oxo sulfines. These objectives were to:
Investigate the conditions available to promote the transformation of -diazosulfoxides to -oxo sulfines in continuous flow, and the subsequent products formed when the -oxo sulfine is generated in the absence of a diene trap reagent. 
Investigate Diels-Alder cycloaddition reaction with -oxo sulfines in continuous flow with an aim of increasing the isolated yield and the diastereoselectivity of the desired product.
Establish the reactivity patterns of the thiopyran-S-oxides formed in the Diels-Alder cycloaddition reactions. 
Explore the reactivity of -oxo sulfines, generated in situ with both nitrile oxide and nitrones in 1,3-dipolar cycloaddition reactions.



[bookmark: _Toc505089550][bookmark: _Toc506311607][bookmark: _Toc523135203]2.4.1 Generation of -oxo sulfines in continuous flow, in the absence of a diene trap
A telescoped process from a stable β-keto sulfoxide, through to a labile -diazosulfoxide, followed by formation of a reactive -oxo sulfine intermediate and subsequent trapping to form a stable, isolable cycloadduct would be a useful synthetic sequence in continuous flow (Scheme 34). In this way the isolation of labile compounds is avoided and the reactivity of -diazosulfoxides would be more readily available for synthetic utilisation. 


[bookmark: _Ref487137029]Scheme 34
To achieve this telescoped process in continuous flow, the ability to induce the hetero-Wolff rearrangement in continuous flow, was the initial goal of this work. A series of reaction conditions were investigated for their ease of loss of nitrogen. Collins has previously carried out a substantial investigation into the decomposition patterns observed of the intermediate -oxo sulfine 101 under various batch reaction conditions including copper and rhodium transition metal catalysis, thermolysis, photolysis and microwave conditions.14 In this work by Collins, the major products have been identified and characterised as the alkene dimer 41, the disulfide dimer 40 and an enol 42 (Scheme 35). Additionally, the intermediate -oxo sulfines had also been successfully isolated and characterised. 15,16


[bookmark: _Ref485653047]Scheme 35

The different reaction pathways for the formation of each of these products are described herein. The mechanisms of formation have previously been proposed by Collins.14 The most likely mechanisms for the formation of the alkene dimer 41 proposed by Collins is similar to one proposed by Saalfrank and Rost for the formation of alkene dimers.56 The tetrasubstituted alkene dimer 41 is formed by initial combination of two -oxo sulfines 101, giving the unstable dimer 103, which undergoes subsequent elimination of SO2 and sulfur from the intermediate 104 to form the product 41 (Scheme 36). The investigation by Collins had shown that the transition metal catalyst did not affect the rate of formation, or yield of the dimer. It appears that the transition metal catalyst is only involved in formation of the -oxo sulfine 101 and not formation of the alkene dimer 41. Additionally, the structure of the alkene dimer which was first reported by Collins14 was later unambiguously confirmed by Buckley who obtained a crystal structure.16


[bookmark: _Ref488148659]Scheme 36
For the formation of the disulfide dimer 40 (Scheme 37), Collins proposed that under copper catalysed reaction conditions the -oxo sulfine 101 forms an intermediate oxathiirane 105, which undergoes oxygen extrusion promoted by the copper catalyst forming a thioketone 106. The thioketone 106 enolises to form the thioenol 107 which can dimerise with the sulfenic acid derivative 108 of the sulfine 101 to form the disulfide 40. A similar mechanism for the formation of disulfide dimers from enolisable sulfines has been shown by Metzner. 57 Alternatively oxidative dimerization of 107 could be envisaged. 



[bookmark: _Ref485375118]Scheme 37
The enol product 42 is formed by sulfur extrusion from the intermediate oxathiirane 105. Interestingly, promotion of this elimination occurs primarily under photolysis conditions, but also under copper catalysed conditions (Scheme 38). 


[bookmark: _Ref485375160]Scheme 38
The stacked spectra of each of the four main decomposition products from the -diazosulfoxides 38,39 are outlined in Figure 14, including a 1H NMR spectrum of a crude sample of the sulfine 101. Pure 1H NMR spectra of the alkene dimer 41, the enol 42 and the disulfide dimer 40 are shown allowing for comparison and identification of the key signals. 
Alkene dimer 
Disulfide dimer
Enol
-Oxo sulfine (crude)

[bookmark: _Ref488148967]Figure 14: Stacked 1H NMR spectra of (a) a crude sample of the -oxosulfine 101, (b) the alkene dimer 41, (c) the enol 42, and (d) the disulfide dimer 40. 
[bookmark: _Toc505089551][bookmark: _Toc506311608][bookmark: _Toc523135204]2.4.1.1 Transition metal catalysed transformations in continuous flow
 
The first set of conditions investigated for induction of the hetero-Wolff rearrangement were transition metal catalysed conditions using rhodium acetate dimer or copper trifluoromethanesulfonate. Copper trifluoromethanesulfonate was selected for its solubility. Previously in the literature30 the use of acetonitrile and dichloromethane as solvent system has been described as completely solubilising rhodium acetate dimer, to form a purple solution, therefore making it the first choice solvent for  the catalyst stream, for the continuous flow reactions.30 Interestingly the purple colour of the solution does not persist as the reaction occurs in the continuous flow system. Acetonitrile was chosen as the solvent for the -diazosulfoxides 38,39 solution due to the high solubility. The combination of these two solvent streams essentially equals a solvent system of 3 : 1, dichloromethane : acetonitrile for the reaction in situ. With a 1 mol % solution of rhodium acetate dimer and a residence time of 90 minutes, 100% consumption of the -diazosulfoxides 38,39 were achieved (Scheme 39).



	


	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	1.0
	0.42
	0.07
	0.11


[bookmark: _Ref490824700]Scheme 39 [footnoteRef:3] [3:  For establishing the ratio of products in the crude material, the characteristic signal of each component was measured in the 1H NMR spectra, resulting in the approximation of crude ratios. Characteristic peaks of each component are outlined in the experimental section. ] 

The crude reaction mixture was obtained after a Celite® filtration,[footnoteRef:4] followed by concentration, and on analysis by 1H NMR spectroscopy, a number of components were present (Scheme 39). Interestingly, the predominant component identified in the crude material from the reaction was the -oxo sulfine 101  with the alkene dimer 41, trace amounts of the enol 42 and disulfide dimer 40 present in the crude material. In the analogous batch reactions carried out by Collins,14 the major product under rhodium catalysed conditions with a reaction time of 30 minutes was also the sulfine 101. When the reaction time was increased significantly to 16 hours the alkene dimer 41 becomes the major product, through dimerization of the intermediate -oxo sulfine 101. This product profile from the reaction is in line with the results from the comparable batch reaction; short reaction time batch reactions lead to the -oxo sulfine 101 as the major product while extended reaction times lead to the dimer 41 as the major product. Noteworthy here is that a 1 mol % solution of rhodium acetate dimer, relative to the amount of the -diazosulfoxides was efficient in inducing the transformation of all of the starting material, even in continuous flow.  [4:  The crude reaction mixture was filtered through a Celite® plug to remove any insoluble rhodium or transition metal catalyst. ] 

The reactivity of the α-diazosulfoxides 38,39 was also investigated using copper triflate as the transition metal catalyst in situ. In the batch reactions carried out by Collins14 with a reaction time of 16 h, it was found that copper triflate promotes formation of the disulfide dimer 40 through enhancing the rate of oxygen extrusion, and enol 42 (95 : 5). The continuous flow reaction (Table 14) achieved 100% consumption of the starting material when carried out at 20°C with a 30-minute residence time. On analysis of the crude material by 1H NMR spectroscopy, the -oxo sulfine was found to be the major product with the disulfide dimer 40 and enol 42 also present (Table 14).  When the reaction is repeated at 65°C (Table 14) the -oxo sulfine remains as the major product but the formation of the enol 42 is now comparable to that of the disulfide dimer 40. 
[bookmark: _Ref482019239][bookmark: _Ref485376414] Table 14: Copper catalysed transformation of the -diazosulfoxide in continuous flow. 
	



	Temperature
	Sulfine 101
	Alkene dimer 41
	Enol  42
	Disulfide 40
1
1

	Ambient
	1.82
	0
	0.43
	

	65°C
	3.5
	0
	0.97
	



These results are in contrast to the work of Collins where the disulfide dimer 40 was the major product from copper catalysed batch reactions [Cu(II)(OTf)2] carried out under thermal conditions (dichloromethane at reflux). The difference may be due to the much shorter reaction time allowed in flow (30 minutes) compared to the batch reaction (16 hours). Also, comparable to the work by Collins, the -oxo sulfine was the major product from room temperature copper catalysed reactions [Cu(I)Cl and Cu(0)]. Similar to these copper triflate catalyst results (Table 14), the rhodium catalysed transformation in continuous flow forms the -oxo sulfine 101 as the major product (Scheme 39). It was noted by Collins that in rhodium acetate catalysed batch reactions, which were heated to reflux, the alkene dimer 41 was the major product isolated.14 For the previously described batch reactions, the concentration of the -diazosulfoxide solutions used, varied from 0.015 M to a maximum of 0.044 M for the -diazosulfoxide starting material,14 therefore in this continuous flow work, the concentration of solutions used are in line with previous work. Interestingly, when the copper triflate catalysed reaction was repeated with heating, a significant increase in the relative amount of enol 42 present occurs. This results agrees with work carried out by Collins who showed that when rhodium catalysed reactions are carried out with heating, the amount of enol 42 and disulfide 40 present is greatly increased due to the increased rate of decomposition of the oxathiirane 105 and sulfine 101 intermediates. 
This variation of reaction products from the continuous flow reaction compared to batch may be due to a number of factors including shorter reaction times, the pressure of the continuous flow reaction versus the batch reaction (8 Bar compared to 1 bar), the absence of oxygen in the system or the presence of acetonitrile in the solvent system (25%). Effectively, these differences in reaction conditions lead to a variation in product ratios. However the same trends in batch and flow are seen with short reaction times (sulfine 101 as the major product) and copper as the transition metal catalyst (increased the percentage of disulfide 40 and enol 42 formed in the reaction).
[bookmark: _Toc505089552][bookmark: _Toc506311609][bookmark: _Toc523135205]2.4.2 Thermolysis induced transformations in continuous flow
Thermolysis can also be used to generate -oxo sulfines from the corresponding α-diazosulfoxides.14,49 This effectively provides access to -oxo sulfines under mild, metal free reaction conditions. To establish the temperature at which the α-diazosulfoxides 38,39 would undergo loss of molecular nitrogen and the subsequent rearrangement to the -oxo sulfine 101, a thermogravimetric analysis (TGA) was carried out. Thermogravimetric analysis is a method of determining a temperature of decomposition of a compound by monitoring the mass of the compound with respect to temperature. The sample is subjected to a controlled temperature programme in a controlled atmosphere. The heating rate was set at 5°C per minute and a maximum temperature of 250°C was set. The resulting graph of weight versus temperature (Figure 15) shows that for the lactone derived -diazosulfoxides 38,39, at an approximate temperature of 100°C, significant mass loss is observed. This mass loss is assigned to the loss of nitrogen.  Additionally it is noted that the mass loss is gradual and steady suggesting loss of molecular nitrogen, followed by subsequent losses. 


[bookmark: _Ref484169111]Figure 15: Thermogravimetric analysis of the -diazosulfoxides 38,39. 
With this result from the TGA, 120°C was chosen for the continuous flow thermolysis reactions. This temperature is easily achieved in continuous flow with toluene as solvent, without causing problems with pressure regulation. With this high temperature and a residence time of 10 minutes, complete consumption of the starting material was achieved.  Analysis of the crude reaction mixture by 1H NMR spectroscopy showed the presence of the alkene dimer 41, enol 42 and disulfide dimer 40 decomposition product. The disulfide dimer 40 was the major component (Scheme 40). This metal free thermolysis reaction can be compared to the microwave reaction in batch (30 mins at 135°C), carried out by O’Sullivan which resulted in the formation of complex mixture of unidentifiable products in the crude material, and after purification impure samples of the alkene dimer, the disulfide dimer and the enol were all isolated, along with other unknown decomposition products.5 In contrast to this complex mixture from the microwave, thermolysis in the presence of rhodium acetate lead to the preferential formation of the alkene dimer 41 as the major product.14 
	


	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	0
	0.31
	0.13
	1


[bookmark: _Ref490824823]Scheme 40
Interestingly the 1H NMR spectrum of the crude material was quite a complex mixture, although the previously characterised products were identifiable among the components. This complexity may due to the use of toluene as solvent. O’Sullivan had previously reported similar complexities present when toluene was used as solvent and suggested it could be due to aromatic addition of the carbene 102 to the aromatic ring of toluene 109 (Scheme 41) forming an unstable intermediate 110 which undergoes further transformations to unidentifiable products. 


[bookmark: _Ref482021137]Scheme 41
When the thermolysis reaction in continuous flow (30 min, 120°C) is repeated with dichloromethane as solvent the 1H NMR spectrum of the crude material is far less complex (Figure 16). The -oxo sulfine 101 was the major product with additional formation of the enol 42 and disulfide dimer 40. On analysis of the reaction mixture after a further eighteen hours, at room temperature in deuterated chloroform,, the ratio of products had changed through rearrangement of the intermediate -oxo sulfine 101, with a slight increase in the amount of disulfide 40 and enol 42 present (Table 15 and Figure 16),  highlighting the transitory nature of the -oxo sulfine 101.
[bookmark: _Ref482021310]Table 15: Thermolysis reaction using dichloromethane as solvent, and a 30 minute residence time at 120°C. 
	Product Ratio 
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	After reaction
	1.0
	0
	0.04
	0.21

	After 18 h
	1.0
	0
	0.19
	0.98




[bookmark: _Ref488152507]Figure 16: Comparison of the 1H NMR spectra of the crude material when toluene is used as solvent (top) compared to the use of dichloromethane as solvent (centre), and when the crude material from the reaction in dichloromethane is left overnight (bottom). The sulfine 101 signals are underlined blue, the enol 42 signals are underlined in red and the disulfide 40 signals are underlined in green. 
Additionally, we wanted to explore if concentration of the crude reaction mixture under reduced pressure, affects the ratio of rearrangement products formed in the continuous flow reactions. To investigate this possibility, before the crude reaction mixture was concentrated, a sample was analysed by infrared spectroscopy (evaporation of the crude reaction mixture on the ATR), and the major absorption peaks were recorded at 1080, 1756, 2942 cm-1 (Figure 17) . The collected solution was subsequently concentrated under reduced pressure and re-analysed by IR spectroscopy. No major change was recorded between the two spectra (Figure 17). The red spectrum is the analysis of the crude reaction material before concentration under reduced pressure showing the carbonyl absoprtion of the -oxo sulfine to be the major product, and the green spectrum is after concentration under reduced pressure whereby no evidence of alteration was observed.  

[bookmark: _Ref483317108]Figure 17: Comparison of the infrared absorption spectrum of the crude reaction solution before concentration (top) and after concentration under reduced pressure (bottom). 
[bookmark: _Toc505089553][bookmark: _Toc506311610][bookmark: _Toc523135206]2.4.3 Pre-generation of the -oxo sulfine in batch with subsequent reactivity in continuous flow
As part of this work, generation of the -oxo sulfine 101 in batch reaction conditions and investigating the further reactivity in continuous flow became an objective in the context of the results in section 2.4.2. The conversion of the -diazosulfoxides 38,39 to the -oxo sulfine 101 was achieved under standard batch conditions using rhodium acetate dimer and was complete in 15 minutes. This transformation was monitored by IR spectroscopy with evaporation of an aliquot from the solution on the ATR crystal (Figure 18). The conversion from the -diazosulfoxides 38,39 to the -oxo sulfine 101 was assumed to be quantitative with all of the -oxo sulfine 101 carried through to the reaction in flow. 


101
38, 39

[bookmark: _Ref482021918]Figure 18: Monitoring of the formation of the -oxo sulfine 101 through disappearance of the -diazosulfoxide carbonyl (blue) and diazo (green) stretches, followed by appearance of the -oxo sulfine carbonyl stretch (orange).
[bookmark: _Ref482022652]With the -oxo sulfine 101 successfully generated in the batch reaction conditions, the batch reaction mixture was filtered through a Celite® plug to remove any insoluble transition metal catalyst. With successful generation of the -oxo sulfine in batch reaction conditions, the reactive intermediate was pumped through the reactor coil to establish the effect of the system back pressure on the rearrangement products (Scheme 42). Analysis of the crude material by 1H NMR spectroscopy showed the alkene dimer 41 to be the major product (Scheme 42) with complete consumption of the -oxo sulfine 101. The increased back pressure in the continuous flow system may be the parameter responsible for the increased rate of dimerization, resulting in the increased proportions of the alkene dimer product in the crude reaction mixtures. 



	


	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	0
	4.4
	1.0
	1.07


[bookmark: _Ref490824911]Scheme 42
Similarly, generation of the -oxo sulfine 101 was achieved in batch, with rhodium acetate dimer. After filtration through a Celite® plug, the -oxo sulfine 101 is introduced to the continuous flow system (Scheme 43). At a T-piece the solution of -oxo sulfine 101 is combined with a 1 mol % solution of copper triflate.
	


	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	0
	1.5
	1.0
	4.95


[bookmark: _Ref490824993]Scheme 43

With a residence time of 30 minutes at room temperature, analysis of this crude reaction mixture by 1H NMR spectroscopy showed the disulfide 40 to be the major product, along with some alkene dimer 41 and enol 42. The formation of the disulfide dimer 40 as the major product under copper catalysed conditions is a mirror of the results achieved in Collins’ work in batch reaction conditions. Formation of the disulfide dimer as the major product is also common to the thermolysis reactions in continuous flow, when toluene is used as solvent. Purification of the reaction mixture led to elution of the disulfide dimer 40 in 35% isolated yield (Figure 19). When the -oxo sulfine 101 was not pre-formed, the  -oxo sulfine 101 was the major product (Table 14), in this reaction where the -oxo sulfine 101 was pre-formed and subsequently combined with the copper catalyst the disulfide 40 is the major product. This further supports that the presence of the copper catalyst enhances the rate of formation of the disulfide dimer 40. When the -oxo sulfine 101 was formed in situ with the copper catalyst, the  -oxo sulfine 101 was the major component of the reaction mixture (Table 14). However, if the sulfine is pre-generated and subsequently combined with the copper catalyst, dimerization to form the disulfide product is the dominant reaction pathway.

 Crude Material
Pure 40

[bookmark: _Ref484678869]Figure 19: Comparison of the 1H NMR spectrum of the crude material and the pure product. 
[bookmark: _Toc505089554][bookmark: _Toc506311611][bookmark: _Toc523135207]2.4.4 Photolysis transformations in continuous flow
[bookmark: _Toc505089555][bookmark: _Toc506311612][bookmark: _Toc523135208]2.4.4.1 Background
Previously within the group Collins had demonstrated that photolysis of the -diazosulfoxides 38,39 lead to enol product 42 almost exclusively. Collins describes that under photochemical conditions, the sulfur extrusion reaction pathway may be faster than dimerization and therefore the enol 42 is the preferentially formed product. The setup for these batch photolysis reactions included a mercury lamp being placed close to a round bottom flask and wrapped in tin foil with a reflux condenser attached. Therefore, with a more refined continuous flow photolysis setup, and having achieved successful transformation of the -diazosulfoxides 38,39 to the -oxo sulfine 101 in continuous flow using transition metal catalysis and thermolysis, the next part of the study was to use photolysis to promote the hetero-Wolff rearrangement. The combination of photochemistry and continuous flow chemistry is extremely useful as it allows specific control over the exposure time to the UV light, and better temperature control than in batch reaction conditions. The photochemical reactor used in this work was the UV-150 supplied by Vapourtec. The reactor coil surrounds the UV lamp whose power output and temperature can be controlled manually and whose wavelength output can be controlled by selecting an appropriate filter.  It is strongly recommended by Vapourtec that a filter is always used with the UV-150 reactor as the filter will absorb a significant amount of the unwanted infra-red energy. The three filters supplied with the UV-150 photochemical reactor have different cut-off wavelengths:
[bookmark: _Ref491092480]Table 16: Filter Types for the UV-150 photochemical reactor.
	Filter
	Wavelength

	Type 1 (Silver)
	190 – 2000 nm

	Type 2 (Gold)
	250 – 390 nm

	Type 3 (Red)
	300 – 2000 nm



For photochemically induced transformations, it is recommended for best results to use dilute solutions as this will ensure a higher concentration of photons per reagent molecule.58,59 Additionally, the fluoropolymer tubing has good UV transmission in the range 220 – 400 nm. Photolysis reactions which were previously carried out within the group used a mercury lamp (λ > 254 nm) with a pyrex® glass reaction vessel which has a wavelength cut off of < 300 nm.
[bookmark: _Toc505089556][bookmark: _Toc506311613][bookmark: _Toc523135209]2.4.4.2 Photochemical transformations
A series of three reactions were undertaken with variation of the filter used each time.  A 0.06 M solution of the cyclohexyl -diazosulfoxides 38,39 in dichloromethane was used (Scheme 44). The reasons for the use of this molar concentration are two fold:
1). As mentioned above the use of dilute solutions is recommended for continuous flow photolysis reactions and
2). The low solubility of the -diazosulfoxide starting material in dichloromethane. 


[bookmark: _Ref484170515]Scheme 44
The crude material from the reactions with filter numbers 1 and 2 were exceptionally clean with the enol 42 being the major product in greater than 90% purity (Scheme 44). Interestingly, with filter number 2 a series of unknown impurities were observed with singlets in the region between 5.77 and 6 ppm in the 1H NMR spectrum. When the photochemical decomposition was carried out with filter number 3, these impurities were also present, and the enol 42 was the major component of the reaction mixture. The 1H NMR spectrum of the crude material in the case of filter 3, was much more complex compared to the results with filters number 1 and 2. This suggests that wavelengths between 190 and 300 nm are particularly suited to inducing the hetero-Wolff rearrangement in this specific substrate, as filter 3, which has uv transmission between 300 – 2000 nm resulted In a complex mixture of unidentifiable products which included the previously characterised enol 42. It was also noted that some band broadening was observed on the 1H NMR spectra of the crude mixture. This is because, as discussed earlier, as the enol 42 is formed through sulfur extrusion of the oxathiirane intermediate 105, the elemental sulfur remains in the mixture, but this byproduct is easily removed with a Celite plug®.

Figure 20: Stacked 1H NMR spectra of the crude material from photochemically induced transformations of the -diazosulfoxides 38,39 using filter 1 (top), filter 2 (centre) and filter 3 (bottom).
Essentially, the product profiles observed from the photolysis reactions in continuous flow are the same across each of the three filters with the enol 42 being the major product in each case. Additionally these observed results mirror the batch photolysis results reported by Collins14 in which the enol 42 is also the major product in each case. 
[bookmark: _Toc506311614][bookmark: _Toc523135210][bookmark: _Toc505089557]2.4.5 Reactivity of methyl bridgehead -oxo sulfine 111
[bookmark: _Toc505089558][bookmark: _Toc506311615][bookmark: _Toc523135211]2.4.5.1 Reactivity of 111 in continuous flow under transition metal catalysis conditions
Having carried out a series of decomposition reaction on the -diazosulfoxides 38,39 in continuous flow the results showed that some were in line with batch results and some were different (e.g. copper catalysed reactions in continuous flow whereby the major product was the sulfine when the major product in the batch reaction is the disulfide dimer). To continue the investigation on a second -diazosulfoxide, the methyl bridgehead derived -diazosulfoxide 76 underwent a series of transformations in continuous flow which could be compared to the transformations of cyclohexyl derived -diazosulfoxides 38,39 as detailed earlier in section 2.4.1. With a 30 minute residence time and a 1 mol % solution of rhodium acetate dimer the crude material was analysed by 1H NMR spectroscopy and proved to be the intermediate -oxo sulfine 111 but with trace amounts of an unknown product 112. Previous work by Collins had tentatively assigned the structure of this unknown as an alcohol 112, however, this could never be unambiguously confirmed. It was also noted by O’Sulivan that the -oxo sulfine 111 was much more stable relative to the cyclohexyl derived -oxo sulfine 101, highlighted by the result that after ten hours at reflux in dichloromethane, with rhodium acetate dimer, the crude material consisted of the -oxo sulfine 111 and the unknown 112 in a ratio of 95 : 5.15   With the crude material from the continuous flow, rhodium catalysed transformation consisting mainly of the -oxo sulfine 111, it was immediately added to a solution of 2,3-dimethyl-1,3-butadiene 113 in a round bottomed flask. In this manner, the generation of the -oxo sulfine 111 and a subsequent Diels-Alder cycloaddition was operated in a semi-continuous process (Scheme 45).


[bookmark: _Ref482033256]Scheme 45
Analysis of the crude reaction mixture showed the presence of a major cycloaddition product 114, a minor cycloaddition product 115, and the unknown 112 in a ratio of 1 : 0.2 : 0.04. Purification of the reaction mixture led to elution of the major cycloaddition product 114 in a yield of 26% (Scheme 45). The stereochemistry of the cycloadduct indicated that it was formed by addition of the diene to the E -oxo sulfine 111 from below. 
When the decomposition of the -diazosulfoxide 76 was carried out in continuous flow, with copper triflate as the transition metal catalyst, the -oxo sulfine 111 was the major product, the unknown 112 was a minor product14 and as well as a thioester 116 previously characterised by O’Sullivan (Scheme 46).15 Formation of the -oxo sulfine as the major component of the reaction mixture correlated with the earlier work carried out by O’Sullivan.15 Additionally, formation of the -oxo sulfine as the major product reflects the results achieved with the cyclohexyl derived -diazosulfoxides 38,39 in continuous flow, when copper triflate is used as the transition metal catalyst also. The work carried out by O’Sullivan involved generation of the -oxo sulfine in microwave reactions conditions which was limited by scale. This generation of -oxo sulfine in continuous flow, represents the first scalable method for the generation of the -oxo sulfines 101 and 111. 
	


	Products
	Sulfine 111


	Unknown  112

	Thioester  116



	Ratio
	3.5
	1
	1.2


[bookmark: _Ref490825111]Scheme 46
[bookmark: _Toc505089559][bookmark: _Toc506311616][bookmark: _Toc523135212]2.4.5.2 Reativity of 111 in continuous flow under under thermolysis conditions
To compare the reactivity of the -diazosulfoxide 76 with the cyclohexyl derived -diazosulfoxides 38,39 under thermal conditions, the methyl bridgehead -diazosulfoxide 76 was subjected to thermolysis conditions in continuous flow. 120°C for 30 minutes, in toluene, resulted in complete consumption of the starting material and formation of the disulfide dimer 117 as the major product with the -oxo sulfine 111 and unknown product 112 also present (Scheme 47). Purification of the crude reaction mixture led to elution of the disulfide dimer 117 in a yield of 25%. 




	


	Sulfine  111


	Disulfide 117


	Unknown  112


	1.27
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[bookmark: _Ref490825078]Scheme 47
The presence of the -oxo sulfine 111 in this crude mixture, which had been subjected to high temperatures for 30 minutes,  along with the -oxo sulfine 111 being the major product under both rhodium and copper catalysed condition, highlights once again the relative stability of this methyl bridgehead derived -oxo sulfine 111. Previously, when decompositions of the methyl bridgehead -diazosulfoxide 76 was carried out with Rh(II)(pfb)4,15  the sulfine 111 and the unknown decomposition product were present in the ratio of 1 : 3.75. Additionally, work by Collins15  led to the formation of the disulfide dimer 117 as the major product under copper catalysed batch reaction conditions, and the disulfide dimer as the minor product under microwave conditions. Comparable to this result is the thermolysis reaction of the cyclohexyl derived -diazosulfoxides 38 and 39 in toluene, in which the disulfide dimer 40 was the major reaction product. 
[bookmark: _Toc505089560][bookmark: _Toc506311617][bookmark: _Toc523135213]2.4.6 Reactivity of dimethyl -oxo sulfine 118 in continuous flow
For the cyclohexyl derived -diazosulfoxides 38,39, pre-generation of the -oxo sulfine 101 and subsequent pumping through the continuous flow reactor produced the cleanest transformation to the disubstituted sterically-hindered alkene dimer product 41. With an aim of synthesising another disubstituted sterically hindered alkene dimer, these conditions were applied to the trans dimethyl -diazosulfoxide 78. Generation of the proposed -oxo sulfine 118 was achieved under batch reaction conditions, from the corresponding -diazosulfoxide 78, using rhodium acetate dimer as the transition metal catalyst (Scheme 48) and this transformation was monitored by infrared spectroscopy (Figure 21).


[bookmark: _Ref485381709]Scheme 48


[bookmark: _Ref485381742]Figure 21: Formation of the desired -oxo sulfine under batch reaction conditions is monitored by the disappearance of both the diazo stretch at 2126 cm-1 (black), and the carbonyl stretch of the diazosulfoxide (purple) as well as the formation of the carbonyl stretch of the -oxo sulfine (red).
A 0.06 M solution of the proposed sulfine 118 was generated and subjected to the continuous flow conditions after removal of any insoluble rhodium acetate dimer by a Celite® plug.


Scheme 49
Analysis of the crude material showed the formation of two distinct products in a ratio of 90 : 10, and analysis of this material by infrared spectroscopy showed a spectrum identical to the material which entered the continuous flow reaction. Three possible products are the thioester 119, the alkene dimer 120 or a mixture of E/Z sulfine 118. O’Sullivan had previously reported the formation of a comparable thioester product 121, formed from the cis dimethyl -diazosulfoxide 122 starting material. 


[bookmark: _Ref484170992]Figure 22: Tentatively assigned thioester product 119 (left) and thioester 121 previously report by O'Sullivan (centre).
The spectral characteristics of the assigned thioester 119 and the thioester 121 are summarised (Figure 22), however the structure has not been unambiguously confirmed in either case. In both cases, it was not possible to find the parent molecular ion by high resolution mass spectrometry. A literature search revealed two examples for comparison and interestingly the carbonyl signals in 12360 appears similar to 119 while signals for 12461 are consistent to 121 values. 


Figure 23: Compounds 123 and 124 have 13C NMR characteristics comparable to 119 and 121 respectively. 
Some evidence for the formation of the sterically hindered alkene dimer 120 which was the synthetic target of this reaction, is observed in the NMR spectra obtained.15 In the 13C NMR spectrum doubling of the CHO (69.2, 69.3 ppm) and the bridgehead CH (53.8, 54.2 ppm) signals may suggest the dimer 120, however quarternary cabon signals for the alkene functionality of the dimer are not observed in the 13C NMR spectrum. In the 1H NMR spectrum the signal for one of the methyl groups appears as a doublet of doublet at 1.99 ppm whereas the other methyl signal appears as a doublet at 1.19 ppm. This extra splitting may be due to proton proton coupling across the alkene double bond (Figure 24). This extra splitting is also seen for the CHO signal which appears as a doublet of doublets of quartets at 3.73 ppm in the 1H NMR spectrum.  


[bookmark: _Ref499737867]Figure 24: Alkene dimer 120. 
Alternatively the doubling of the key signals in the 13C NMR spectrum could be due to a mixture of the E and Z sulfine being present.  However, the carbonyl or thiocarbonyl signals for the sulfine are not observed and the ratio of E to Z, or further transformation into other products did not occur after 24 h. It would appears that further work will be required to unambiguously confirm the structure of the major component isolated from this reaction. 
In conclusion, for this complex system where a highly reactive intermediate (-oxo sulfine) is generated and can subsequently undergo a range of different transformations to form either the sulfine 101, alkene dimer 41, enol 42 or disulfide 40, the outcome of the sulfine degradation in the absence of trapping, is remarkably consistent and predictable across a range of very different reation conditions with the same major products dominating. Clearly, alteration of the conditions leads to changes in the relative ratios but globally the outcome is consistent. 


[bookmark: _Toc505089561][bookmark: _Toc506311618][bookmark: _Toc523135214]2.5 [4+2] Diels-Alder Cycloaddition Reactions

[bookmark: _Toc505089562][bookmark: _Toc506311619][bookmark: _Toc523135215]2.5.1 Background
After extensive research within our group, reactive -diazosulfoxides are now readily accessible and in high yields under mild continuous flow and batch reaction conditions.3,13,24,29,62 As described earlier in section 2.4, our research group has reported the transformation of -diazosulfoxides to -oxo sulfines via a hetero-Wolff rearrangement under a range of traditional batch conditions; including transition metal catalysis, thermolysis, microwave irradiation and photolysis. 4,5,62 The reactivity of these -oxo sulfines has been recently reviewed and highlighted in the literature.7,63 These -oxo sulfines can undergo a wide range of transformations, and most widely reported is the Diels-Alder cycloaddition. From the reports in the literature the majority of unstable -oxo sulfines are generated in the presence of the diene trap to promote efficient cyclisation, or to prove existence of the -oxo sulfine as an intermediate. The Diels-Alder cycloaddition of sulfines with 1,3-dienes is widely reported as occurring with the retention of stereochemistry in the newly formed cycloadduct and work is continually ongoing to improve the novelty and range of this cycloaddition reaction.64-67 The cycloaddition products derived from these reactions are valuable synthetic targets and have been used as intermediates or precursors on the way to biologically active molecules.68-70 Additionally, the products from the Pummerer rearrangements and Pummerer type glycosylation reactions are under investigation for synthetic applications.71-73 Currently, research is still ongoing in to the reactivity of -oxo sulfines in these cycloaddition reactions and their versatility for the formation of heterocyclic compounds. Most recently, Shermolovych et al. 67 have reported a useful synthetic route to fluorinated sulfinyl chlorides, and subsequent generation and cycloaddition of the corresponding sulfine (Chapter 1, Scheme 81). Previous research within the Maguire group has shown generation of the -oxo sulfine 101 from the -diazosulfoxides 38,39 and by careful control of the reaction conditions, the isomerisation of the kinetic Z -oxo sulfine 101 to the thermodynamic E -oxo sulfine 101 can be limited if it is trapped in an efficient manner with a diene such as 113 (Scheme 50). Trapping of the kinetic isomer (Z) of the -oxo sulfine 101 or the thermodynamic isomer (E) of the -oxo sulfine 101 results in the formation of the opposite diastereomeric products, 125 and 126 respectively (Scheme 50).5,15,16 Additionally, induction of the hetero-Wolff rearrangement and subsequent Diels-Alder cycloaddition under photochemical conditions leads to the trapping of the thermodynamic E-sulfine preferentially forming cycloadduct 126.


[bookmark: _Ref484171233]Scheme 50
In an ongoing effort to take advantage of our efficient transformation of -diazosulfoxides to -oxo sulfines under mild conditions with short reaction times, as well as the remarkable diastereomeric control exhibited in these reactions, a continuous flow process for cycloaddition reactions was envisaged.16 Excellent diastereocontrol was sought through efficient Diels-Alder trapping of -oxo sulfines in continuous flow and an investigation in to the Diels-Alder cycloaddition of both lactone and ketone derived -oxo sulfines in continuous flow was carried out.
Note: In subsequent reactions in this section, isolation of -oxo sulfine 101 and the alkene dimer 41 is seen across many of the reactions indicating inefficient diene trapping of the sulfine. It is well established that the -oxo sulfine 101 can dimerise to form 41 on storage, heating, exposure to silica gel and accordingly isolation of the dimer is in reality a measure of the proportion of sulfine left unreacted in comparison to the cycloadduct. The total amount of sulfine/dimer is a measure of the efficiency of the cycloaddition reaction. Recovery of significant amount of the sulfine and dimer from these reactions is an indicator of the unanticipated poor efficiency of the cycloaddition under these conditions. Essentially equimolar concentrations of 38, 39 were used unless otherwise stated. 
[bookmark: _Toc505089563][bookmark: _Toc506311620][bookmark: _Toc523135216]2.5.2 Transition metal catalysed  reactions - Trapping of -oxo sulfines in a continuous flow system
To trap an -oxo sulfine intermediate in batch reaction conditions there are two different methods:
In situ: Generation of the -oxo sulfine in the presence of the diene trap or
Sequential: Generation of the -oxo sulfine followed by introduction of the diene trap.
A brief investigation in to both of these trapping methods in continuous flow was carried out with an aim of developing a methodology for efficient trapping of -oxo sulfines. A series of experiments was conducted reacting the -diazosulfoxides 38,39 with rhodium acetate dimer at room temperature in the presence of the diene trap (20 eq.) mirroring the earlier batch reactions conducted by the group. Surprisingly the efficiency of the cycloaddition was much less under continuous flow conditions than had been seen in batch. And while some of the cycloadducts 125 and 126 were seen in many instances the -oxo sulfine 101, the alkene dimer 41, the enol 42 and other sulfine byproducts were present in significant amounts. The introduction of the diene with the diazo stream (Table 17, entries 1 and 2) or Rh2(OAc)4 stream (Table 17, entry 3) led to essentially the same outcome. 
In the experiment whereby the diene 113 was added after mixing of the rhodium acetate dimer and the -diazosulfoxide starting material (Table 17, entry 3) three diastereomers of the desired cycloadduct were isolated. Earlier work by Kelleher and Collins has led to X-ray crystal structures of 125 and 126.12,14 Cycloadduct 125 arises from trapping of the Z -oxo sulfine from below and 126 is formed by addition of the diene 113 to the thermodynamic E-sulfine 101 from above. O’Sullivan described a third diastereomer 127, which is believed to be due to addition of the diene 113 from below to the E -oxo sulfine but has not been confirmed crystallographically. From this experiment we isolated 6% of 125 in an early fraction and 26% of 126 and 127 (1 : 2) in a later fraction. These cycloadducts were previously described by O’Sullivan15 However, the unreacted -oxo sulfine 101 was again the major component of the crude reaction material. This observation was entirely unexpected as under batch conditions diene trapping has always proved very efficient. Not withstanding this observation, the outcome of the cycloaddition in terms of products formed was similar to the outcome from the batch reaction. In addition to the three examples shown below (Table 17), further experiments were undertaken which support these results. 


[bookmark: _Ref492297186]Table 17: Three attempted reactions for the trapping of sulfine 101 in continuous flow. 
	Products
	
101 
	41


	125


	
127
	126



	


	Entry 1. 
Concentration of 38,39: 0.06 M. Diene 113 with the -diazosulfoxides 38,39.
(a) Diene with -diazosulfoxides

	
	101
	41
	125
	127
	126

	Crude ratio
	-
	Major component 
	Minor 
reaction pathway
	-
	Minor
reaction pathway

	Isolated yield
	-
	56%a
	-
	-
	-

	Entry 2. 
Concentration of 38,39: 0.03 M. Diene 113 with the Rh2(OAc)4
(b) Diene with Rh2(OAc)4

	
Crude ratiob
	Major component 
	-
	Trace amounts in crude material
	-
	-

	
Entry 3. 5 minutes to generate sulfine, followed by introduction of diene 

	
	101
	41
	125
	127
	126

	Crude ratio
	3.8
	-
	3.3
	1
	0.6

	Isolated Yield
	-
	18% 
	6%
	26 % (2 : 1, 127 : 126)


a Isolated yield after column chromatography on silica gel.
b The crude material was not purified.
Ultimately increasing the concentration of the -diazosulfoxides 38,39 and the diene 113 resulted in efficient cycloadduct formation as summarised in Scheme 51. Notably the batch reactions were typically conducted at 0.03 M for 38,39 and in dichloromethane only, and 0.3 M of diene 113 which led to efficient diene trapping. Conducting the same process in continuous flow with the addition of acetonitrile to the medium clearly reduced the efficiency of the diene trapping which is not easily rationalised. Medium effects (polarity, volatility of the diene, high surface area, etc.) may contribute.  However, at this higher concentration in flow (0.4 M), the desired cycloadduct 125, generated from trapping of the kinetic Z sulfine, was isolated in a yield of 56% indicating that successful cycloaddition occurs in continuous flow when high concentrations of the -diazosulfoxides and corresponding diene are present. It is not clear if both components need to be concentrated.  


[bookmark: _Ref487458972]Scheme 51

[bookmark: _Toc505089564][bookmark: _Toc506311621][bookmark: _Toc523135217]2.5.3 Diels-Alder cycloaddition under photochemical continuous flow conditions
Previously within the group, Diels-Alder cycloadditions of -oxo sulfines have been achieved using photochemical conditions to promote the hetero-Wolff rearrangement.14 The Vapourtec UV-150 photochemical reactor was again used for inducing the hetero-Wolff rearrangement and under the described conditions (Table 18) resulted in successful Diels-Alder cycloaddition. Following chromatography of the crude reaction mixture on silica gel the major cycloadduct isolated was 126 in 14% yield. 126 is formed by addition of the diene 113 to the thermodynamic E -oxo sulfine 101 (Scheme 52). The cycloadduct 125, formed by trapping of the kinetic Z -oxo sulfine 101 was also isolated in 6% yield (Table 18). 


[bookmark: _Ref493497813]Scheme 52
Of the portion of -oxo sulfine which did undergo cycloaddition, the results mirror the batch photochemical reactions in which trapping of the thermodynamic E -oxo sulfine was favoured over the kinetic Z -oxo sulfine. However, it appears that formation of the enol 42 is the major reaction pathway in these photochemical conditions at this concentration with 16% isolated yield. 
 


[bookmark: _Ref492374393]Table 18: Comparison of batch and continuous flow photolysis results.
	Product
	42


	125


	126



	Batch Resultsa 
Crude Ratio
	
-
	
1
	
1.5

	Isolated Yield
	-
	19%
	42%

	Batch Resultsb 
Crude Ratio
	
-
	
1
	
5

	Isolated Yield
	-
	6%
	35%

	Flow Results
	


	Crude ratioc
	1
	1
	2

	Isolated Yieldd
	16%
	6%
	14%


a Work carried out by O’Sullivan with a reaction time of 6 hours exposed to photolytic conditions and a further 48 hours stirring at room temperature. The -diazosulfoxides 38 (axial) and 39 (equatorial) were used in a ratio of 1 : 5.6 14 
b Work carried out by Collins with a reaction time of 6 hours. The -diazosulfoxides 39 (equatorial) only was used.
c Crude ratio as determined by integration of the key signals in the 1H NMR spectra.
d Isolated yields are those of the pure material recovered after column chromatography on silica gel. 

Interestingly when the -oxo sulfine does undergo cycloaddition, the results from this photochemical continuous flow reaction, mirror the results from the batch photochemical reactions much more closely, than the continuous flow transition metal catalysed results mirror the transition metal catalysed batch results. Once again, the recovery of the enol 42 as a significant component of crude reaction mixture indicates that the cycloaddition on the flow system is significantly less efficient than in the corresponding batch process, where the enol was only seen in the absence of a diene trap. Notably the reactions were conducted at the lower concentration of 0.06 M, which as seen above in the transition metal catalysed processes led to equally inefficient trapping. 
[bookmark: _Toc505089565][bookmark: _Toc506311622][bookmark: _Toc523135218]2.5.4 Thermolysis reactions carried out in continuous flow
[bookmark: _Toc505089566][bookmark: _Toc506311623][bookmark: _Toc523135219]2.5.4.1 Background
Multiple advantages exist in transferring reactions which would traditionally be carried out in batch conditions and carrying them out under continuous flow reaction conditions. The benefits of this include shorter reactions times, higher selectivities of reaction products, greater control of reaction intermediates and development of greener processes.74-76 Our aim in this work was to successfully carry out the hetero-Wolff rearrangement under continuous flow conditions by causing the loss of molecular nitrogen with thermolysis. This would induce the Hetero-Wolff rearrangement and subsequent [4+2] cycloaddition in a rapid manner. Recent reports detail the use of thermolysis in flow for the generation of ketenes, by the thermal sigmatropic rearrangement of alkoxyalkynes and then introduction of both nitrogen and oxygen nucleophiles to efficiently induce a useful chemical transformation (Scheme 53).77,78 This is a scalable method for the generation of these reactive intermediates which subsequently undergo trapping with oxygen and nitrogen nucleophiles in short reaction times and in moderate to good yields. This process has the added advantage that no work-up is needed so it could be envisaged to be incorporated in to a multistep sequence of reactions in continuous flow.


[bookmark: _Ref484171927]Scheme 53
Another recent example of thermolytically induced reactions in continuous flow is the syn sulfoxide elimination for the generation of vinylglycine derivatives (Scheme 54). The reaction is carried out in superheated toluene at high pressure and resulted in high selectivities and high ee’s (97%) of the desired product. 78


[bookmark: _Ref484171944]Scheme 54
Recently, there have also been examples of Diels-Alder cycloadditions carried out in flow with excellent yields, efficiency79 and diastereoselectivity.80 These reactions have shown great success and increased efficiency when scaled up.81 With precedent in the literature for the effective generation of reactive intermediates in continuous flow using thermolysis and this leading to efficient and selective reactions, our aim was to induce similar reactivity with the -diazosulfoxides to generate the -oxo sulfine intermediates, and subsequent [4+2] Diels-Alder cycloaddition. 
[bookmark: _Toc505089567][bookmark: _Toc506311624][bookmark: _Toc523135220]2.5.5 Diels-Alder cycloaddition reactions of lactone derived -diazosulfoxides in continuous flow 
O’Sullivan had demonstrated the -diazosulfoxides 38,39 could be transformed to the -oxo sulfine 101 through thermolysis under metal free conditions and, accordingly, thermolysis of 38,39 was explored under continuous flow conditions with a view to generation and trapping of the -oxo sulfine. The clear advantage of using a flow process for thermolysis is rapid and efficient heating of a portion of the reaction mixture can be achieved much more easily than under batch conditions, along with the added advantages of the increased safety profile, being scalable and metal free. The cycloadducts formed are stable in all cases, and most previously characterised examples are crystalline solids. 
With thermogravimetric analysis carried out on two model substrates, both the lactones 38,39 (1:1) and the ketone derivative 14, an approximate temperature necessary for generation of the intermediate -oxo sulfine was known for both lactone and ketone derived -diazosulfoxides. 
Based on the earlier results use of concentrated solutions of the -diazosulfoxide (0.2 M) and diene (4 M) was undertaken to maximise efficiency. For each of the cycloaddition reations, the reaction mixture was pumped through a heated 10 mL reactor coil at 120°C with a residence time of 30 minutes. 


[bookmark: _Ref493159251]Scheme 55
The solvent used for these reactions was a mixture of toluene and dichloromethane in a ratio of 4:1. Toluene was selected to achieve the high temperatures in continuous flow, but without generating excessive pressure within the system. However, due to the sparingly soluble nature of the series of lactone derived -diazosulfoxides in toluene addition of 20% of dichloromethane to the solvent was required for sufficient solubility. It was found that with 20% dichloromethane in the solvent system there was no issue with back pressure regulation, or over pressure in the system. 
[bookmark: _Ref493159609]Table 19: Isolated products after column chromatography on silica gel following thermolysis of the corresponding -diazosulfoxides in continuous flow (Scheme 55 above shows the reaction setup). The results from transition metal catalysed and microwave batch reaction carried out by other members of the research group are presented for comparison. 
	
	Entry
	1
	2
	3
	4f

	
	Major Product
	

	

	

	


	
	Minor Product
	

	

	

	


	Flow [ in Toluene : DCM, 4: 1 ]

	A
	Crude
dr
	84 : 16
125 : 126
	97 : 3
114 : 115
	72 : 28
128 : 129
	50 : 50
130 : 131

	
	
Pure
Yield and dr
	
74%a
(125 only)
	
62%a
(114 only)
	
30% (128 only)
30% (8 : 1, 128 : 129)
	
60%b
(1 : 1, 130 : 131)

	Batch  [MW in DCM]

	B
	Crude
drc
	85 : 15
125 : 126
	94 : 6
114 : 115
	-
	4 :  58 : 38
132 : 130 : 131

	
	Yieldc
	-
	-e
	-
	72%b

	Batch [Rh(II)(OAc)4 in DCM]

	C
	Crude
drd
	84 : 16
125 : 126
	83 : 17
114 : 115

	78 : 22
128 : 129
	55 : 45
130 : 131

	
	Yieldd
	40%
(125 only)
	48%
 (114 only)
	41% 
(128 only)
	51%
(1.9 : 1, 130 : 131)


aIsolated yield of major diastereomer
bIsolated yield of all diastereomers
c Microwave reactions were previously carried out without a transition metal catalyst present, by other members of the research group. 14,15 The reactions was heated to 135°C in a sealed 10 mL vessel.
d Work carried out previously within the group using Rh(II) as transition metal catalyst, the presence of the diene in situ and dichloromethane as solvent. 14,15
e The crude reaction mixture was not purified. 
f The diazosulfoxide starting material had a molarity of 0.1 M compared to 0.2 M for all other substrates. 
On subjecting the -diazosulfoxides 38,39 to the reaction conditions (Table 19, Entry 1A) and subsequent analysis by 1H NMR spectroscopy, the absence of the alkene dimer 41, disulfide dimer 40 and enol 42 was noted as well as 100% consumption of the -diazosulfoxide starting material and a very clean transformation to the cycloaddition product 125 (Figure 25).  A dr of 84 : 16 was recorded which is essentially the same as the microwave reaction with a dr of 85 : 15. The cycloadduct 125, which is formed by successful trapping of the kinetic Z -oxo sulfine was the major product and was isolated in 74% yield after chromatography, compared to 36% yield reported by O’Sullivan from the comparable microwave reaction.15 This reaction was the first successful generation and trapping of the -oxo sulfine 101 in a continuous flow manner with high selectivity and efficiency in trapping of the kinetic isomer of the -oxo sulfine. Although the trapped form of the thermodynamic sulfine was not visible in the 1H NMR spectra of the crude material, trace amounts of the cycloadduct 126 were isolated in the most polar fraction after the purification process. Notably, the stereochemical outcome both in terms of the -oxo sulfine trapped and the facial selectivity of the cycloaddition are essentially the same for thermolysis in flow, microwave irradiation or exposure to Rh2(OAc)4. Significantly, isolation of 74% of 125 is undoubtedly the most efficient formation of this cycloadduct over two decades and renders this process synthetically useful for the first time. 

Crude Material
Purified

[bookmark: _Ref485388198]Figure 25: Comparison of the 1H NMR spectrum of the crude material (top) and the purified cycloadduct (bottom). 
This continuous flow thermolysis result can also be compared to the rhodium acetate catalysed reaction in continuous flow and the photolysis reaction in continuous flow. The highest yielding process is the thermolysis; however it has the added advantage of not generating the alkene dimer 41 or enol 42, which are present in the photolysis and transition metal catalysed reactions. 
Table 20: Comparison of Diels-Alder cycloaddition results for the -diazosulfoxides 38, 39  under a range of continuous flow conditions. 
	Entry
	



   

	
	Crude ratioa
	Isolated yieldsb

	1.
[]
Toluene : DCM
4:1
120°C, 30 min, 0.2 M
	
125 : 126
(84 : 16)
	
125 (74%)

	
2.
[hν]
CH3CN : DCM, (4:1)
45°C, 30 min, 0.06 M
	

125 : 126 : 42
(25 : 50 : 25)
	

125  (6%)
126 (14%)
42 (16%)

	
3.
[Rh2(OAc)4]
 CH3CN : DCM, (4:1)
r.t., 30 min, 0.4 M
	

125 : 126 : 41
(63 : 12 : 25)
	

125 (56%)
41  (19%)


a The crude ratio of products is determined by analysis of the key signals in the 1H NMR spectrum of the crude material.
b The isolated yield is the amount of pure product isolated after column chromatography on silica gel. 

For Table 19, entry 2A, the 1H NMR spectrum of the crude reaction material showed a diastereomeric ratio of 97:3. When the reaction is carried out in batch conditions with Rh2(OAc)4, (Table 19, Entry 2C) the dr is 83 : 17. Following purification the desired cycloadduct 114 was isolated as one diastereomer in a yield of 62%, with an additional fraction isolated containing the disulfide 117 (Figure 26). 


[bookmark: _Ref493420399]Figure 26: Disulfide 117
Cycloadduct 114 is formed by addition of the diene from below to the E -oxo sulfine, whereas the minor diastereomer 115 is formed by addition of the diene from below to the Z -oxo sulfine (Scheme 56). 


[bookmark: _Ref493499286]Scheme 56
When comparable trapping reactions are carried out using microwave irradiation  (Table 19, Entry 2B)  with the diene in situ, 114 is the major product when dichloromethane is used as solvent (94 : 6 dr) or with toluene as solvent (92 : 8 dr). [footnoteRef:5]  [5:  The stereochemistry of 114 has been unambiguousy confirmed in the thesis of O’Sullivan. This single crystal data was unavailable at the time of publication of a corresponding journal article [O’Sullivan, O.; Collins, S.; Maguire, A. Synlett 2008,  (5), 659-662] resulting in contrasting stereochemical reports of 114. ] 

For Table 19, entry 3, when the same reaction conditions were applied to the axial trans-dimethyl -diazosulfoxide 78, with a concentration of 0.2 M, successful formation of the cycloadducts 128,129 was achieved. Interestingly, the 1H NMR spectrum of the crude material showed a dr of 72 : 28 (Table 19, Entry 3A). The lower dr is due to the increased flexibility of the monocyclic ring system along with reduced steric hindrance, and so addition from both faces, to the intermediate -oxo sulfine, occurs. The major cycloadduct 128, formed by addition of the diene 114 to the kinetic Z-sulfine 118 is cleanly isolated after purification by column chromatography in 30% yield (Table 19, Entry 3A). A second fraction, containing an additional 30% of the cycloaddition material, consisted of the two diastereomers 128 and 129 in a ratio of 8:1. The stereochemistry of 128 has been assigned by Collins, by comparison of its spectroscopic data to to the spectroscopic data of 125 which was confirmed crystallographically. The data obtained here for 128 is in good agreement to that data previously obtained for 128, although the structure has not been structurally confirmed in either case. The stereochemistry of 129 is tentatively assigned based on characteristic signals in the 1H NMR spectrum of the crude material. 


Scheme 57
For Table 19, entry 4, the final lactone derived -diazosulfoxide subjected to the new methodology was the cis-diphenyl -diazosulfoxide 77 which was previously described by Kelleher1,2 and O’Sullivan.15 This -diazosulfoxide 77 had previously been investigated under microwave irradiation and transition metal catalysis reaction conditions. When investigated under thermal conditions in continuous flow, the crude material consisted of 2 diastereomers (Scheme 58), 130 and 131 in a dr of 50:50 respectively (Table 19). The stereochemistry of the cycloadducts 130 and 131 is based on the work done by O’Sullivan who tentatively assigned stereochemistry to the four isolable cycloadducts.15 This dr is even lower than the dimethyl cycloadducts and may be due to the flexibility of the monocyclic ring system allowing addition from above and below to the intermediate sulfine. After purification both diastereomers 130 and 131 were isolated as a mixture in 60% yield. 


[bookmark: _Ref493502196]Scheme 58
What is noteworthy about carrying out these reaction in continuous flow is that the dr results obtained are comparable to that when carried out with transition metal catalysis or microwave irradiation in batch reaction conditions. The batch results (Table 19) are those previously reported by Collins and 0’Sullivan.14,15 Overall, the best result for thermolysis induced Diels-Alder cycloaddition of a lactone derived -oxo sulfine is achieved with the methyl bridgehead derived -diazosulfoxide 76 with an increase in selectivity (Table 19, entry 2). The result achieved with the cyclohexyl diazosulfoxides 38,39 mirrors the analogous batch reaction for the in situ trapping of the -oxo sulfine 101 (Table 19, entry 1). For both the diphenyl and the dimethyl derivatives (Table 19, entries 3 and 4) the dr’s obtained in continuous flow are similar or lower than those in the comparable batch reaction. However, this methodology has multiple distinct advantages over the batch reactions. Through generation of the sulfine under thermal conditions, the use of expensive transition metal catalysis is avoided and the isolated yields of the desired cycloadducts are consistently higher, most notable for the cyclohexyl derived cycloadduct 125 with an isolated yield of 40% in batch compared to 74% from the continuous flow reaction. These metal free reactions were found to be highly diastereoselective reactions which were efficient at high temperatures and easily scalable. Short reaction times and the added safety benefit are all advantages of the thermolytic methodology for the cycloaddition the -oxo sulfines in continuous flow. The potential to couple the thermolysis with the diazo transfer in continuous flow is clear, enabling the use of this methodology without ever handling or isolating the diazo intermediate (see section 2.5.6). 

[bookmark: _Toc505089568][bookmark: _Toc506311625][bookmark: _Toc523135221]2.5.5.1 Thermolytic reactions of ketone derived -diazosulfoxides in continuous flow conditions
With success in achieving metal free, diastereoselective [4+2] cycloadditions of the lactone derived -oxo sulfines we aimed to extend this selectivity and reactivity to the ketone derived -diazosulfoxides.  With the TGA analysis obtained (section 2.5.3.2) promotion of the hetero-Wolff rearrangement at lower temperatures (approx. 100°C) was anticipated, and accordingly acetonitrile was employed in place of toluene without back pressure issues. To achieve high concentrations for efficient cycloaddition, use of 4 : 1, acetonitrile : dichloromethane was employed as the diazosulfoxide substrates are more soluble in dichloromethane. The reaction conditions were subsequenty applied to each of the -diazosulfoxide substrates 14, 80, 81 and 83 (Figure 27) and results are summarised in Table 21.


[bookmark: _Ref495334941]Figure 27: Range of ketone derived -diazosulfoxides used.


[bookmark: _Ref492461479]Table 21:Comparison of cycloadditions under continuous flow thermolysis, microwave, and batch transition metal catalysis. 
	


	
	Entry
	1
	2d
	3
	4

	
	
Major Product
	

	

	

	


	
	Minor 
Product
	

	

	

	


	A
	Flow dre 
 in CH3CN : DCM
 4 : 1 
	95 : 5
133 : 134
	95 : 5
135 : 136
	99 : 1
137 : 138
	73 : 27
139 : 140

	
	Isolated Yieldf (%)
	133 only (64%)
	135 only
(63%)
	137 only
(78%)
	139 (34%)
140 (20%)

	B
	Microwave dra
135°C for 2-3 min at 300W in DCM
(No Rhodium present)
	133 only


	96 : 4

135 : 136
	90 : 10

137 : 138
	-

	
	Isolated Yieldf (%)
	-
	-
	-
	-

	C
	Batch dre
Rh2(OAc4) in DCM
	96 : 4a
81 : 19
133 : 134
	85 : 15a
-
135 : 136 
	71 : 29a
-
137 : 138
	-

	
	Yield (%)b,f
	29%a
(133 only)
	35%a 
(135 only)
	137 onlya 
(impure)
	-


aResults reported by Buckley.16 
bGeneration of the -oxo sulfine was achieved using Rh2(OAc)4 in situ with the diene trap, in dichloromethane.
c The relative stereochemistry of 133 was unambiguously confirmed with a single crystal X-ray structure as part of this research.
d The relative stereochemistry of 135 and 136 were unambiguously confirmed with a single crystal X-ray structure as part of the research carried out by Buckley. 16  
e The dr values are determined by integration of the characteristic signals in the 1H NMR spectra of the crude material.
f The yields describe the isolated yields of the products obtained after column chromatography on silica gel. 

When the trapping of the -diazosulfoxide 80 is carried out in batch reaction conditions in this work [(Rh2(OAc)4, diene in situ, dichloromethane as solvent] the crude ratio, for the major and minor diastereomers, 133 and 134 was 81 : 19 respectively.  Previously, and in comparison to this, Buckley had reported the crude ratio for this reaction as being 96 : 4 from the rhodium catalysed batch reaction (Table 21, Entry 1C). Additionally in the work by Buckley, only 133 was formed in the microwave (diene in situ) reaction (Table 21, Entry 1B). Buckley established that if the -oxo sulfine was generated in the absence of a diene trap using Rh2(OAc)4 and subsequently trapped, the diastereomer 134 could be formed as the major product. This is due to isomerisation of the kinetic -oxo sulfine Z-141 to the thermodynamic isomer E-141 (Scheme 59).


[bookmark: _Ref495486063]Scheme 59
On analysis of the dr for Diels-Alder cycloaddition of the -oxo sulfine 141, generated from 80 under thermolytic conditions (Table 21, Entry 1A) the ratio was found to be 95 : 5 of 133 and 134. This highlights the efficiency and diastereoselectivity of the continuous flow procedure. Additionally due to  the minor quantitites present, the minor diastereomer 134 was not recovered from the reaction mixture. Notably, Buckley had recovered this diastereomer from the reaction where the sulfine was allowed to equilibrate prior to cycloaddition, accordingly there is no evidence that 134 is unstable for example through syn elimination of the sulfoxide.  The ratio of the crude products from this continuous flow protocol was consistent in scales varying from 50 mg up to 300 mg for both of the -diazosulfoxides 80 and 14.  Similar to the other continuous flow reactions, the dr of the cycloaddition of the -oxo sulfine generated from 80 is in line with the batch reaction, however the isolated yield after flash chromatography is much higher, 64% in this work, compared to 29% for the analogous batch reactions. A single crystal of the major cycloadduct 133, formed by trapping of the kinetic Z sulfine 141 with diene 113, was grown from dichloromethane and hexane (from a sample not containing 134) and the structure and relative stereochemistry was unambiguously confirmed by single crystal X-ray diffraction (Figure 28). 


 
[bookmark: _Ref484185671]



[bookmark: _Ref492462203]Figure 28:  The crystal structure of the cycloadduct 133 unambiguously confirmed the relative stereochemistry. 
When the same reaction conditions are applied to -diazosulfoxide 14 (Table 21, entry 2) conversion occurs efficiently and cleanly using the thermolytic conditions, as shown by the 1H NMR spectrum of the crude material (Figure 29). The crude dr of 95 : 5 for the products 135 and 136 was an improvement over the analogous transition metal catalysed batch reaction for trapping of the kinetic sulfine which was 85 : 15, and in line with the microwave reaction which was 96 : 4 as reported by Buckley.16 Buckley has reported the isolated yield from the transition metal catalysed batch reaction as being 35%.16 After purification of the continuous flow thermolysis reaction mixture, the pure diastereomer 135 was isolated in 63% yield. Although the 1H NMR spectrum of the crude material (Figure 29) only shows minor impurities, the loss of mass may be due to loss of the polar cycloadduct 135 on silica gel as well as careful combination of the isolated fractions. However the 1H NMR spectra highlight the remarkably clean transformation obtained from the labile precursors under these conditions. 


[bookmark: _Ref484185778]Figure 29: The 1H NMR spectrum of the crude material from the continuous flow thermolysis cycloaddition. The major peaks (underlined red) correspond to the cycloadduct 135 while the minor cycloadduct 136 is also present in <5% (underlined blue). See Table 21, entry 2A.


Interestingly, on undertaking purification of the crude material and on analysis of the first fraction isolated from the column, the 1H NMR spectra showed evidence of trace amounts of the indanone  142, presumably caused by rearrangement from the -oxo sulfine 13 to the intermediate oxathiirane 143 and subsequent sulfur elimination (Scheme 60). However these signals are not apparent in the 1H NMR spectrum of the crude material. In previous work, this indanone is only observed in the absence of a diene trap, suggesting that the efficiency of the trapping in continuous flow is less compared to batch, a result which is also seen in earlier work in this project (see section 2.5). 


[bookmark: _Ref484185939]Scheme 60
On application of the cycloaddition in flow protocol to the -diazosulfoxide 83 (Table 21, Entry 3A) successful Diels-Alder cycloaddition with a high dr is achieved again. Less than 1% of a minor diastereomer 138 is observed in the 1H NMR spectrum of the crude material alongside the major cycloadduct 137. This is in comparison to the result from the transition metal catalysed batch reaction which was 71 : 29, and the microwave reaction which formed 137 and 138 in a ratio of 90 : 10, as reported by Buckley (Table 21, Entry 3B and 3C).16 Again, purification of a reaction using 200 mg of the starting material 83, led to isolation of the pure diastereomer 137 in a high yield of 78%. This is the first time a pure sample of 137 has been isolated and characterised. 
As discussed in section 2.3.4, the use of continuous flow chemistry to make labile -diazosulfoxides in greater yields enabled access for the first time to the naphthalene derived -diazosulfoxide 81, therefore the continuous flow cycloaddition protocol was next applied to this -diazosulfoxide 81 (Scheme 61). On analysis of the crude reaction mixture by 1H NMR spectroscopy, a complex mixture of products was obtained (Figure 30). Amongst the complex mixture were two diastereomeric cycloadducts, 139 and 140 present in a ratio of 73 : 27. The major diastereomer 139 formed in the thermolysis reaction is believed to come from addition of the diene 113 to the kinetic Z-sulfine and the minor diastereomer 140 is believed to form by addition to the thermodynamic E sulfine. After undertaking purification of the crude reaction mixture by column chromatography on silica gel, the major and minor cycloadducts were isolated and characterised in yields of 34% for the major product 139 and 20% for the minor product 140 (each containing up to 10% of the other diastereomer). 



[bookmark: _Ref493497431]Scheme 61


 
[bookmark: _Ref484186014]Figure 30: 1H NMR spectrum of the crude material (top) showing the formation of two cycloadducts in a ratio of 139 : 140, 73 : 27,   and multiple unknown decomposition products. The 1H NMR spectra (centre) shows the major diasteromer 139 on the 1H NMR spectra (bottom) shows the minor diastereomer 140 (contains some ethyl acetate). Both spectra contain up to 10% of the opposite diastereomer. 

At this point it is difficult to rationalise the low dr in this system. The complex 1H NMR spectrum of the crude material contains signals for unidentified decomposition products and this is consistent with the labile nature of the -diazosulfoxide 81 which Buckley had been unable to access from batch reactions. It is possible that some of the -diazosulfoxide 81 had rearranged to the corresponding -oxo sulfine on storage prior to reaction, which would explain the enhanced trapping of the E -oxo sulfine. It was noted, that on storage of the labile -diazosulfoxide 81 in the freezer over a period of 2 months, loss of the diazo moiety (shown by disappearance of the diazo stretch in the infrared spectrum at 2126 cm-1) and formation of an unidentified decomposition product occurred as the major component present. The physical appearance of the sample was not significantly altered. This aged sample showed a singlet at 4.54 ppm in the 1H NMR spectrum and two key signals in the 13C NMR spectrum at 183.8 and 188.4 ppm. Two possible structures were considered, either the indanedione 144 or the sulfine 145. Previously Buckley had synthesised and characterised a range of sulfines (using rhodium acetate catalysis with a short reaction time) and indanediones, such as 146, (using rhodium acetate catalysis with a long reaction time) (Figure 31) and by comparison of the spectroscopic characteristics the material was assigned as the sulfine 145. It appears the thermal rearrangement of -diazosulfoxide 81 occurs even on storage in the freezer, this explains why Buckley had not managed to isolate this compound. 


[bookmark: _Ref496028823]Figure 31:Comparison of spectroscopic characteristics of 145 to sulfines and Indanediones characterised by Buckley.19
Initially it was thought that the -diazosulfoxide 81 had decomposed to the indanedione 144 on storage, to confirm this the aged sample was reacted with  ortho-phenylenediamine, and interestingly the quinoxazoline condensation product 147 was tentatively identified as the major component of the crude mixture. This reaction was carried out on a small scale and therefore purification of the material was not carried out.  The signals corresponding to the tentatively assigned product 147 were a singlet at 4.39 ppm in the 1H NMR spectrum and the characteristic signals for the C=N were present at 155.5 and 159.8 ppm in the 13C NMR spectrum. These characteristic signals  are in line with literature precedent for quinoxazolines.16,82  It appears that the sulfine 145 can react with ortho-phenylenediamine in a similar manner to a 1,2-diketone.  


Scheme 62
Subsequently, an authentic fresh sample of the -diazosulfoxide 81 was reacted with Rh2(OAc)4, for five minutes in dichloromethane at room temperature. Analysis of this reaction mixture showed a compound which possessed the same spectral characteristics as observed for the aged sample. Mass spectrometry indicated the presence of the molecular ion of the -oxo sulfine 145. On chromatographic purification a sample was recovered with characteristic 2H signals at 2.82 and 3.41 ppm, tentatively assigned as the indanone 148 (Figure 32). Previously, Buckley demonstrated conversion of -oxo sulfines to indanones on chromatographic purification. This result suggests the unknown compound characterised earlier was indeed the sulfine 145 and not the indanedione 144 as conversion of the dione 144 to the indanone 148 on silica gel is not easily rationalised. Additionally, ortho-phenylenediamine reacted with the sulfine in a condensation reaction, in a similar manner to what would have been expected with the indanedione 144.


[bookmark: _Ref496010219]Figure 32: Indanone 148
[bookmark: _Toc505089569][bookmark: _Toc506311626][bookmark: _Toc523135222]2.5.4.2 Thermogravimetric analysis (TGA) of -diazosulfoxides
Research from within our group has shown that dediazotisation of -diazosulfoxides leads to a hetero-Wolff rearrangement, and it can be induced through various methods including thermolysis.4,5,50,62 A thermogravimetric analysis (TGA) was carried out on a lactone derived -diazosulfoxide (Figure 33, see section 2.4.2) so in an extension of that work a TGA on the ketone derived -diazosulfoxide 14 was also carried out (Figure 34).


[bookmark: _Ref494711686]Figure 33: TGA of -diazosulfoxides 38,39.
As expected, the labile ketone derived -diazosulfoxide 14 shows a sudden and extreme loss of mass at approximately 110°C, much more distinct than in the lactone derivative, highlighting the increased sensitivity of the ketone derivatives to thermal conditions relative to the lactone, making them an excellent candidate for thermolytic conditions for induction of the hetero-Wolff rearrangement. This results agrees with literature precedent that the Wolff rearrangement is more efficient process for -diazo ketone excited states than for the -diazo esters, due to enhanced stability of the carbene derived from  -diazo esters, which is caused by ester resonance.83,84



[bookmark: _Ref480449646]Figure 34: Thermogravimetric analysis of the ketone derived -diazosulfoxide 14 showing mass loss versus temperature.
[bookmark: _Toc505089570][bookmark: _Toc506311627][bookmark: _Toc523135223]2.5.5.2 Spectral characteristics of the naphthalene derived cycloadducts
With access to the novel naphthalene derived -diazosulfoxide 81, and having successfully carried out the Diels-Alder cycloaddition reaction in continuous flow under thermal conditions, two diastereomeric products, 139,140 were isolated and characterised. The distinguishing signals which are characteristic in this set of compounds are the newly formed sp3 hybridised spiro centres and the diastereotopic protons alpha to the sulfoxide. By comparison with other cycloadducts described by Buckley we have concluded that the major diastereomer 139 formed in the thermolysis reaction comes from addition of the diene 113 to the kinetic Z-sulfine 145 (Scheme 61 and Table 22). The spiro centre is affected by the electronic and steric effects of the relative stereochemistry at the sulfoxide and this is illustrated in the 13C NMR spectrum (Figure 35).
[bookmark: _Ref484186639]Table 22: Comparison of the characeristic 1H NMR signals and the 13C NMR signals of the novel cycloadducts 139 and 140 with the known cycloadducts 135 and 136.
	Trapping of kinetic Z -oxo sulfine 145 with diene 113
	Trapping of  thermodynamic E -oxo sulfine 145 with diene 113

	

Major 139  – more polar
	

Minor 140 – less polar

	13C NMR signal of CQ-spiro  - 63.5 ppm
	13C NMR signal of CQ-spiro - 68.4 ppm

	


	


	135*  - more polar 
13C NMR signal of CQ-spiro - 63.7 ppm
	 136* - less polar
13C NMR signal of CQ-spiro - 68.5 ppm


*The structure and stereochemistry of 135 and 136 were unambiguously confirmed in work by Buckley.16 
Major Cycloadduct 139
Minor Cycloadduct  140

[bookmark: _Ref492465210]Figure 35: Comparison of the 13C NMR spectrum of two diastereomeric cycloadducts.  
The pattern of the signals in the 13C NMR spectra shown in Figure 35, are consistent with the signals previously described for the diastereomers 135 and 136, both of which have had their stereochemistry confirmed by single crystal X-ray diffraction. The similarities are highlighted in Table 23.
[bookmark: _Ref494888921]Table 23: Similarities between the 13C NMR spectra of the cycloadducts 135 and 136 which were confirmed by single crystal analysis and the novel naphthalene derived cycloadducts 139 and 140, leading to assignment of stereochemistry. CDCl3 was the solvent in all cases.
	
	Compound  139
	Compound 135

	13C NMR signals (ppm)
	19.9
20.0
35.3
35.7
50.5
63.5
	19.8
19.9
35.2
37.2
50.5
63.7


	
	Compound 140
	Compound 136

	13C NMR signals (ppm)
	19.5
19.9
30.1
39.2
52.4
68.4
	19.5
19.8
31.3
39.1
52.3
68.5


 
Overall, application of the new cycloaddition methodology to these ketone derivatives shows enhanced efficiency and higher dr in the new continuous flow thermolysis conditions as opposed to the standard transition metal catalysed batch reactions. It now provides access to the sulfoxide cycloadducts 133,135,137,139 in synthetically useful amounts with simple purification through recrystallisation, or flash chromatography if necessary. Of these, 137, 139 and 140 were isolated and fully characterised for the first time. While the diastereoselectivities obtained is more or less in line with the microwave batch reactions, the increased yields and ability to scale and isolate the products as pure compounds is far easier from the continuous flow process. 
In summary, use of this methodology for the Diels-Alder cycloadditions of lactone and ketone derived -oxo sulfines in continuous flow has resulted in excellent diasteroselectivity and yield when compared to the transition metal catalysed batch reactions. The diastereoselectivity of the reactions is comparable (or better) across the series but consistently higher yields of both lactone and ketone derived cycloadducts are obtained. In some cases, this methodology has the added advantage of purification by recrystallisation or reslurry of the desired cycloadducts rather than column chromatography. As well as this, the ease of scale up, high yields, efficiency, reproducibility, metal free conditions and safety are all advantages of the continuous flow procedure. Indeed, this high yielding step allows access to the thiopyran-S-oxides 133, 135 ,137 and 139 in synthetically useful yields for the first time, promoting our interest in further derivatisation of these compounds (section 2.5.7).

[bookmark: _Toc505089571][bookmark: _Toc506311628][bookmark: _Toc523135224]2.5.5.3 Extension to the use of cyclopentadiene as a diene trap. 

Having demonstrated effective cycloaddition with 2,3-dimethyl-1,3-butadiene, extension to the use of cyclopentadiene was next explored. Previously, Kelleher had undertaken a brief investigation of the cycloaddition of -oxo sulfine 101 with cyclopentadiene (Scheme 63). When the axial -diazosulfoxide 38 was used as starting material two diastereomers were formed in a ratio of 2 : 1. When the equatorial diazosulfoxide 39 was used as starting material, the diastereomeric products were formed in a ratio of 3 : 2. In both cases, only one diastereomer was isolated and characterised; in 35% yield from 38 and 14% yield from 39. The stereochemistry of the cycloadducts was not defined. 




[bookmark: _Ref495574771]Scheme 63
The initial reactions of the ketone derived -diazosulfoxide 14 with cyclopentadiene 149 (Table 24, entry 1) were carried out using the same conditions as had been used previously for the cycloadditions with 2,3-dimethyl-1,3-butadiene 113. The cyclopentadiene 149 was freshly prepared by cracking dicyclopentadiene 150 at high temperature85 and each of the Diels-Alder cycloaddition reactions were carried out within 48 h. However, it was found that sustained heating of cyclopentadiene 149 in the continuous flow setup under back pressure (8 bar, 120°C for 30 minutes) resulted in a complex mixture. The two products, diastereomer A 151 and diastereomer B 152/153 were minor components of the reacton mixture. Although purification was challenging, an impure fraction of diastereomer B 152/ 153 was isolated in 18% yield. At this point, it is believed that 151 and 153 are the most likely structures of the major and minor cycloadducts but this has not been confirmed. 
In an attempt to reduce the complexity of the crude material the residence time of the cycloaddition reaction in flow was reduced to 5 minutes, much shorter than the previously used 30 minutes. Notably, when a 30 minute residence time was used with 2,3-dimethyl-1,3-butadiene no problems were encountered. 


[bookmark: _Ref492550558]Table 24: Continuous flow thermolysis cycloaddition reactions with cyclopentadiene. 
	


	Entry
	1a
	2a,[footnoteRef:6] [6:  Note: At this point, it is believed that the two cycloadducts are 151 and 153, and 154 and 156. However, distinguishing between 152 and 153, and 155 and 156 cannot be undertaken definitively. Accordingly, in this thesis 152/153 or 155/156  is used to designate the compound Diastereomer B in each instance.] 


	Diastereomer A
	

	


	Diastereomer B
	

	


	Conversionb
	100%
	100%

	Product dr (flow)

	51 : 49
151 : 152/153 

	65 : 35
154 : 155/156 

	Isolated Yieldc (%)
	152/153 (35%)
	154 (14%)
155/156 (25%)


a The reaction was carried out at 100°C.
b  The percentage conversion and dr of the crude material were determined by analysis of the characteristic signals of each component in the 1H NMR spectrum.
c The isolated yield refers to the amount of product isolated after column chromatography on silica gel. 



           

30 minutes
5 minutes

152/153
151

[bookmark: _Ref495992858]Figure 36: Comparison of the 1H NMR spectrum of a 30 minute residence time versus a 5 minute residence time. Key signals corresponding to 151 and 152/153 are highlighted in both the crude and pure spectra shown. In the pure spectra of 151 and 152/153, the ArCH2 AB quartet system is underlined red and the cyclopentadiene CH2 signals are underlined blue.  
On comparison of the spectrum observed for a 30 minute residence time and a 5 minute residence time it appears the diastereomer 151 is not apparent in the crude reaction mixture from a 30 minute residence time. This may be due to 151 not surviving the longer reaction conditons or alternatively, reacting further in a second Diels-Alder cycloaddition pathway.  A similar outcome was subsequently observed when the 30 minute residence time reaction conditions were applied to the -diazosulfoxide 81 resulting in a complex mixture of crude products. Notably, from the 5 minute residence time reaction, diastereomer A 151 and diasteromer B 152/ 153 can be isolated and characterised separately each exhibiting interesting spectroscopic characteristics (Figure 36). For 151, the bridgehead proton alpha to the sulfoxide appears at 5.83 – 5.84 ppm in the 1H NMR spectrum, and the corresponding carbon at 98.3 ppm in the 13C NMR. The signal for the spiro carbon is apparent at 70.4 ppm. In contrast to this, these signals for 152/ 153 appear at 4.15 ppm in the 1H NMR spectrum and 70.6 ppm in the 13C NMR spectrum, and the spiro signal is observed at 75.7 ppm. The substantial difference between the  diastereomers A and B is presumably caused by the relative stereochemistry of the sulfoxide and ketone moieties. The shorter 5 minute residence time led to cleaner cycloaddition reactions (Table 24). 
The formation of two diastereomers can be interpreted in two ways – the first being formation from cyclopentadiene addition to the Z-sulfine giving 151 and the E sulfine giving 152, assuming maximum orbital overlap in the transition states resulting in the endo ketone. Alternatively, the two diastereomers could both be formed from the Z sulfine only, the endo-endo product 151 and the exo-exo product 153. Distinguishing between 152 and 153 by spectral details is not evident, although 153 is more likely on the basis of the diastereomer ratio observed and the higher reactivity of cyclopentadiene relative to the 2,3-dimethyl-1,3-butadiene.  
Utilising these conditions the cycloadditions with cyclopentadiene were carried out using both ketone and lactone derived -diazosulfoxides 14, 80, 77 and 38, 39 to enable further exploration.


Figure 37: Lactone and ketone derived -diazosulfoxides utilised in these reaction conditions.






For Table 24, entry 1, the 5 minute residence time leads to successful generation of two diastereomeric products, 151 and 152/153, with the isolation of 151 in a moderate yield of 35% after column chromatography on silica gel. As described earlier a 30 minute residence time (Figure 36) results in formation of a complex mixture.
For Table 24, entry 2, on investigation of the cycloaddition reaction of cyclopentadiene 149 with the -diazosulfoxide 80, with a long residence time of 30 minutes, the same pattern of a complex crude mixture is seen. With a reduced residence time of 5 minutes and a temperature of 100°C, complete consumption of the -diazosulfoxide 80 is achieved with clean conversion to the desired diastereomers A 154 and B 155 or 156. Purification of the reaction material led to isolation and characterisation of both diastereomers, 154 and 155/156, in separate fractions with a combined yield of 39% [154 (14%) and 155/156 (25%)]. The patterns observed in the 1H and 13C NMR spectra for 154 and 155/156, are very similar to those seen for 151 and 152/153 shown earlier (Figure 36) with characteristic shifts and coupling for the allylic and bridgehead protons. 

Figure 38: Stacked 1H NMR spectra of 154 (top) and 155/156 (bottom) showing comparable characteristic peaks to 151 and 152/153 in Figure 35. 
For Table 24, entry 2, the major product 154 formed from trapping of the kinetic Z -oxo sulfine, had the spiro carbon signal at 70.2 ppm and the minor diastereomer 155/156 (from trapping of the thermodynamic E -oxo sulfine or minimum orbital overlap of the Z sulfine) from the crude material had the spiro carbon signal of 75.4 ppm. The major cycloaddition products, 151 and 154, have stereochemistry tentatively assigned based on these data, and the assumption that they arise from trapping of the kinetic Z isomer of the sulfine. The diastereomer B (152/153 and 155/156) is derived from either the alternative approach (minimum orbital overlap) to the Z sulfine, or approach to the E-sulfine (Scheme 64).
In these cycloaddition reactions there is the potential to form four diastereomeric products, however in all cases, only two are seen. Diasteromer A 151 and Diastereomer B 152 can be envisaged to form from addition to the Z and E sulfines respectively, with maximum orbital overlap in the transition state to provide the endo ketone, or alternatively both 151 and 153 are formed by trapping of the Z sulfine (both maximum and minimum orbital overlap) to give the endo-endo or exo-exo diastereomers. 


[bookmark: _Ref493597719]Scheme 64
At this time, the exact stereochemistry of the cycloadducts has not been structurally confirmed, but by comparing the experimental data of the cycloadducts 151 and 154,  and 152/153 and 155/156 it is clear that these are structurally related. The splitting patterns and chemical shift (δH and δC) for the aryl CH2 and the bridgehead CH2 were very characteristic with 151 and 154 essentially identical, and likewise 152/153 and 155/156 were very similar. The relative polarity is also the same with diastereomer A (151, 154)  being less polar and diastereomer B (152/153, 155/156) being more polar. 



[bookmark: _Ref493659846]Table 25: Comparison of the 13C NMR spectral data of the cycloadducts 151 and 154 and151/152 and 154/155. 
	Entry
	Diastereomer A 
	Diastereomer B

	1.
	
151
	
152 
or


153

	
	Diastereomer A
	Diastereomer B

	2.
	
154
	
155
or


156




With this success in achieving the synthesis of the these novel cycloadducts in continuous flow using a 5 minute residence time, batch reactions was explored for comparison (Table 26) utilising the same solvent system across the series. 
[bookmark: _Ref493166857]Table 26: Cycloaddition reactions of -diazosulfoxide 14 with cyclopentadiene 149. 
	


	Entry
	
	Crude Ratio of Products
	Isolated Products

	
1.

	
Continuous flow thermolysis ()
30 min.
	
Complex Mixture
	
152/153  (18% - impure)

	
2.

	
Continuous flow thermolysis ()
5 min.
	
151 : 152/153
51 : 49
	
152/153(35%)

	
3.
	
Batch thermolysis ()
30 min.
	
151 : 152/153
66 : 34

	
151 (63%)


	4.

	Batch [Rh2(OAc)4, 1 mol %].
60 min, r.t.
	151 : 152/153
60 : 40
	152/153 (22%)



For Table 26, Entry 3, the -diazosulfoxide 14 and cyclopentadiene 149 were reacted in acetonitrile : dichloromethane (4 : 1) for 30 minutes under batch reflux conditions with the oil bath set to 100°C. This time, on analysis of the crude reaction mixture, the 1H NMR spectrum of the crude material showed a 66 : 34 ratio of major to minor diastereomers. (Although up until now, microwave batch reactions have been compared against thermolysis reactions in continuous flow, the increased pressure in the microwave would most likely cause dimerization of the cyclopentadiene, therefore the flow thermolysis reaction was compared to a batch thermolysis reaction at atmospheric pressure.)  After purification of the batch thermolysis reaction (Table 26, entry 3), diastereomer A 151 is isolated in 63% yield.  Interestingly, only minor amounts of the dicyclopentadiene dimer 150 were observed. This is likely due to cyclopentadiene 149 being heated to reflux. In continuous flow the reaction mixture is at increased pressure and temperature promoting dimerization, however in the analogous batch reaction the diene 149 can continually evaporate and re-condense without dimerisation. Previously within the group, batch thermolysis reactions have been rarely used. O’Sullivan noted that reflux conditions in chlorobenzene were required to induce the hetero-Wolff rearrangement of lactone derived -diazosulfoxides15 and Buckley noted that reflux conditions with dichloromethane as solvent were not sufficient to generate the sulfine from ketone derived -diazosulfoxides.16  
To compare to the batch and continuous flow thermolysis reactions, a batch reaction was carried out whereby generation of the intermediate -oxo sulfine was achieved using rhodium acetate at room temperature in the presence of a cyclopentadiene trap (Table 26, entry 4). 
The two diastereomers, A 151 and B 152/153 were formed in a ratio of 60 : 40, with a significant amount of impurities which were not apparent in the thermolysis reactions. Purification of the reaction mixture led to successful isolation of the diastereomer B, 152/153 only, in a yield of 22%. Notably, the dr of the batch thermolysis reaction was the most selective whereas the continuous flow reaction and the transition metal catalysed batch reaction were less selective. However, when compared to the dr’s obtained with 2,3-dimethyl-1,3-butadiene, the selectivity is much lower e.g. a crude dr of 95:5 is obtained with the thermolysis of 14 and 2,3-dimethyl-1,3-butadiene, whereas it is 51 : 49 for 14 and cyclopentadiene (Table 26, entry 2). When the reactions are carried out using rhodium acetate the crude dr’s are 85 : 15 and 60 : 40 respectively (Table 26, entry 4). The most likely interpretations of these observations is that the cyclopentadiene 149 trapping of the sulfine intermediate is faster than the trapping with butadiene due to the s-cis conformation and therefore isomerisation to the E isomer does not occur prior to trapping, The highly reactive cyclopentadiene can trap from either approach to give the endo-endo 151 or exo-exo 153. With the butadiene the diastereomers are formed in a different way due to trapping of the E sulfine in addition to the Z sulfine. 
Overall, this methodology for the generation and cycloaddition of -oxo sulfines in continuous flow was successfully applied to ketone derived -diazosulfoxides 14 and 80 with cyclopentadiene 149. Although it required optimisation, through modification of the residence time, successful cycloaddition was achieved to isolate novel cyclopentadiene cycloadducts with preferential in situ trapping of the kinetic Z -oxo sulfine. However, this methodology led to novel, cycloadducts in a scalable, safe, metal-free and efficient methodology. Building on the preliminary investigation carried out by Kelleher (Scheme 63) extension of this methodology to the cis diphenyl derived -diazosulfoxide 77 and the cyclohexyl derived -diazosulfoxides 38,39 was next explored.


Figure 39: Lactone derived -diazosulfoxides used in the cycloaddition reactions with cyclopentadiene.
[bookmark: _Ref496016000]Table 27: Cycloadditions of lactone derived -diazosulfoxides with cyclopentadiene. 
	


	Entry
	1
	2

	Diastereomer A
	

157
	

158

	Diastereomer B
	

159/160
	
 
161/162

	Conversion
	20%
	63%

	Product dr (flow)

	50 : 50
A : B
157 : 159/160  
	45 : 55
A : B
158 : 161/162 

	Isolated Yield (%)
	159/160 (11%)
	158 (19%)
161/162 (24%)


Initially, the residence time used for the lactones was the same used for both ketone derived -diazosulfoxides 80 and 14, however due to solubility issues and the higher temperature required (120°C compared to 100°C) to achieve the hetero-Wolff rearrangement of these derivatives, the solvent mixture used was a 4 : 1 combination of toluene and dichloromethane, the same as used previously with 2,3-dimethyl-1,3-butadiene (section 2.5.4). The initial results, as shown above (Table 27) show reduced consumption of the -diazosulfoxide starting materials (20% for 77 and 63% for 38,39) and lower diastereoselectivity. Notably, in the case of 38,39, the equatorial -diazosulfoxide 39 reacted selectively, with the presence of unreacted axial -diazosulfoxide 38 only, observed in the 1H NMR spectrum of the crude material. This increased stability of axial -diazosulfoxides has previously been observed by both Collins and Kelleher.12,14 
In attempting to increase the percentage conversion of the cyclohexyl -diazosulfoxides 38,39 the residence time was increased from 5 minutes to 10 minutes. Although the conversion increased to 100%, the diastereoselectivity became 50:50. In another experiment (Table 28, Entry 3), the temperature was increased allowing a shorter residence time to also achieve 100% conversion. 
Table 28: Variation of conditions used for the Diels-Alder cycloaddition for lactone derivatives.
	


                              

	Entry
	1
	2a
	3a

	Residence time
	5
	10
	5

	Temperature
	120
	120
	130

	Equivalents of diene  149
	20
	20
	20

	Conversion
	63%
	100%
	100%

	dr
	55:45
161/162 : 158
	50:50
161/162 : 158
	50:50
161/162: 158

	Yield
	161/162 (24%)
 158 (19%)
	-
	-


aEntries 2 and 3 were not purified, due to the low diastereoselectivity and excessive amounts of dicyclopentadiene dimer formed in the reaction. 
Additionally, dimerisation of the cyclopentadiene 149 at the elevated temperatures became a major issue with the dicyclopentadiene dimer 150 being the major component of the crude reaction mixture. Therefore to optimise the outcome of the cycloaddition reactions with cyclopentadiene 149 consumption of the -diazosulfoxide starting material and dimerization of cyclopentadiene 149 must be carefully balanced. 
Although the cycloaddition reactions of the -diazosulfoxide 77 and the -diazosulfoxides 38,39 have the potential to form eight diastereomeric cycloadducts in both cases (four from the Z sulfine and four from the E sulfine), only two diastereomers are present in the 1H NMR spectrum of the crude material in both cases. For the cis-diphenyl diazosulfoxide 77 the dr is 50 : 50 for 159/160 and 157. For the cyclohexyl derived -diazosulfoxides 38,39 the ratio of the two cycloadducts formed is 55 : 45 (Table 27) for the 161/162 and 158. These dr’s are much lower when compared to the cycloadditions of lactone derived -oxo sulfines with the 1,3-dimethyl-2,3-butadiene 113, however they are in line with the dr results achieved for the cycloadditions of the ketone derived -oxo sulfines with cyclopentadiene 149, once again indicating addition to the the Z sulfine. 
In addition, the spectral features of the lactone cycloadducts are very similar to the ketone derivatives. Therefore, it is most likely that two cycloadducts are formed from the Z sulfine giving both the exo-exo and endo-endo cycloadducts. At this point the relative stereochemistry at the fused bridgeheads is unknown. An alternative explanation is that one of the cycloadducts is from the E sulfine to form the exo-endo cycloadduct 161 and in the absence of crystallographic data, distinguishing between 161 and exo-exo 162 is not possible, although 162 is more likely (Figure 40). 
Kelleher12 had previously carried out cycloaddition reactions of the -diazosulfoxides 38,39 with cyclopentadiene 149 and had isolated one diastereomer as the product. Comparison of the spectral data confirms it was indeed  158, however assignment of stereochemistry to the only isolated product, 158, was not possible at that time. In this work, the inability to grow single crystals of these cycloadducts also hindered the assignment of stereochemistry. 
When the -oxo sulfine 101 is trapped with butadiene 113, the major products are formed from addition to the kinetic Z sulfine from above and the thermodynamic E sulfine from below, confirmed by crystallography. At this stage the relative stereochemistry of the fusion in the lactone is not defined although it is clear that only one is formed in each case. 



[bookmark: _Ref495926021]Figure 40: Possible modes of addition of cyclopentadiene 149 with the -oxo sulfine 101 when maximum orbital overlap occurs. 
The product 158 is the less polar of the two diastereomers. Significantly, in the ketone series, the endo sulfoxides 154 and 151 were also less polar than the exo sulfoxides 155/156 and 152/153. Furthermore, the carbon signal for the methylene unit in the bridge is very distinctive in the cycloadducts; thus in 154 and 151 it appears at δC 36.0 ppm while in 152/153 and 155/156 the same carbon appears at δC 45.7 and 45.8 ppm respectively. Clearly the relative orientation of the sulfoxide oxygen substantially deshields this carbon when the oxygen is exo. Similarly in the cycloadducts 161/162 and 158, this carbon appears at δC 45.5 ppm in 161/162 and δC 33.5 ppm in 158. It is believed that 162 and 158 are formed both from the Z sulfine. 
Interestingly, the chemical shift of the CH next to the carbonyl is not sensitive to alteration of stereochemistry of the carbonyl (exo/endo). Alternatively, it is possible that all stereoisomers are endo carbonyl (formed from maximum orbital overlap). 


[bookmark: _Ref498427922]Figure 41: The endo cycloadducts 151, 154 and 158 and the exo cycloadducts 152/153, 155/156, and 161/162. 

The butadiene cycloaddition has clearly shown that addition to the Z sulfine occurs from the alpha face of the bicyclic lactone and addition to the E occurs from the beta face. While it reasonable to assume similar facial discrimination with the cyclopentadiene the decreased diastereoselectivity is difficult to rationalise and therefore at this point further investigation is required to definitively determine the relative stereochemistry in the cycloadducts. 



Figure 42: Stacked 1H NMR spectra of diastereomers A: 151 (top), 154 (centre) and 158 (bottom).




[bookmark: _Ref501469707]Figure 43: Stacked 1H NMR spectra of diastereomers B:  of 152/153 (top), 155/156 (centre), and 161/162 (bottom).  
The orientation of the sulfoxide moiety has a significant effect of the NMR shift of both the CH signal alpha to the sulfoxide, and the cyclopentadiene CH2 bridgehead when the oxygen is near these in space leading to significant deshielding, an effect of sulfoxides known in the literature.17 The significant deshielding from the sulfinyl oxygen affecting the NMR characteristics is identical to the ketone derived product 154. Further evidence for the presumed stereochemistry are the spectroscopic characteristics of 158, 154, and 151 are similar and 161/162 and 155/156 and 152/153 are similar with regards to the pattern in the 1H and 13C NMR spectra (Figure 41, 42 and 43).  
Through modification of the reaction conditions (shorter residence time for ketone derivatives) a series of novel cyclopentadiene cycloadducts were isolated and characterised for the first time. Interestingly diastereoselectivites were different using cyclopentadiene or 2,3-dimethyl-1,3-butadiene as the trap. At this stage it appears that with 2,3-dimethyl-1,3-butadiene traping of both E and Z sulfines is seen, while with the more reactive cyclopentadiene trapping with the Z sulfine occurs faster than isomerisation to the  E sulfine, in this case, resulting in the formation of both exo and endo diastereomers. Further work is required to definitively establish the relative stereochemistry of the cycloadducts. 
Having established conditions for the synthesis of the -diazosulfoxides in continuous flow (section 2.3.4) and having established conditions for the successful thermal Diels-Alder cycloadditions (section 2.5.5) telescoping these two chemical transformations in continuous flow was carried out. 


[bookmark: _Toc505089572][bookmark: _Toc506311629][bookmark: _Toc523135225]2.5.6 Telescoping of the diazo transfer and Diels-Alder cycloaddition reactions

Having achieved success in the optimisation of the diazo transfer protocol to -diazosulfoxides  in continuous flow (section 2.3.4), and success in achieving cycloaddition of -oxo sulfines in continuous flow (section 2.5), demonstrating proof of concept that the processes could be telescoped was a priority (Scheme 65). 


[bookmark: _Ref491089685]Scheme 65
The objective was to telescope the generation of the labile -diazosulfoxide with the hetero-Wolff rearrangement to form the reactive -oxo sulfine, and subsequent Diels-Alder cycloaddition to form a stable, isolable, crystalline cycloadduct. The first attempt at this consisted of a 4.5 minutes residence time of the ketone derived sulfoxide 66, on 20 equivalents of Amberlyst A21 with 1 equivalent of DBSA 87 (Scheme 66). One equivalent of the sulfonyl azide 87 was used so that on achieving complete conversion to the -diazosulfoxide 80, excess sulfonyl azide 87 would not be heated (Scheme 66). 


[bookmark: _Ref482004961]Scheme 66
The output from the column reactor was combined with the 1,3-dimethyl-2,3-butadiene 113 input at a T-piece and heated to 100°C for 10 minutes in the reactor coil, to induce the hetero-Wolff rearrangement, resulting in formation of the intermediate -oxo sulfine 141 and subsequent Diels-Alder cycloaddition (Scheme 66). On analysis of the crude reaction mixture, 18% of the desired cycloadduct product 133 was formed along with 82% residual starting material 66 (Figure 44). This low consumption of starting material 66 may be due to using only one equivalent of DBSA 87. Our earlier investigation had shown on reduction of the equivalents of the DBSA 87 below 2 equivalents, there is a significant decrease in the percentage conversion to the desired -diazosulfoxide 80. Heating the reaction mixture which, in retrospect, contained residual DBSA 87 did not pose any problem in practice, within the continuous flow system; although, as it has an initiation temperature of 151°C,33,34 51°C higher then the temperature in the reactor coil this explains this observation.  
To achieve higher percentage conversion to our desired -diazosulfoxide 80 inline two equivalents of the diazo transfer reagent DBSA 87 were used, with the sulfoxide starting material 66. A 15 minute residence time over 20 equivalents of Amberlyst A21 was followed by combination with the butadiene 113 stream leading to sulfine formation under thermolytic conditions followed by cycloaddition (Scheme 67). 


[bookmark: _Ref482005692]Scheme 67
Analysis of the crude material by 1H NMR spectroscopy showed 45% of the desired cycloadduct 133, which is formed from trapping of the kinetically favoured Z -oxo sulfine in situ, alongside 55% of the residual starting material 66 (Figure 44). 

45% Conversion
18% Conversion

[bookmark: _Ref505966469]Figure 44: Comparison of 1H NMR spectra of the crude material from the telecoped reactions in scheme 67 (top)  and scheme 66 (bottom). Characteristics signals of the dodecylbenzenesulfonyl amide are in blue,  signals of the sulfoxide starting material 66 are in red and the cycloadduct product 133 is highlighed in green.
This was a significant result as it highlights the potential to go from the stable sulfoxide 66 through to a labile -diazosulfoxide 80, through to reactive -oxo sulfine 141 and finally to a stable cycloadduct product 133 without isolation at any point. Although this telescoped reaction sequence will require further optimisation, it establishes proof of concept and is a scalable process. This process can be compared to the previously used batch processes which would require a 8 to 16 hour reaction time for diazo transfer resulting in a yield between 25% and 35% after column chromatography on silica gel, then is subsequently followed by the Diels-Alder cycloaddition (reaction time 3 min in microwave, 30 min in batch) with moderate yields (29% in batch and quantitative in microwave). 


Scheme 68
This comparison highlights the benefits of the scalable telescoped process which generated the desired cycloadduct 133 within 14.5 minutes (18% conversion) or 48 minutes (45% conversion). Having shown proof of concept for telescoping the reaction sequence under thermolytic conditions, telescoping the reactions under photochemical conditions was also investigated. These photochemical conditions would be more desirable than thermal conditions, as heating the excess of the diazo transfer reagent DBSA 87 is avoided.[footnoteRef:7] Using the optimum conditions for diazo transfer in continuous flow (5 equivalents Amberlyst A21, 9 minute residence time, 2 equivalents DBSA 87) and filter number 1 in the UV-150 reactor, these conditions were trialled with sulfoxide 64 (Scheme 69). As described earlier (Table 16) filter number 1 removes infrared light but has good transmission in the region of 190 – 2000 nm.  [7:  Sulfonyl azides are safely used under photolysis conditions for nitrone transfer. ] 



[bookmark: _Ref482006643]Scheme 69
Analysis of the crude reaction mixture by 1H NMR spectroscopy did not show the presence of the sulfoxide starting material 64, -diazosulfoxide 14, desired cycloadduct 135, or any rearrangement products formed from the intermediate -oxo sulfine 13 which had been previously isolated and characterised by Buckley.16 The complex mixture of unidentifiable products believed to be due to over exposure to the UV light reaction conditions (residence time of 50 minutes) which caused significant decomposition to form a complex mixture of unidentifiable components, and may be associated with the excess DBSA going in to the photoreactor. 
[bookmark: _Ref491081794]

[bookmark: _Toc505089573][bookmark: _Toc506311630][bookmark: _Toc523135226]2.5.7 Further functionalisation of sulfoxide cycloadducts 

As the yields of -diazosulfoxides have been substantially enhanced during this work which enabled access to synthetically useful amounts of the sulfoxide cycloadducts in high diastereocontrol and good to excellent yields, a systematic investigation of the reactivity of these cycloadducts was possible for the first time. Previously, isolated experiments were conducted at small scale by Kelleher on a lactone derived sulfoxide cycloadduct.12 The functionality present in the cycloadducts, namely the sulfoxide and the tetrasubstituted alkene provide opportunity for synthetically useful transformations without altering the carbon skeleton of the cycloadduct, hence a series of oxidation, reduction and rearrangement reactions were carried out to explore the broad range of synthetic transformations available. Interestingly, earlier work from our team has demonstrated activity in anticancer screens for structurally related cycloadducts to those synthesised in this work.16 
[bookmark: _Toc505089574][bookmark: _Toc506311631][bookmark: _Toc523135227]2.5.7.1 Oxidation of the sulfoxide moiety to sulfone
Oxidation of the sulfoxide 133 with m-CPBA was first explored at room temperature over four hours.  The major product was the sulfone 163 and interestingly, two β-epoxy sulfones over oxidation side products, 164 and 165, were also observed in the crude material in a ratio of 3 : 1. No evidence for the β-epoxy sulfoxide is observed.  This high degree of chemoselectivity for the oxidation provided the desired sulfone 163 in 75% isolated yield after column chromatography. The epoxidation products were not isolated from the reaction mixture after purification.  With success in generation and isolation of the novel sulfone 163 in a good yield, these reaction conditions were also applied to the sulfoxide cycloadducts 135 and 137 (Table 29).


[bookmark: _Ref500075061]Table 29: Results of sulfonylation oxidation reactions.
	


	Entry
	Reaction Time
	Crude Ratio
	Isolated products

	1
R = 2-Me
	
3 h
	
163 : 164 : 165
84 : 12 : 4
	
163 (75%)

	2
R = H
	
3 h
	
166 : 167 : 168
84 : 10 : 6
	
166 (72%)

	3
R = 4-Me
	
16 h
	
169 : 170 : 171
52 : 37 :12
	
169 (48%)
170 : 171, 1 : 0.7 (10%)



The crude ratio of products observed after subjecting sulfoxide 135 to the oxidation reaction conditions (Table 29, Entry 2) was consistent with that recorded for oxidation of sulfoxide 133 (Table 29, Entry 1). The sulfone was the major component (84% of the crude material) while the major β-epoxy sulfone 167 and the minor β-epoxy sulfone 168 were present in a ratio of ~ 2 : 1. Notably, the characteristic signal for the methyl groups of the β-epoxy sulfones are sharp singlets, compared to broader singlets for the allylic methyl groups present in sulfone 166 (Figure 45) and the sulfoxide analogue 135.
On subjecting sulfoxide 137 to the reaction conditions (Table 29, Entry 3), complete consumption of the starting material was not achieved after 5 h and so the reaction was stirred for 16 h in total. Following 1H NMR analysis of the crude reaction mixture, sulfone 169 and β-epoxy sulfones 170 and 171 were present in a ratio  of 52 : 37 : 12  . Following purification, sulfone 169 was isolated in a moderate yield of 48% and another fraction consisted of a 1 : 0.7 mixture of β-epoxy sulfone diastereomers 170 and 171. Interestingly, this highlights the reactivity of the sulfoxide moiety towards sulfonylation and preferential oxidation to sulfone 169 in the first instance, followed by subsequent oxidation of the sulfone to the β-epoxy sulfone. The difficulty in isolating the minor amounts of the β-epoxy sulfones 170 and 171 should also be noted. Although signals corresponding to the β-epoxy sulfones 164, 167, 170 and 171 were present in the 1H NMR spectra of the crude material at a level of approximately 10%, the corresponding β-epoxy sulfones 164 and 167 were not isolated, and for 170 and 171, present at about 50% of the crude material, an isolated yield of 10% was achieved suggesting this series of compounds is sensitive to the purification conditions, and possibly labile on silica gel. When the epoxidation of the sulfone to the β-epoxy sulfone occurs the diastereomers are formed in a similar ratio in all cases, 3 : 1 for Table 29, entries 1 and 3, and 2 : 1 for Table 29, entry 2. The relative stereochemistry of the major and minor epoxide diastereomers is consistent across the series, with the same NMR signals for the CH3 groups of the major and minor diastereomer appearing in the same pattern in all three entries. 
To confirm the preferred order of reactivity, an authentic sample of sulfone 166 was isolated and subjected to 1.5 equivalents of m-CPBA over a period of 16 h, after which time complete consumption of the sulfone starting material was achieved. In the 1H NMR spectrum of the crude material, two diastereomeric epoxides, 167 and 168 were present in a ratio of 5:1 (Scheme 70). 


[bookmark: _Ref499910848]Scheme 70
Following purification, the less polar, major epoxide 167, and the more polar, minor epoxide 168 were isolated in a combined yield of 69% after chromatography (Figure 45). 




Minor product 168
Major product 167
Crude epoxidation 
reaction mixture
Sulfone starting material 166

[bookmark: _Ref484082958]Figure 45: Comparison of the 1H NMR spectra of the crude material from oxidation of sulfone 166 with 1.5 equivalents of m-CPBA , the major β-epoxy sulfone isomer 167 and the minor β-epoxy sulfone isomer 168. 
[bookmark: _Toc505089575][bookmark: _Toc506311632][bookmark: _Toc523135228]2.5.7.2 Reduction of the sulfoxide moiety to sulfide.
An important synthetic transformation of sulfoxides is reduction to the corresponding sulfide.86 This transformation can be achieved under a variety of conditions, employing transition metal complexes, electrophilic reagents or Lewis acids.86-90 The conditions used in this work, to achieve this transformation are those first described by Drabowicz et al., utilizing trifluoroacetic anhydride and sodium iodide in acetone.91 The report details how the use of mild reaction conditions and readily available reagents achieves successful reduction in short reaction times. The reduction proceeds through an intermediate acyloxysulfonium salt, which will react with the iodide anion to form either a sulfonium salt or a sulfurane intermediate (Scheme 71); decomposition promoted by another iodide anion results in the desired reduction products, resulting in the formation of by-products which are removed during the aqueous workup. The desired sulfide is recovered from the organic layer in high yield. 


[bookmark: _Ref500162229]Scheme 71
When these reaction conditions (2.4 eq. NaI, 1.9 eq. trifluoroacetic anhydride in acetone) were applied to our substrate 133 (Table 30, Entry 1), the reaction was complete after 20 minutes at 0°C, with aqueous work up providing the pure sulfide 172 in a high yield of 84%, without the need for further purification. The aqueous workup includes a sodium thiosulfate wash for removal of any residual iodine formed during the reduction reaction. 
[bookmark: _Ref500324829]Table 30: Results of sulfide reduction reactions. 
	


	Entry
	Time
	Isolated Products

	1
R = 2-Me
	
20 min
	
172 (84%)

	2
R = H
	
20 min
	
173 (81%)

	3
R = 4-Me
	
50 min
	
174 (75%)



The same reaction conditions were applied to the two sulfoxide substrates 135 and 137, with the desired sulfides 173 and 174 isolated in yields of 81% and 75% respectively (Table 30), as exceptionally clean crude poducts. Sulfoxide 135 required a reaction time of 20 minutes whereas the methyl substituted sulfoxide 137 required a reaction time of 50 minutes for successful reduction. This longer reaction time was also noted with the sulfonylation reaction of sulfoxide 137, suggesting a retarding effect on the reactivity of the sulfoxide when the methyl group is present in this position. Interestingly, by reduction of the sulfoxide cycloadducts to the corresponding sulfides, the -oxo sulfine, which was generated in situ, and acted as a dienophile in the Diels-Alder cycloaddition, has been used as a synthetic equivalent for an -oxo thiones - a class of compounds which are often challenging to access; either generated in situ92 or via flash vacuum pyrolysis.93 
[bookmark: _Toc505089576][bookmark: _Toc506311633][bookmark: _Toc523135229]2.5.7.3 Pummerer rearrangement type reactions
The Pummerer rearrangement and its effectiveness at promoting novel transformations has been reviewed by Procter et al. in 2010.73 This review highlights the applicability of six membered cyclic sulfoxides as substrates for the Pummerer rearrangement, with an aim of generating bioactive molecules such as thioglycosides94,95 and thionucleosides.72 In the literature, Weichsel et al.96 describe the synthesis of thiopyrans from dihydrothiopyran-S-oxides by vinylogous Pummerer reactions (using acetic anhydride) with the formation of endocyclic alkenes in most case, except for one specific case in which an “exocyclic” alkene 175 was formed with no evidence for the “endocyclic” isomer 176. 


Scheme 72
Additional to this, thiopyran-S-oxide type compounds such as 177 have been subjected to Pummerer rearrangement conditions (using trifluoroacetic anhydride), resulting in the formation of the exocyclic alkene 178 and the trifluoroacetyl derivative 179 (Scheme 73). 71


[bookmark: _Ref481003001]Scheme 73
Gulea71 describes reaction conditions for this Pummerer rearrangement affording a 1 : 1 mixture of isomeric products upon analysis of the reaction material. These conditions consist of exposure of the sulfoxide substrate to excess trifluoroacetic anhydride in tetrahydrofuran at 0°C.  An investigation of use of these reaction conditions with sulfoxide 135 was undertaken leading to two isomeric products 180 and 181 in a 1 : 1 ratio after 1 hour, with 10% starting material 135 still present by 1H NMR analysis. After purification, the two desired isomers were isolated and characterised — both the endocyclic alkene 181 and exocyclic alkene 180. No evidence was observed for the formation of a trifluoroacetyl derivative, similar to 179 in Scheme 73, as described in the literature. 










[bookmark: _Ref484085765]Table 31: Crude ratios and yields of Pummerer rearrangement reactions. 
	


	Entry
	Starting Material
	Exocyclic Isomer               Endocyclic Isomers 

	1
	

135
	

180                                       181

	
Yielda
	
	Crude ratio 1 : 1b
23 %                                     25%

	2
	

133
	

182                                       183

	
Yielda
	
	Crude ratio 1 : 1             
                 27%                                       20%

	3
	

137
	

                    184                                       185

	
Yielda
	
	
	  Crude ratio 1 : 1
               32%                                       21%


a After purification by column chromatography on silica gel. 
b 10%  of the starting material 135 was present in the 1H NMR spectrum of the crude material.
When the Pummerer rearrangement reaction conditions were applied to the sulfoxides 133 and 137   the analogous diene products 182 - 185 were similarly observed, again in an equimolar ratio in each case. Complete separation of the dienes was challenging however 181 and 185 were isolated cleanly. The other dienes, 180, 182, 183 and 184 were isolated with <10% of the other isomer present in each case. 
A mechanism for the formation of the described products is proposed (Scheme 74)71; one possibility is elimination from the intermediate 186 to form a thionium cation 187, followed by deprotonation by a trifluoroacetate anion 188 to lead to either the endocyclic or exocyclic product (Scheme 74). Interestingly, the rates of formation of the two isomers appear to be the same. No evidence was seen for the interconversion of the isomers although this was not systematically examined.


[bookmark: _Ref484085580]Scheme 74
As the substrates for these reactions are now readily available, this sequence may become of interest as it provides a method for cleanly accessing these novel, highly functionalised thiopyran derivatives.
[bookmark: _Toc505089577][bookmark: _Toc506311634][bookmark: _Toc523135230]2.5.7.4 Attempted generation of a sulfoximine from the cycloadduct. 
Sulfoximines have been shown to be an important motif present in some biologically active molecules97,98 and as such generation of these compounds in an enantiomerically controlled manner could be extremely beneficial. A literature procedure using transition metal catalysis for nitrene transfer to a range of sulfoxides, including alkyl, aryl, vinyl, allylic, cyclic and acyclic derivatives under mild reaction conditions was attempted during this work for generation of BOC protected sulfoximines (Scheme 75).99 


[bookmark: _Ref484086036]Scheme 75
The conditions in this report, described as extremely efficient,99  were applied to the substrate 137 and led only to isolation of the recovered sulfoxide starting material 137 (Scheme 76) and BOC carbamate 189 after chromatography of the crude reaction material. Possible reasons for the unsuccessful synthesis of the sulfoximine 190 may be due to steric hindrance around the sulfoxide moiety of 137. 


[bookmark: _Ref484086074]Scheme 76
[bookmark: _Toc505089578][bookmark: _Toc506311635][bookmark: _Toc523135231]2.5.7.5 Spectral Characteristics of products formed from these oxidation, reduction, and Pummerer rearrangement transformations

Comparison of the spectroscopic features of the sulfides, sulfoxides and sulfones is very interesting with a clear impact of the level of sulfur oxidation on both the 1H and 13C NMR spectra (Figure 46). In the 1H NMR spectra of the pure compounds, each of the methylene groups appears as a characteristic AB quartet system, due to geminal coupling, of the diastereotopic hydrogens. Interestingly, in general the ABq of C(10)H2  was very sharp in the 1H NMR spectra, while the ABq of the two allylic CH2’s were broadened somewhat due to unresolved 4J coupling; this was one of the features that helped in establishing the 1H NMR assignments. In the spectra of the sulfide dervatives, the ArCH2 signal appears as a compact ABq system, however, for the sulfoxide and sulfone derivatves the analogous signal is a distinct ABq with a greater separation between the doublets (Figure 46). Clearly, the presence of oxygens on the sulfur has a significant impact on the environment of one of the diastereotopic protons of the ArCH2 moiety.


[bookmark: _Ref499908849]Figure 46: 1H NMR spectra of the sulfoxide 133, the sulfone 163, and the sulfide 172. The ArCH2 signal is underlined blue, the SCH2 signal is underlined red and the CqCH2 signal is underlined green.
In the infrared spectra of the three sulfones 163, 166 and 169, the carbonyl absorption was consistently observed between 1706 and 1712 cm-1, while the characteristic absorption of the sulfone was consistently between 1117 and 1119 cm-1 for each derivative. For the sulfoxides, the characteristic carbonyl absorption appears between 1704 and 1708 cm-1 with the S-O bands at 1048 – 1051 cm-1, and for the sulfide derivatives, the characteristic absorptions are between 1705 and 1708 cm -1 and 1270 – 1281 cm -1. Overall, each of the sulfones 163, 166 and 169 and the sulfoxides were high melting point crystalline solids while the sulfides were generally oils. The characteristic signals of the sulfones (Figure 47), sulfoxides (Figure 48) and sulfides (Figure 49) are summarised below



[bookmark: _Ref484081759]Figure 47: Characteristic 1H NMR signals of the β-keto sulfones 166, 169 and 163.
. 


[bookmark: _Ref500497863]Figure 48: Characteristic 1H NMR signals of the β-keto sulfoxides 135, 137 and 133.
,


[bookmark: _Ref484085165]Figure 49: Characteristic 1H NMR signals of the sufides 173, 174, and 172.
*Note: The ArCH2 signals are much sharper than the other CH2 signals which have long range coupling to the CH3 groups. 
The shift of the spiro centre in the 13C NMR spectra is also consistent across the three sulfones. Shifts of 67.8 ppm for 166, 67.7 ppm for 163 and 68.2 ppm for 169 show the similarity of electronic environments experienced by each of the spiro centres. This is compared to a range of between 63.5 – 64.0 ppm observed for the corresponding sulfoxides and 49.8 – 50.3 ppm for the sulfide derivatives (Figure 50). Similaraly, the CH2 next to the sulfur is impacted by the extent of oxidation at sulfur. 


[bookmark: _Ref484085118]Figure 50: Comparison of the 13C NMR spectra of the sulfide product 172, the sulfoxide starting material 133, and the sulfone  163, with the most notable change at the spiro centre highlighted in blue.
The spectral characteristics of the endocyclic products 181, 183, 185 and exocyclic products 180, 182, 184 from the Pummerer reaction are also interesting. Characteristic peaks for the endocyclic alkene 181 include two vinylic singlets corresponding to the alkene protons, whereas characteristic peaks of the exocyclic alkene 180 include three singlets for the three vinylic protons (Figure 51). The CH signal alpha to the sulfur, which is observed at 6.0 – 6.1 ppm, is similar for each isomer. Both products are easily identifiable in the 1H NMR spectrum of the crude reaction material (Figure 51).


[bookmark: _Ref485639687]Figure 51: Comparison of crude 1H NMR spectrum (top) with external alkene product (centre) and internal alkene product (bottom).
The isomeric dienes are readily identified by differences in the 13C NMR spectra reflecting the endocyclic and exocyclic nature of the dienes (Figure 52). The pattern of reactivity was consistent across each of the three substrates and similar characteristic NMR signals were observed for the recovered products. HSQC and HMBC spectra were vital in establishing the assignments due to the large number of sp2 hybridised carbons. A summary of the identifying features and characteristic signals of each isomer is described in Figure 53. 



[bookmark: _Ref484085991]Figure 52: Comparison of the exocyclic 180 (top) and endocyclic 181 (bottom) isomers of the Pummerer rearrangement products. 


[bookmark: _Ref481160493]Figure 53: Comparison of 13C NMR shifts for the Pummerer rearrangement products.






[bookmark: _Toc505089579][bookmark: _Toc506311636][bookmark: _Toc523135232]2.6 1,3-Dipolar cycloaddition reactions

[bookmark: _Toc505089580][bookmark: _Toc506311637][bookmark: _Toc523135233]2.6.1 General background
The most widely accepted mechanism for 1,3-dipolar cycloadditions is currently that of an asynchronous concerted process resulting in the formation of a five membered heterocycle. The -oxo sulfine is the dipolarophile and the nitrile oxide or nitrone is used as the corresponding dipole. 1,3-Dipoles (a=b+-c- or a+-b-c-) (Scheme 77) have been defined by Huisgen100 such that a possesses an electron sextet i.e. an incomplete valence shell, and that c possess an unshared electron pair. Combination of a charged 1,3-dipole with a dipolarophile (such as any double or triple bond) results in the extinction of the formal charges and formation of a neutral species. Based on this mechanistic approach, the 1,3-dipolar cycloaddition reaction can be represented as proceeding through a transition state in which the 4π-electron component of the 1,3-dipole interacts with the 2π-electron component of the dipolarophile in a one-step reaction. The activation energy profile of this reaction would contain one activation peak, and therefore this is similar to Diels-Alder cycloadditions, and Claisen and Cope rearrangements. 101,102 The cycloaddition reaction is reported to proceed via a concerted mechanism, and as mentioned earlier, stereochemistry is retained in the product.


[bookmark: _Ref489256484]Scheme 77
Of these 6π-electron reactions for sulfines and -oxo sulfines the Diels-Alder cycloaddition is the most widely reported. 7,63 Work within the group has shown the Diels-Alder cycloaddition reaction of ketone derived -oxo sulfines to be highly diastereoselective,14-16 with on-going research into the novelty, range and further functionalisation of these cycloadducts.64-67 
[bookmark: _Toc505089581][bookmark: _Toc506311638][bookmark: _Toc523135234]2.6.1.1 Sulfines as dipoles

As discussed in Chapter 1 Section 1.4.4., sulfines most commonly act as dipolarophiles but have been used as dipoles when used with a “superdipolarophile” thione.103 The first report of sulfines acting as dipoles instead of as dipolarophiles in a 1,3 dipolar cycloaddition was in 1996, by Huisgen where an aliphatic sulfine acted as a dipole with three distinct thioketones (Scheme 78).103 The corresponding cycloadducts were isolated in moderate yields, with the rationale for this being the ease of cycloreversion of the cycloadducts.


[bookmark: _Ref486780741]Scheme 78
[bookmark: _Toc505089582][bookmark: _Toc506311639][bookmark: _Toc523135235]2.6.1.2 Sulfines as dipolarophiles; 1,3-dipolar cycloadditions of sulfines with nitrile oxides

In the majority of 1,3-dipolar cycloaddition reaction of sulfines and nitrile oxides, the 1,4,2-oxathiazole-S-oxide is the major regiosiomer, and the 1,2,5-oxathiazole-S-oxide is a minor regioisomer.104  1,3-Dipolar cycloadditions of diaryl substituted sulfines progress in a regio and stereospecific manner (Scheme 79)105 with the exception of 9H-fluorene-9-thione-S-oxide 191 which reacts with benzonitrile oxide 192, generated in situ from the imidoyl chloride 193, giving the regioisomeric 1,2,5 oxathiazole-S-oxide 194 as opposed to a 1,4,2 oxathiazole-S-oxide 195 (Scheme 80).


[bookmark: _Ref501528498]Scheme 79


[bookmark: _Ref486856916]Scheme 80

There are only two example of 1,2,5-oxathiazole-S-oxides in the literature, and in both cases they are described as an unexpected product formed from the 1,3-dipolar cycloaddition reaction of -oxo sulfines.104,106,107 The two reported 1,2,5-oxathiazole-S-oxides in the literature are 194 (Scheme 80), and 196 (Scheme 81) formed from the -oxo sulfine 197.


[bookmark: _Ref490298761]Scheme 81
Zwanenburg has investigated the thermal fragmentation of the 1,2,5-oxathiazole-S-oxide 194 which was isolated as an unexpected regioisomer from the cycloaddition of flourenethione-S-oxide 191 and benzonitrile oxide 192 to give the thiazole 198 through reaction of an intermediate sulfene 199 and intermediate nitrene 200 (Scheme 82).104,106  The structure of the thiazole 198 was confirmed by single crystal analysis. 

 
[bookmark: _Ref503202332]Scheme 82
Reports of cycloadditions of sulfines exist in the literature, describing successful cycloadditions and immediate rearrangement to more stable species.104,108-110 In fact, this rearrangement to more stable species is highlighted by the fact that 1,4,2-oxathiazoles have been used as precursors of isothiocyanates with the rearrangement occurring under mild thermal conditions (Scheme 83).111,112 


[bookmark: _Ref501528236]Scheme 83
There are no current examples in the literature of methodology to access 1,2,5-oxathiazoles or the corresponding 1,2,5-oxathiazole-S-oxides; this, combined with the absence of a reported series of these compounds, highlights their rarity. 


[bookmark: _Ref486870637]Figure 54: A range of oxathiazole heterocycles. 
Showcasing the interest in these types of compounds is a recent effort by Pierce which focused on the synthesis of the related compounds, 1,4,2-oxathiazoles, through oxidative cyclisation of thiohydroximic acids113 (Scheme 84) as well as an effort by Mloston who generated fluorinated 1,4,2-oxathiazoles (Scheme 85) through regioselective cycloaddition reactions of fluorinated nitrile oxide with thioketones.114 


[bookmark: _Ref501529082]Scheme 84


[bookmark: _Ref501529438]Scheme 85
Routes to these types of cycloadducts are typically from dipolar cycloaddition of thioketones or thioaldehydes which are often unstable or challenging to access. In the reported examples of dipolar cycloadditions, dehydrohalogenation in basic environments or strong oxidising agents are used for generation of the sulfines which subsequently undergo cycloadditions – conditions which would be incompatible with our substrates (see section 2.6.3).

[bookmark: _Toc505089583][bookmark: _Toc506311640][bookmark: _Toc523135236]2.6.1.3 Sulfines as dipolarophiles: Background of 1,3-dipolar cycloadditions of sulfines with nitrones

The cycloadducts formed from a successful 1,3-dipolar cycloaddition of sulfines and a nitrone are extremely rare, illustrated by the lack of corresponding products in the literature (Figure 55 - one report of heterocycle type A, 115 none of type B). In the report by Zwanenburg of a successful cycloaddition of C-phenyl-N-methyl nitrone 201 with a sulfine 202,115 the desired 1,2,5-oxathiazolidine-S-oxide 203 was isolated in just 6 – 10 % yield along with “other products” which were unidentified (Scheme 86). 


[bookmark: _Ref490061766]Figure 55


[bookmark: _Ref490061788]Scheme 86
[bookmark: _Toc505089584][bookmark: _Toc506311641][bookmark: _Toc523135237]2.6.1.4 Lability of the cycloadduct products

In the literature reports of cycloadditions of sulfines in 1,3-dipolar cycloaddition reactions, formation of unstable cycloadducts which undergo losses of volatile gases in subsequent rearrangements is often described. One such example in the literature describes the reaction of an oxazolium-S-olate 204 with the sulfine 205, the cycloadduct initially formed expels carbon dioxide generating a new dipolar species 206, which rearranges to the product 207 isolated in 40% yield (Scheme 87). 115


[bookmark: _Ref490061833]Scheme 87
Similar to this is the 1,3-dipolar cycloaddition of an azlactone 208 with chlorophenylsulfine 209 forming an intermediate cycloadduct which loses carbon dioxide and hydrogen chloride to form the isolated product 210 (Scheme 88).116 


[bookmark: _Ref490061847]Scheme 88
With the broad synthetic versatility of sulfines and -oxo sulfines, the potential for the formation of regioisomers and diastereomers from dipolar cycloaddition reactions leading to product mixtures is an issue. However, building on the success of the study of [4+2] Diels-Alder cycloadditions in this work and previously undertaken within our research group,16 and with limited research on 1,3-dipolar cycloadditions of sulfines in the literature, exploration of these dipolar cycloadditions was a significant objective of this research. The regioselectivity, diastereoselectivity, and nature of the isolated products were of significant interest. In this section of the work we aimed to explore the reactivity of -oxo sulfines derived from both ketones and lactones with both nitrones and nitrile oxides. 
The initial challenge was to find the conditions which would enable generation of both the -oxo sulfines and 1,3-dipole, both of which are highly reactive species. From our earlier work we know that the -oxo sulfine can be accessed thermally, photochemically or using rhodium catalysis. Establishing which approach was most compatible with the nitrile oxide and nitrones was the first step. 
While the nitrone 211117 is a stable, isolable species, nitrone 212 must be freshly prepared for use to avoid dimerization to form the tricyclic dioxadiazinane 213 (Scheme 89).118 In contrast nitrile oxides are generally generated in situ by base mediated elimination from imidoyl chlorides. Clearly, this would not be compatible with labile -diazosulfoxides and/or -oxo sulfines.   

[bookmark: _Toc505089585][bookmark: _Toc506311642][bookmark: _Toc523135238]2.6.2 Synthesis of nitrones 

To explore the novel reactivity patterns of -oxo sulfines generated in situ from -diazosulfoxides, with nitrone dipoles in 1,3-dipolar cycloaddition reactions, the symmetrical nitrones 212119,120 and 211117 were synthesised in this work as they avoid the potential for the formation of regioisomers. To the best of our knowledge, no reports exist on the cycloaddition of 211 or 212  with sulfines. 


[bookmark: _Ref503249204]Scheme 89
Generation of the nitrone 212 is carried out by oxidation of 1-hydroxypiperidine 214 with yellow mercuric oxide (Scheme 90).119 The hydroxylamine reacts with the mercuric oxide forming a nitroxyl radical. This undergoes a disproportionation reaction with an excess of the oxidant giving the desired nitrone 212 as the final product. The reaction changes from the bright yellow of the mercuric oxide to a dark green/black as the reaction proceeds. This nitrone 212 was freshly prepared each time it was used, and generation of the nitrone was carefully monitored by TLC analysis to ensure complete consumption of 214, as reaction times varied from 10 to 40 minutes, depending on scale. 1H NMR spectroscopy confirmed the formation of the nitrone 212 with the characteristic [C(6)H] signal at 7.19 ppm. Dimerisation is indicated by δH for CHNO at 4.33 ppm as a 2H doublet of doublets. 121


[bookmark: _Ref482001796]Scheme 90
The acyclic dibenzyl nitrone 211, was generated through the oxidation of dibenzylamine 215 using Oxone® as the sole oxidant in a biphasic basic medium. 117 This procedure from Font et al. is an efficient and metal-free route to nitrones from secondary amines.117 The reaction mixture was kept at or below 5°C at all times as the author describes this temperature control is necessary to avoid decomposition of the Oxone®. The oxidation reaction was monitored by TLC and was complete within three hours. The work up provided the nitrone 211 in a yield of 74% and sufficient purity to be carried through to the cycloaddition with the -oxo sulfine. The stable nitrone 211 can be stored in the freezer for months at a time, without loss of quality or dimerisation. 


Scheme 91
[bookmark: _Toc505089586][bookmark: _Toc506311643][bookmark: _Toc523135239]2.6.3 Synthesis of nitrile oxides – experimental design

In the relevant literature, nitrile oxide dipoles are most often generated in situ from the parent imidoyl chloride using a non nucleophilc base such as triethylamine. In this work, it was important to avoid in situ base mediated dehydrohalogenation to generate the nitrile oxide due to the lability of the -oxo sulfines and/or their -diazosulfoxide precursors. Previously within our group, in another research project,  we have described the pre-generation of nitrile oxide dipoles, with the aim of preventing nucleophilic attack of the oxyanion in situ.122 In this instance, we chose to once again pre-form the nitrile oxide dipole to prevent exposure of the -diazosulfoxide and -oxo sulfine to conditions for generation of the nitrile oxide.24 In this method described initially by Chopra and subsequently by Kissane,123 the dipole is generated separately, and then added to the dipolarophile. In this work the dipole is added to the -diazosulfoxide starting material which is then converted without delay to the -oxo sulfine dipolarophile in situ, either by thermolysis, rhodium acetate dimer  as a transition metal catalyst or microwave irradiation.
This protocol was designed to enable trapping of the kinetic Z -oxo sulfine based on our earlier investigations as the preliminary investigation into the feasibility of heterocycle generation through this route. In this work, pre-generation of the thermodynamic E -oxo sulfine with subsequent cycloaddition has not been investigated to date and is warranted in further studies. Evidently it was not clear at the outset whether the presence of the nitrile oxide would impact on the interconversion of the -diazosulfoxide to the -oxo sulfine, for example, through poisoning of the rhodium catalyst, or direct reaction of the -diazosulfoxide with the dipole through an alternative pathway. In later work, which involved heating a reaction mixture of the -diazosulfoxides 38,39 with the nitrile oxide 192 [in dichloromethane : ethyl acetate, (1 : 1)],  to a temperature (130°C) that was insufficient to induce the hetero-Wolff rearrangement, the two starting materials were evident on analysis of the crude material without substantial degradation (Scheme 92).  This established that a competing reaction does not occur between the -diazosulfoxide starting material and nitrile oxide dipole without generation of the reactive -oxo sulfine species. 


[bookmark: _Ref503357031]Scheme 92
The selected nitrile oxides were generated from the corresponding imidoyl chlorides which were synthesised through chlorination of the corresponding oximes 216–221 following established literature procedures (Table 32).124,125  A range of oximes were synthesised from the corresponding aldehydes.126,127 Benzaldoxime 216 was commercially available, however, to access the other substituted oximes 217–221, condensation reactions were carried out with hydroxylamine hydrochloride and the respective aldehydes, 222–227, in the presence of excess sodium hydroxide. The nitrile oxides were selected to enable investigation of the impact of electronic effects on the aryl substituents, on the outcome of the cycloaddition reactions.  
Using this procedure, the oximes 216–221 were isolated in good to excellent yields across a range of derivatives bearing electron withdrawing and electron donating substituents, and the isonicotinaldehyde derivative 221. The exception to this is the 2,5-difluoro derivative 219; this substrate required a reaction time of 16 h, which is in comparison to the 1 – 2 h for the other substrates and was isolated in a much lower yield of 47%. In most cases, the oximes are isolated as the pure compounds without purification. However, the isonicotinaldehyde oxime 221 was 90% pure, and was subsequently carried through to the chlorination reaction without purification. Additionally, while the p-nitro oxime 217 required purification by recrystallisation to remove minor impurities, it was  isolated as a pure compound in 84% yield. 
A range of aromatic substituted imidoyl chlorides, 193,228–232 was prepared from the corresponding oximes 216–221 (Table 32). For the electron deficient oximes 217, 218, 219 and 221, if the chlorination was slow to start, the reaction was heated to 40°C. With monitoring by TLC, if the reaction was deemed to not have initiated, or no visible colour change is observed, HCl vapour drawn from the headspace of a concentrated HCl bottle, with a glass syringe, was bubbled through the reaction mixture.125  These reaction conditions led to the isolation and characterisation of a range of substituted aromatic imidoyl chlorides 193,228–232  which needed no further purification except for the 2,5-difluoro derivative 230 which was recrystallized from dichloromethane and hexane. The isonicotinaldehyde imidoyl chloride 232 and p-fluoro derivative 229 were lower yielding in comparison to the other substrates. This range of imidoyl chlorides can be readily converted to the corresponding nitrile oxide dipole. 
[bookmark: _Ref479699252]Table 32: Conditions and yields for the sequence of reactions to generate the range of nitrile oxide dipoles. 
	




	R
	Oxime (%)a
	Imidoyl Chloride (%)

	H
	216b
	54% 193ref. 119,128

	4-NO2
	84% 217c
	79% 228 ref. 124

	4-F
	98% 218
	36% 229 ref. 129

	2,5-difluoro
	47% 219
	93% 230 ref. 127

	4-t-Butyl
	89% 220
	73% 231 ref. 127

	
	70% 221
	40% 232 ref. 130


(i) NH2OH.HCl, NaOH, H2O/Ethanol 1:1, 1 - 2 h in most cases, except for the 2,5-difluoro derivative for which 16 h were needed.
(ii) NCS, DMF, rt, 1 - 5 hr. If the chlorination reactions were slow to start for the electron deficient oximes (as evidenced by the absence of a colour change) the reaction was heated to 40°C. If the reaction still did not start HCl vapour from the headspace of a bottle of conc. HCl was bubbled through the reaction mixture from a glass syringe.
a Oximes were used without purification except for 217 which was recrystallized from ethanol : water, 3: 1.124 Yields are reported for crude products.
b Benzaldoxime was commercially available from Sigma-Aldrich.
c 217 was synthesised using sodium acetate (2.5 eq) as base, and heated to reflux in ethanol for 24 h.

While a few isolated examples of the generation of nitrile oxide dipoles in the absence of base have been recently described,131 in this work our previous strategy for pre-generation of the dipole proved successful. The imidoyl chloride is added to a biphasic mixture of dichloromethane and NaOH [1 : 1, (1M NaOH)] at room temperature. Successful dehydrohalogenation is achieved in approx. 10 minutes at which point, following phase separation, the nitrile oxide in dichloromethane can be added to the -diazosulfoxide without isolation. The transformation to the -oxo sulfine by thermolysis, photolysis, microwave irradiation or rhodium catalysis is undertaken immediately following dipole addition. Dimerization of the nitrile oxide dipoles, such as 192128 to the corresponding furoxans, such as 233, 132128 (Scheme 93) did not prove to be a problem in practice, although in a number of experiments, the furoxan derivatives were observed by 1H NMR of the crude products. No attempts were made to characterise the nitrile oxides or monitor their stability – addition to the reaction mixture was carried out directly after generation.  


[bookmark: _Ref489966580]Scheme 93
While nitrile oxide dipoles are commonly generated in situ by base mediated dehydrohalogenation, these conditions would not be compatible with base sensitive -diazosulfoxides and their transformation to -oxo sulfines. Our experimental design of generation of the nitrile oxide followed by immediate addition, and subsequent generation of the -oxo sulfine (either through rhodium catalysis, phtolysis, thermolysis or microwave irradiation) enables the ability to access to two reactive species at the same time,  resulting in a 1,3-dipolar cycloaddition (Scheme 94). 


[bookmark: _Ref503256869]Scheme 94
[bookmark: _Ref490727310][bookmark: _Toc505089587][bookmark: _Toc506311644][bookmark: _Toc523135240]2.7 1,3-Dipolar Cycloaddition reaction of ketone derived -oxo sulfines with nitrile oxides

[bookmark: _Toc505089588][bookmark: _Toc506311645][bookmark: _Toc523135241]2.7.1 Initial investigation
On 1,3-dipolar cycloaddition of the ketone derived -oxo sulfine and nitrile oxide, two possible regioisomers can be envisaged, a 1,2,5-oxathiazole-S-oxide or a 1,4,2-oxathiazole-S-oxide. Both of these regioisomers have the potential to form two diastereomers. Literature precedent would suggest that formation of the 1,4,2-oxathiazole-S-oxide is more likely. In this work, evidence for the formation of all four isomers by 1H NMR spectroscopy was observed.  It was also found that under transition metal catalysed reaction conditions, another product formed in some cases, a 1,4,2-oxathiazole (Figure 56). 
The main product in all cases is the 1,2,5-oxathiazole-S-oxide, and the two diastereomers formed will be referred to as the kinetic diastereomer and the thermodynamic diastereomer.[footnoteRef:8] For the minor regioisomeric products, the 1,4,2-oxathiazole-S-oxides, these two diastereomers will be referred to as Regioisomer A and Regiosiomer B. The reduction product of these regioisomers, is referred to as product C, and is a 1,4,2-oxathiazole (See section 2.7.4 for spectroscopic characteristics). [8:  Note: The use of the terms kinetic and thermodynamic in this instance is distinct from earlier use of kinetic and thermodynamic referring to the -oxo sulfine. In all experiments in this work the -oxo sulfine was generated and trapped in situ so it is reasonable to assume that the Z sulfine is the reacting species in this section.
The use of kinetic and thermodynamic for the 1,2,5-oxathiazole-S-oxides is due to the observation that one diastereomer (kinetic) is formed initially in the cycloaddition and over time this interconverts to the other, more stable diastereomer (thermodynamic).
Regioisomers A and B of the 1,4,2-oxathiazoles are so called as they are formed by the opposite regiochemistry of cycloaddition to that which forms the 1,2,5-oxathiazoles. 
In the literature, 1,2,5-oxathiazole-S-oxides have been historically labelled as 1,5,2-oxathiazole-S-oxides. See reference 104.
] 



[bookmark: _Ref501112161]Figure 56: Range of possible products from the 1,3-dipolar cycloaddition of -oxo sulfines with nitrile oxides. 
The first challenge in this work was to induce the hetero-Wolff rearrangement of the -diazosulfoxide 14 to form the -oxo sulfine 13 in situ and investigate whether this reactive species would undergo cycloaddition with a nitrile oxide. The -diazosulfoxides 14, 80, and 83  were synthesised according to the work described earlier (section 2.3) and after undergoing the hetero-Wolff rearrangement, result in the corresponding -oxo sulfines 13, 141, and 234 (Scheme 95) .24,13,25 


[bookmark: _Ref503359968]Scheme 95

The reaction of the -oxo sulfine 13 with p-nitrobenzonitrile oxide 235 as an in situ trap was first explored, in batch reaction conditions, with induction of the hetero-Wolff rearrangement achieved through the use of rhodium acetate dimer (Scheme 96). On analysis of an aliquot withdrawn from the reaction mixture by 1H NMR spectroscopy, after 1 hour, complete consumption of both the -diazosulfoxide 14 and intermediate -oxo sulfine 13 had occurred. The crude reaction mixture, on concentration, consisted a mixture of diastereomers and regioisomers. These components were later identified as the kinetic 1,2,5-oxathiazole-S-oxide 236, the thermodynamic 1,2,5-oxathiazole-S-oxide 237, a 1,4,2-oxathiazole-S-oxide Regioisomer B 238 and a 1,4,2-oxathiazole 239 in the ratio of 40 : 29 : 22 : 9. No evidence was observed for the Regioisomer A 240. 


[bookmark: _Ref486871122]Scheme 96
Purification of the crude reaction mixture led to the isolation of two pure cycloadducts; the kinetic diastereomer 236 and the 1,4,2-oxathiazole 239, both of which had been observed in the 1H NMR spectrum of the crude material. The thermodynamic isomer 237 was not isolated as a pure compound.  With successful isolation of the major cycloadduct 236, unambiguous definition of the stereochemistry and regiochemistry was required.  The structure of 239 was assigned by comparison to spectroscopic data of 1,4,2-oxathiazoles reported in the literature, and was confirmed by a crystal structure of an analogous compound in the series, 241, obtained during this work (Figure 57), which will be discussed further in section 2.7.4. 113,114 


[bookmark: _Ref505971697]Figure 57: 1,4,2-oxathiazole 241
An isolated fraction which was clearly one diastereomerically pure component by 1H NMR spectroscopy was recrystallised from dichloromethane/toluene and the regiochemistry and relative stereochemistry of a single crystal from this sample was unambiguously defined as the 1,2,5-oxathiazole-S-oxide 237, illustrated in Figure 58. The regiochemistry of this 1,2,5-oxathiazole-S-oxide was unexpected, as it is the less reported regioisomer compared to the 1,4,2-oxathiazole-S-oxides. Furthermore in the lactone derived -oxo sulfine studies (which will be discussed later) the 1,4,2-oxathiazole-S-oxide was isolated, characterised and confirmed by single crystal analysis from the cycloaddition reaction of the lactone derived -oxo sulfine with benzonitrile oxide 192 (see section 2.8). 

                           
[bookmark: _Ref486871045]Figure 58: Unambiguous confirmation of the relative stereochemistry of the 1,2,5-oxathiazole-S-oxide 237.
Following crystal structure determination the single crystal used was recovered from the crystallographic pin and analysed by 1H NMR spectroscopy (600 MHz) to unambiguously confirm the relative stereochemistry. Surprisingly, it was clear that the compound present was no longer the compound originally isolated, 236, but had rearranged completely to compound 237 during the crystallisation process. Following this unanticipated observation, the conversion of the initially isolated kinetic diastereomer to the more stable thermodynamic diastereomer was seen across this series of compounds. Having confirmed the stereochemistry of  237, the stereochemistry of 236 can be assigned as there are just two possible diastereomers. Formation of the major kinetic diastereomer 236 can be envisaged from cycloaddition of the nitrile oxide to the Z sulfine as illustrated in Scheme 97. Notably, the formation of the cycloadduct 237 can be envisaged by two pathways; either cycloaddition to the E -oxo sulfine or by interconversion from the kinetic isomer 236, as evidenced by crystallographic and spectroscopic studies.  As the thermodynamic isomer 237 is seen as a product in the 1H NMR spectrum of the crude material it is not possible at this stage to rule out some cycloaddition as a pathway to 237, however it is very clear that 236 does interconvert to 237. From our earlier studies with diene traps, trapping of the Z -oxo sulfine was anticipated, although we can not be definitive that the nitrile oxide trapping is as fast as the diene trapping and therefore some Z -oxo sulfine to E -oxo sulfine conversion may be happening. Notably, as sulfine trapping with a nitrile oxide was slower than with a diene in this work, some Z to E sulfine interconversion can be envisaged prior to trapping. Additionally, while cycloreversion to the sulfine 13 is a possible mechanistic pathway in this instance, the absence of the characteristic decomposition products e.g. diketone, does not support this pathway. 


[bookmark: _Ref503361623]Scheme 97
Figure 59 highlights the differences in 1H NMR spectrum between the kinetic isomer 236 which was originally isolated [Figure 39, (i)] and the thermodynamic isomer 237 to which it converted [Figure 39, (iii)]. Analysis of the remaining solid sample that the crystal was chosen from, showed approximately a 1 : 1 ratio of the diastereomers 236 and 237 [Figure 39, (ii)], even though this had originally been  recrystallized from a sample which was excusively 236 by 1H NMR spectroscopy.

Previously, low yields of cycloadducts from dipolar additions of sulfines had been rationalised by the ability to easily undergo cycloreversion reaction,7,63,103,108,133,134 however, this ability to switch from a kinetic diastereomer to a more stable thermodynamic diastereomer was an unexpected and unforeseen property of these heterocyclic compounds.

(i)
(iii)
(ii)

[bookmark: _Ref503364471]Figure 59: Conversion of the 1,2,5-oxathiazole-S-oxide 236 isolated after purification (top – 400 MHz, contains ethyl acetate), to the 1,2,5-oxathiazole-S-oxide 237 identified after obtaining a crystal structure (bottom – 600 MHz). A 1 : 1 mixture of the remaining material highlights the ability to interconvert (centre – 400 MHz, contains DCM).  

To confirm the two diastereomers of the cycloadducts interconvert, a rhodium acetate catalysed batch reaction was carried out for 30 minutes (in acetonitrile : DCM, 1 : 1) at room temperature, generating the kinetic isomer 236 and thermodynamic isomer 237 in a relative ratio of 1 : 1.2 respectively in addition to other products.[footnoteRef:9] The remaining reaction material was subsequently heated to reflux for a further 7 h converting much of 236 into 237, in a relative ratio to 1 : 3.3. In this instance the thermodynamic 1,2,5-oxathiazole-S-oxide cycloadduct 237 was isolated as a pure compound in a yield of 25% after column chromatography on silica gel, however, the major product isolated was the oxadiazole 242 in 42% yield (Figure 60), formed by the cycloaddition of the nitrile oxide dipole and acetonitrile. In subsequent reactions acetonitrile was not used as solvent, to avoid this side reaction. [9:  Its interesting to note the relative ratios of 236 and 237 differed somewhat from the ratio in the reaction in Scheme 96 which may be due to interconversion prior to analysis or may be a solvent effect (acetonitrile compared to ethyl acetate). ] 



[bookmark: _Ref502846800]Figure 60: Oxadiazole 242
A tentatively proposed mechanism for the interconversion is shown below (section 2.7.1.3). Notably, the kinetically formed product 236, epimerises to the thermodynamic isomer 237 at elevated temperature, during crystallisation (Figure 59) or while in solution.

[bookmark: _Toc505089589][bookmark: _Toc506311646][bookmark: _Toc523135242]2.7.1.1 Optimisation of reaction conditions

With the crystal structure of 237 in hand, a series of reaction conditions was investigated to establish the optimum conditions for the preferential formation of either the kinetic isomer 236 or the thermodynamic isomer 237 (Scheme 96) in a synthetically viable process. As summarised in Table 33, the rhodium catalysed sulfine generation in either ethyl acetate/dichloromethane (1:1) or acetonitrile/dichloromethane (1:1) leads to mixtures of up to five cycloadducts and in general the kinetic isomer 236 is the major component, followed by the thermodynamic isomer 237 and then the regioisomeric 1,4,2-oxathiazole-S-oxides (Table 33 , entries 1-3). In acetonitrile, cycloaddition to form  242 is the dominant process. The best conditions for formation of the kinetic isomer 236 is rhodium catalysed batch reactions at 0°C. Using microwave irradiation to induce the hetero-Wolff rearrangement had previously been proven and widely studied within the group.5,15  Generation of the sulfine via microwave heating (Table 33, entry 4) showed promise with the thermodynamic isomer 237 being the dominant cycloadduct in the crude product mixture. The recovered yield of 237 was low from this reaction and therefore this process is not a synthetically viable route. Thermal interconversion of 236 into 237 can be envisaged under these conditions, however, as the scale is limited in microwave reactions, continuous flow conditions were investigated (Table 33 , entries 5, 7, 8 - 10). The use of thermolysis in continuous flow proved successful in leading to moderate yields of the thermodynamic isomer confirming thermolysis in flow as a more controlled process. Literature precedent exists for this transformation as thermolysis reactions in continuous flow have recently been used for the generation of various reactive intermediates including ketenes and nitrenes.77,78,135 Transition metal catalysis and thermolysis were both trialled in continuous flow, with a much cleaner transformation occurring in the absence of the rhodium acetate dimer catalyst.
[bookmark: _Ref475191325]A related report in the literature in the area of continuous flow dipolar cycloadditions, suggests that a column reactor loaded with a neutral alumina bed can be used for the removal of excess nitrile oxide and furoxan dimers.136 When two equivalents of the dipole were used, the crude material was recrystallised from ether and hexane to give the thermodynamic isomer 237 in 52% yield. When four equivalents were used (Table 33, entry 5), not all of the residual dipole and furoxan dimer was removed. Additionally, it was established that only a slight excess of 2 equivalents of the dipole were necessary for a clean transformation to occur. 
[bookmark: _Ref503515641]Table 33:  Investigation of the impact of reaction conditions on the 1,3-dipolar cycloaddition
	


	             236                                 237                               240                              238                                       239

	Entry
	Method
(Solvent)
	Generation 
of
 -oxo sulfine
	Reaction 
Time 
(min)
	Dipole Eq.
	Ratio
K : T : A : B : C
236 : 237 : 240 : 238 : 239
(yield)

	1
	Batch
(EtOAc/DCM)
	Rh2(OAc)4
	60 
	2.3
	40 : 29 : 0 : 22 : 9
24% : 0 : 0 : 0 : 15%

	2
	Batch
(CH3CN/DCM)
	Rh2(OAc)4

	30 (r.t.)
390 (100°C)
	4
	1 : 1.2 : 0 : 0 : 0 : 5.3(242)g
1 : 3.3 : 0 : 0 : 0 : 11.3(242)g
0 : 25% : 0 : 0 : 0 : 42% g

	3
	Batch
(EtOAc/DCM)
	Rh2(OAc)4
	90 
	4
	4 : 3 : 0 : trace : 0
0 : 17% : 0 : 0 : 0 

	4
	Microwave
(DCM)
	MW
	10
	2.5
	9 : 81 : 0 : 9 : 0
0 : 18% : 0 : 0 : 0 

	5
	Flowb
(DCM)
	Thermolysisa
	10
	4
	25 : 50 : 0 : 0 : 0f

	6
	Batchd
(Et2O)
	Rh2(OAc)4
	180
	1
	Complex Mixturee

	7
	Flowb,c
(EtOAc/DCM)
	Thermolysisa
	10
	2
	10 : 56 : 0 : 14 : 0f
0 : 52% : 0 : 0 : 0

	8
	Flowb,c
(EtOAc/DCM)
	Thermolysisa
	30 
	2
	10 : 83 : 0 : 7 : 0e

	9
	Flowb,c
(EtOAc/DCM)
	Thermolysisa
	10 
	4
	17 : 72 : 0 : 11 :0e

	10
	Flowb,c
(EtOAc/DCM)
	Rh2(OAc)4
	60
	2
	52 : 38 : 0 : 10 : 0e 

	11
	Batch (r.t.)
(EtOAc/DCM)
	Rh2(OAc)4
	30
	2
	                57 : 43 : 0 : 18 : 0e

	12
	Batch  (0°C)
(EtOAc/DCM)
	Rh2(OAc)4
	30
	2
	               58 : 29 : 0 : 3 : 10e


aThermolysis reactions were carried out at 100°C in continuous flow.
bAll continuous flow reaction were carried out with an 8 bar back pressure regulator fitted to the system.
cA packed bed of alumina was used in a 10 mm id omnifit® glass column.
d Following literature procedure for one of the other times a 1,2,5-oxathiazole-S-oxide was isolated.137 Carried out at -20°C.
eThe crude reaction mixture was not purified
f Another unknown impurity was present and made up the remainder of the material.
g The major product was the oxadiazole 242 from the cycloaddition of the nitrile oxide dipole and the solvent, acetonitrile. 
 
As seen in entry 7, the thermodynamic isomer 237 is formed as the major product when the cycloaddition is conducted for 10 minutes thermolysis at 100°C in flow leading to isolation of the compound 237 in 52% yield. In addition, the kinetic isomer 236 can be formed as a major product (Table 33, entries 1,11,12), although these reaction conditions resulted in the additional formation of the thermodynamic isomer 237 and the 1,4,2-oxathiazole 239 (Table 33, entries 1 and 12). Entry 12 (rhodium acetate at 0°C) shows preferential formation of the kinetic isomer 236 over the thermodynamic isomer 237 in a ratio of 2 : 1. Thus, two different sets of reaction conditions for the preferential formation of two different diastereomeric products had been established, and subsequent application of these conditions to a range of substrates was carried out. Essentially, a viable and predictable synthetic process leading to the thermodynamic isomer via a metal-free thermolysis in flow was established.

[bookmark: _Toc505089590][bookmark: _Toc506311647][bookmark: _Toc523135243]2.7.1.2 Transition metal catalysed batch reactions – isolation of kinetic isomers 

With reaction conditions also established for the preferential formation and isolation of the kinetic isomer 236 in pure form, we aimed to generate and isolate a series of related kinetic isomers using a series of nitrile oxide dipoles, 192,235,243–245 to confirm that the unanticipated conversion to the more stable thermodynamic isomer is consistent across the series. The kinetic isomers were generated in batch reaction conditions, at 0°C with 2 equivalents of the dipole in each case. Each of the nitrile oxide dipoles 192,235,243–245 were pre-generated as a solution in dichloromethane and added to the corresponding -diazosulfoxide (Scheme 98). This was followed directly by addition of rhodium acetate dimer to promote the hetero-Wolff rearrangement to form the reactive -oxo sulfine 13 in situ which is efficiently trapped with each of the nitrile oxides 192,235,243–245. 


[bookmark: _Ref482695441]Scheme 98
These reaction conditions were applied to the -diazosulfoxide 14 combined with a series of five nitrile oxides 192,235,243–245 (Table 34). 
[bookmark: _Ref486944198]Table 34: Summary of crude ratios and isolated yields of 1,3-dipolar cycloaddition reactions under rhodium catalysed batch reaction conditions. 
	[bookmark: _Ref482693434]Entry
	Dipole


	Thermodynamic 
Product


	
Kinetic Product
	Regioisomer A/B




	1,4,2-Oxathiazole





	1a
	Ratio
	8
	47
	34 (B only)
	11

	
	(192)
R1 = H

	              246

	6% - 247
	6%  248 Bb - 
	249 9%

	2
	Ratio
	14
	68
	7 (A only)
	0

	
	(243)
R1 = 4-F

	250
	28% - 251
	11% - 252 A
	-

	3
	Ratio
	0
	80
	20 (B only)
	0

	
	(244)
R1 = 4-tBu

	253
	16% - 254
	255 B
	-

	4
	Ratio
	29
	40
	22 (B only)
	9

	
	(235)
R1 = 4-NO2

	237
	24% - 236
	 238 B
	          15% - 239

	5
	Ratio
	23
	23
	0
	54

	
	(245) R1 = 2,5-difluoro

	256
	257
	-
	8% - 241c


*All yields are of pure compounds isolated after column chromatography on silica gel.
a Minor amounts of the ketone 142 and diketone 146 (Figure 61) were also present in the 1H NMR spectrum of the crude material. 
bThe Regioisomer B 248 was characterised as part of a mixture of 2 components. 
c Repeated careful chromatography to obtain a pure product resulted in this low yield. 
For Table 34, entries 1-4 the targeted kinetic isomers were successfully isolated in each case, albeit in poor yields. Although the thermodynamic isomers were present in trace amounts in the 1H NMR spectrum of the  crude material, the thermodynamic isomer was not isolated after purification, likely due to the minor amounts present. Significantly, while the selectivity for the kinetic isomer 236 over 237 was relatively modest, across the series of nitrile oxides, formation of the kinetic cycloadducts 247, 251 and 254 has a much higher selectivity. This may be due to slower interconversion of the cycloadducts and/or more efficient trapping of the Z sulfine with the nitrile oxides. Scanning the data in Table 34 suggests there may be a relationship between the formation of the 1,4,2-oxathiazole-S-oxides when the ratio of the thermodynamic 1,2,5-oxathiazole-S-oxide isomers is lower relative to the kinetic 1,2,5-oxathiazole-S-oxide Isomers.  There is some evidence that formation of Regioisomer B by cycloaddition to the E sulfine competes effectively with the 1,2,5-oxathiazole-S-oxide cycloaddition pathway to the same sulfine to form the thermodynamic Isomer, especially in Table 34, entries 1 and 3, but a definitive conclusion on this would require further investigation. Interestingly, the 1,4,2-oxathiazole-S-oxide Regioisomers A or B were present in four out of the five reactions in Table 34, whereas was present in three of the five reactions. In the case of Table 34, entry 5, only 1,4,2-oxathiazole 241 was isolated after repeated chromatography, in 8% yield. This 1,4,2-oxathiazole 241 is a reduction product and the absence of the sulfinyl oxygen may be due to oxygen transfer within the reaction conditions catalysed by the presence of rhodium or the intermediate carbene,138 or due to intermolecular transfer of sulfinyl oxygens. The extent of formation of the 1,4,2-oxathiazole 241 in Table 34, entry 5 is much greater than in any of the other experiments, and this could potentially indicate that the proximity of the 2-fluoro substituent and the sulfoxide oxygen in space facilitates the oxygen transfer in the presence of the rhodium acetate catalyst. It should be noted that this is a once off experiment and further investigation would be required to clarify this effect. 
In Table 34, entry 1 the crude material showed in addition to the products outlined above, the presence of the ketone 142 and diketone 146 as minor products, formed by rearrangement of the intermediate -oxo sulfine 13 (Figure 61). In Table 34, entry 2, the diketone 146 was also present as a minor component in a ratio of 1 : 0.15 with the desired product. The formation of these products is as a result of transformations of the intermediate -oxo sulfine 13 as it undergoes either sulfur extrusion, or loss of SO via and intermediate oxathiirane 143 (Scheme 76), these reaction pathways and products have been previously confirmed and characterised by Buckley. 16


[bookmark: _Ref490576418]Figure 61: Conversion of the -oxo sulfine 13 to the ketone 142 or diketone 146 via the oxathiirane intermediate 143 .
This set of reactions confirm that preferential formation of the kinetic isomer of 1,2,5-oxathiazole-S-oxides can be achieved using rhodium acetate dimer (5 mol %) at 0°C, and subsequently isolated and characterised as a pure compound in most cases (247, 251, 254 and 236). On storage of these isomers, spontaneous interconversion to the thermodynamic isomers is observed over time, as is highlighted in section 2.7.1.3.
[bookmark: _Ref482697618][bookmark: _Toc505089591][bookmark: _Toc506311648][bookmark: _Toc523135244]2.7.1.3 Evidence of proposed mechanism

In the literature, Zwanenburg et al.133 have described the 1,3-dipolar cycloaddition of sulfines with diphenylnitrilimine 258. This led to a 1 : 1 mixture of two 1,3,4-thiadiazoline-S-oxides diastereomers 259 and 260 as the initial products. However, comparable to the 1,2,5-oxathiazole-S-oxide products in this work, the diastereomeric 1,3,4-thiadiazoline-S-oxide products lose their stereochemical integrity over time due to interconversion through a ring opened intermediate 261, resulting in a ratio of 3 : 2 of the diastereomers (Scheme 99). 


[bookmark: _Ref486943374]Scheme 99
The kinetic cycloadduct 260, undergoes a ring opening-ring closing cycle with the loss of steric integrity, forming 259, via 261. The authors describe how the loss of stereochemical integrity is not by isomerisation of the sulfine starting material, but by product equilibration afterwards. The authors noted that equilibration happens on standing or heating, and also that inversion of the sulfoxide functionality was highly unlikely seeing as the configurational stability of sulfoxides is usually rather high. 133
In this work, the observation of the epimerisation of the kinetic isomer 236 to the thermodynamic isomer 237 which occurs during crystallisation is comparable to Zwanenburg’s observation. The kinetic isomer 236 was isolated originally and characterised as one single component, however on slow solution recrystallisation (four weeks), selecting a single crystal, and obtaining a crystal structure, analysis of the crystal following crystallography by 1H NMR spectroscopy (600 MHz) showed the crystal to be the thermodynamic isomer 237, and the residual sample from the recrystallisation was a 1 : 1 mixture of 236 and 237 by 1H NMR analysis.  The proposed mechanism for our derivatives is different to the mechanism proposed by Zwanenburg for his 1,3,4-thiadiazoline-S-oxides. Presumably, epimerisation of our 1,2,5-oxathiazole-S-oxides occurs via ring opening of the kinetic 1,2,5-oxathiazole-S-oxide 236 forming an enolate intermediate 262, which on ring closure can result in inversion of stereochemistry at the spiro carbon and formation of the thermodynamic isomer 237 (Scheme 100). The conjugation with the indanone provides an electron sink enabling the fragmentation of the kinetic 1,2,5-oxthiazole-S-oxide Isomer. 


[bookmark: _Ref490303184]Scheme 100
From the crystal structure of the thermodynamic isomer 237 (Figure 58), it is noted that the two electron rich oxygens are pointing away from each other. In the kinetic isomer 236, where the relative stereochemistry is the opposite at the spiro centre, the two electron rich oxygen atoms are close in space, leading to a driving force for the rearrangement from the kinetic isomer 236 to the thermodynamic isomer 237.  
It is proposed that electron donation from the nitrogen lone pair results in the formation of an enolate intermediate 262 which subsequently ring closes, neutralising the zwitterion and forming the thermodynamic cycloadduct. Attempts to confirm this reaction mechanism included using transition metal catalysed batch reaction conditions for generation of the kinetic cycloadduct 236, then adding TBDMSCl or MeI with the objective of trapping the enolate intermediate and thereby confirming its role in the stereochemical interconversion. In this event there was no evidence for trapping of the enolate 262, and no evidence for any enol ether derivative such as 263 was observed (Scheme 101), and neither the thermodynamic isomer 237 nor kinetic isomer 236 was recovered from the reaction. 


[bookmark: _Ref490303290]Scheme 101
A second possible explanation of the interconversion of the kinetic isomer 236 and the thermodynamic isomer 237 is that the cycloadduct 236 undergoes a cycloreversion reaction to re-form the Z -oxo sulfine 13 which we know can isomerise to the E -oxo sulfine 13, and the E -oxo sulfine 13 can subsequently undergo a cycloaddition to form the thermodynamic isomer 237. It is believed that the first pathway is more likely as the formation of byproducts (ketone 142 and diketone 146) of sulfine degradation would be expected if the interconversion is exclusively via cycloreversion. This interconversion was also studied across the cycloadducts 251 and 254, monitoring samples of the kinetic isomers which had been stored in solution and/or as solids. Clear evidence for the interconversion was seen for all of the series with appearance of the characteristic 1H NMR signals for the corresponding thermodynamic isomers from totally pure samples of the kinetic isomers as shown in Figures 61, 62 and 63. It is also noteworthy that the extent of interconversion from the kinetic isomer to the thermodynamic isomer is relatively significant for the p-nitro derivative 236 (Figure 62) and the p-fluoro derivative 251 (Figure 63). The extent of interconversion is much less with the 4-tBu-substituted cycloadduct 254 (Figure 64), which showed only minor amounts  (<10%) of epimerisation after 6 months,  but the position of equilibrium has not been established with these derivatives. Figure 62 shows the conversion over time of the cycloadduct 236 to form 237 with 10% of the thermodynamic isomer after 2 days, increasing to a 1 : 1 mixture after 4 weeks.


(d) Analysis of Single Crystal (600 MHz)
used for XRD
(a) Immediately after Chromatography (400 MHz)
(c) 4 weeks later following crystallisation (400 MHz)
(b) 2 days storage in CDCl3 at r.t. (400 MHz)


[bookmark: _Ref486872902]




[bookmark: _Ref503515883]Figure 62: Continual monitoring of the interconversion of the kinetic oxathiazole-S-oxide isomer 236 (top) to the thermodynamic isomer 237 (bottom).

The same  pattern is seen with the p-fluoro substituted cycloadduct 251. Immediately after purification by column chromatography on silica gel the kinetic diastereomer 251 was isolated as one compound only. After 6 h, the material was a 93 : 7 mixture of the kinetic and thermodynamic cycloadducts, 251 and 250, respectively. After 3 days the material had become a 83 : 17 mixture of the kinetic and thermodynamic isomers and after 5 months, 90% of the initially isolated kinetic diastereomer 251 had converted to the thermodynamic diastereomer 250 (Figure 63). 


5 months storage as a solid
Immediately after Chromatography

[bookmark: _Ref486874089]Figure 63: Comparison of the two 1H NMR spectra highlights the conversion of the p-fluoro cycloadducts 251 to 250 following a time lapse of 5 months on storage as a solid. 

The extent of interconversion is less on storage with the t-butyl substituted kinetic diastereomer 254 (Figure 64). Consistent with that seen with the other kinetic isomers, the kinetic diastereomer 254 was isolated as one isomer after chromatography (Table 34, Entry 3) (Figure 64). However, in contrast to the p-fluoro derivative 251 and the p-nitro derivative 236, the interconversion between this kinetic isomer 254 to the thermodynamic isomer 253 is extremely limited when stored as a solid, with only 10% of the thermodynamic isomer 253 present after 6 months. 

6 months storage as a solid
Immediately after Chromatography

[bookmark: _Ref490576547]Figure 64: Stacked spectra of the kinetic 1,2,5-oxathiazole-S-oxide 254 after purification by column chromatography on silica gel (top) with re-analysis of the material after 6 months (bottom), highlighting the slow rate of interconversion to the thermodynamic  1,2,5-oxathiazole-S-oxide 253. 
This limited of interconversion of the t-butyl substituted cycloadduct 254 may indicate that in the solid state epimerisatioin is hindered by the sterically demanding t-butyl group. 
[bookmark: _Toc505089592][bookmark: _Toc506311649][bookmark: _Toc523135245]2.7.2 Continuous flow thermolysis reactions – Isolation of thermodynamic isomers
[bookmark: _Toc505089593][bookmark: _Toc506311650][bookmark: _Toc523135246]2.7.2.1 -Diazosulfoxide 14 with substituted nitrile oxides

From the investigations to date it appears that the formation of the thermodynamic isomer as the major product from metal free, thermolysis in continuous flow, is due to efficient conversion of the initial kinetic product under these conditions. However some cycloaddition to the E -oxo sulfine under these conditions may also be occurring, as Z to E sulfine interconversion would be expected under these conditions. 
The reaction conditions identified for the preferential formation of the thermodynamic isomer 237 in good yields (Table 33, entry 8) were used with a range of nitrile oxides 192,235,243–245 to enable investigation of the influence of substituents. The electronic and steric effects were to be investigated through variation of the substituent on the nitrile oxide aryl ring. In each case the thermodynamic 1,2,5-oxathiazole-S-oxide is the principal product formed and was isolated in each case as a pure component following chromatography using this synthetically viable process. As summarised in  Table 35, smaller amounts of the other cycloadducts were seen in the crude product mixtures including the kinetic 1,2,5-oxathiazole-S-oxide, the 1,4,2-oxathiazole-S-oxide Regioisomers A and B, and in some instances samples of these were isolated. Notably 1,4,2-oxathiazole was not formed under these conditions in any instance, indicating that the sulfoxide reduction only occurs in the presence of the rhodium catalyst. Spectral details which were employed in assigning the stereochemistry and regiochemistry of the isolated cycloadducts are outlined in section 2.7.4. 





[bookmark: _Ref503609926]Table 35: Results of the thermolysis in continuous flow cycloaddition reactions with the -oxo sulfine generated from the unsubstituted -diazosulfoxide 14.  
	


	Entry
	Dipole


	Thermodynamic 
Product


	Kinetic Product
	Regioisomer A/B
	1,4,2-Oxathiazole 



	1
	Ratioa:
	63
	12
	7 – A, 15 - B
264 A
	0a

	
	R1 = H
	246 32 %

	247
	248 B
	-

	2
	Ratio
	78
	12
	10
	0

	
	R1 = 4-tBu
	253 30%
	254 
	265 A 5%
	-

	3
	Ratio
	63
	18
	12
	0a

	
	R1 = 4-F
	250 35%
	251 12%
	252 A 4%
	-

	
4d
	
Ratio
	
56
	
10
	
14 
	
0b

	
	R1 = 4-NO2

	237 52%
	236
	 238 B
	-

	5
	Ratio
	62
	0
	9 
	0c

	
	R1 = 2,5-diF
	256 11%
	257
	266 B
	-


a The diketone 146 was present as the remainder of the material. 
b An unknown impurity made up the remainder of the material.
c The ketone 142 and diketone 146 were present as the remainder of the material in a ratio of 2 : 1.
d This is the same entry reported in Table 33, Entry 7.
In continuous flow, use of reaction conditions of 100°C for 10 minutes was extremely efficient at inducing the hetero-Wolff rearrangement, as well as promoting the transformation of the kinetic diastereomers to the thermodynamic diastereomers, with no starting material present on analysis of the 1H NMR spectrum of the crude material in any case. 
When the reaction conditions were applied to the unsubstituted nitrile oxide 192, and the unsubstituted -diazosulfoxide 14 the desired 1,2,5-oxathiazole-S-oxide 246 was isolated as one isomer in 32% yield following chromatography. Notably and unusually, both Regioisomer A and Regioisomer B of the 1,4,2-oxathiazole-S-oxide were present in the 1H NMR of the crude material. Although the 1H NMR spectrum of the crude material showed trace amounts of the diketone product 146, formed by rearrangement of the intermediate sulfine 13, this product was not isolated from the column after chromatography. The thermodynamic isomer 246 was isolated as a crystalline solid and a single crystal was slowly grown from dichloromethane and hexane using the vapour diffusion method leading to an unambiguous assignment of the regio- and stereochemistry of 246 (see section 2.7.4). Given the observations seen in section 2.7.1, the single crystal of the thermodynamic isomers were recovered from the XRD and analysed by 1H NMR; there was no evidence of any alteration of the thermodynamic isomer, or equilibration with the kinetic isomer, in any case.
When the reaction was carried out using the t-butyl substituted nitrile oxide 244 (Table 35, Entry 2) the 1H NMR spectrum of the crude material similarly showed an efficient transformation to the desired thermodynamic isomer 253, as well as the presence of the Regioisomer A 265 and the kinetic isomer 254 in a ratio of 78 : 10 : 12. After purification by column chromatography on silica gel, the desired 1,2,5-oxathiazole-S-oxide 253 was isolated in 30% yield. In a much more polar fraction, the Regioisomer A 265 was isolated in a low yield of 5%. 


Figure 65: The Regiosiomer A  265.
Using the p-fluoro nitrile oxide 243 (Table 35, Entry 3), analysis of the crude material by 1H NMR spectroscopy shows a mixture of the thermodynamic isomer 250, the kinetic isomer 251, the Regiosiomer A 252 and the diketone rearrangement product 146 in a ratio of 63 : 18 : 12 : 7. After purification, the desired thermodynamic 1,2,5-oxathiazole-S-oxide 250 was isolated in a yield of 35%. The minor kinetic diastereomer of the 1,2,5-oxathiazole-S-oxide 251 was isolated also in 12% yield, suggesting this kinetic isomer 251 did not undergo complete interconversion to the thermodynamic isomer 250 in the continuous flow thermolysis conditions (10 minutes at 100°C). 


[bookmark: _Ref490578819]Figure 66: Cycloadducts isolated from Table 35, Entry 3 after purification by column chromatography. 
Following this, a third fraction was also isolated from the column. This was assigned as the 1,4,2-oxathiazole-S-oxide Regiosiomer A 252. This was a minor component of the reaction mixture and is assigned on comparison of the spectroscopic data to previously characterised 1,4,2-oxathiazoles in the literature and by comparison to our 1,4,2-oxathiazole-S-oxide 267 confirmed by single crystal X-ray diffraction (see section 2.8).113,139 
The 2,5-difluoro nitrile oxide 245 (Table 35, Entry 5) and the unsubstituted -diazosulfoxide 14 were subjected to the standard continuous flow thermolysis conditions achieving 100% consumption of the starting material and intermediate -oxo sulfine 13 as expected. Analysis of the crude reaction mixture by 1H NMR spectroscopy showed the formation of the thermodynamic isomer 256, the ketone 142, diketone 146 and the Regioisomer B 266 in a ratio of 62 : 20 : 11 : 9.   After repeated purification, the 1,2,5-oxathiazole-S-oxide thermodynamic isomer 256 was isolated as a pure compound in 11% yield. 


Scheme 102
It is interesting to note from Table 33, Entry 5 and Table 35, Entry 5 that it appears the conversion of the kinetic isomer 257 with the 2,5-difluoro aryl substituent, to the thermodynamic isomer 256 occurs more easily than in the other derivatives as the extent of the kinetic isomers seen in the crude products is much less than the other derivatives in both tables. It appears that the o-fluoro enhances the rate of the interconversion from the kinetic to thermodynamic isomers, probably due to interaction between the fluoro and the sulfinyl oxygen. In addition, in this instance, the chromatographic purification of individual components was more challenging  than for any of the other derivatives in Table 35 and only after repeated chromatography were small amounts of pure components isolated.   
[bookmark: _Toc505089594][bookmark: _Toc506311651][bookmark: _Toc523135247]2.7.2.2 -Diazosulfoxide 80 with substituted nitrile oxides
With successful cycloadditions achieved with the unsubstituted -diazosulfoxide 14 in both batch (see section 2.7.1) and continuous flow reaction conditions (see section 2.7.2.1), an understanding of the formation of the kinetic and thermodynamic 1,2,5-oxathiazole-S-oxide products as well as the 1,4,2-oxathiazole-S-oxide regioisomers had been established. The series of stable, isolable thermodynamic 1,2,5-oxathiazole-S-oxide isomers was extended through combination of a range of substituted nitrile oxides 192,235,243–245 with the substituted -diazosulfoxide 80. Once again, the major component present in the crude reaction mixtures in each case in the thermodynamic isomer of the 1,2,5-oxathiazole-S-oxide cycloadduct, with smaller amounts of the kinetic isomer and the two 1,4,2-oxathiazole-S-oxide Regioisomers A and B. In each instance the thermodynamic 1,2,5-oxathiazole-S-oxide was isolated as a pure component and once again the 1,4,2-oxathiazole product was not detected in the absence of the rhodium catalyst. 


Figure 67: -Diazosulfoxide 80
In all cases, as with the earlier reactions, the dipole was freshly generated each time. The dipole, as a solution in dichloromethane, is added to the -diazosulfoxide 80 and subjected to thermolysis under continuous flow. The results of each reaction are outlined below (Table 36). Under these thermolysis conditions efficient transformation of the -diazosulfoxide to the -oxo sulfine is achieved. Trapping of the Z -oxo sulfine to form the kinetic 1,2,5-oxathiazole-S-oxide and the E -oxo sulfine to form the thermodynamic 1,2,5-oxathiazole-S-oxide cycloadduct can be envisaged, with subsequent transformation of the kinetic isomer to the thermodynamic isomer effected at 100°C. With each of the -diazosulfoxides, 14, 80 and 83, further investigation would be required to clarify how much of the thermodynamic 1,2,5-oxathiazole-S-oxide is formed directly from cycloaddition to the E -oxo sulfine, and how much from the interconversion of the kinetic isomer. 
[bookmark: _Ref482693313]Table 36: Results of cycloaddition reactions of the -oxo sulfine 141 derived from -diazosulfoxide 80. 
	


	Entry
	Dipole


	Thermodynamic 
Product


	Kinetic 
Product


	Regioisomer A/B




	1,4,2-Oxathiazole





	1
	Ratio
	78
	18
	8
	0

	
	R1 = H

	30% - 268
	269
	 270 B
	-

	2
	Ratio
	77
	11
	12
	0

	
	R1 = 4-F

	45% - 271
	272
	12% - 273 A
	-

	3
	Ratio
	78
	15
	7
	0

	
	R1 = 4-tBu

	26% -  274
	275
	276 A
	-

	4
	Ratio
	85
	11
	4
	0

	
	R1 = 4-NO2
	20% -  277
	 278
	  279 B
	-


*All reactions were carried out in continuous flow using the optimum conditions of a 10 minutes residence time at 100°C with 2.6 equivalents of the pre-generated dipole, followed by an inline alumina column. 
*Yields of pure compounds isolated after column chromatography on silica gel are given in the table. 
In each case the desired thermodynamically stable 1,2,5-oxathiazole-S-oxide cycloadduct was isolated in a yield between 20 and 45% (268, 271, 274, and 277). It is noted that in one case only, Table 36, entry 2, where the p-fluorobenzonitrile oxide dipole 243 is used, the 1,4,2-oxathiazole-S-oxide regiosiomer 273 is isolated in a significant yield of 12%. Each of the isolated cycloadducts was a crystalline solid. For the cycloadduct 271 a single crystal was grown from dichloromethane and hexane using vapour diffusion method with dichloromethane as solvent and hexane as antisolvent. The structure and stereochemistry were unambiguously defined and will be discussed further in section 2.7.4. Interestingly an investigation into extension of the residence times may be warranted to establish if that would increase the ratio of the thermodynamic 1,2,5-oxathiazole-S-oxide  cycloadduct relative to the kinetic 1,2,5-oxathiazole-S-oxide cycloadduct. 
Reactions of the -oxo sulfines derived from both the -diazosulfoxide 14 and the -diazosulfoxide 80 with the isonicotinaldehyde derived nitrile oxide 280, generated from the imidoyl chloride 232, were unsuccessful. Analysis of the crude reaction mixture, in both cases, by 1H NMR spectroscopy showed a complex mixture, with no evidence of the cycloaddition products 281 or 282 (Figure 68). The preparation of the nitrile oxide 280 under these conditions has not been confirmed.  


[bookmark: _Ref505013039]Figure 68: Cycloadducts 281 and 282.

[bookmark: _Toc505089595][bookmark: _Toc506311652][bookmark: _Toc523135248]2.7.2.3 -Diazosulfoxide 83 with substituted nitrile oxides
The reaction conditions were also applied to the synthesis of a series of 1,2,5-oxathiazole-S-oxides using the -diazosulfoxide 83 (Figure 69). 


[bookmark: _Ref490307550]Figure 69: -Diazosulfoxide 83
Consistent with the -diazosulfoxide 14 and 80  the major component in the crude material of these reactions (Table 37) is the thermodynamic isomer of the 1,2,5-oxathiazole-S-oxide.




[bookmark: _Ref486874375]Table 37: Results of the 1,3-dipolar cycloaddition reaction of the -oxo sulfine derived from -diazosulfoxide 83.
	


	Entry***
	Dipole


	Thermodynamic 
Product


	Kinetic 
Product


	Regioisomer A/B


	1,4,2-Oxathiazole



	1
	Ratio
	64
	16
	11
	0a

	
	R1 = H

	34% - 283
	284
	25%c - 285 A
	

	2
	Ratio
	73
	14
	13
	0

	
	R1 = 4-F

	36% -  286
	5% -  287
	10% - 288 A
	-

	3
	Ratio
	80
	20
	0
	0

	
	R1 = 4-tBu

	15% -  289
	290
	-
	-

	4
	Ratio
	77
	17
	6
	0

	
	R1 = 4-NO2

	45% - 291
	11% - 292
	 293 A
	-

	5
	Ratio
	53
	11
	0b
	0

	
	R1 = 2,5-DiF
	16% - 294
	295
	-
	-


aThe remainder of the material consisted of an unknown with a singlet at 3.77 ppm in the 1H NMR spectrum. 
bThe remainder of the material consisted of the -oxo sulfine with the indicative signal being a singlet at 4.21 ppm in the 1H NMR spectrum.
c Clearly the discrepancy between the recovered yield and the proportion in the crude reaction mixture reflects the accuracy of measurements in a complex mixture. 
*All reactions were carried out in continuous flow using the optimum conditions of a 10 minutes residence time at 100°C with 2.6 equivalents of the pre-generated dipole, followed by an inline alumina column. 
**Yields of pure compounds isolated after column chromatography on silica gel are given. 
In the case of Table 37, entry 1 a minor component present is the Regiosiomer A 285. Notably, the formation of this regioisomer was not identified when the -diazosulfoxide 80 was used. For Table 37, entry 2 as well as successful isolation of the desired 1,2,5-oxathiazole-S-oxide 286, the kinetic isomer of the 1,2,5-oxathiazole-S-oxides 287 and the Regioisomer A 288 are both isolated. Incomplete conversion of the kinetic isomer 272 to the thermodynamic isomer 271 is achieved in the residence time allowed. Interestingly, when the 4-F dipole 243 is used, the regioisomeric byproduct is isolated from all continuous flow thermolysis reactions. For Table 37, entry 3, the desired 1,2,5-oxathiazole-S-oxide is isolated in a low yield of 15%. This is in contrast to 30% when combined with the -diazosulfoxide 14 and 26% when reacted with the -oxo sulfine derived from -diazosulfoxide 80. This lower yield is due to difficulty in purification of the reaction mixture on silica gel and corresponds to a pure isolated fraction only. For Table 37, entry 4, along with successful isolation of the thermodynamic isomer,  the kinetic isomer 292 was also isolated. Across the series of five reactions, after purification of the crude reaction material the desired thermodynamic cycloadducts 283, 286, 289, 291, and 294  are isolated in poor to moderate yields principally due to the challenge in isolating pure components from complex mixtures. Interestingly, the t-butyl substituted derivative 289 and the 2,5-difluoro substituted cycloadducts 294 were both isolated in low yields and as oils after purification. Each of the other thermodynamic 1,2,5-oxathiazole-S-oxides isolated was a crystalline solid. Characterisation data of 294 was obtained from a fraction which was 90% pure; as seen with the earlier difluoro derivative 256, purification was challenging. The Regiosiomers A 285 and 288 were isolated for entries 1 and 2 only. 
[bookmark: _Toc505089596][bookmark: _Toc506311653][bookmark: _Toc523135249]2.7.3 Summary of Results

In conclusion, this part of the work has successfully established two sets of reaction conditions for the preferential formation of either the kinetic isomer or the thermodynamic isomer of a 1,2,5-oxathiazole-S-oxide cycloadducts by trapping of -oxo sulfines with nitrile oxides. These cycloadducts are exceptionally rare in the literature with only two reported examples. Most reports of nitrile oxide cycloadditions are to isolated sulfines and yield the 1,4,2-oxathiazole-S-oxide regioisomer; we are not aware of a nitrile oxide cycloaddition to an -oxo sulfine.104 It is well established that the conjugation in an -oxo sulfine alters the electronic properties and accordingly the reactivity of the sulfine moiety. In Zwanenburg’s analysis of the regioselectivity of cycloaddition of -oxo sulfines with Danishefsky’s diene, he highlights the impact of the conjugation to the ketone on the orbital coefficients, thus in an isolated sulfine the largest atomic coefficient in the LUMO is on the carbon while in the oxo-sulfine the polarisation is reversed with the largest coefficient now at sulfur.140 This is supported by the observation that the 1,2,5-oxathiazole-S-oxide is formed in the nitrile oxide cycloaddition of the highly conjugated sulfine 191 and also to the trifluoromethyl derivative 197 (see Section 2.6.1). Thus, the formation of the 1,2,5-oxathiazoles as the major product, while not precedented, can be rationalised on the basis of the electronic properties of the -oxo sulfines.  
Cycloaddition with nitrile oxides and electron deficient dipolarophiles are normally considered to proceed via LUMO dipole and HOMO dipolarophile. 


[bookmark: _Ref503787333]Figure 70: Frontier molecular orbital coefficients for the LUMO of benzonitrile oxide141 and the HOMO of an -oxo sulfine140.
Interestingly, the 1,2,5-oxathiazole-S-oxides exhibited an unanticipated ability to interconvert on standing or on heating, between a kinetic isomer and a thermodynamic isomer. This interconversion was studied crystallographically and spectroscopically with significant differences apparent in the 1H and 13C NMR spectra of both isomers. Additionally a proposed driving force and a mechanism for the interconversion are suggested, while monitoring of the interconversion over time for a number of samples was carried out. 
We have generated a series of 14 thermodynamic diastereomers and 4 kinetic diastereomers (Table 38) with regiochemistry and stereochemistry confirmed in four cases by single crystal X-ray diffraction. Additional to this novelty, are the 1,4,2-oxathiazole-S-oxide regioisomers formed as minor by-products in these reactions. Careful chromatography lead to the isolation, identification and characterisation of a series of 1,4,2-oxathiazole-S-oxides, both Regioisomer A and Regioisomer B which are diastereomers. Although a few reports of these types of compounds exist in the literature they are described as thermally unstable and quickly undergo cycloreversion reactions.104 Additionally, three examples of a 1,4,2-oxathiazole were isolated from rhodium acetate catalysed batch reactions in moderate yields as minor byproducts, the structure and regiochemistry of one (241) of which was confirmed by crystallography (see Section 2.7.4.3, figure 76). 




[bookmark: _Ref506071873]Table 38: Summary of isolated cycloadducts from continuous flow 1,3-dipolar cycloaddition reactions under thermolysis conditions.
	
	
	Thermodynamic Product


	Kinetic Product


	Regioisomer




	R= H
	R1=4-NO2
	52% -  237
	-
	-

	
	R1=2,5-difluoro
	11% - 256
	-
	-

	
	R1=4-tBu
	30% -  253
	-
	5% -  265 A

	
	R1=4-F
	35% - 250
	12% - 251
	4% -  252 A

	
	R1=H
	32% - 246
	-
	-

	R= 2-Me

	R1= 4-F
	45% -  271
	-
	12% - 273 A

	
	R1= 4-tBu
	26% -  274
	-
	-

	
	R1= 4- NO2
	20% - 277
	-
	-

	
	R1= H
	30% - 268
	-
	-

	R= 4-Me

	R1=H
	34% -  283
	-
	25% -  285 A

	
	R1= 4-F
	36% - 286
	5% - 287
	10% - 288 A

	
	R1= 4-NO2
	45% - 291
	11% - 292
	-

	
	R1= 4-tBu
	15% - 289
	-
	-

	
	R1=2,5-difluoro
	16% - 294
	-
	-



[bookmark: _Ref490577514][bookmark: _Ref490639835][bookmark: _Toc505089597][bookmark: _Toc506311654][bookmark: _Toc523135250]2.7.4 Spectroscopic characteristics of cycloadducts
[bookmark: _Toc505089598][bookmark: _Toc506311655][bookmark: _Toc523135251]2.7.4.1 Spectroscopic characteristics of 1,2,5-oxathiazole-S-oxide cycloadducts

With transition metal catalysed batch reaction conditions established for the preferential generation of kinetic 1,2,5-oxathiazole-S-oxide isomers and continuous flow thermolysis conditions to generate the thermodynamic 1,2,5-oxathiazole-S-oxide isomers, a series of both diastereomers were generated, isolated and characterised as pure compounds. Single crystal X-ray diffraction and subsequent analysis of the single crystals has confirmed the structure of the thermodynamic series both in terms of regiochemistry and stereochemistry. Characteristic 1H NMR and 13C NMR signals have also been identified for each of the series. 
The signal in the 13C NMR spectrum corresponding to the spiro carbon is indicative of both the stereochemistry and regiochemistry of the cycloadduct present. In addition the ArCH2 signal is very sensitive in both diastereomers and can be used to indicate the relative stereochemistry. 
The key spectroscopic characteristics of the thermodynamic isomers of the 1,2,5-oxathiazole-S-oxides are consistent across the series, presumably suggesting that the stereochemistry at the spiro centre and the sulfoxide is common to the series of compounds. The majority of these compounds are high melting point crystalline solids and the variation at the spiro centre is extremely small at a minimum of 96.5 ppm and a maximum of 97.8 ppm in the 13C NMR spectrum (Figure 71) (compared to 92.5 ppm to 93.4 ppm for the kinetic 1,2,5-oxathiazole-S-oxide isomers). The ABq signals for the diastereotopic CH2 signal, in the 1H NMR spectrum, are consistently observed between 3.25 and 3.54 ppm for the first doublet, and the second doublet is observed between 3.98 and 4.08 ppm, for all examples. The coupling constants for these signals vary from 18.8 Hz to 19.4 Hz. The characteristic signal of the cycloadducts derived from the unsubstituted indanone moiety (237, 246, 253, 250 and 256, highlighted in red), from the 2-Me indanone moiety (277, 274, 268 and 271, highlighted in blue) and the 4-Me indanone moiety (291, 289, 283, 286 and 294, highlighted in green) are highlighted below (Figure 71). 


[bookmark: _Ref482625368]Figure 71: Characteristic 13C NMR signal of the thermodynamic 1,2,5-oxathiazole-S-oxide isomers. 
It appears that there is a minor difference absorption of the sulfinyl moiety in the infrared spectrum of the kinetic and thermodynamic 1,2,5-oxathiazole-S-oxides. For the thermodynamic isomers the signal is located between a minimum of 1149 cm-1 and a maximum of 1162 cm-1, whereas for the kinetic isomers the absorption is consistently between 1160 and 1168 cm -1. Notably, the absorption is clearly distinct from the standard sulfoxide band (1030 – 1080 cm-1), and more closely related to a sulfone band  (1120 – 1160 cm-1), due to the additional oxygen on sulfur. 
The carbonyl stretch of these thermodynamic 1,2,5-oxathiazole-S-oxides can not be used to distinguish whether the product is the kinetic or thermodynamic isomer. The stretches recorded for the series of kinetic isomers have a narrow range between 1711 to 1716 cm-1 for the carbonyl. For the thermodynamic isomers, the carbonyl stretch in the infrared spectrum varies between 1707 cm-1 to 1721 cm-1.  A number of single crystals of the thermodynamic isomers of the 1,2,5-oxathiazole-S-oxides were grown by the slow vapour diffusion method using dichloromethane as solvent and hexane as antisolvent. Slow evaporation resulted in the successful formation of single crystal and these underwent single crystal X-ray analysis. These structures of 237, 271, 253 and 246 are illustrated in Table 39. 


[bookmark: _Ref490564722]Table 39: Confirmation of regiochemistry and stereochemistry for a range of thermodynamic 1,2,5-oxathiazole-S-oxides. Structures are displayed using the Mercury 2.7 package. 
	Crystal Structure
	1,2,5-Oxathiazole-S-oxide

	

	

237

	

	

271


	

	

253

	

	

246



Noteworthy, is the fact that in each of these structures confirmed by single crystal analysis the carbonyl oxygen is located at a maximum distance away from the sulfoxide oxygen, due to electronic repulsion between the two electron rich atoms. This may be a thermodynamic driver for the interconversion from the kinetic diastereomer to the thermodynamic. The relative stereochemistry in 237, 271, 253 and 246 is consistent with trapping of the thermodynamic E sulfine, although it appears that these isomers can also arise from initial cycloaddition to the Z sulfine followed by epimerisation (see section 2.7.1.3). 


Scheme 103
In the kinetic 1,2,5-oxathiazole-S-oxide diastereomers, the spiro carbon is consistently observed between the narrow range of δC 92.5 and 93.4 ppm (Figure 72). For the diastereotopic protons alpha to the chiral spiro centre, an ABq system is observed in the 1H NMR spectrum. The first doublet signal is consistently observed between 3.53 and 3.64 pm for all examples, and the second is observed between δH 3.77 and 3.88 ppm for all examples. The coupling constants for these signals vary from 18.0 Hz to 18.5 Hz. Critically, these signals are distinct from the corresponding signals for the thermodynamic diastereomers. 
The kinetic isomer 247 was isolated from a rhodium catalysed batch reaction, however when the 13C NMR was obtained after eight months, the sample had converted to the thermodynamic isomer 246. The other cycloadducts 236, 254 and 251 were successfully isolated and characterised as the kinetic diastereomer only, from rhodium catalysed reactions (see section 2.7.1.3). One comparable cycloadduct 292, was isolated from a continuous flow thermolysis reaction (Figure 72). 


[bookmark: _Ref490556912]Figure 72: Characteristic signals of the kinetic 1,2,5-oxathiazole-S-oxide isomers. 
In reaction conditions where both the kinetic and thermodynamic 1,2,5-oxathiazole-S-oxide diastereomers are present, the order of relative polarities are consistent across the series. Also, across the series the least polar compound is the 1,4,2-oxathiazole, followed by the thermodynamic 1,2,5-oxathiazole-S-oxide, then the kinetic 1,2,5-oxathiazole-S-oxide, and subsequently the 1,4,2-oxathiazole-S-oxide Regioisomers A and B. As Regioisomer A and Regioisomer B were not both isolated from one single reaction, their respective polarities are not known. 
[bookmark: _Toc505089599][bookmark: _Toc506311656][bookmark: _Toc523135252]2.7.4.2 Spectroscopic characteristics of 1,4,2-oxathiazole-S-oxide cycloadducts.

The formation of the 1,4,2-oxathiazole-S-oxide Regioisomers A and B, is a minor reaction pathway under all reaction conditions. Characteristic of the 1,4,2-oxathiazole-S-oxide regioisomer is the carbonyl absorption at higher wavenumbers, consistently between 1721 cm-1 at a minimum and 1726 cm-1 at a maximum. Additionally, on analysis of the spectroscopic characteristics of the regioisomers, the shift of the spiro centre is characteristic of the 1,4,2-oxathiazole-S-oxide regiosiomer, specifically, this signal  is deshielded to ca. 108 ppm in Regioisomer A and ca. 110 ppm for Regioisomer B.  In the corresponding sulfide, Regioisomer C, the spiro centre appears ca. 102 ppm. The key evidence in the switch in regiochemistry is the deshielding of the spiro carbon due to the electronegative oxygen relative to the 1,2,5-oxathiazole-S-oxide. Furthermore, depending on the diastereomer present, the CH2 signals are very characteristic and distinctive. Analysis of this change, and comparison to similar cycloadducts allows the tentative assignment of relative stereochemistry in the regioisomers (Table 40). 
The relative stereochemistry of 136, 135 and 253 are known by single crystal X-ray diffraction. Characteristic signals for the aromatic CH2 are shielded in the 13C NMR spectrum for diastereomer 1 136 and 253, while with diastereomer 2, the corresponding 1H NMR signals are more separated. This pattern aligns more closely with the pattern seen for Regioisomer B i.e. δC CH2 appears at 28 ppm compared to 33 ppm in Regioisomer A. While X-ray crystallography would be required to definitively confirm the relative stereochemistry, Regioisomer B is tentatively assigned, as outlined in Table 40. 

[bookmark: _Ref490653898]Table 40: Comparison of spectral characteristics for determination of stereochemistry of the 1,4,2-oxathiazole-S-oxides. 
	Entry
	
	

	

1
	Diastereomer 1


	
Diastereomer 2

	
	136 a: δC CH2: 31.3, δC Cspiro: 68.5
	135 a: δC CH2: 37.2, δC Cspiro:  63.7

	
2
	

	


	
	Thermodynamic
253 b: δC CH2: 29.0, δC Cspiro:  97.5
δH 3.54, 4.08
	Kinetic 
254: δC CH2: 32.0, δC Cspiro:  93.4
δH 3.62, 3.81

	


3
	
	

	
	


Regioisomer B
255 R=H, R1 = 4-tBu
δH 3.44, 4.19
Comparable compounds shows  the following pattern:
248 R=H, R1 = H 
δH 3.66, 4.20
δC CH2: 28.6, δC Cspiro: 110.8
270  R= 2-Me, R1 = H
δH 3.72, 4.28
279 R= 2-Me, R1 = 4-NO2
 δH 3.51, 4.31
266 R=H, R1 = 2,5-difluoro
 δH 3.26, 4.21

	


Regioisomer A
265 R=H, R1 = 4-tBu
 δC CH2: 33.6, δC Cspiro: 107.9
δH 3.31, 3.47
252 R=H, R1 = 4-F
 δC CH2: 33.6, δC Cspiro: 108.4
δH 3.33, 3.51
273 R= 2-Me, R1 = 4-F
 δC CH2: 32.4, δC Cspiro: 108.2
δH 3.15, 3.41
 288 R=4-Me, R1 = 4-F
 δC CH2: 33.3, δC Cspiro: 108.7
δH 3.26, 3.45
 285 R=4-Me, R1 = H
 δC CH2: 33.3, δC Cspiro: 108.5
δH 3.26, 3.45

	4
	

	

	
	1,4,2-Oxathiazole
241 : δC CH2: 42.5,  δC Cspiro: 101.1
δH 3.78, 3.91
239 R=H, R1 = 4-NO2
 δC CH2: 42.3,  δC Cspiro: 102.2
δH  3.82, 3.95
249 R=H, R1 = H
 δC CH2: 42.7, δC Cspiro:  101.1
δH 3.79, 3.92


aConfirmed by single crystal X-ray diffraction by Buckley.
bConfirmed by single crystal X-ray diffraction in this work. 
Regioisomers A and B exhibit a shift of the spiro centre in the 13C NMR region between 107.9 to 108.7  ppm for Regioisomer A (Figure 73, 265, 252, 273, 288, 285) and ca. 110 - 111 ppm for Regioisomer B (Figure 74, 248, 266, 255, 270, 279). The majority of these regioisomers are isolated as pure compunds from the continuous flow thermolysis reactions. Unambiguous confirmation of the stereochemistry has not been possible to date as these Regioisomers A and B are not readily crystallised. 
The infrared data is also consistent across the series of Regioisomers A, with strong absorptions for both the sulfoxide moiety (Figure 73, blue) and the carbonyl signal (Figure 73, red). Additional to this is the strong absorption for the C-O bond which appears consistently between the range of 1238 – 1280 cm-1 for each of the derivatives. The presence of the strong sulfoxide absorption in the infrared spectra combined with the presence of the molecular ion of each derivative in high resolution mass spectrometry strongly supports the assigned structures. Notably, the infrared absorption for the sulfoxide stretch in these derivatives appears in the expected region of 1030 – 1080 cm-1, which is in contrast to the 1,2,5-oxathiazole-S-oxide derivatives which appear between 1149 and 1168 cm-1.


[bookmark: _Ref482633649]Figure 73: Characteristic signals in the 13C NMR spectra and infrared spectra of the Regiosiomer A 1,4,2-oxathiazole-S-oxides.
These are in contrast to the 1,4,2-oxathiazole-S-oxides Regioisomers B, where only one example 248, was isolated and characterised. In other instances, the corresponding signals to the regioisomer B were present in the 1H NMR of the crude material. The one isolated sample, and the analogous compounds –  are highlighted below. The fully characterised Regioisomer B 248, is from a rhodium catalysed batch reaction, whereas 255, 266, 270  and 279 were all isolated from continuous flow thermolysis reactions. 


[bookmark: _Ref501473761]Figure 74: Characteristic signals in the 13C NMR spectra and infrared spectra of the second diasteromer of the Regiosiomer B 1,4,2-oxathiazole-S-oxides.
Securing crystallographic data to definitively confirm structural and stereochemical assignments would be useful. 
[bookmark: _Toc505089600][bookmark: _Toc506311657][bookmark: _Toc523135253]2.7.4.3 Spectroscopic characteristics of 1,4,2-oxathiazole cycloadducts.

Three derivatives of the 1,4,2-oxathiazoles (239, 249, 241) were isolated, and only from the rhodium catalysed batch reactions. The shift of the spiro centre is consistently observed between a narrow range of 101.1 – 102.2 ppm in the 13C NMR spectrum for the three compounds (Figure 75). In the 1H NMR spectrum, the aromatic-CH2 ABq of these sulfide derivatives, displays much less separation compared to the 1,2,5- and 1,4,2-oxathiazole-S-oxide derivatives. This is due to the absence of deshielding on one proton, due to the absence of the sulfinyl oxygen. 


[bookmark: _Ref482633516]Figure 75: Characteristic signal in the 13C NMR spectra of the 1,4,2-oxathiazole-S-oxide regioisomer. 
The regiochemistry and sulfide oxidation level was confirmed on growing a single crystal of the regioisomer 241.

[image: ]
Figure 76: Single crystal analysis of 241 confirmed the stereochemistry and regiochemistry of the sulfide, as well as the absence of the sulfinyl oxygen. 
Comparison of the 1,4,2-oxathiazoles (only one stereoisomer possible) to the Regioisomers A and B which are 1,4,2-oxathiazole-S-oxide derivatives is interesting; the sulfoxides are primarily isolated from the continuous flow thermolysis reactions. Notably, the 1,4,2-oxathiazole derivatives (at the sulfide level of oxidation) are the least polar cycloadducts formed in these reactions and consistently elute from the column first on purification.  




[bookmark: _Toc505089601][bookmark: _Toc506311658][bookmark: _Toc523135254]2.8 Cycloaddition reactions of lactone derived -oxo sulfines with nitrile oxides 

[bookmark: _Toc505089602][bookmark: _Toc506311659][bookmark: _Toc523135255]2.8.1 Initial Investigation
The cycloaddition of a series of lactone derived -oxo sulfines with nitrile oxide dipoles was also explored. The objective of this exploration was to achieve generation and reaction of the reactive lactone derived -oxo sulfines with nitrile oxides in situ, using either transition metal catalysis, or thermolysis and to establish the impact of the alteration from a ketone to a lactone on the sulfine reactivity. Notably, the regiochemistry of nitrile oxide cycloaddition with lactone derived -oxo sulfines leads to 1,4,2-oxathiazole-S-oxides, which is in contrast to the outcome observed with the ketone derived -oxo sulfines. 
To enable the cycloaddition to occur, the nitrile oxide dipole 192 was pre-formed from the imidoyl chloride 193, following the procedure developed by Kissane, as described above.123 The nitrile oxide is subsequently added as a solution in dichloromethane to the corresponding cyclohexyl α -diazosulfoxide 38,39  (1 : 1), or the cycloheptyl -diazosulfoxide 75. This addition is followed directly by the addition of rhodium acetate dimer (1 mol %) to induce the hetero-Wolff rearrangement leading to generation of the -oxo sulfine 101 in situ which provides the dipolarophile for the 1,3-dipolar cycloaddition reaction. The reaction solvent used was a mixture of dichloromethane and ether (1 : 1) and the reaction mixture is stirred at room temperature (Table 41). 


[bookmark: _Ref504040276]Table 41: Results of dipolar cycloaddition of lactone derived -oxo sulfines and nitrile oxides. 
	


	
	n =
	R =
	Isolated Products
	Compounds not isolated, but 
present in crude material

	1
	2 (38 : 39,  1 : 1)
	H (dipole 192)
	267 : A, 10 : 1 (46%)
	233, 41

	2
	2  (38 : 39,  1 : 1)
	NO2 (dipole 235)
	296 (25%)
	41

	3
	3 (75, axial only)
	H (dipole 192)
	297 (21%) 298 (7%) 
	299a, 300a, 41


a Presumably these are two more minor cycloaddition products.
In Table 41, entry 1, three hours after addition of the freshly prepared nitrile oxide dipole 192, a precipitate started to form, and after sixteen hours this precipitate was isolated by filtration. Analysis of the white precipitate led to the identification of the 1,4,2-oxathiazole-S-oxide cycloaddition product 267 as a single component, in a yield of 46%, with a characteristic CHO signal at 4.35 ppm in the 1H NMR spectrum.[footnoteRef:10] There was evidence for a minor cycloadduct A, present as <9% of the material, with a characteristic CHO signal present at 4.46 ppm, however the regio- and stereochemistry is not known but the compounds is believed to be either 301, 302, or 303 (Figure 77).[footnoteRef:11] [10:  On repeating this reaction, the yields recovered were variable, presumably due to the efficiency of precipitation. ]  [11:  The stereochemistry of the possible cycloadducts to be formed (267, 301, 302, and 303) are highlighted below in Figure 77. However, aside from 267, it is not known which signal in the 1H NMR spectrum corresponds to which cycloadduct, and therefore the cycloadduct with unknown stereochemistry will be referred to as cycloadduct A. ] 

Analysis of the concentrated mother liquor was also undertaken to provide insight into the other components in the reaction mixture. Due to the use of excess dipole, significant amounts of the furoxan dimer 233 were formed. Both 233 and 41 were identified by characteristic signals in 1H NMR spectrum of the crude material.  Additionally, dimerization of the -oxo sulfine 101 in situ resulted in the formation of substantial amounts of the alkene dimer 41. The presence of the furoxan dimer 233 and alkene dimer 41 made chromatographic purification of the mother liquor challenging and as a result no other components were isolated from the reaction mixture as pure compounds. The presence of both dimers formed from the dipole and dipolarophile highlight that dimerisation competes with dipolar cycloaddition. 
This 1,3-dipolar cycloaddition has the possibility of forming two regioisomers and four diastereomers per regioisomer. A single crystal of 267 was recrystallised from the precipitated material using methanol, and allowed confirmation of the regiochemistry and the relative stereochemistry. From the crystal structure it is clear that the cycloadduct is formed from addition of the nitrile oxide to the upper face of the kinetic Z -oxo sulfine, as illustrated in Figure 77. As the sulfine is generated and trapped in situ, formation of this cycloadduct is entirely in line with our results with dienes where the Z -oxo sulfine is the kinetic sulfine. This is in comparison to the Diels Alder cycloaddition with 2,3-dimethyl-1,3-butadiene in which trapping occurs from the -face. 
It seems that the regioselectivity of the dipolar cycloadditions of lactone derived -oxo sulfines and ketone derived  -oxo sulfine is the opposite, suggesting that introduction of the lactone oxygen has a significant effect on the frontier molecular orbital coefficients of the sulfine. This is not unexpected as cycloaddition of electron rich dipolarophiles are dipole LUMO controlled whereas electron deficient dipolarophiles are both dipole HOMO and dipole LUMO controlled. 
As reported in the literature and mentioned earlier, in an isolated sulfine the largest atomic coefficient in the LUMO is on the carbon while in the oxo-sulfine the polarisation is reversed with the largest coefficient now at sulfur.140 It seems introduction of the lactone oxygen reverses the polarisation of the sulfine LUMO again, leading to preferential formation of the 1,4,2-oxathiazole-S-oxide derivatives. 
The other 1,4,2-oxathiazole-S-oxide diastereomers possible are 301, 302 and 303 and one of these may correspond to the signal at 4.46 ppm assigned to cycloadduct A. Notably, in the isolated precipitate and in the concentrated mother liquor there was no evidence for the formation of the opposite regioisomeric products, the 1,2,5-oxathiazole-S-oxide. This is in contrast to the cycloadditions of the ketone derived -oxo sulfines in which the 1,2,5-oxathiazole-S-oxide is the major product in all cases.


[bookmark: _Ref489265076]Figure 77: Four possible approaches for the formation of the diasteromers are possible. Approach of the nitrile oxide from above to the E -oxo-sulfine leads to the cycloadduct 267 confirmed by single crystal X-ray diffraction. 
These cycloaddition reaction conditions were subsequently applied to the p-nitro substituted benzonitrile oxide 235 with the -diazosulfoxides 38,39 (Table 42, entry 2). Once again, the desired 1,4,2-oxathiazole-S-oxide 296 was isolated as one diastereomer in a yield of 25% after precipitation from the reaction mixture. Consistent with the previous reaction, dimerisation of the -oxo sulfine 101 leading to formation of the alkene dimer 41 was a major reaction pathway. No other identifiable cycloadducts were recovered from the reaction mixture. 
The cycloheptyl -diazosulfoxide 75 (Table 41, entry 3) also underwent transformation to the corresponding -oxo sulfine and subsequent cycloaddition utilising these conditions. After stirring for 16 h in the presence of the dipole and rhodium acetate dimer, a precipitate was isolated from the reaction as one diastereomer only (297) in 21% yield. This result was similar to the earlier cycloaddition reactions, where once again the product precipitated from the reaction mixture as a single diastereomer. Analysis of the remaining mother liquor by 1H NMR spectroscopy indicated the presence of four components, 297, 298, 299, and 300 in a ratio of  0.26 : 0.12 : 1 : 0.32. The components 298, 299, and 300 are most likely to be cycloadducts however the corresponding regio- and stereochemistry is unknown. Following concentration of the mother liquor and chromatographic purification on silica gel a minor product, 298, was isolated in 7% yield and characterised by 1H and 13C NMR.  While it may be a cycloadduct the assignment is not confirmed as some spectroscopic details are not easily rationalised for the cycloadduct structure. 


Scheme 104
While the relative stereochemistry of the p-nitro derivative 296 and the cycloheptyl derivative 297 have not been characterised, it is reasonable to assume that they have the same relative stereochemistry as the structurally confirmed 267, on the basis that both form a precipitate in the reaction solvent and all three possess similar spectral characteristics, particularly the δC of the quaternary spiro carbon with signals between 101.6 and 103.5 ppm. The assignment of the minor product 298 is very tentative at this stage. 
[bookmark: _Toc505089603][bookmark: _Toc506311660][bookmark: _Toc523135256]2.8.2 Attempts at dipolar cycloaddition of lactone derived -oxo sulfines in continuous flow, and comparison to batch thermolysis

With the success seen with cycloaddition of the ketone derived -oxo sulfines in continuous flow thermolysis conditions, and in an effort to promote more efficient cycloaddition of the lactone derived -oxo sulfines to form the 1,4,2-oxathiazole-S-oxide 267 with higher yields and in greater diastereoselectivity, the 1,3-dipolar cycloaddition of lactone derived -oxo sulfines in continuous flow was attempted. A set of three different reaction conditions were utilised to investigate the efficiency of the cycloaddition in continuous flow and these are illustrated in Table 42. 


[bookmark: _Ref490495006]Table 42: Results from 1,3-dipolar cycloadditions of the lactone derived -oxo sulfine 101 in continuous flow.  
	


	

267
(4.35 ppm)a
	

A
(4.46 ppm) a
	

B
(4.11 ppm) a
	

C
(3.77 ppm) a

	
	
Conditions:

	
Optimum for:
	
Product Ratio (yield)c

	1
	2.6 eq. dipole
Alumina column inline
CH2Cl2/ Ethyl Acetate
10 min residence time
100°C

	1,3-Dipolar cycloaddition of ketone derived -oxo sulfines in continuous flow
	Unchanged starting material (80%)
Unidentifiable decomp. Products (20%)

	2
	2.6 eq dipole
Alumina column inline
CH2Cl2/ Ethyl Acetate 
30 min residence time
120°C
	1,3-Dipolar cycloaddition of lactone derived -oxo sulfines in continuous flow
	267 : A: B : C  : 304 b
1.18 : 0.88 : 0.31 : 1.0 : 0 (25%)
Trace : 1 : 0.6 : trace : 0 (12%)

	3
	2.6 eq. dipoled
Toluene 
30 min residence time
120°C
	1,3-Dipolar cycloaddition of lactone derived -oxo sulfines in continuous flow
	267 : A : B : C : 304 b
0 : 0.9 : 0.3 : 0 : 1 (22%)
0 : 0.9 : 0 : 0 : 1 (8%)



a The characteristic signal in the 1H NMR spectrum for each compound  is outlined.  
b  The characteristic signal in the 1H NMR spectrum is a CHO signal at 4.34 ppm. 
c Crude product ratios were not obtained from the 1H NMR spectra due to the complexity of the spectra and overlapping on multiple key signals. 
d 20 equivalents of the diene are used in the Diels-Alder cycloaddition that use these reaction parameters. 

Using the conditions which were optimum for dipolar cycloaddition of ketone derived -oxo sulfines (Table 42, Entry 1), a ten minute residence time, at 100°C, resulted in recovery of starting material (80%) along with unknown unidentifiable decomposition products (20%). The results reaffirms that the lactone derived -diazosulfoxides are more thermally stable compared to the ketone derivatives and need to be heated to a higher temperature to induce the hetero-Wolff rearrangement. In each of the following continuous flow reactions, complete consumption of the -diazosulfoxide starting material was achieved due to to higher temperature and longer residence time. 
Following on from this, the optimum solvent from the 1,3 dipolar cycloaddition conditions of the ketone derived -oxosulfines were used (DCM/Ethyl Acetate, 1 : 1) along with the optimum parameters of residence time and temperature from the Diels-Alder cycloadditions of the lactone derived -oxo sulfines  (120°C, 30 min), (Table 42, Entry 2). The higher temperature of 120°C and longer residence time of 30 minutes was needed to ensure complete conversion to the -oxo sulfine, whereas the small excess of dipole and alumina column inline are necessary to ease purification and enable clean isolation of the desired cycloadducts. These reaction conditions (Table 42, Entry 2) resulted in formation of a complex mixture of products containing four cycloadducts. The stereochemistry of the possible cycloadducts to be formed (267, 301, 302, and 303) are highlighted above in Figure 77. However, aside from 267 it is not known which signal corresponds to which cycloadduct and therefore the three cycloadducts with unknown stereochemistry will be referred to as cycloadducts A, B and C. A, B and C are most likely 301, 302, and 303 although it is not known which is which. 
After purification by column chromatography on silica gel the first fraction isolated contained these four components  267 : A : B : C in a ratio of 1.18 : 0.88 : 0.31 : 1.0 and in 25% yield. A second fraction was also isolated in a yield of 12%, which contained the four diastereomers but consisted primarily of the cycloadducts A and B, in a ratio of 1 : 0.6 with trace amounts of both 267 and C. There was no evidence observed for the formation of the alkene dimer 41 which is in contrast to the batch reactions in which it was a  major component of the crude material. 
Additionally, thermolysis in continuous flow was carried out using toluene as the solvent (as is the case for the Diels-Alder cycloaddition reactions of these lactone derived -diazosulfoxides) with 2.6 equivalents of the dipole 192, which was again, pre-generated. The formation of four diastereomers was apparent in the 1H NMR spectrum of the crude material. Following chromatographic purification, partial fractionating of the diastereomers occurred, however, as seen earlier, it was not possible to isolate the products as pure compounds. The first fraction (22%) contained a mixture of the 1,4,2-oxathiazole-S-oxides A and B and a previously uncharacterised cycloadduct 304 in a ratio of 0.9 : 0.3 : 1.0.  A second fraction isolated from the column contained a mixture of A and 304 in a ratio of 0.9 : 1.0 and in 8% yield. The unidentified product 304 has a characteristic signal at 4.34 ppm in the 1H NMR spectrum and 45.0 and 84.8 ppm in the 13C NMR spectrum. These may correspond to the other regioisomer, a 1,2,5-oxathiazole-S-oxide, however its rare occurance made full characterisation unachievable in this work. Notably this signal corresponding to an previously unseen cycloadduct was not apparent from the other reactions and this may be due to a solvent effect (toluene compared to Ethyl Acetate/DCM). 


Figure 78
When the corresponding thermolysis reaction was carried out in batch reaction conditions (30 min, oil bath at 130°C, 2.6 eq. dipole), the crude material was a clean, unreacted combination of the -diazosulfoxides 38,39 and the pre-generated dipole 192. The inability to reach the suitable temperature in the solvent system of dichloromethane and ethyl acetate leads to boiling and condensing of the solvent, rather than achieving the super-heated temperatures achievable in continuous flow, this results in the hetero-Wolff rearrangement not taking place and recovery of the unchanged starting materials. 


[bookmark: _Toc505089604][bookmark: _Toc506311661][bookmark: _Toc523135257]2.8.3 Spectroscopic characteristics of lactone derived 1,4,2-oxathiazole-S-oxides

A single crystal of the oxathiazle-S-oxide 267 was successfully grown from methanol, and the crystal structure has unambiguously confirmed the regiochemistry and relative stereochemistry of the cycloadduct 267 illustrated in Figure 79.

(Front view)              		(Side view)

[bookmark: _Ref503879086]Figure 79: Structure of 267 unambiguously confirmed by single crystal X-ray diffraction.
Based on this, the regiochemistry and stereochemistry of other derivatives, 296 and 297, have been assigned by comparison of their spectroscopic data. Characteristic signals are the spiro centres which are consistently observed between δC 101.6 and 103.5 ppm and the CHO proton which is consistenly observed between δH 4.27 – 4.50 ppm for the three cycloadducts. The second product 298, isolated from the reaction of the cycloheptyl -diazosulfoxide 75 has unknown structure and stereochemistry. 


[bookmark: _Ref504045721]Figure 80: Characteristic signals from the 1H and 13C NMR spectra of the lactone derived 1,4,2-oxathiazole-S-oxides.
Interestingly, the two products 297 and 298 were isolated separately. 297 was successfully isolated by precipitation from the reaction mixture while chromatographic purification led to the isolation of 298 from the mother liquor. Illustrated below in Figure 81, 297 is in the top 13C spectra and below is 298 showing the significant differences between the two products, most notable being the spiro centre, outline in blue.  The alteration in the δC for the carbonyl, one of the methylenes and the spiro centre are difficult to rationalise for 298, and it may be a different product other than a diastereomeric cycloadduct. During discussion at the viva an alternative structure for 298 was proposed as illustrated above. 
[image: ]
[bookmark: _Ref482717599]Figure 81: Comparison of the 13C NMR spectra of the 1,4,2-oxathiazole-S-oxides 297 (top) and minor product 298 (bottom). The signal for the spiro centre, which does not appear in a DEPT 135, is outlined in blue.
The characteristic spectroscopic signals of the product 267 are comparable to the 1,4,2-oxathiazole-S-oxides 265 and 248 isolated from the reactions of the ketone derived -oxo sulfines with the nitrile oxide dipoles. The spiro carbon of 267 is recorded at 101.6 ppm, compared to 107.9 for 265 and 110.8  in 248 (Figure 82). The characteristic signals of 267 are outlined below inlcuding the distinctive C=N bond which appears at  160.2 ppm and was observed between a minimum of 156.0 and  a maximum of 159.4 ppm for the majority of nitrile oxide cycloadducts discussed earlier (Figure 82). Notably the infrared absorption of the sulfoxide functionality is also comparable across the ketone and lactone derived 1,4,2-oxathiazole-S-oxides with a minor difference of 7 cm-1 between the derivatives. Once again, the S-O stretch is very characteristic of the regiochemistry of the cycloadducts with the sulfoxide in the 1,4,2-oxathiazole-S-oxide isomers appearing at approximately 1080 cm-1 while in the “sulfinate-like” 1,2,5-oxathiazole-S-oxides isomers, the S-O stretch appears at approximately 1160 cm-1.  Additional evidence for the 1,4,2-oxathiazole-S-oxide regiochemistry is the contrast seen when compared to the spiro centre of the series of 1,2,5-oxathiazole-S-oxide derivatives seen previously (section 2.7.4), both kinetic isomers such as 254 and thermodynamic isomers such as 246. The deshielding as a result of sulfur and oxygen connectivity to the spiro centre is much more apparent in the 1,4,2-oxathiazole-S-oxide derivatives. 


[bookmark: _Ref503107384]Figure 82: The structure of 267 has been confirmed by X-ray crystallography. Assignment of the regiochemistry and stereochemistry of the 1,4,2-oxathiazole-S-oxide cycloadduct, 265 and 248 is by comparison with 267. The contrasting characteristic signals of the 1,2,5-oxathiazole-S-oxide 246 and 254 are outlined also.



[bookmark: _Toc505089605][bookmark: _Toc506311662][bookmark: _Toc523135258]2.9 1,3-Dipolar cycloadditions of lactone derived -oxo sulfines with nitrones

There are limited reports on the reactions of sulfines with nitrone dipoles (see Section 2.6.1.3) and as outlined above, to the best of our knowledge, no reports exist on the cycloaddition of nitrones 211 or 212 with sulfines. Having carried out an investigation in to the reaction of lactone derived -oxo sulfines with nitrile oxides, extension of this work to the reactions with nitrones was carried out. Notably, the dipolar cycloaddition of nitrone is in the same classification as nitrile oxides, Type II.141,142 This means that both dipole LUMO controlled cycloaddition, and dipole HOMO controlled cycloadditions can occur.
In this work, 1,3-dipolar cycloadditions of a range of lactone derived -oxo sulfines, generated from a range of lactone derived -diazosulfoxides, with nitrones, resulted in the isolation of a number of heterocyclic compounds. In all cases, the two regioisomeric cycloadducts which were anticipated (Figure 83) were not isolated. Instead, it is reasonable to assume, that the cycloaddition occurs and the intermediate products undergo subsequent rearrangements. It appears that both regioisomers form in the cycloaddition and each regioisomer subsequently undergoes a different rearrangement process to a stable, isolable product.  


[bookmark: _Ref490213077]Figure 83: Regioisomeric cycloadducts initially formed.
[bookmark: _Toc506311663][bookmark: _Toc523135259][bookmark: _Toc505089606]2.9.1 1,3-Dipolar Cycloadditions of lactone derived -oxo sulfines with the nitrone 2,3,4,5-tetrahydropyridine 1-oxide 212

The nitrone 212 is freshly prepared for each reaction using yellow mercuric oxide and in our initial cycloaddition investigation, the -oxo sulfine dipolarophile 101, was generated in situ from the α-diazosulfoxides 38,39 (1 : 0.7) by the addition of rhodium acetate dimer, in the presence of the nitrone 212 (Scheme 105). Following addition of the rhodium acetate dimer, and on the basis of TLC analysis showing no notable changes, the reaction mixture was stirred for four days at room temperature. Two possible regioisomers could be formed, 305 and 306 from this reaction. Following chromatographic purification of the crude reaction mixture, the intact cycloadducts 305 and 306 were not isolated.


[bookmark: _Ref491429293]Scheme 105
The major product in the 1H NMR of the crude material was the alkene dimer 41 indicating the nitrone cycloaddition reaction was not very efficient. The only isolated product from this reaction following chromatography, has been identified on the basis of 1H NMR, 13C NMR, IR and HRMS analyses, as the rearrangement product 307, a β-hydroxy imine, formed by rearrangement of the oxathiazolidine 305 and isolated in 16% yield. The spectral features did not match either 305 or 306 and the best fit to the recorded spectroscopic data is the ring opened product 307, although confirmation by crystallography is warranted. The low isolated yield is due to dimerization of the -oxo sulfine 101 in situ highlighted by a substantial amount of  the alkene dimer 41 present in the 1H NMR  spectrum of the crude material. Interestingly, previous work within our group by Kissane, on a different research project, reported that on formation of cycloaddition products with this nitrone 212, subsequent rearrangements to more stable products occurred also.123 The proposed mechanism for the formation of the product 307 is a deprotonation of the bridgehead proton of the oxathiazolidine 305, resulting in breaking of the nitrogen-oxygen bond. The alkoxide 308 is reprotonated forming the isolated product 307  (Scheme 106). Spectral characteristics of 307 are outlined in section 2.9.3. 


[bookmark: _Ref486857526]Scheme 106
It is likely that the intact cycloadducts were not isolated due to inherent instablity either due to the electronic properties of the intermediate heterocycle or due to unfavourable conformational constraint. The absence of any literature reports of stable 1,4,2-oxathiazolidine S-oxides, and just one report of a 1,2,5-oxathiazolidine S-oxide115 is consistent with this observation.  With the intermediate cycloadduct 305 not isolable, and the only identifiable product being the β-hydroxy imine rearrangement product 307, it was investigated if changing the nitrone 212, to the acyclic analogue 211, to reduce the conformational strain in the product, would allow isolation of an intact cycloadduct.  
[bookmark: _Toc506311664][bookmark: _Toc523135260][bookmark: _Toc505089607]2.9.2 1,3-Dipolar Cycloadditions of lactone derived -oxo sulfines with the nitrone (Z)-N-benzyl-1-phenylmethanimine oxide 211

Initially a series of three reactions were carried out to establish whether the intact cycloadducts could be isolated. These reactions varied equivalents of nitrone and additive present (Table 43) and led to series of isolable compounds. This 1,3-dipolar cycloaddition reaction has the potential to form two regioisomeric cycloadducts, 309 and 310 and it is believed these undergo spontaneous rearrangement to give the isolated products. The 1,3-dipolar cycloaddition of the -oxo sulfine generated from the -diazosulfoxides 38,39 with the acyclic nitrone 211 (11 equivalents) was carried out at room temperature with 5 mol % of rhodium acetate dimer (Table 43, Entry 1). The -diazosulfoxides 38,39 are dissolved in the minimum amount of dichloromethane and the nitrone 211 in dichloromethane was added in one portion, followed by the transition metal catalyst. 
[bookmark: _Ref504134451]Table 43: Summary of cycloaddition results with the acyclic nitrone 211.
	


	Entry
	Nitrone
(eq)
	Rh
(mol %)
	Reaction conditions
	Time
(h)
	Outcome

	1
	11
	5 
	In situ generation of sulfine. 
	60 
	Co-elution of 311 with byproducts

	2
	1
	1
	Formation of sulfine, sequential addition of 30 mol % MgCl2, then nitrone 211.
	60 
	Complex Mixture of unidentifiable products

	3
	0.95
	5
	In situ formation of sulfine with 0.95 equiv. nitrone. 
	60
	aziridine product 311 (5%)
cycloadduct ring-opened 312 (7%)
debenzylated aziridine 313 (10%)



Analysis of a 1H NMR spectrum of an aliquot of the reaction mixture (Table 43, Entry 1), after 24 h, showed the presence of peaks assigned to a significant product 311 (Figure 84). These signals were apparent for the bridgehead protons at 3.60 ppm (CHO), and at 2.42 ppm (CH). Attempts to precipitate out the product or excess nitrone were made by adding ice cold ether and ice cold hexane to separate portions of the reaction, but both were unsuccessful. The reaction mixture was concentrated after a further 36 h and purification by column chromatography led to co-elution of an aziridine rearrangement product 311, with other unidentifiable products. 
Literature precedent had shown that the addition of MgCl2 to dipolar cycloadditions of nitrones could increase both the rate of reaction and yield of product through activation of the dipolarophile.143 In a test reaction (Table 43, Entry 2), the -oxo sulfine 101 was pre-generated using rhodium acetate dimer and filtered through a celite plug to remove insoluble rhodium catalyst. 30 mol % Magnesium chloride was added to the -oxo sulfine 101 followed after a few minutes by one equivalent of the nitrone 211. Analysis of the crude material after 60 h showed no evidence for the products 309, 310, 311, 312 or 313 in a complex mixture of unidentifiable components. This complex mixture is likely due to the presence of the MgCl2 which may be causing competing reactions or decompositions to occur. 
In the initial reaction with excess nitrone 211 (Table 43, Entry 1), substantial amounts of impurities were formed - to avoid this issue, a cycloaddition with just 0.95 equivalents of the pure nitrone 211 were used (Table 43, Entry 3). After addition of the nitrone 211 to the -diazosulfoxides 38,39 in dichloromethane, followed by rhodium acetate dimer, the reaction mixture was stirred for 60 h. The 1H NMR spectrum of the crude material was much cleaner in contrast to to other reaction conditions and showed the presence of multiple components. Following chromatographic purification the isolated fractions were later assigned as the following: the least polar fraction which eluted first was the aziridine 311 (5%), followed by the β-hydroxy imine 312 (7%), a rearrangement product of the cycloadduct 309, and lastly the debenzylated-aziridine 313 (10%) (Figure 84). 


[bookmark: _Ref482191068]Figure 84: Three tentatively assigned products from the cycloaddition reaction of -diazosulfoxide 38, 39 and the nitrone.
Formation of the β-hydroxy imine 312 can be rationalised by the rearrangement of Regioisomer 1 309 (Scheme 107), in an identical manner to that seen for the product 307 (Scheme 106). Formation of the aziridine 311 can be rationalised via initial formation of the Regioisomer 2 310 (Scheme 107), followed by subsequent extrusion of sulfur dioxide and ring contraction. It appears that on successful cycloaddition of the dibenzyl nitrone with the lactone derived -oxo sulfine, resulting in the formation of an aziridine 311, a further debenzylation step can occur. This debenzylation of the aziridine 311 results in the  formation of 313.


[bookmark: _Ref490042051]Scheme 107 
In retrospect, the length of time these reactions were left may have contributed to the complexity as it is known that the -diazosulfoxide is transformed rapidly to the labile -oxo sulfine, which is anticipated to be transformed to the known sulfine decomposition products over this period of time. The investigation of the reactivity of -diazosulfoxides with the acyclic nitrone 211 was extended to include the methyl bridgehead -diazosulfoxide 76, and the axial trans-dimethyl -diazosulfoxide 78, utilising in situ generation and trapping with just 0.95 equivalents of the nitrone. 
The reaction of the methyl bridgehead -diazosulfoxide 76 with the nitrone 211 was carried out at room temperature for 60 h to establish whether we could isolate an intact cycloadduct regioisomer, either 314 or 315 formed from the [3+2] cycloaddition (Scheme 108), or if aziridine products would be isolated. Earlier results from the continuous flow decomposition reactions had shown that this -oxo sulfine 111 is particularly stable after generation, with dimerisation and other decomposition transformations occurring at a slow rate. The same methodology as the previous reactions was used i.e. addition of 0.95 equivalents of the nitrone dipole 211 to the -diazosulfoxide 76 followed by rhodium acetate dimer as the transition metal catalyst to induce the hetero-Wolff rearrangement. 


[bookmark: _Ref490213605]Scheme 108
On analysis of the crude reaction material a complex mixture was observed. After purification, one product isolated from the reaction was the β-hydroxy imine 316, the same class of product previously isolated from the reaction of -diazosulfoxides 38,39. Also isolated was the debenzylated aziridine 317 (Scheme 108). Once again, the intact cycloadducts 314 and 315 were not isolated, supporting the earlier conclusion of the inherent instability of the intermediate heterocycles. The isolation of both the β-hydroxy imine 316 and the debenzylated aziridine product 317 are indicative of the formation of both regioisomers in situ with spontaneous decomposition to more thermodynamically stable products. Notably, the N-benzyl aziridine 318 was not isolated from the reaction mixture. Elemental anaylsis and high resolution mass spectrometry confirmed the molecular formula of the heterocycle 317 which is a vital result in confirming that in fact these aziridine heterocycles are formed from the cycloaddition of -oxo sulfines and nitrones.
When the reaction conditions were applied to the monocyclic -diazosulfoxide 78 analysis of the crude reaction material again showed a complex mixture, however, on purification a series of products were successfully isolated and characterised. The aziridine product 319 was isolated in 9% yield, and the β-hydroxy imine rearrangement product 320 was also isolated, albeit in a higher yield of 16% (Scheme 109). 


[bookmark: _Ref489256904]Scheme 109
Interestingly, the debenzylated cycloaddition product 321 was not isolated from the reaction mixture,  however, characteristic signals were present in the 1H NMR spectrum of the crude material, with a signal tentatively assigned as the CHO present at 3.88 ppm, and the aziridine CH present as a doublet at 4.04 ppm as a minor product in a complex mixture. 
Most notable across the series of nitrone cycloadditions is that the β-hydroxy imine class of products such as 316 are consistently formed across the reactions of lactone derived -oxo sulfines with the nitrones 211 and 212. However, the aziridnes and debenzylated aziridines were not consistently isolated after chromatographic purification across the substrates. This may be as a result of challenges in isolating minor components from complex mixtures or maybe due to the different reactivity profiles between the -oxo sulfines. However, formation of the two series of products shows the nitrone cycloaddition occurs with both regiochemical outcomes, in contrast to the nitrile oxides, which is the result expected for Type II 1,3-dipolar cycloadditions. Notably, the isolated products were isolated as a single diastereomer in each case, however as the crude spectra were complex mixtures it is not definitive if another diastereomer was formed. 
[bookmark: _Toc505089608][bookmark: _Toc506311665][bookmark: _Toc523135261]2.9.3 Spectroscopic characteristics of nitrone cycloaddition products

In all cases the intact regioisomeric cycloadducts were not isolated, however a series of three types of product were isolated that were consistent to each of the four reactions. The first products which were consistent across the series from the cycloaddition reaction of lactone derived -oxo sulfines with nitrone dipoles are the β-hydroxy imine class of products. 
The structure 307, which was the first derivative isolated, was assigned based on the 1H and 13C NMR data observed. Interestingly, 307 shows a broad 1H singlet at 8.62 ppm in the 1H NMR spectrum, which exchanges rapidly in D2O. On this basis, and evidence from  a HSQC experiment, we have tentatively assigned the signal as an OH, as this proton is on a heteroatom. A paper by Matysiak144 has shown protons in a similar system 322 (a sulfide compared to the sulfoxide in 307), were observed at 14.26 ppm in DMSO. He also states the conformation of the molecule 322 is stabilised by an intramolecular hydrogen bond with a distance of 1.77 Ǻ between the OH and N lone pair. Is it possible that a similar interaction in our rearrangement product 307 is occurring, resulting in the deshielding of the OH signal to 8.62 ppm. 


[bookmark: _Ref490147010]Figure 85: NMR signals of the rearrangement product 307, and the heterocycle 322, reported by Matysiak.144
The spectral characteristics of the series of isolated β-hydroxy imines; 307, 312, 316 and 320 are outlined below, with the most distinguishing features highlighted (Figure 87).  Notably, the OH signal in each of these rearrangement products (312, 316, 320) appears between 8.38 and 8.79 ppm as a broad triplet. This triplet is believed to be due to through space coupling of the OH to the benzylic CH2 through the nitrogen hydrogen bond acceptor, equally, the N-CH2 signal of 312, 316 and 320 appears as a doublet in the 1H NMR spectrum. 
On conducting a D2O shake with the product 312, the benzyl CH2 signal at 4.08 ppm, originally a doublet becomes a singlet, with the loss of “OH” signal also observed. The original doublet for this signal is likely due to 3J scalar coupling through hydrogen bonding (Figure 86) to the OH signal. Across the hydrogen bond the nucleus-electron-nucleus magnetisation transfer mechanisms are still effective. These electron mediated couplings, are through non-bonded interactions and referred to as through space (TS) internuclear spin-spin couplings, with multiple reviews in the literature.145-147 The conversion of this doublet to a singlet is due to disruption of the intramolecular hydrogen bonding interaction when D2O is present (Figure 86).
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[bookmark: _Ref490044988]Figure 86: Stack of original 1H NMR of compound 312 (top) and after D2O shake (bottom) in CDCl3 (400 MHz).
As summarised in Figure 87, the 13C signals for the spiro carbon (circa. 88 – 95 ppm) and the imine carbon (circa 158 – 160 ppm) were very characteristic across the series and indeed were very similar to the signals seen for the 1,4,2-oxathiazole-S-oxide 267 which had been characterised crystallographically. 
The carbonyl absorption varies in the infrared spectrum from 1674 cm-1 up to 1688 cm-1 for the 4 comparable compounds, 307, 312, 316 and 320, this is contrast to 267 which has its carbonyl IR absorption band at 1764 cm-1. Additionally, the absorption corresponding to the sulfoxide moiety varies between 1055 and 1076 cm-1 for 307, 312, 316 and 320 but is observed at 1076 cm-1 for 267.


[bookmark: _Ref490215648]Figure 87: Spectral characteristics of rearrangement products, consistent to all nitrone cycloaddition reactions, and comparison of the spiro centres (red) and imine signal (blue) to the 1,4,2-oxathiazole-S-oxide 267 . 
The second type of products isolated are the aziridines, 311 and 319, both with similar spectral characteristics. Key to their assignment is finding the molecular ion of both aziridines in both nominal and high resolution mass spectrometry and the absence of the molecular ion of the intact cycloadduct products in both the nominal and high resolution mass spectra, and in particular the absence of sulfur. For the aziridines 319 and 311 it is to spiro centre is consistently located around 50.1 ppm, while for 313 and 317, the spiro signal is not apparent in the 13C NMR spectrum. These signals for 319 and 311 are comparable to the literature values for spiro centres on aziridine heterocycles. 148,149


Figure 88: Characteristic 1H NMR signals of the aziridine products 311, 319, 313 and 317.
Elemental analysis on the debenzylated aziridine 317 confirmed the empirical formula is correct and reaffirmed the absence of the sulfoxide moiety. Notably, a debenzylated aziridine was not isolated from the reaction of the dimethyl derived -diazosulfoxide 78, however the corresponding benzylated aziridine 319 was isolated. 
The debenzylated aziridine 313 is the most polar fraction isolated after chromatographic purification of the reaction mixture and is isolated in 10% yield. Interestingly, in the 1H NMR spectrum of the product, the bridgehead CH signal at 2.58 ppm shows evidence of 4J coupling to the NH in addition to  3J coupling to the CHO and CH2 of the cyclohexyl ring (Figure 89). 

[image: ]
[bookmark: _Ref490213516]Figure 89: 1H NMR spectrum of the debenzylated aziridine 313


[bookmark: _Toc505089609][bookmark: _Toc506311666][bookmark: _Toc523135262]2.10 1,3-Dipolar cycloaddition of ketone derived -oxo sulfines with nitrones

Having studied cycloadditions to the lactone derived -oxo sulfines with nitrones and nitrile oxides, and in particular the cycloadditions of the ketone derived -oxo sulfines with nitrile oxides in continuous flow, the next phase in the investigation was to explore the cycloadditions of the ketone derived -oxo sulfines with nitrones. In particular, it was important to establish if use of metal free conditions by conducting the sulfine synthesis by thermolysis in continuous flow would lead to improved outcomes for the nitrone cycloadditions. Both the acyclic nitrone 211117 and the cyclic nitrone 212117 (see section 2.6.2) were used in this study. As seen earlier with the lactone derivatives, the cycloadducts formed were not detected or isolated; instead a number of products were recovered and characterised including aziridine derivative and compounds assigned as β-hydroxy imines. At this point it appears that the aziridines are formed by extrusion of sulfur dioxide from the 1,2,5-oxathiazole-S-oxides, while the β-hydroxy imines appear to be derived from the regioisomeric 1,4,2-oxathiazole-S-oxides although their structure is not fully confirmed at this stage. Thus, it appears that the ketone derived -oxo sulfines and the nitrones undergo cycloaddition to form both possible regioisomers. 
[bookmark: _Toc506311667][bookmark: _Toc523135263][bookmark: _Toc505089610]2.10.1 1,3-Dipolar Cycloadditions of ketone derived -oxo sulfines with the nitrone (Z)-N-benzyl-1-phenylmethanimine oxide 211

The optimum conditions for the 1,3-dipolar cycloaddition of nitrile oxides in continuous flow were applied to these nitrone dipoles with ketone derived -oxo sulfines i.e. 100°C for 10 minutes, with a packed bed reactor containing alumina (Table 44). In all cases, neither of the intact Regioisomers 1 (323, 324) or Regioisomers 2 (325, 326) were isolated and in each instance, complete consumption of the -diazosulfoxide starting material was achieved. In contrast to the dipolar additions with the nitrile oxides which consistently produced clean transformation to the desired products, the reactions afforded the crude material as a complex mixture of products. When compared to the cycloaddition reaction of ketone derived -oxo sulfine with the nitrile oxide, Regioisomer 1 would be comparable to the 1,2,5-oxathiazole-S-oxides, whereas Regioisomer 2 is comparable to the 1,4,2-oxathiazole-S-oxide products.  It is noted that under these conditions with nitrile oxides, in continuous flow the 1,2,5-oxathiazole-S-oxides are the major products in all cases. Notably, in the nitrone cycloadditions summarised in Table 44, the aziridines formed from Regioisomer 1 are the major products recovered. This suggests that the regioselectivity is consistent for the 1,3-dipolar cycloaddition of ketone derived -oxo sulfines with both nitrone and nitrile oxide dipoles. 
[bookmark: _Ref504216816]Table 44: 1,3-Dipolar cycloaddition of ketone derived -oxo sulfines with nitrone 211. 
	
	


	Entry
	R = 
(-diazosulfoxide)

	Nitrone
	Regio 1
	Regio 2
	Isolated Products (yield)

	1
	H (14)
	211
	323
	325
	327 (18%), 328 (8%)

	2
	CH3 (80)
	211
	324
	326
	329 (32%)

	3
	H (14)
	212
	330
	331
	332 (36%), 333 (12%)



Reacting -diazosulfoxide 14 and nitrone 211 in these conditions (Table 44, entry 1) results in a complex crude mixture, and after chromatographic purification, isolation of the aziridine 327 as one diastereomer in 18% yield is achieved. The aziridine 327 is presumably formed from sulfur dioxide extrusion from Regioisomer 1 323.  The diastereomeric control originates from the initial 1,3-dipolar cycloaddition.  Although the isolation of the aziridine 327 is achieved, the efficiency is low, partly due to challenging purification. Successful isolation of the β-hydroxy imine product 328 in 8% yield means that Regioisomer 2 325 is also formed in the cycloaddition. The spectroscopic characteristics of the isolated products are discussed below (section 2.10.3). 
Utilising the -diazosulfoxide 80 in these conditions (Table 44, entry 2) results in the isolation of the aziridine rearrangement product 329 only after chromatography. It is believed that regioselective dipolar cycloaddition results in the formation of the intermediate Regioisomer 1 324 in situ, sulfur dioxide is subsequently and spontaneously extruded from the intermediate heterocycle, resulting in formation of the isolated aziridine product 329. The structure was established based on the characteristic 1H and 13C NMR signals, and comparison to literature values for aziridines149-151 as well as comparison to the aziridines characterised in the earlier Section 2.9. 
Although the spectroscopic assignments of both compounds could be similar (Regioisomer 1 324, and the aziridine 329), the assignment was made predominantly on the absence of the molecular ion of the intact cycloadduct 324 via high resolution mass spectrometry as well as the characteristic signal of the spiro carbon in the 13C NMR spectrum at 54.6 ppm. As seen earlier, spiro carbons attached to both a sulfoxide moiety and oxygen moiety appear in the area of 100 ppm due to increased deshielding. To date, a crystal structure of the product 329 has not been obtained to unambiguously define the stereochemistry and regiochemistry as it is an oil, however 2D NMR studies have been used to investigate the structure (see Section 2.10.3). 
To establish whether the same pattern reactivity is seen with the cyclic nitrone 212, the unsubstituted -oxo sulfine 13, derived from -diazosulfoxide 14, was reacted with the nitrone 212 (Table 44, Entry 3). As with the earlier reactions, potential for the formation of two regioisomers is possible, 330 and 331 (Scheme 110).


[bookmark: _Ref490219785]Scheme 110
The less polar product identified from the reaction was the β-hydroxy imine 333, formed by initial formation of the cycloadduct Regioisomer 2 331 and subsequent rearrangement to the product 333 (Scheme 110), in a manner similar to that seen before. The more polar product isolated and identified was the aziridine rearrangement product 332, formed through sulfur dioxide extrusion from Regioisomer 1 330. This class of products are also consistent with the dibenzyl nitrone series of reactions. The characteristic spiro carbon signal of 332 is observed at 50.2 ppm in the 13C NMR spectrum. 
In summary, the reactions of the nitrone dipoles 212 and 211 with the ketone derived -oxo sulfines consistently provided the isolation and identification of rearrangement products, without isolation of the intact intermediate cycloadducts on any occasion. In comparison to the cycloadducts formed from the reactions with nitrile oxide dipoles, the intact cycloadducts from 1,3-dipolar cycloadditions of nitrones are extremely labile, and rearrange to more stable species. As the same rearrangements are seen with the lactone derivatives in batch reaction conditions with rhodium acetate dimer, as are seen with the ketone derivatives in continuous flow, the high temperature and high pressure conditions in continuous flow are presumably not a factor in driving the rearrangement of the initially formed cycloadducts. 
[bookmark: _Toc505089611][bookmark: _Toc506311668][bookmark: _Toc523135264]2.10.3 Spectroscopic characteristics of nitrone cycloaddition products.

From the successful 1,3-dipolar cycloaddition reaction of ketone derived -oxo sulfines with nitrone dipoles, a series of compounds with comparable spectroscopic characteristics were identified, assigned as the aziridines 327, 329, and 332. In the 1H NMR spectra characteristic signals of the aziridines are the 2 AB quartet systems for both sets of diastereotopic protons, the aziridine CH signal, and the spiro centre in the 13C NMR spectrum. The spiro carbon signals show up at 54.5, 54.6, and 50.2 ppm respectively for 327, 329, and 332 (Figure 90). A literature report by Luisi et al.148 described the synthesis of a series of enantioenriched aziridines, including some with similar substitution patterns to our derivatives. In almost all case the characteristic spiro centre and CH signal for phenyl substituted derivatives were located in the region 52 – 60 ppm.148 Characteristic signals in the 1H and 13C NMR for the indanone CH2, the benzylic CH2, and the aziridine CH are very consistent across the series and illustrated in Figure 90. 


[bookmark: _Ref504490011]Figure 90: Characteristic 1H NMR signals of the aziridines 327, 329 and 332. 

Additionally, elemental analysis of the aziridine 317 earlier, confirms the formation of aziridine rearrangement products by the expulsion of sulfur dioxide from the intermediate cycloadducts. DEPTQ analysis was also used to establish the hybridisation of the three signals which were consistently located close together in the 13C NMR and this is illustrated below in Figure 91. A
B
329
327
C

[bookmark: _Ref504491463]Figure 91: Through a DEPTQ NMR experiment, assignments are made to the three signals located close together; the benzyl CH2 at 54.0 ppm (A), followed by the spiro centre at 54.5 ppm (C), followed by the CH signal at 55.1 ppm (B). 
A HMBC experiment on 329 shows an interaction between the CH singlet at 3.74 ppm with the quaternary spiro carbon at 54.6 ppm (Figure 92). Additionally, there is an interaction between the CH singlet and the carbonyl at 201 ppm indicative of a 3 bond coupling. No interaction between the benzyl CH2 signal at 4.34 ppm with the quaternary carbon was observed. The structure was assigned as the aziridine 329 based on the combined spectroscopic evidence.  


[bookmark: _Ref490062123]Figure 92: A HMBC NMR experiment showed interaction between the CHPh singlet and the carbonyl at 201 ppm indicative of a 3 bond coupling as well as an interaction between the CH singlet at 3.74 ppm with the quaternary spiro carbon at 54.6 ppm. 
As seen earlier with the lactone derived cycloadducts, a series of β-hydroxy imines were also isolated from the reactions of ketone derived -oxo sulfines. These include 333 and 328 which are crystalline solids. The defining feature is the presence of the quaternary centre in the 13C NMR spectrum which is recorded at 105.3 ppm and 102.6 ppm for 328 and 333 respectively. This is in comparison to the lactone derived β-hydroxy imine 312 whose spiro centre is recorded at 88.9 ppm (Figure 93). 


[bookmark: _Ref490066524]Figure 93: Structures of the β-hydroxy imines, formed from in situ rearrangements.

The characteristic data of the β-hydroxy imines 328 and 333  include a broad 1H singlet at 10.97 and 10.80 ppm respectively in the 1H NMR spectra. Key signals in the 13C NMR spectrum are the quaternary and imine signals. Noticeably, when the quaternary carbon is attached to the electron rich oxygen as in the β-hydroxy imines, significant deshielding of the signal occurs relative to the aziridine derivatives.  As seen earlier with the lactone derived β-hydroxy imines, the N-benzylic CH2 signal in the 1H NMR spectrum appears as a doublet, due to 3J coupling with the hydroxy proton, through space.145-147 When acetone-d6 was used as the solvent for analysis of 328 (instead of CDCl3) this doublet becomes a singlet. This same effect was seen for 312 in D2O (Figure 86, Section 2.9.3).  This observation is explained by disruption of the intramolecular hydrogen bonding, which allows through space planar coupling. When acetone-d6 is used, the hydrogen bonding becomes intermolecular with the solvent, eliminating the ability of through space coupling and the benzylic CH2 appears as a singlet. CH2, d 

CH2, s 


Figure 94: Comparison of 1H NMR spectrum of 328 in CDCl3 (top, 400 MHz) and in d6-acetone (bottom, 300 MHz). Most notable is the disappearance of the OH broad triplet, and conversion of the benzylic CH2 from a doublet to a singlet.

Overall, the nitrone cycloadditions to sulfines derived from -diazosulfoxides lead to two series of products which can be rationalised as forming from each of the two regioisomeric cycloadducts. Yields are low due to the complexity of the  crude reaction mixtures and the reactions are noticeably less efficient than the nitrile oxide cycloadditions. One series of the products isolated are aziridines derived from sulfur dioxide extrusion from the 1,2,5-oxathiazolidine S-oxide, while the other series has been assigned as the β-hydroxy imines, formed through fragmentation of the other regioisomeric cycloadduct. It’s interesting to note each product was isolated as a single diastereomer, and while it is impossible to exclude the presence of other diastereomers in the complex mixture, this suggests diastereoselectivity in the cycloadditions. In contrast to the nitrile oxides, both regioisomers of cycloadducts appear to form in the reactions of both the lactone and ketone series with nitrones. While the assignments of the β-hydroxy imines is not definitive, this is our best interpretation of the data at this point. 



[bookmark: _Toc505089612][bookmark: _Toc506311669][bookmark: _Toc523135265]2.11 Biological Evaluation
With the novel heterocyclic functionality installed in a large range of novel compounds throughout this project, a selection of these derivatives was submitted for screening of their biological activity  in a range of anticancer screens (Figure 95) to the National Cancer Centre in Maryland, USA. These included four sulfoxide cycloadducts generated through Diels-Alder cycloadditions (128, 125, 154, 139) one sulfone derivative (163), a lactone derived 1,4,2-oxathiazle-S-oxide (296) and six ketone derived 1,2,5-oxathiazole-S-oxides (246, 253, 250, 271, 274, 268). Every compound that was submitted to be tested was accepted and subsequently screened for one dose testing. This series of compounds was successfully investigated for initial one-dose (10 µM) tumour cell line activity, and the resulting pattern of growth inhibition of these agents on the NCI-60 human tumour cell line panel is outlined herein. 


[bookmark: _Ref483835025]Figure 95: Range of heterocycles which were tested for their anticancer activity.
[bookmark: _Toc505089613][bookmark: _Toc506311670][bookmark: _Toc523135266]2.11.1 Introduction to NCI-60 Cancer Cell-line Screen Programme
The National Cancer Institute (NCI) screens compounds which may exhibit interesting biological activity against cancer cell lines as part of their Developmental Therapeutics Programme (DTP). Sixty human tumour cell lines are tested in vitro against the compounds to check for anticancer activity. The screening methodology and centre of research was established in the late 1980’s with an emphasis on drug discovery. It is a strategic high-throughput screening tool which has proved beneficial over the years for providing access to novel highly effective anticancer medications and treatments. Some of the best known success stories are reported below (Table 45) including Paclitaxel (Taxol®) 334 which is one of the most widely prescribed anticancer drugs on the market and Bortezomib (Velcade®) 335 which went from one-dose testing with the NCI to full FDA approval in 8 years. 


[bookmark: _Ref504743411]Figure 96: Structures of the anticancer agents Paclitaxel and Bortezomib. 
The NCI has established a significant database of over 100,000 compounds and their corresponding cytotoxicity data in an effort to find the next generation of anticancer drugs. 








[bookmark: _Ref482861488]Table 45: Anticancer agents developed with DTP involvement.
	Year
	Drug
	Year
	Drug

	2015
	Dinutuximab
	1979
	Daunorubicin

	2012
	Omacetaxine
	1978
	Cisplatin
	

	2010
2010
	Eribulin 
Sipuleucel-T
	1977
1976
	BCNU
CCNU
	

	2009
	Romidepsin
	1975
	Dacarbazine
	

	2004
2003
	Erbitux®
Velcade®
	1974
1974
	Adriamycin 
Mitomycin C
	

	1996
1996
	Gliadel®
Topotecan
	1967
1966
1966
1964
1963
1962
1961
1959
1959
1957
	Hydroxyurea
Pipobroman
Thioguanine
Actinomycin D
Vincristine
Fluorouracil
Vinblastine
Cyclophosphamide 
Thiotepa
Chlorambucil
	

	1995
1992
1992
1992
1991
1990
1990
1989
1988
1987
1983
1982
	All-t-retinoic acid
Chorodeoxyadenosine
Taxol® 
Teniposide
Fludarabine Phosphate Pentostatin
Hexamethylmelamine
Levamisole
Carboplatin
Ifosfamide
Mitoxantrone
Etoposide
Streptozotocin
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	



The DTP programme has been responsible or involved in the discovery or development of more than 70% of the anticancer drugs currently available for treatment.152,153 Recently, the NCI has began establishing investigations into new combination strategies to overcome drug resistance in patients with advanced cancer. Over 5,000 pairs of currently FDA-approved cancer drugs have been screened, and this new screening method has demonstrated value in identifying promising combinations.154

[bookmark: _Toc505089614][bookmark: _Toc506311671][bookmark: _Toc523135267]2.11.2 Evaluation of NCI-60 Cancer Cell-line Screen results

[bookmark: _Toc505089615][bookmark: _Toc506311672][bookmark: _Toc523135268]2.11.2.1 NCI-60 method of screening
To investigate the biological activity of the desired compounds for cytotoxic or noncytotoxic effects, a number of key steps are necessary before addition to the various cancer cell lines. The first step is the preparation of a stock solution in DMSO, followed by dilution in a medium containing 5% fetal bovine serum and 2 mM L-Glutamine. This solution is exposed to each previously cultured cell line for 24 h. After incubation for 48 h the required steps of media removal, cell fixation and staining (with sulforhodamine B), prior to a 1% acetic acid wash and finally followed by air drying. Analysis by colorimetric growth inhibition-dependent absorbance at 515 nm is measured and calibrated against the DMSO control.155,156  On obtaining the results of the in vitro screening, the results are presented by the NCI as a “mean graph” for interpretation, as illustrated in Figure 97.


[bookmark: _Ref482868892]Figure 97: “Mean growth” graph of compound 253. 
The mean growth across the cancer cell line is the centre of the line graph (0). As an indicator, the bar charts which extend to the right of the mean indicate selective positive growth inhibition, while those to the left of the mean are indicative of a chemoprotective or non-cytotoxic effect on the specific cell line. Typically, if a mean growth of <60% is achieved, and the Data Review Committee at the NCI is interested in further screening of a compound, it is selected for 5 dose screening. This compares the growth inhibition, across the 60 cancer cell lines, at 5 different concentration levels. Following this screening, determination of three key response parameters can be achieved; GI50, TGI and LC50. If success in this screening is achieved, lead compounds can be progressed to in vivo hollow-fibre testing in mouse models. 


[bookmark: _Toc505089616][bookmark: _Toc506311673][bookmark: _Toc523135269]2.11.2.2 Biological activity of thiopyran-S-oxide and thiopyran-S,S-dioxide cycloadducts

The furanone moiety has been incorporated into a wide variety of therapeutically interesting drug candidates such as Basidalin 336. There are butenolide natural products which show antitumour activity (Figure 98);157  the dihydrofuranone Bacillariolide II is 337 known to possess significant inhibitory activity against phospholipase A2. 158 


[bookmark: _Ref483835326]Figure 98: Biologically active furanone derivatives.  
The indanone moiety has been studied for various biological activity against diseases such as cancer and Alzheimer’s. Indanocine 338 (Figure 99) and its analogues were explored to combat drug-resistant malignancies.159 Another indanone analogue Donepezil hydrochloride 339 has been approved by US-FDA for the treatment of mild to moderate Alzheimer’s disease (Figure 99).


[bookmark: _Ref483835350]Figure 99:Indanone derived biologically active heterocycles 338 and 339 . 
Doneprazil hydrochloride 339 acts as an AChE (Acetylcholinesterase) inhibitor.160 Gallic acid-based indanone derivatives showed very good anticancer activity in MTT (Malignant triton tumor) assay against various human cancer cell lines. 161 The most potent indanone (IC50 = 2.2 uM), is against a hormone-dependent breast cancer cell line (MCF-7), showed no toxicity to human erythrocytes even at higher concentrations (100 ug/ml, 258 uM).161 
The first two compounds in the series of thiopyran-S-oxides sent for biological testing are generated through Diels-Alder cycloaddition of the lactone derived -oxo sulfines resulting in furanone derived cycloadducts 128 and 125 (Figure 100). Previously the cycloadduct 14 125 had been requested by the NCI for testing, but was only screened on two cancer cell lines at this time. This compound, 125, was re-submitted during this work for testing against the sixty cancer cell lines now established at the NCI along with 128, and  the thiopyran-S-oxide cycloadducts 154, 139 and 163 which are indanone derived (Figure 100). With interesting biological activity established in indanones and our efficient route to the synthesis of diastereomerically pure indanone containing compounds, in good yields, analysis and understanding of their cytotoxicity was of interest.


[bookmark: _Ref482874333]Figure 100: Range of sulfoxide cycloadducts generated by Diels-Alder cycloaddition reactions, that were screened for their anticancer activity. 
The five cycloadducts were investigated for their anticancer activity using the one-dose (10 mM) cell line screening, with an aim of comparing the electronic and steric effects on biological activity. None of this set of cycloadducts exhibited exciting anticancer activity, with mean growth percentages consistently around 100, showing inactivity. Some of the cancer cell lines did show a cytotoxic effect however, most notably against three non small cell lung cancer lines (NCI-H23, NCI-H322M, NCI-H522) and 2 renal cancer cell lines (TK-1, UO-31) (Graph 2). The best result was achieved on the cancer cell line UO-31 which is derived from renal cell carcinoma.

[bookmark: _Ref482885004]Graph 2


Figure 101
Also, it seems that these five compounds exhibited a minor cytotoxic effect on the cell line NCI-H522 with all growth percentages less than 90%. With these results obtained for these cycloadducts, none of the compounds exhibited the biological activity required for five dose screening by the NCI. The one dose mean graphs obtained, from the NCI for each of the compounds are contained in appendix I.

[bookmark: _Ref490150170]Graph 3: Growth inhibition results obtained of the thiopyan-S-oxide derivatives on UO-31.
The greatest cytotoxic effect, for this specific cell line is observed with the naphthalene derived thiopyran-S-oxide 139 (Graph 3). This may be due to the planar bicyclic system with extended aromaticity. Additionally it is noted that the sulfone derivative 163 had a mean growth percent of 100.98%. This is in comparison to the sulfoxide derivative which was previously tested by Buckley and had a mean growth percent of 77%. 16 
[bookmark: _Toc505089617][bookmark: _Toc506311674][bookmark: _Toc523135270]2.11.2.3 Biological activity of oxathiazole-S-oxide cycloadducts 

The synthesis of a range of novel oxathiazole-S-oxides from 1,3-dipolar cycloadditions of -oxo sulfines in this work represents a route to a series of novel, highly functionalised, spirocyclic heterocyclics. In addition to the heterocyclic motif, the indanone moiety is common to each of the 1,2,5-oxathiazole-S-oxides tested (see Section 2.7).  No reports on the biological activity or more specifically, anticancer activity, of 1,4,2- or 1,2,5-oxathiazole-S-oxides exist in the literature, however there are reports on the biological activity of some related heterocycles; 1,4,2-oxathiazoles. The most closely related compound reported in the literature to have been tested for biological activity is the glucopyranosylidene-spiro-oxathiazole 340 (Figure 102).162 This report describes how the rigid-spiro bicyclic structure with a hydrophobic aromatic moiety, (which is also common to our compounds) provides an optimal interaction against the RMGPb enzyme leading to enhanced biological activity. The glucose substituted oxathiazole derived compounds described in this report, are the most potent glucose based inhibitors of GP to date with an inhibition in the nanomolar range.162 Similarly, the oxathiazole-2-one derivatives 341 (Figure 102) which is structurally similar to Bortezomib 335 (Figure 96) has been shown to be active against a human 20S proteasome163 and other small molecule derivatives have shown excellent activity and selectivity for the mycobacterium proteasome. 164 1,4,2-Oxathiazoles have been described as sulfur analogues of 1,2,4-oxadiazoles, such as 342 (Figure 102) which have been found to show anticancer activity by inducing apoptosis.165 


[bookmark: _Ref483835814]Figure 102: Heterocycles similar to the oxathiazole-S-oxides, which have shown substantial biological activity. 
With this literature precedent in mind, and the known activity of the indanone moiety, seven oxathiazole-S-oxides were submitted for testing of their anticancer activity, including six novel 1,2,5-oxathiazole-S-oxides (246, 253, 250, 271, 274, 268) and one novel 1,4,2-oxathiazole-S-oxide (296) (Figure 103).


[bookmark: _Ref483839767]Figure 103: The range of 1,2,5-oxathiazole-S-oxide analysed for anticancer activity. 
 
The six 1,2,5-oxathiazole-S-oxide derivatives submitted for testing included three with an unsubstituted indanone moiety and three with a methyl group in the 2-position. Interestingly, each of the 1,2,5-oxathiazole-S-oxides tested showed selectivity for both leukaemia and non-small cell lung cancer with mean growths between 62.9 – 94.3% and 80.3 – 92.7% respectively (Graph 4). The best results achieved on the leukaemia cancer cell lines was a mean growth percent of 62.9% for the compound 253 (Figure 104). Notably, in three of the cell lines growth was reduced to approx. 50% in the presence of 253. 

[bookmark: _Ref490731244]Figure 104: Mean growth result for 253 on leukemia cancer cell lines.
[bookmark: _Ref483838095]
[bookmark: _Ref483839789][bookmark: _Ref490478930]Graph 4: Growth percentages of the 1,2,5-oxathiazole-S-oxides on leukemia and non small cell lung cancer.


Figure 105: Range of 1,2,5-oxathiazole-S-oxides tested. 

However, the overall best result achieved with compound 253 was a growth percent of 46.67% on the cancer cell line HT29. HT29 is part of the colon cancer cell lines and this result is quite interesting as with each of the other 1,2,5-oxathiazole-S-oxide derivatives, no growth inhibition is observed. This suggests that the unsubstituted indanone moiety combined with the sterically demanding t-butyl group on the aromatic ring leads to selectivity and cytotoxicity, suggesting for future projects that larger groups on the aromatic ring of a nitrile oxide, combined with smaller substituents on the -oxo sulfine may lead to more active derivatives. Compound 253 had the lowest mean growth percent of all the compounds tested. Some of the cell lines which experience the greatest growth inhibition are outlined below (Graph 5). 


[bookmark: _Ref483838222]Graph 5: Best mean growth results achieved with 253.
Also unique to the compound 253 is its growth inhibition on four out of the seven colon cancer cell lines screened. Each of other 1,2,5-oxathiazole-S-oxides did not exhibit a similar growth inhibition. The most significant result was on HT29 which is adenocarcinoma originating from colon tissue, with a mean growth percent of 46.67 %. 


Graph 6: Mean growth results of 253 on colon cancer cell lines specifically. 
1,2,5-Oxathiazole-S-oxide 253 with the t-butyl substituent  displayed greater impact on growth inhibition than the other related compounds tested. For the unsubstituted indanone derivatives, the compound with the greatest growth inhibition is the t-butyl substituted 253, followed by the unsubstituted phenyl ring 246, followed by the p-fluoro derivative 250. For the 2-methyl substituted indanone derivatives, the most cytotoxic is again the t-butyl derivative 274, this time followed by the p-fluoro derivative 271, and least cytotoxic was the unsubstituted derivative 268. 
Interestingly, the NCI agreed to test the p-nitrophenyl substituted 1,4,2-oxathiazole-S-oxide 296 also. Experience within the group has been that compounds containing nitro groups are often not accepted for one dose testing. The best results achieved with this compound were on a renal cancer cell line UO-31 (86.51%) and a leukaemia cell line SR (87.36%).





Graph 7: Best mean growth results achieved with 296.
[bookmark: _Toc505089618][bookmark: _Toc506311675][bookmark: _Toc523135271]2.11.3 Conclusion of biological evaluation

From the 12 compounds submitted to the NCI for biological testing all of these were accepted for one dose testing and their anticancer activity was subsequently assessed and the resulting growth inhibition results collated by mean growth graphs. Four sulfoxide cycloadducts (128, 125, 154, 139)  along with a sulfone (163) were tested with limited promising outcomes. A new series of indanone derived 1,2,5-oxathiazole-S-oxides (246, 253, 250, 271, 274, 268) and a furanone derived 1,4,2-oxathiazole-S-oxide (296) were generated and accepted for analysis of their cytotoxicity. However, the series of 1,2,5-oxathiazole-S-oxides tested possessed promising selectivity for leukaemia and non small cell lung cancer cell lines in comparison to the other cell lines. One derivative (253) showed good growth inhibition levels with growth inhibition of almost 55% on the SR cell line. A preliminary structure activity relationship shows an unsubstituted indanone moiety and bulky, sterically demanding substituents on the phenyl ring are beneficial to biological activity. 


Figure 106: The 1,2,5-oxathiazole-S-oxide 253 with the lowest mean growth result. 
The scope for further functionalisation and derivatisation is evident as structural modifications on both the indanone and aromatic ring is easily undertaken in an attempt to further increase both the selectivity and activity. 


[bookmark: _Toc505089619][bookmark: _Toc506311676][bookmark: _Toc523135272]2.12 Concluding remarks
In conclusion, the most notable achievements in this research were the successful development of a continuous flow methodology for the synthesis of lactone and ketone derived -diazosulfoxides, as well as the development of 1,3-dipolar cycloadditions of -oxo sulfines with both nitrone and nitrile oxide dipoles resulting in the successful isolation, characterisation and biological testing of a number of heterocycles. 
While our group has worked with -diazosulfoxides for many years, the greatest challenge in this work is the very low yield in the synthesis of the -diazosulfoxides, typically less than 30%, which has inhibited the ability to explore their reactivity. 
Through optimisation of the diazo transfer process in continuous flow and utilisation of solid supported  bases, in particular Amberlyst A21, we have significantly enhanced the synthesis of -diazosulfoxides resulting in a notable increase in isolated yield. The new conditions (2 eq. DBSA 87, 5 eq. Amberlyst A21, 9 min residence time) are consistently performing well across a range of lactone and ketone derived -diazosulfoxide substrates with 2 – 3 fold increase in yield over the standard batch reaction conditions. This method is a substantial improvement on previous work reported from within the group and highlights the suitability of flow for the synthesis of compounds that may be sensitive to the reaction conditions, in this case, base. Use of continuous flow allows the synthesis in a manner which is safer, more scalable and more time efficient. Interestingly, this new method, enables access to very labile ketone derived -diazosulfoxides (81,82) which could not be successfully isolated from batch reaction conditions. 


Scheme 111
Through the insight gained during the optimisation of the continuous flow process, a new batch protocol (Et3N, CH3CN, DBSA) was developed, utilizing dropwise addition of base to control base concentration and decreasing reaction time to limit exposure to basic medium, which proved to be successful in increasing the yields for the synthesis of the lactone and the ketone derived -diazosulfoxides in batch reaction conditions. Additionally, the major impact of this work is, using either the new batch conditions or the continuous flow diazo transfer conditions, that it is now possible to easily access -diazosulfoxides in synthetically useful quantities. The yield of the lactone derivatives from continuous flow is consistently higher than the new or old batch reactions conditions, whereas the yield of the ketone derivatives are comparable from the continuous flow conditions and the new batch conditions. Therefore, use of continuous flow conditions for the isolation of high yields of lactone derived -diazosulfoxides, and use of the new batch conditions for the isolation of high yields of ketone derived -diazosulfoxides provide optimum outcomes, at least in the compounds studied to date.
Access to -diazosulfoxides in synthetically useful amounts for the first time enabled the investigation of reactions of -diazosulfoxides in continuous flow, under transition metal catalysis, thermolysis or photolysis, which was building on earlier work, conducted in batch reaction conditions, carried out within the group. It was established that -diazosulfoxides can be converted to -oxo sulfines very cleanly in continuous flow under mild, metal free reaction conditions, focusing on the lactone series for this part of the work. The -oxo sulfine is generated with a view to intercepting and trapping this reactive intermediate. In the absence of this, the -oxo sulfines can subsequently undergo a range of different transformations to form a number of byproducts. The outcome of the sulfine degradation in the absence of trapping, is remarkably consistent and predictable across a range of very different reationo conditions with the same major products, including sulfur extrusion, dominating. Clearly, alteration of the conditions leads to changes in the relative ratios, but globally the outcome is consistent. 
Having demonstrated successful transformations to the -oxo sulfine in continuous flow (transition metal catalysis, thermolysis, photolysis), successful Diels-Alder cycloadditions proved efficient in continuous flow, using thermolysis or rhodium acetate catalysis, resulting in good diastereoselectivity and excellent yields. The thermally induced cycloaddition reactions also have the added advantage of being metal free and catalyst free. As the ketone and lactone -diazosulfoxides differ in their reactivity profiles the temperature required to initiate the hetero-Wolff rearrangement is different with the ketones rearranging efficiently at 100°C in acetonitrile/dichloromethane mixtures while higher temperature of 120°C was employed with the lactone derivatives achieved in a solvent mixture of toluene/dichloromethane. Critical to the success of the -oxo sulfine cycloaddition was use of a sufficiently concentrated diene trap. The diastereoselectivity of the reactions is comparable (or better) across the series, compared to transition metal catalysed batch reactions, but consistently higher yields of both lactone and ketone derived cycloadducts are obtained. In some cases, this methodology has the added advantage of purification by recrystallisation or reslurry of the desired cycloadducts rather than column chromatography.  
Combining the -oxo sulfine generation and trapping studies, with the diazo transfer, led to proof of concept for telescoping the diazo transfer process with subsequent Diels-Alder cycloaddition reaction. We established the ability to go from stable sulfoxide precursors through to labile -diazosulfoxides, thermally promote the rearrangement to the reactive -oxo sulfine, and subsequently trap in a Diels-Alder cycloaddition reaction resulting in a stable thiopyran-S-oxide cycloadduct, with clear potential benefits from a safety and scale up perspective.


Scheme 112
Indeed, this telescoped process step allows access to the thiopyran-S-oxides in synthetically useful yields for the first time, enabling further derivatisation of these compounds. Illustrative examples such as oxidation, reductions, and Pummerer rearrangements were carried out leading to a series of novel sulfides and sulfones, and in some cases β-epoxy-sulfones.


Scheme 113
The 1,3-dipolar cycloadditions of both lactone and ketone derived -oxosulfines was a significant advance in this research programme (Scheme 114). For reaction of ketone derived -oxo sulfines, two sets of reaction conditions were successfully established for the preferential formation of either the kinetic isomer or the thermodynamic isomer of a 1,2,5-oxathiazole-S-oxide cycloadducts by trapping of -oxo sulfines with nitrile oxides. These cycloadducts are exceptionally rare in the literature with only two reported examples. A range of 1,4,2-oxathiazole-S-oxides was also isolated (both diastereomers) and well as three 1,4,2-oxathiazole reduction products (only formed under rhodium catalysed reaction conditions), one of which was confirmed by X-ray crystallography. It became apparent during the course of this study that the 1,2,5-oxathiazole-S-oxides have the unexpected property of interconversion from a kinetic isomer to a thermodynamic isomer (Scheme 114). The stereochemistry and regiochemistry of the cycloadducts were unambiguously defined using single crystal X-ray analysis of four cycloadducts. A brief study was carried out with lactone derived -oxo sulfine with nitrile oxides which showed they had the opposite regiochemical outcome to the ketone derivatives. 
When the 1,3-dipolar cycloaddition reactions of lactone and ketone derived -oxo sulfines were carried out with nitrones, the intact cycloadducts, Regioisomer 1 and 2 (Scheme 114) were not isolated in any case. However, a consistent pattern was seen across all reactions with the transformation of Regioisomer 1 to aziridines via sulfur extrusion, and rearrangement of Regioisomer 2 to the tentatively assigned β-hydroxy imines. 

[bookmark: _Ref505067511]Scheme 114
Biological testing was carried out determining the anticancer activity of twelve compounds across the research programme. Four of these were sulfoxide cycloadducts from Diels-Alder cycloaddition reactions, one sulfone derivative, six 1,2,5-oxathiazole-S-oxides and one 1,4,2-oxathiazole-S-oxide. On analysis of the results from this study, some interesting selectivity patterns were identified and may be worthy of further study in the future. 
Outputs from this research have included a review in the European Journal of Organic Chemistry, and papers in both the Journal of Flow Chemistry and the Journal of Organic Chemistry, with a fourth publication (on the 1,3-dipolar cycloadditions) currently in preparation. 


Chapter 2: Results and Discussion
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“All things are difficult before they are easy”
             Dr. Thomas Fuller


















Chapter 3



 Experimental Procedures
[bookmark: _Toc505089621][bookmark: _Toc506311678][bookmark: _Toc523135273]3.0 General Procedures
All solvents were distilled prior to use by the following methods: dichloromethane was distilled from phosphorus pentoxide; ethyl acetate was distilled from potassium carbonate; acetone was distilled from potassium permanganate followed by potassium carbonate; toluene was distilled from sodium benzophenone ketyl and stored over 4 Å molecular sieves; and methanol was distilled from magnesium methoxide and stored over 3 Å molecular sieves. Distilled diethyl ether was obtained commercially from Riedel de Haën and HPLC grade acetonitrile, available from Labscan Ltd., was used for diazo transfer reactions. All reagents were used without further purification except for p-toluenesulfonyl chloride, which was used after any tosic acid impurities had been precipitated using dichloromethane and hexane.166 3-Chloroperoxybenzoic acid (77% max.) supplied by Aldrich was used without further purification unless otherwise stated; the active oxygen content was determined by iodometric titration.167
1H (300.13 MHz) and 13C (75.5 MHz) NMR spectra were recorded on a Bruker Avance 300 NMR spectrometer. 1H NMR (400.13 MHz) and 13C (100 MHz) spectra were recorded on a Bruker Avance 400 NMR spectrometer. All spectra were recorded at 20 °C, in deuterated chloroform (CDCl3), using tetramethylsilane (TMS) as an internal standard, and on the Bruker Avance 400 NMR spectrometer unless otherwise stated. Chemical shifts (δH and δC) are reported as parts per million (ppm) relative to TMS and coupling constants are expressed in Hertz (Hz). Splitting patterns in 1H NMR spectra are designated as s (singlet), br s (broad singlet), br d (broad doublet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of triplets), td (triplet of doublets), qd (quartet of doublets), m (multiplet) and ABq (AB quartet). While the term AB quartet is used throughout this report, this is perhaps more accurately described as an AB system consisting of two doublets. 13C NMR spectra were calibrated using the solvent signals i.e. CDCl3: δC 77.0 ppm. All spectroscopic details for compounds previously made were in agreement with those reported unless otherwise stated. Diastereomeric ratios (d.r.) and product ratios were determined by 1H NMR spectroscopy. Infra red spectra were recorded Perkin Elmer FTIR UATR2 spectrometer. Microwave-assisted synthesis was carried out using the CEM Discover Synthesiser in conjunction with ChemDriver software (Version 3.5.0) and the CEM Discover S-class Synthesiser in conjunction with Synergy software (Version 1.19). Both microwaves apply a maximum power of 300 W and reaction temperatures were measured by an IR sensor with an accuracy of ±5 °C. Continuous flow reactions were carried out on Vaportec R-Series or E-Series flow reactors. Melting points were measured on a Uni-Melt Thomas Hoover capillary melting point apparatus and are uncorrected. 
Wet flash column chromatography was carried out on silica gel using Kieselgel 60, 0.040-0.063 mm (Merck). Thin layer chromatography (TLC) was carried out on precoated silica gel plates (Merck 60 PF254). Visualisation was achieved by UV light detection (254 nm), vanillin staining, iodine staining and potassium permanganate staining as appropriate.
Low resolution mass spectra were recorded on a Waters Quattro Micro triple quadrupole instrument in electrospray ionization (ESI) mode using 50% acetonitrile-water containing 0.1% formic acid as eluent; samples were made up in acetonitrile. High resolution precise mass spectra (HRMS) were recorded on a Waters LCT Premier TOF LC-MS instrument in electrospray ionization (ESI) mode using 50% acetonitrile-water containing 0.1% formic acid as eluent; samples were made up in acetonitrile. 
Single crystal X-ray analysis was conducted by Dr. S. E. Lawrence, Dr. Kevin Eccles and Uday Khandivalli, Department of Chemistry, University College Cork using a Nonium Mach 3 diffractometer with graphite monochromatised Mo-K radiation ( = 0.71069 Å). Calculations were performed on a PC with the SHELXL-97 (G.M. Sheldrick, University of Gottingen, 1998) and Platon (A.L. Spek, University of Utrecht, 1998) suite of programs.
Thermogravimetric analysis (TGA) was carried out on a Thermal Analysis (TA) Q500 Thermogravimetric Analysis instrument.
Glassware, gloves and any materials which were in contact with thioglycolic acid or any malodorous sulfur compounds were soaked for at least 24 h in a bleach bath.



[bookmark: _Toc505089622][bookmark: _Toc506311679][bookmark: _Toc523135274]3.1 Synthesis of -diazosulfoxides
[bookmark: _Toc505089623][bookmark: _Toc506311680][bookmark: _Toc523135275]3.1.1 Procedure for Generating Sodium Methoxide
Sodium metal was cut into small pieces and washed with hexane to remove any paraffin oil. The sodium was then added, slowly and in small portions, to methanol which was stirring at 0 °C under a nitrogen atmosphere. Any sodium residues which may have remained in the hexane washing were quenched with a small amount of methanol.
[bookmark: _Toc505089624][bookmark: _Toc506311681][bookmark: _Toc523135276]3.1.2 Synthesis of Epoxides
trans-2,3-Diphenyloxirane 12

trans-Stilbene 46 (2.75 g, 15.25 mmol, 1 eq) was dissolved in dichloromethane (25 mL) and stirred in a dry round bottomed flask under a nitrogen atmosphere. 3-Chloroperoxybenzoic acid (3.69 g, 21.38 mmol, 1.4 eq, 77%) was dissolved in dichloromethane (35 mL) and added dropwise to the stirring solution at 0°C over 15 min. The reaction mixture was stirred at 0°C for 3 h and then at room temperature for a further 13 h. The reaction mixture was filtered to remove the precipitated 3-chlorobenzoic acid. The filtrate was washed with aqueous NaHCO3 (10%, 2 x 15 mL), water (1 x 15 mL), and brine (1 x 15 mL). The resulting solution was concentrated in vacuo to give trans-stilbene oxide 12 as a white crystalline solid (2.56 g, 86%). νmax/ cm-1 (neat): 2923, 1452; δH (400 MHz) 3.87 (2H, s, CH), 7.30 – 7.42 (10H, m, Aromatic CH); δC (75.5 MHz) 62.87 (2 x CH), 125.5 (4 x CH), 128.3 (2 x  aromatic CH), 128.5 (4 x aromatic CH), 137.1 (2 x aromatic Cq); HRMS (ESI +): Exact mass calculated for C14H12O [M+H]+, 197.0960. Found: 197.0960. Spectral characteristics in agreement with those reported in the literature. 16

cis-2,3-Diphenyloxirane 45
[bookmark: _Toc343686346][bookmark: _Toc346108480]cis-Stilbene 47 (1.95 g, 11.00 mmol, 1 eq) in dichloromethane (25 mL) was stirred in a dry round bottomed flask under a nitrogen atmosphere. 3-Chloroperoxybenzoic acid (2.84 g, 16.51 mmol, 1.4 eq, 77%) was dissolved in dichloromethane (35 mL) and added dropwise to the stirring solution at 0°C over 15 min. The reaction mixture was stirred at 0°C for 3 h and then at room temperature for a further 13 h. The reaction mixture was filtered to remove the precipitated m-chlorobenzoic acid, which had precipitated. The filtrate was washed with aqueous NaHCO3 (10%, 2 x 15 mL), water (1 x 15 mL), and brine (1 x 15 mL). The resulting solution was concentrated in vacuo to give cis-stilbene oxide 45 as a yellow oil (1.99 g, 93%). νmax/ cm-1 (neat): 3024, 1448; δH (400 MHz): 4.34 (2H, s, CH), 7.06 – 7.25 (10H, m, Aromatic CH); δC (75.5 MHz) 59.8 (2 x CH), 126.9 (4 x Aromatic CH), 127.5 (2 x Aromatic CH), 127.8 (4 x Aromatic CH), 134.4 (2 x Aromatic Cq). Spectral characteristics in agreement with those reported in the literature. 16

1-Methyl-7-oxabicyclo [4.1.0] heptane 6
1-Methylcyclohexene  (4.5 g, 48 mmol, 1 eq) was dissolved in dichloromethane (25 mL) and stirred in a dry round bottomed flask under a nitrogen atmosphere. 3-Chloroperoxybenzoic acid (11.5 g, 48 mmol, 1.4 eq, 77%) was dissolved in dichloromethane (35 mL) and added dropwise to the stirring solution at 0°C over 15 min. The reaction mixture was stirred at 0°C for 3 h and then at room temperature for a further 13 h. The reaction mixture was filtered to remove the precipitated 3-chlorobenzoic acid. The filtrate was washed with aqueous NaHCO3 (10%, 2 x 30 mL), water (1 x 30 mL), and brine (1 x 30 mL). The resulting solution was concentrated in vacuo to give the epoxide 6 as a colourless oil (2.6 g, 58 %). δH (400 MHz) 1.19-1.50 (overlapping signals including 3H of cyclohexyl ring and a 3H, s at 1.29), 1.61 - 1.71 (1H, m, cyclohexyl ring), 1.80 - 1.94 (4H, m, cyclohexyl ring), 2.96 (1H, s, CHO); δC (75.5 MHz) 19.6 (CH3), 20.0, 23.9, 24.7, 29.8 (4 x CH2) 57.4 (Cq, CqO), 59.4 (CH, CHO).  Spectral characteristics in agreement with those reported in the literature. 16
[bookmark: _Toc505089625][bookmark: _Toc506311682][bookmark: _Toc523135277]3.1.3 Synthesis of sulfides
[bookmark: _Toc505089626][bookmark: _Toc506311683][bookmark: _Toc523135278]3.1.3.1 Synthesis of lactone derived Sulfides
[bookmark: _Toc342573398][bookmark: _Ref342500073][bookmark: _Toc342573414]
trans-Hexahydro-benzo [1, 4] oxathiin-2-one 4
 (a) A solution of thioglycolic acid 2 (3.18 mL, 45.7 mmol, 1 eq.) in methanol (25 mL) was added slowly over 10 min, to a freshly prepared solution of sodium methoxide (2.12 g sodium, 92.2 mmol, 2 eq in 100 mL methanol) while stirring at 0 °C under a nitrogen atmosphere. The colourless solution was stirred for 5 min and a solution of 1-cyclohexene oxide  (4.5 g, 45.7 mmol, 1 eq.) in methanol (20 mL) was added dropwise to the solution while stirring at 0°C. The temperature was maintained at 0°C until the addition of the epoxide was complete. The reaction mixture was then heated under reflux conditions for 3 h under a nitrogen atmosphere. The reaction mixture was cooled and the solvent removed in vacuo to leave a white solid which was dissolved in water (60 mL) and acidified to pH 1 with concentrated hydrochloric acid. The aqueous solution was extracted with diethyl ether (3 × 35 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to leave the hydroxy acid 3 (8.69 g) as a colourless oil. 
(b) The crude hydroxy acid 3 was dissolved in toluene (100 mL) and a catalytic amount of tosic acid (40 mg, 0.2 mmol) was added. The reaction mixture was heated under reflux conditions for 6 h under Dean-Stark conditions. The solution was cooled and washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (20 mL), brine (20 mL), and dried with anhydrous MgSO4. The organic layer was concentrated under reduced pressure to give the sulfide 4 as a pale yellow solid (5.93 g, 75% over the two steps). Analysis by 1H NMR spectroscopy indicated that the material was sufficiently pure to be carried on to the next step without further purification; νmax/ cm-1 (neat): 2932, 1721, 1039; δH (400 MHz) 1.11-1.64 (4H, m, cyclohexyl ring), 1.69-1.81 (1H, m, cyclohexyl ring), 1.82-1.92 (1H, m, cyclohexyl ring), 1.96-2.12 (1H, m, cyclohexyl ring), 2.19-2.30 (1H, m, cyclohexyl ring), 3.00 (1H, overlapping ddd, J 11.6, 10.4, 4.0, CHS), 3.23 (1H, d, J 14.7, A of ABq, one of SCH2), 3.69 (1H, d, J 14.7, B of ABq, one of SCH2), 4.17 (1H, overlapping ddd appears as dt, J 10.6, 10.6, 4.3, CHO); δC (300 MHz): 23.7, 25.1, 26.8, 32.2, 32.6 (5 x CH2), 43.0 (CH, CHS), 81.7 (CH, CHO), 168.0 (Cq, C=O); HRMS (ESI +): Exact mass calculated for C8H12O2S [M+H]+, 173.0612 Found: 173.0622. Spectral characteristics are in agreement with those reported in the literature.13 
cis-5, 6-Diphenyl-1,4-oxathian-2-one 9
 (a) A solution of thioglycolic acid 2 (4.58 mL, 49.73 mmol, 1 eq.) in methanol (10 mL) was added slowly to a freshly prepared solution of sodium methoxide (2.28 g sodium, 99.46 mmol, 2 eq in 150 mL methanol) over 10 min, while stirring at 0 °C under a nitrogen atmosphere. The colourless solution was stirred for 5 min and trans-stilbene oxide 12 (9.76 g, 49.73 mmol, 1 eq.) was added in one portion to the solution while stirring at 0 °C. The reaction mixture was then heated under reflux conditions for 3 h under a nitrogen atmosphere. The reaction mixture was cooled and the solvent removed in vacuo to leave a pale yellow solid which was dissolved in water (50 mL) and acidified to pH 1 with concentrated hydrochloric acid. The aqueous solution was extracted with diethyl ether (3 × 35 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to leave the hydroxy acid (16.1 g) as a colourless oil. 
(b) The crude hydroxy acid was dissolved in toluene (100 mL) and a catalytic amount of tosic acid (40 mg, 0.2 mmol) was added. The reaction mixture was heated under reflux conditions for 4 h under Dean-Stark conditions. The solution was cooled and washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (20 mL), brine (20 mL), and dried with anhydrous MgSO4. The organic layer was then concentrated in vacuo to give the sulfide 9 as a pale yellow solid which was recrystallized from hot ethyl acetate to give the sulfide as a white crystalline solid (7.36 g, 55%). δH (400 MHz) m.p. 145–146 °C (lit., 145–147 °C)15; max/cm1 (neat) 1748, 1253; δH (300 MHz) 3.53 (1H, d, A of ABq, J 14.4, 0.5, one of SCH2), 3.99 (1H, d, B of ABq, J 14.4, SCH2), 4.55 (1H, incompletely resolved d, J 3.3, CHS), 5.74 (1H, d, J 3.2, CHO), 6.87 – 7.04 (4H, m, 4 x Aromatic CH), 7.08–7.25 (6H, m, 6 x Aromatic CH); δC (100 MHz)  27.9 (CH2), 49.4 (CH, CHS), 81.6 (CH, CHO), 126.3, 127.3, 127.9, 128.4, 128.6, 129.8 (10 x Aromatic CH) 135.1, 136.0 (2 x Aromatic Cq), 168.3 (Cq, C=O). Spectral details in agreement with those reported in the literature. 15 
Hexahydro-5H-cyclohepta[b] [1, 4] oxathiin-2(3H)-one 7
(a) A solution of thioglycolic acid 2 (3.81 mL, 54.6 mmol, 1 eq.) in methanol (25 mL) was added slowly to a freshly prepared solution of sodium methoxide (2.51 g sodium, 109.3 mmol, 2 eq in 100 mL methanol) while stirring at 0 °C under a nitrogen atmosphere. The colourless solution was stirred for 5 min and a solution of cycloheptene oxide 10 (6.13 g, 54.6 mmol, 1 eq.) in methanol (20 mL) was added dropwise to the solution while stirring at 0°C. The temperature was maintained at 0°C until the addition of the epoxide 10 was complete. The reaction mixture was then heated under reflux conditions for 3 h under a nitrogen atmosphere. The reaction mixture was cooled and the solvent removed in vacuo to leave a white crystalline solid which was dissolved in water (40 mL) and acidified to pH 1 with concentrated hydrochloric acid. The aqueous solution was extracted with diethyl ether (3 × 35 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to leave the hydroxy acid (8.46 g) as a colourless oil. 
(b) The crude hydroxy acid was dissolved in toluene (80 mL) and a catalytic amount of tosic acid (40 mg, 0.2 mmol) was added. The reaction mixture was heated under reflux conditions for 6 h under Dean-Stark conditions. The solution was cooled and washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (20 mL), brine (20 mL), and dried with anhydrous MgSO4. The organic layer was then concentrated in vacuo to give the sulfide 7 as a white crystalline solid (5.59 g, 55% over the two steps); νmax/ cm-1 (neat): 1732, 1264; δH (400 MHz) 1.38–1.94 (9H, m, cycloheptyl ring), 2.05–2.22 (1H, m, cycloheptyl ring), 3.14 (1H, overlapping ddd appears as dt, J 9.8, 9.8, 3.0, CHS), 3.22 (1H, d, A of ABq, J 14.7, one of SCH2), 3.68 (1H, d, B of ABq, J 14.5, one of SCH2), 4.17–4.37 (1H, m, CHO); δC (75.5 MHz) 22.0, 25.5, 27.27, 27.31, 30.8 (5 x CH2 of cycloheptyl ring), 33.5 (CH2, SCH2), 46.3 (CH, CHS), 85.4 (CH, CHO), 168.9 (Cq, C=O); Spectral details in agreement with those reported in the literature. 15


(8aS)-8a-Methylhexahydrobenzo[b][1,4]oxathiin-2(3H)-one 5
A solution of thioglycolic acid 2(1.26 g, 0.95 mL, 13.7 mmol, 1 eq.) in methanol (25 mL) was added slowly to a freshly prepared solution of sodium methoxide (0.63 g sodium, 27.4 mmol, 2 eq in 100 mL methanol) over 10 min, while stirring at 0°C under a nitrogen atmosphere. The colourless solution was stirred for 5 min and a solution of 1-methylcyclohexene oxide 6 (1.54 g, 13.7 mmol, 1 eq.) in methanol (20 mL) was added dropwise to the solution while stirring at 0 °C. The temperature was maintained at 0 °C until the addition of the epoxide 6 was complete. The reaction mixture was then heated under reflux conditions for 5 h under a nitrogen atmosphere. The reaction mixture was cooled and the solvent removed in vacuo to leave a pale yellow solid which was dissolved in water (50 mL) and acidified to pH 1 with concentrated hydrochloric acid. The aqueous solution was extracted with diethyl ether (3 × 35 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to leave the hydroxy acid (4.92 g) as a colourless oil. 
(b) The crude hydroxy acid was dissolved in toluene (80 mL) and a catalytic amount of tosic acid (40 mg, 0.2 mmol) was added. The reaction mixture was heated under reflux conditions for 6 h under Dean-Stark conditions. The solution was cooled and washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (20 mL), brine (20 mL), and dried with anhydrous MgSO4. The organic layer was then concentrated in vacuo to give the sulfide 5 as a white crystalline solid (2.10 g, 82% over the two steps). δH (400 MHz) 1.20-1.94 (10H, m, contains 7H of cyclohexyl ring and CH3 s at 1.57), 2.00-2.12 (1H, m, CH of cyclohexyl ring), 3.12 (1H, dd, J 12.0, 3.8, CHS), 3.46 (1H, d, A of ABq, J 17.0, one of SCH2), 3.64 (1H, d, B of ABq, J 17.0, one of SCH2); δC (100 MHz) 19.3 (CH3), 22.5, 25.6, 25.6, 28.4, 39.1 (5 x CH2), 46.0 (CH, CHS), 86.0 (Cq, CqO), 165.8 (Cq, C=O). Spectral characteristics are in agreement with those reported in the literature.13 Signals corresponding to residual tosic acid (<5%) are observed in the 13C NMR spectrum at 128.2 and 129.0 ppm. 
trans-5,6-Dimethyl-1,4-oxathian-2-one 8 
A solution of thioglycolic acid 2 (0.96 mL, 13.86 mmol, 1.15 eq.) in methanol (25 mL) was added slowly to a freshly prepared solution of sodium methoxide (0.64 g sodium, 27.72 mmol, 2.3 eq in 100 mL methanol) over 10 min, while stirring at 0 °C under a nitrogen atmosphere. The colourless solution was stirred for 5 min and a solution of cis-2,3 epoxybutane 11 (0.86 g, 12 mmol, 1 eq.) in methanol (20 mL) was added dropwise to the solution while stirring at 0 °C. The temperature was maintained at 0 °C until the addition of the epoxide 11 was complete. The reaction mixture was then heated under reflux conditions for 1.5 h under a nitrogen atmosphere. The reaction mixture was cooled and the solvent removed in vacuo to leave a yellow solid which was dissolved in water (30 mL) and acidified to pH 1 with concentrated hydrochloric acid. The aqueous solution was extracted with diethyl ether (3 × 35 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to leave the hydroxy acid (1.83 g) as a colourless oil. 
(b) The crude hydroxy acid was dissolved in toluene (80 mL) and a catalytic amount of tosic acid (40 mg, 0.2 mmol) was added. The reaction mixture was heated under reflux conditions for 3.5 h under Dean-Stark conditions. The reaction mixture was cooled and washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (20 mL), brine (20 mL), and dried with anhydrous MgSO4. The organic layer was then concentrated in vacuo to give the sulfide 8 as a colorless oil (1.21 g, 70% over the two steps). νmax/cm-1 (neat): 1721, 1264; δH (400 MHz) 1.24 (3H, d, J 7.5, CH3CS), 1.36 (3H, d, J 6.6, CH3CO), 2.97–3.05 (1H, symmetrical m, CHS), 3.10 (1H, d, A of ABq, J 14.7, one of SOCH2), 3.60 (1H, d, B of ABq, J 14.6, one of SOCH2), 4.18 – 4.25 (1H, m, CHO); δH (100 MHz) 18.7, 18.9 (2 x CH3), 25.6 (CH2), 39.8 (CH, CHS), 80.2 (CH, CHO), 168.4 (Cq, C=O);  (ESI+) (M+H)+ 147 (100%); HRMS (ESI +): Exact mass calculated for C6H11O2S [M+H]+, 147.0480 Found : 147.0476.
[bookmark: _Toc505089627][bookmark: _Toc506311684][bookmark: _Toc523135279]3.1.3.2 Synthesis of ketone derived sulfides
Methyl 2-(benzylthio)acetate 19

Potassium carbonate (18.60 g, 134 mmol, 2 eq) was slowly added to a solution of methyl thioglycolate 18 (6.02 mL, 67 mmol, 1 eq) in methanol (100 mL) over 5 min at 0 °C. The ice bath was removed and the reaction mixture was allowed to slowly return to room temperature. A solution of benzyl bromide (8.00 mL, 67.0 mmol, 1 eq) in methanol (10 mL) was added over 20 min. The reaction mixture was stirred for 3 h and filtered to remove the inorganic salts which had precipitated. The filtrate was concentrated in vacuo and the residue partitioned between water (150 mL) and diethyl ether (150 mL). The layers were separated and the combined ethereal layers were washed with sat. sodium bicarbonate solution (50 mL), water (50 mL), brine (50 mL) and dried with anhydrous MgSO4. The solution was concentrated in vacuo to give methyl 2-(benzylthio)acetate 19 as a clear oil which was used without further purification (9.10 g, 69%); νmax/cm-1 1736; δH (400 MHz) 3.08 (2H, s, CH2), 3.71 (3H, s, CH3), 3.82 (2H, s, CH2), 7.18-7.47 (5H, m, 5 x Aromatic CH); δC (100 MHz) 32.1 (CH2), 36.4 (CH2), 52.3 (CH3), 127.3, 128.6, 129.2 (3 signals representing 5 × Aromatic CH), 137.2 (Aromatic Cq), 170.8 (Cq, C=O). Spectral details are in agreement with those reported in the literature.16
Methyl 2-(2-methylbenzylthio)acetate168 26

Potassium carbonate (11.59 g, 82.5 mmol, 1.5 eq) was added directly to a solution of 2-methylbenzyl chloride 25 (7.86 g, 55.0 mmol, 1 eq), methyl thioglycolate 18 (5 mL, 55.0 mmol, 1 eq) and sodium iodide (0.42 g, 5 mol%) in acetone (80 mL). This mixture was heated under reflux for 14 h, then concentrated under reduced pressure and the residue was dissolved in ethyl acetate (60 mL) and washed with water (2 x 50 mL). The layers were separated and the organic layer was dried with MgSO4. The dried solution was concentrated in vacuo to give methyl 2-(2-methylbenzylthio)acetate 26 as a pale yellow oil which was used without further purification (8.32 g, 75 %). νmax/cm1 (neat) 1736; δH (400 MHz) 2.41 (3H, s, ArCH3), 3.11 (2H, s, CH2), 3.74 (3H, s, CH3), 3.82 (2H, s, CH2), 7.07-7.23 (4H, m, Aromatic CH); δC (100 MHz) 19.1 (CH3), 32.4 (CH2), 34.5 (CH2), 52.4 (CH3), 125.8, 127.6, 130.0, 130.8 (4 × Aromatic CH), 134.8 (Aromatic Cq), 137.0 (Aromatic Cq), 171.0 (Cq, C=O). Spectral characteristics are in agreement with those reported in the literature.16
Methyl 2-((4-methylbenzyl)thio)acetate 30169

Potassium carbonate (7.84 g, 56.70 mmol, 1.5 eq) was added directly to a solution of 4-methylbenzyl bromide 28 (7.00 g , 37.8 mmol, 1 eq), methyl thioglycolate 18 (3.40 mL, 37.8 mmol, 1 eq) and sodium iodide (0.28 g, 1.89 mmol, 5 mol %) in acetone (80 mL). The reaction mixture was heated under reflux for 20 h, cooled to room temperature and concentrated under reduced pressure to a while solid. The residue was dissolved in ethyl acetate (60 mL) and washed with water (2 x 50 mL). The layers were separated and the organic layer dried with MgSO4. The dried solution was concentrated in vacuo to  give methyl 2-((4-methylbenzyl)thio)acetate 30 as a pale yellow oil which was used without further purification (7.77 g, 98%). νmax(neat)/cm-1 1737; δH (400 MHz) 2.32 (3H, s, ArCH3), 3.07 (2H, s, CH2), 3.70 (3H, s, CH3), 3.78 (2H, s, CH2), 7.09 - 7.16 (2H, m, Aromatic CH), 7.18 - 7.23 (2H, m, Aromatic CH); δC (100 MHz) 21.1 (ArCH3), 32.1 (CH2), 36.1 (CH2), 52.3 (CH3), 129.1, 129.2 (2 signals representing 4 × Aromatic CH), 134.1 (1 x Aromatic Cq), 136.9 (1 x Aromatic Cq), 170.9 (Cq, C=O); m/z (ESI+) 211 [(M+H)+, 17%)]. Spectral characteristics are in agreement with those reported in the literature.16 



Methyl 2-((naphthalen-1-ylmethyl)thio)acetate 3120

[bookmark: _Toc342573420]The title compound was prepared following the same procedure described for 19 using 1-chloromethylnaphthalene 29 (4.24 mL, 28.30 mmol, 1 eq), potassium carbonate (5.87 g, 42.45 mmol, 1.5 eq), methyl thioglycolate 18 (2.53 mL, 28.30 mmol, 1 eq) and sodium iodide (0.21 g, 1.42 mmol, 5 mol%) in acetone (60 mL). Following work-up the crude ester 31 was isolated as a viscous yellow oil (7.01 g, 95%).  νmax/cm-1 1732; δH (400 MHz) 3.12 (2H, s, CH2), 3.71 (3H, s, CH3), 4.29 (2H, s, CH2), 7.35-7.57 (4H, m, Aromatic CH), 7.72-7.87 (2H, m, Aromatic CH), 8.13 (1H, d, J 8.4, Aromatic CH); δC (100 MHz) 32.6 (CH2), 34.1 (CH2), 52.4 (CH3), 124.0, 125.1, 125.9, 126.3, 127.8, 128.5, 128.8 (7 × Aromatic CH), 131.4, 132.4, 134.2 (3 × Aromatic Cq), 171.0 (Cq, C=O); Spectral characteristics are in agreement with those provided in the literature.16,20 

2-(Benzylthio)acetic acid 2018
Methyl 2-(benzylthio)acetate 19 (8.3 g, 42.33 mmol) was added to a solution of acetic acid and water (50:50, 100 mL). The reaction mixture was heated under reflux conditions for 30 h and cooled to room temperature. The reaction mixture was extracted with diethyl ether (2 × 40 mL). The combined ethereal layers were washed with water (6 × 150 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give 2-(benzylthio)acetic acid 20 as a white crystalline solid which was used without further purification (7.24 g, 94 %); νmax/cm-1 3431, 1708; δH (400 MHz) 3.10 (2H, s, CH2), 3.86 (2H, s, CH2), 7.21-7.48 (5H, m, 5 x Aromatic CH), 10.25 (1H, br s, OH); δC (100 MHz) 31.9 (CH2), 36.4 (CH2), 127.4, 128.6, 129.2 (3 signals representing 5 × Aromatic CH), 136.9 (Aromatic Cq), 176.7 (Cq, C=O); HRMS (ESI+) m/z (ESI-) 181 [(M-H)-, 90%]. Spectral characteristics are in agreement with those provided in the literature.16,18

2-(2-Methylbenzylthio)acetic acid 2716,168
 Methyl 2-(2-methylbenzylthio)acetate 26 (7.35 g, 35.06 mmol) was added to a solution of acetic acid and water (50:50, 100 mL). The reaction mixture was heated under reflux conditions for 20 h and cooled to room temperature. The mixture was extracted with diethyl ether (2 × 40 mL). The combined ethereal layers were washed with water (6 × 150 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give 2-(2-methylbenzylthio)acetic acid 27 (6.11 g, 94%), as a white crystalline solid which was used without further purification. νmax/cm1 (neat) 3019, 1706; δH (400 MHz) 2.41 (3H, s, CH3), 3.14 (2H, s, CH2), 3.88 (2H, s, CH2), 7.12-7.26 (4H, m, 4 x Aromatic CH), 9.50 (1H, br s, OH); δC (75.5 MHz) 19.1 (CH3), 32.3 (CH2), 34.5 (CH2), 125.9, 127.8, 130.1, 130.9 (4 × Aromatic CH), 134.5 (1 x Aromatic Cq), 137.0 (1 x Aromatic Cq), 176.9 (Cq, C=O). Spectral details are in agreement with those reported in the literature. 16

2-((4-Methylbenzyl)thio)acetic acid 32170 
The title compound was prepared following the procedure described for the sulfide 20 using methyl 2-(4-methylbenzylthio)acetate 30 (6.85 g, 32.6 mmol), acetic acid and water (50 : 50, 80 mL), however it was heated under reflux for a total of 36 h.  Following work-up, 2-(4-methylbenzylthio)acetic acid 32, and some remaining acetic acid (3:1) was isolated as a clear oil and was used without further purification (6.39 g, 94 %). νmax(neat)/cm-1 3431, 1642; δH (400 MHz) 2.33 (3H, s, CH3), 3.09 (2H, s, CH2), 3.82 (2H, s, CH2), 7.13 (2H, d, J 7.9, 2 x Aromatic CH), 7.22 (2H, d, J 8.0, 2 x Aromatic CH), 10.56 (1H, br s, OH); δC (100 MHz) 21.1 (CH3), 32.0 (CH2), 36.1 (CH2), 129.1 (2 × Aromatic CH), 129.3 (2 × Aromatic CH), 133.8 (Aromatic Cq), 137.1 (Aromatic Cq), 177.1 (Cq, C=O). Signals detected for remaining acetic acid: δH (400 MHz) 2.11 (3H, s, CH3); δC (75.5 MHz) 20.8 (CH3), 178.0 (Cq, C=O). Spectral details are in agreement with those provided in the literature.170
2-((Naphthalen-1-ylmethyl)thio)acetic acid 3320

Methyl 2-((naphthalen-1-ylmethyl)thio)acetate 31 (6.50 g, 24.9 mmol) was added to a solution of acetic acid and water (50 : 50, 100 mL). The reaction mixture was heated under reflux conditions for 20 h and cooled to room temperature. The mixture was extracted with diethyl ether (2 × 40 mL). The combined ethereal layers were washed with water (6 × 150 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the product as an off white crystalline solid (4.82 g, 89%). Analysis by 1H NMR spectroscopy showed the product to be 95% pure with the impurity being the residual ester 31. δH (400 MHz) 3.16 (2H, s, CH2), 4.35 (2H, s, CH2), 7.36-7.62 (4H, m, 4 x Aromatic CH), 7.75-7.85 (1H, d, J 7.9, Aromatic CH), 7.85-7.92 (1H, d, J 8.2, Aromatic CH), 8.12 (1H, d, J 8.4, Aromatic CH), 11.20 (1H, br s, OH); δC (75.5 MHz) 32.5 (CH2), 34.1 (CH2), 123.9, 125.1, 126.0, 126.3, 127.9, 128.6, 128.9 (7 × Aromatic CH), 131.3, 132.1, 134.2 (3 × Aromatic Cq), 176.3 (Cq, C=O). Spectral details are in agreement with those reported in the literature.20


2-(Benzylthio)acetyl chloride 2118
Thionyl chloride (3.86 g, 32.5 mmol, 2.35 mL, 2 eq) in dichloromethane (20 mL) was added dropwise to 2-(benzylthio)acetic acid  20 (2.96 g, 16.2 mmol, 1 eq) in dichloromethane (60 mL) over 10 min at 0 °C. The reaction mixture was allowed to slowly reach room temperature and stirred for a further 16 h. The solvent and excess thionyl chloride were removed in vacuo to leave 2-(benzylthio)acetyl chloride 21 as a yellow oil which was used without further purification (3.31 g, 98 %); νmax(neat)/cm-1 1791; δH (400 MHz) 3.51 (2H, s, CH2), 3.82 (2H, s, CH2), 7.21-7.49 (5H, m, 5 x Aromatic CH); δC (100 MHz) 36.2 (CH2), 43.6 (CH2), 127.7, 128.8, 129.2 (3 signals representing 5 × Aromatic CH), 136.1 (Aromatic Cq), 170.1 (Cq, C=O). Spectral details in agreement with those reported in the literature.18

Isothiochroman-4-one 1618 
Anhydrous aluminium chloride (2.88 g, 26.9 mmol, 1.4 eq) in dichloromethane (30 mL) was added slowly in portions to a solution of 2-(benzylthio)acetyl chloride 21 (3.60 g, 18 mmol, 1 eq) in dichloromethane (80 mL) at room temperature. The reaction mixture was stirred overnight at room temperature. A solution of conc. hydrochloric acid in water (50:50, 60 mL) was added and the layers were separated. The organic layer was washed with sat. sodium bicarbonate solution (2 × 20 mL), water (20 mL) and brine (20 mL) and was dried with anhydrous MgSO4. The solution was concentrated in vacuo to give isothiochroman-4-one 16 as a brown solid which was used without further purification (1.89 g, 75 %). m.p. 61-62°C; νmax(neat)/cm-1 1673; δH (400 MHz) 3.56 (2H, s, CH2), 3.93 (2H, s, CH2), 7.20 (1H, d, J 7.9, 1 x Aromatic CH), 7.34-7.40 (1H, m, 1 x Aromatic CH), 7.43-7.49 (1H, m, 1 x Aromatic CH), 8.09 (1H, d, J 7.9, 1 x Aromatic CH); δC (100 MHz) 30.6 (CH2, ArCH2), 37.1 (CH2), 127.7, 127.8, 129.0 (3 × Aromatic CH), 131.9 (1 x Aromatic Cq), 133.0 (1 x Aromatic CH), 141.8 (1 x Aromatic Cq), 191.0 (Cq, C=O). Spectral details in agreement with those reported in the literature.16,19




Note: In the following reactions using P2O5, the paste/residues left in the round bottomed flask after the reaction mixture has been decanted, need to be carefully quenched. The order of addition of quenching solvents is isopropyl alcohol, absolute ethanol, 95% ethanol and finally water. 
[bookmark: _Toc342573433]8-Methylisothiochroman-4-one 2216

Phosphorous pentoxide (14.27 g, 100.60 mmol, 3 eq) was added portionwise over 10 min, to a stirring solution of 2-(2-methylbenzylthio)acetic acid 27 (6.11 g, 33.5 mmol, 1 eq) in hot toluene (60 °C, 100 mL). The mixture was stirred vigorously under reflux for 3 h. The oil bath was removed, the reaction mixture was allowed cool to room temperature and a further 2 eq. phosphorous pentoxide (9.51 g, 67.00 mmol) were then added portionwise. The mixture was stirred for an additional 2 h under reflux and cooled to room temperature. The organic solution was decanted from the brown insoluble mass, which was extracted with hot toluene (60 °C, 2 × 40 mL). The combined organic layers were concentrated in vacuo and gave the crude product as a light brown solid which was purified by flash chromatography (95:5 hexane:ethyl acetate) to give 8-methylisothiochroman-4-one 22 (1.40 g, 23 %) as a yellow solid. νmax/cm1 (neat) 1681; δH (400 MHz) 2.31 (3H, s, CH3), 3.46 (2H, s, CH2), 3.83 (2H, s, ArCH2), 7.22-7.27 (1H, m, Aromatic CH), 7.33 (1H, d, J 6.9, Aromatic CH), 7.94 (1H, d, J 7.8, Aromatic CH); δC (100 MHz) 19.6 (CH3), 27.5 (CH2), 35.9 (ArCH2), 127.6 (1 x Aromatic CH), 127.7 (1 x Aromatic CH), 132.6 (1 x Aromatic Cq), 134.3 (1 x Aromatic CH), 135.4 (1 x Aromatic Cq), 139.8 (1 x Aromatic Cq), 191.1 (Cq, C=O). Spectral details in agreement with those reported in the literature. 168
6-Methylisothiochroman-4-one 23

Phosphorous pentoxide (39.41 g, 139.2 mmol, 3 eq) was added portionwise over 10 min, to a stirring solution of 2-(2-methylbenzylthio)acetic acid 32 (9.10 g, 46.4 mmol, 1 eq) in hot toluene (60 °C, 250 mL). The mixture was stirred vigorously under reflux for 3 h. The oil bath was removed, the reaction mixture was allowed cool to room temperature, and a further 2 eq. phosphorous pentoxide (28.01 g, 92.5 mmol, 2 eq) were then added portionwise. The mixture was stirred for an additional 3 h under reflux and cooled to room temperature. The organic solution was decanted from the brown insoluble mass, which was extracted with hot toluene (60 °C, 2 × 80 mL). The combined organic layers were concentrated in vacuo and gave the crude product as a light brown solid which was purified by flash chromatography (95 : 5 hexane-ethyl acetate) to give 6-methylisothiochroman-4-one 23 (2.29 g, 28 %). m.p. 51-52 °C (lit.,171 52-53 °C); νmax (neat)/cm-1 1678 (Cq, C=O); δH (400 MHz) 2.22 (3H, s), 3.36 (2H, s, CH2), 3.70 (2H, s, ArCH2), 6.92 (1H, d, J 7.8, 1 x Aromatic CH), 7.10 (1H, m, 1 x Aromatic CH), 7.73 (1H, s, 1 x Aromatic CH); δC (75.5 MHz) 21.0 (CH3), 30.3, 37.1 (2 x CH2), 127.7, 129.2 (2 x Aromatic CH), 131.6 (1 x Aromatic Cq), 133.9 (1 x Aromatic CH), 137.5 (1 x Aromatic Cq), 138.9 (1 x Aromatic Cq), 191.5 (Cq, C=O).  Spectral details in agreement with those reported in the literature.171 
1-Oxo-3-thia-1,2,3,4-tetrahydrophenanthrene 2420
Method 1: Phosphorus pentoxide and Celite®in toluene at reflux (3 h) – method by Aitken.19

A suspension of the acid 33 (1.5 g, 6.87 mmol, 1 eq) in toluene was heated to 80°C until the solid dissolved. A thick paste of Celite® (1.95 g) and phosphorus pentoxide (3.91 g, 13.75 mmol, 2 eq) in toluene (25 mL) was added slowly to the vigorously stirred mixture. The solution was heated under reflux for 3 h and on cooling to room temperature was worked up. The solution was filtered and the filtrate washed with an aqueous NaOH solution (1M, 15 mL). The organic layer was separated and washed with water (20 mL) and brine (20 mL). The solution was concentrated under reduced pressure to give the crude product as a thick yellow oil. Analysis by 1H NMR spectroscopy showed the presence of the sulfide 24 along with the acid 33 and ester 31. Purification by recrystallization from hot ethanol provided the target sulfide (0.115 g, 8%).
Method 2: Phosphorus pentoxide in toluene at reflux (5 h) -  method by Buckley.16
Phosphorous pentoxide (5.52 g, 19.4 mmol, 3 eq) was directly added to a stirring solution of the acid 33 (1.42 g, 6.4 mmol, 1 eq) in hot toluene (60 °C, 100 mL). The mixture was stirred vigorously under reflux for 3 h. The oil bath was removed, the reaction mixture was cooled to room temperature, and another portion of phosphorous pentoxide (3.7 g, 12.8 mmol, 2 eq.) was added. The mixture was stirred for an additional 2 h under reflux and cooled to room temperature. The organic solution was decanted from the brown insoluble mass, which was extracted with hot toluene (60 °C, 2 × 40 mL). The combined organic layers concentrated in vacuo and gave the crude product as a light brown solid which was purified by column chromatography on silica gel to give the sulfide 24 as a yellow solid (0.295 g, 30%). νmax (neat)/cm-1 1678; δH (400 MHz) 3.58 (2H, s), 4.37 (2H, s), 7.58-7.65 (2H, m, 2 x Aromatic CH), 7.81 (1H, d, J 8.0, 1 x Aromatic CH), 7.84-7.91 (1H, m, 1 x Aromatic CH), 8.00-8.11 (1H, m, 1 x Aromatic CH), 8.15 (1H, d, J 7.9, 1 x Aromatic CH); δC (100 MHz) 26.9, 35.6 (2 x CH2), 124.0, 124.1, 127.3, 127.8, 128.5, 129.0 (6 x Aromatic CH), 129.8, 130.5, 135.3, 139.4 (4 x Aromatic Cq), 191.2 (Cq, C=O). Spectral details in agreement with those reported in the literature.20,16 
Method 3: Phosphorus pentoxide and Celite®in toluene at reflux (5 h) -  Combination of methods by both Aitken and Buckley.16,19
A suspension of the acid 33 in toluene was heated to 80°C until the solid dissolved. A thick paste of Celite®(1.95 g) and phosphorus pentoxide (3.91 g, 13.75 mmol, 2 eq) in toluene (25 mL) was added slowly to the vigorously stirred mixture. The solution was heated under reflux for 2 h and on cooling to room temperature another portion of phosphorus pentoxide was added (5.86 g, 20.62 mmol, 3 eq). The solution was heated under reflux for a further 3 h. After decanting the reaction mixture and rinsing the brown residue with hot toluene (60°C, 2 x 30 mL), the organic solution was concentrated in vacuo the crude product was isolated as a brown oil and on analysis by 1H NMR spectroscopy showed the absence of the desired cyclised product. 
[bookmark: _Toc505089628][bookmark: _Toc506311685][bookmark: _Toc523135280]3.1.3.3 Synthesis of monocyclic sulfides

Dihydro-2H-thiopyran-3(4H)-one 34172

(a) A solution of methyl thioglycolate 18 (6.00 g, 5.08 mL, 56.5 mmol, 1 eq) in methanol (10 mL) was added to a solution of sodium methoxide (sodium 1.30 g, 56.57 mmol, 1 eq) in methanol (60 mL) at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 10 min and ethyl 4-bromobutyrate 36 (11.02 g, 8.10 mL, 56.5 mmol, 1 eq) in methanol (10 mL) was added slowly. The reaction mixture was stirred for 15 h at room temperature. The mixture was filtered to remove any inorganic salts which had precipitated, and the filtrate was concentrated in vacuo to give a colourless oil. Water (100 mL) was added to the oil and the mixture was extracted with diethyl ether (3 × 50 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried over anhydrous MgSO4 and concentrated in vacuo to give ethyl 4-[(2-methoxy-2-oxomethyl)thio]butanoate 35173 as a colourless oil (11.63 g, 88 %) which was used without further purification; νmax(film)/cm-1 1736; δH (400 MHz) 1.10 (3H, t, J 7.1, CH2CH3,), 1.72 – 1.81 (2H, m), 2.27 (2H, t, J 6.7), 2.52 (2H, t, J 6.9), 3.06 (2H, d, J 9.6), 3.57 (3H, s, CH3), 3.96 (2H, q, J 7.4, 6.9, CH2CH3). 

 (b) Potassium t-butoxide (5.32 g, 47.4 mmol, 2 eq) was added directly to a solution of methyl 4-[(2-methoxy-2-oxomethyl)thio]butanoate 35 (5.22 g, 23.7 mmol, 1 eq) in diethyl ether (100 mL) at 0 °C. The solution was allowed to slowly reach room temperature while stirring for 4 h. The mixture was hydrolysed with water/acetic acid solution (80 : 20, 60 mL). The aqueous phase was separated and extracted with diethyl ether (2 × 30 mL). The combined ethereal layers were washed with water (5 × 60 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the cyclised keto ester and enol mixture 37 as a yellow oil which was used directly in the next step.

 (c) The crude keto ester and enol mixture 37 (1 : 3, 3.54 g) was stirred under reflux in aqueous sulfuric acid solution (15%, 20 mL) overnight and then cooled to room temperature. Aqueous sodium hydroxide solution (10%) was added dropwise to pH 7. The mixture was extracted with ethyl acetate (3 × 40 mL). The combined ethereal layers were washed with water (20 mL), brine (20 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the crude product as a brown oil, which was purified by column chromatography on silica gel using hexane-ethyl acetate (60 : 40) as eluent to give the pure sulfide 34 as a yellow oil (1.21 g, 44% over 2 steps). νmax(neat)/cm-1 1708; δH (400 MHz) 2.39-2.48 (4H, m, 2 x CH2), 2.77-2.80 (2H, m, CH2), 3.21 (2H, s, CH2); δC (75.5 MHz) 28.6, 33.4, 38.6, 41.9 (4 × CH2), 203.9 (Cq, C=O); m/z (ESI+) 117 [(M+H)+, 20%]. Spectral details in agreement with those reported in the literature. 172
[bookmark: _Toc505089629][bookmark: _Toc506311686][bookmark: _Toc523135281]3.1.3.4 Lactam derived sulfides
erythro-(2-Hydroxy-1,2-diphenyl-ethylsulfanyl)-acetic acid methyl ester 4822

Methyl thioglycolate 18 (3.30 g, 2.78 mL, 31 mmol, 1.15 eq.) in methanol (20 mL) was added dropwise over 10 min, to a stirring solution of freshly prepared sodium methoxide (sodium 0.09 g, 4.20 mmol, 0.15 eq.) in methanol (40 mL) followed by trans-stilbene oxide 12 (5.51 g, 28.90 mmol, 1 eq.) in methanol (70 mL). The reaction mixture was heated under reflux for 2 h and stirring was continued at room temperature overnight. The reaction mixture was hydrolysed with water (40 mL), extracted with dichloromethane, the layers were separated and the organic layer dried with MgSO4. The solvent was removed under reduced pressure to give the erythro-hydroxy ester 48 as a yellow clear oil which gradually crystallised on standing to a yellow solid (6.78 g, 80%) which was sufficiently pure by 1H NMR spectroscopy to be brought forward to the next step. νmax/cm1 (neat) 3493, 1731; δH(400 MHz) 2.43 (1H, br s, OH), 2.88 (1H, d, J 15.2, A of ABq, one of SCH2), 2.95 (1H, d,  J 15.2, B of ABq, one of SCH2), 3.61 (3H, s, CH3O), 4.31 (1H, d, J 6.9, CHS), 5.02 (1H, d, J 6.9, CHO), 7.31-7.42 (10H, m, 10 x Aromatic CH); δC (100 MHz) 32.8 (SCH2), 52.3 (OCH3), 57.4 (CHS), 76.7 (CHO), 126.8 (2 x aromatic CH), 127.9, 128.1 (2 x Aromatic CH), 128.2, 128.5, 129.3, (3 signals representing 6 x Aromatic CH), 137.6, 140.7 (2 x Aromatic Cq), 170.7 (Cq, C=O). Spectroscopic details matched those reported in the literature.22

erythro-(2-Chloro-1,2-diphenyl-ethylsulfanyl)-acetic acid methyl ester 5022

Thionyl chloride (3.04 mL, 41.8 mmol, 2.0 eq.) was added over 10 min to a stirring solution of the hydroxy ester 48 (6.33 g, 20.9 mmol) in dichloromethane (50 mL) at room temperature. The mixture was stirred at room temperature for 18 h and then the solvent and excess thionyl chloride were removed under reduced pressure to give the erythro-chloro ester product 50 as a white solid (6.55 g, 97 %); mp 71-73°C (lit.,22 74-76°C); νmax/cm1 (neat) 1732; δH (400 MHz) 2.74 (2H, s, SCH2), 3.60 (3H, s, CH3O), 4.64 (1H, d, J 9.8, CHS), 5.22 (1H, d, J 9.8, CHCl), 7.10-7.55 (10H, m, 10 x Aromatic CH); δC (75.5 MHz) 33.0 (SCH2), 52.3 (OCH3), 56.7 (CHS), 65.7 (CHCl), 127.9, 128.1, 128.5, 128.7, 128.3, 128.9 (6 signals representing 10 x Aromatic CH), 138.3, 139.1 (2 x Aromatic Cq), 170.3 (Cq, C=O); m/z (ESI+) 320 [(M+H)+, 10%]. Spectroscopic details matched those reported in the literature.22
cis-5,6-Diphenylthiomorpholin-3-one 4422

The chloro ester 50 (6.76 g, 21.07 mmol) was dissolved in acetonitrile (150 mL). and aqueous ammonium hydroxide (110 mL, 20%) was added. The solution was stirred at room temperature for 60 h and then extracted with dichloromethane (150 mL). After evaporation of the dried extracts the crude product (4.68 g) was isolated as white solid and purified by column chromatography on silica gel, using hexane – ethyl acetate as eluent (40 : 60) to give the cis sulfide 44 as a white crystalline solid (2.13 g, 38%); νmax/cm1 (neat) 1662; δH(400 MHz) 3.44 (1H, d, J 16.3, A of ABq, one of SCH2), 3.86 (1H, d, J 16.3, B of ABq, one of SCH2), 4.57 (1H, d, J 4.0, CHS), 4.97 (1H, t, J 3.9, CHN), 6.18 (1H, br s, NH), 6.80 – 6.89 (2H, m, 2 x Aromatic CH),7.09 – 7.40 (7H, m, 7 x Aromatic CH) 7.49-7.55 (1H, m, 1 x Aromatic CH); δC (CDCl3) 31.1 (CH2, SCH2), 50.0 (CH, CHS), 62.7 (CH, CHN), 127.8, 128.0, 128.1, 128.2, 128.3, 128.8 (6 signals representing 10 x Aromatic CH), 136.4, 136.8 (2 x Aromatic Cq), 168.1 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C16H15NOS [M+H]+, 270.0953, Found 270.0946. Spectroscopic details matched those reported in the literature.22
Note: This procedure was repeated using aqueous ammonium hydroxide (33%), and recrystallization from hot ethyl acetate (instead of purification by column chromatography on silica gel), followed by rinsing with water, and 44 was isolated in 64% yield.

threo-(2-Hydroxy-1,2-diphenyl-ethylsulfanyl)-acetic acid methyl ester 5222
Methyl thioglycolate 18 (2.69 g, 2.26 mL, 25.36 mmol, 1.15 eq.) in methanol (20 mL) was added dropwise over 10 min to a stirring solution of freshly prepared sodium methoxide (sodium 0.76 g, 5.39 mmol, 0.15 eq.) in methanol (40 mL), followed by the addition of cis-stilbene oxide 45 (7.00 g, 33.9 mmol, 0.15 eq.) in methanol (70 mL) over 10 min. The reaction mixture was heated under reflux for 2 h and stirring was continued at room temperature overnight. The reaction mixture was hydrolysed with water (60 mL), extracted with dichloromethane (60 mL), the layers were separated and the organic layer dried with MgSO4. The solvent was removed under reduced pressure to give the threo-hydroxy ester 52 as a pale yellow oil (6.64g, 99%)*. νmax/cm1 (neat) 3493, 1731; δH(400 MHz) 3.06 (1H, d, J 15.2, A of ABq, one of SCH2), 3.19 (1H, d, J 15.2, B of ABq, one of SCH2), 3.22 (1H, br s, OH), 3.63 (3H, s, OCH3), 4.26 (1H, d, J 8.3, CHS), 4.93 (1H, d, J 8.3, CHO), 7.12-7.20 (10H, m, 10 x Aromatic CH); δc (100 MHz); 33.1 (SCH2), 52.3 (CH3O), 59.6 (CHS), 77.5 (CH, CHO) 126.7 (2 x aromatic CH), 127.5, 127.8 (2 x Aromatic CH), 128.0, 128.3, 128.8, (3 signals representing 6 x Aromatic CH), 138.5, 141.1 (2 x Aromatic Cq), 170.9 (Cq, C=O). *Residual peaks for methyl thioglycolate 18 were present ~2%. 

threo-2-(2-Hydroxy-1,2-diphenyl-ethylsulfanyl)-acetamide 5322
Aqueous ammonium hydroxide (40 mL, 33%) was added over 10 min, to a solution of the hydroxy ester 52 (7.33 g, 24.23 mmol) in acetonitrile (160 mL) at room temperature. The solution was stirred at room temperature for 24 h and then extracted with dichloromethane (4 x 40 mL). The crude product was recrystallised from hot ethyl acetate to give the desired amide 53 as a white crystalline solid (5.71 g, 80%); mp 133-134°C (lit.,22 131-132°C); νmax/cm1 (neat) 3465, 1682; δH(400 MHz) 2.92 (1H, br s, OH), 3.06 (1H, d,  J 16.6, A of ABq, one of SCH2), 3.22 (1H, d, J 16.6, B of ABq, one of SCH2), 4.04 (1H, d, J 7.7, CHS), 5.01 (1H, finely split singlet, CHO), 5.50 (1H, br s, one of CONH2), 6.42 (1H, br s, one of CONH2), 7.12-7.26 (10H, m, 10 x Aromatic CH); δc (75.5 MHz) 34.1 (CH2, SCH2), 60.9 (CH, CHS), 78.2 (CH, CHO), 126.5 (2 x aromatic CH), 127.7, 127.9 (2 x aromatic CH), 128.2, 128.5, 128.6, (6 x Aromatic CH), 136.6, 141.2 (2 x Aromatic Cq), 171.3 (Cq, C=O). Spectroscopic details matched those reported in the literature.22

threo-2-(2-Chloro-1,2-diphenyl-ethylsulfanyl)-acetamide 5414,22 
Thionyl chloride (1.56 mL, 21.49 mmol, 2.0 equiv) was added over 10 min,  to a stirring solution of the hydroxy amide 53 (3.09 g, 10.74 mmol, 1 equiv) in dichloromethane (250 mL) at room temperature. The mixture was stirred at ambient temperature for 16 h and then the solvent and excess thionyl chloride were removed under reduced pressure to give a mixture of the threo-chloro amide 54 and lactone 51 in a ratio of 1:1 as yellow solid (3.07 g).
The reaction was repeated on a separate sample of 53, at 0°C for 5 min to give the chloro amide  54 : lactone 51 (97 : 3, 3.04 g, 94%). This material was used in the next step without further purification.  mp 126-128°C; δH(400 MHz) 2.92 (1H, d, J 16.7, A of ABq, one of SCH2), 3.15 (1H, d, J 16.7, B of ABq, one of SCH2), 4.33 (1H, d, J 8.7, CHS), 5.20 (1H, d, J 8.7, CHCl), 5.40 (1H, br s, one of CONH2), 6.56 (1H, br s, one of CONH2), 7.12-7.22 (10H, m, 10 x Aromatic CH); δc (75.5 MHz) 34.9 (SCH2), 59.6 (CHS), 66.4 (CHCl), 127.6 (2 x aromatic CH), 128.2 (1 x aromatic CH), 128.3 (2 x aromatic CH), 128.5 (1 x aromatic CH), 128.6, 128.7 (4 x Aromatic CH), 137.5, 138.7 (2 x Aromatic Cq), 172.1 (Cq, C=O). Spectral characteristics are in agreement with those reported in the literature. 13,14 The 1H NMR signals of the corresponding lactone 51 are seen as follows: 3.43 (1H, d, J 14.5, one of SCH2), 4.04 (1H, d, J 14.5, one of SCH2), 4.39 – 4.47 (overlapping signals including 1H, d, CHS), 5.43 (1H, d, J 8.0, CHO). 
	Temperature
	Time
	Ratio of chloro amide  54 : lactone 51

	Room Temperature
	16 h
	1 : 1

	Room Temperature
	5 min
	85 : 15

	0°C
	5 min
	97 : 3



trans-5,6-Diphenylthiomorpholin-3-one 4314,22

Aqueous ammonium hydroxide (55 mL, 33%) was added over 10 min to a solution of the chloro amide 54 (chloro amide 54: 51 lactone, 97:3, 2.74 g, 8.95 mmol) in acetonitrile (155 mL) at room temperature. The reaction mixture was stirred at room temperature for 60 h and then extracted with dichloromethane (4 x 40 mL). The crude product was purified by recrystallization from hot ethyl acetate to give the desired sulfide 43 as a white crystalline solid (1.69 g, 70 %); mp 143-144°C; νmax/cm1 (neat) 1660; δH (400 MHz) 3.46 (1H, d, J 17.1, A of ABq, one of SCH2), 3.75 (1H, d, J 17.1, B of ABq, one of SCH2), 4.06 (1H, d, J 9.6, CHS), 4.93 (1H, d, J 9.6, CHN), 6.02 (1H, br s, NH), 6.92 -7.41 (10H, m, 10 x Aromatic CH); δC (100 MHz) 31.2 (CH2, SCH2), 50.8 (CH, CHS), 66.4 (CH, CHN), 127.1, 128.1, 128.6 (3 signals corresponding to 10 x ArCH), 136.8, 133.8 (2 x Aromatic Cq), 167.3 (Cq, C=O). Spectral characteristics are in agreement with those reported in the literature. 13,14


[bookmark: _Toc505089630][bookmark: _Toc506311687][bookmark: _Toc523135282]3.1.4 Synthesis of Sulfoxides
Note: While dr’s were comparable to those reported by earlier researchers, in some instances partial dissolution of diastereomeric mixtures in deuterated chloroform, or withdrawing a solid sample from a mixture may have lead to altered dr’s. 
[bookmark: _Toc505089631][bookmark: _Toc506311688][bookmark: _Toc523135283]3.1.4.1 Lactone derived sulfoxides
(4aS*, 8aS*)-hexahydrobenzo[b][1,4]oxathiin-2(3H)-one 4-oxide 55 and (4aS*, 8aS*)-hexahydrobenzo[b][1, 4]oxathiin-2(3H)-one 4-oxide 56 13

A solution of 3-chloroperoxybenzoic acid (70%, 1.52 g, 8.8 mmol, 1 eq) in dichloromethane (15 mL) was added dropwise over 20 min to a solution of the sulfide 4 (1.09 g, 6.3 mmol, 1 eq) in dichloromethane (20 mL) while stirring at 0 °C. The reaction mixture was stirred for 1.5 h while slowly returning to room temperature. The solution was filtered to remove precipitated 3-chlorobenzoic acid, washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (30 mL) and brine (30 mL). The organic layer was dried with anhydrous MgSO4 and concentrated in vacuo to produce the crude sulfoxides 56 and 55 as a mixture of diastereomers (1 : 1) and as a white solid (1.01 g, 85 %). The crude residue was dissolved in dichloromethane and loaded onto Celite®. Repeated purification by column chromatography on silica gel using hexane-ethyl acetate (50 : 50) led to separation of the two diastereomers both as white solids.
Equatorial sulfoxide 55: δH (400 MHz) 1.20-2.65 (8H, m, 4 × CH2), 2.66-2.80 (1H, ddd appears as m, CHS), 3.78 (1H, d, J 15.5,  A of ABq, one of SOCH2), 3.88 (1H, d, J 15.5, B of ABq, one of SOCH2), 4.04 (1H, ddd appears as dt, J 11.0, 11.0, 4.8, CHO); δC (75.5 MHz, CDCl3) 23.7, 25.2, 27.2, 32.4 (4 × CH2), 51.1 (CH2, SOCH2), 67.7 (CH, CHS), 77.2 (CH, CHO), 163.7 (Cq, C=O). 
Axial sulfoxide 56: δH (400 MHz) 1.20-2.45 (8H, m, 4 × CH2), 2.50-2.68 (1H, ddd appears as m, CHS), 3.62 (1H, d, J 16.1, A of ABq, one of SOCH2), 4.02 (1H, d, J 16.1, A of ABq, one of SOCH2), 4.88 (1H, ddd appears as dt, J 10.5, 10.5, 5.0, CHO); δC (75.5 MHz, CDCl3) 23.4, 24.2, 24.8, 32.2 (4 × CH2), 52.1 (CH2, SOCH2), 57.3 (CH, CHS), 73.8 (CH, CHO), 163.2 (Cq, C=O). Spectral characteristics are in agreement with those reported in the literature.13 
(4R*,5R*,6S*)-5,6-Diphenyl-1,4-oxathian-2-one 4-oxide 5915

A solution of 3-chloroperoxybenzoic acid (1.61 g, 9.32 mmol, 1 eq, 77%) in dichloromethane (50 mL) was added dropwise over 20 min to a solution of the sulfide 9 (1.96 g, 7.23 mmol, 1 eq) in dichloromethane (20 mL) while stirring at 0 °C. The reaction mixture was stirred for 1.5 h while slowly returning to room temperature. The reaction mixture was filtered to remove precipitated 3-chlorobenzoic acid, washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (30 mL) and brine (30 mL). The layers were separated, the organic layer was dried with anhydrous MgSO4 and concentrated in vacuo to produce the crude sulfoxide 59 as one diastereomer and as a white crystalline solid (1.34 g, 64%). νmax/cm-1 (neat) 1735, 1224, 1052; δH (400 MHz) 3.71 (1H, d, J 16.4, A of ABq, one of SOCH2), 4.08 (1H, d,  J 16.4, B of ABq, one of SOCH2), 4.38 (1H, br s, CHS), 6.62 (1H, finely split singlet, CHO), 7.01–7.12 (2H, m, 2 x Aromatic CH), 7.18–7.41 (8H, m, 8 x Aromatic CH); δC (100 MHz, CDCl3) 49.7 (CH2), 66.8 (CHS), 75.5 (CHO), 126.0 (2 x Aromatic CH), 128.4 (1 x Aromatic Cq), 128.6 (1 x Aromatic CH), 128.7 (2 x Aromatic CH), 129.2 (1 x Aromatic CH), 129.3 (2 x Aromatic CH), 129.5 (2 x Aromatic CH), 134.8 (1 x Aromatic Cq), 163.4 (Cq, C=O). Spectral details are in good agreement with those reported by O’Sullivan.15
(4S*, 4aS*, 9aS*)-hexahydro-5H-cyclohepta[b][1, 4]oxathiin-2(3H)-one 4-oxide 61 and (4R*, 4aS*, 9aS*)-hexahydro-5H-cyclohepta[b][1, 4]oxathiin-2(3H)-one 4-oxide 60 15

 A solution of sodium metaperiodate (2.89 g, 13.52 mmol, 1.05 eq) in water (60 mL) was added slowly to a solution of the sulfide 7 (2.4 g, 12.88 mmol, 1 eq) in methanol (60 mL) over 20 min, while stirring at 0 °C. After 5 min, a white precipitate had formed. The reaction was monitored by TLC and stirred for 2.5 h while returning to room temperature. The precipitate was removed by filtration and the filtrate concentrated in vacuo to leave the sulfoxides 60, 61  and remaining salt mixture as a light brown solid. Dichloromethane (30 mL) was added and the mixture was stirred for 10 min. The remaining solid was removed by filtration and the solution concentrated under reduced pressure to give the crude product as a white crystalline solid (1 : 1, equatorial : axial, 61 : 60, 1.46 g).  The crude residue was dissolved in dichloromethane and loaded onto Celite®. Purification by column chromatography on silica gel using hexane-ethyl acetate (25 : 75) as eluent led to elution of the sulfoxides 60, 61 as a white solid (0.73 g, 28%, 1:1). max/cm1 (neat) 1742, 1018; m/z (ESI+) 203 [(M+H)+, 56%]; 
Equatorial diastereomer 61: δH (400 MHz) 1.39–2.27 (9H, m, cycloheptyl ring), 2.35 – 2.47 (1H,  m, 1 x cycloheptyl CH), 2.87 (1H, overlapping ddd appears as dt, J 10.0, 10.0, 3.3, CHS), 3.73 (1H, d, J 15.8, A of ABq, one of SOCH2), 3.96 (1H, d, J 15.8, B of ABq, one of SOCH2), 4.11 (1H, overlapping ddd appears as dt, J 10.4, 10.4, 5.5, CHO). Spectral characteristics are in good agreement with those reported by O’Sullivan.15
Axial diastereomer 60: δH (400 MHz) 1.39–2.44 (10H, m, cycloheptyl ring), 2.62 (1H, ddd appears as dt, J 9.2, 9.2, 2.9, CHS), 3.51 (1H, d, J 16.0 Hz, A of ABq, one of SOCH2), 4.24 (1H, d, J 16.0, B of ABq, one of SOCH2), 5.08–5.18 (1H, symmetrical m, CHO); δC (75.5 MHz) 21.9, 24.8, 27.0, 28.1, 32.8 (5 x CH2, cycloheptyl ring), 53.2 (CH2, SOCH2), 61.5 (CH, CHS), 75.8 (CH, CHO), 164.4 (C, C=O); Spectral characteristics are in agreement with those reported by O’Sullivan.15 
Note: It was found later that recrystallization of a 1 : 1 mixture of axial and equatorial sulfoxides from hot ethyl acetate, led to preferential crystallisation of the axial diastereomer 60. Purification of the mother liquor by column chromatography on silica gel using hexane – ethyl acetate as eluent (30 : 70 increasing to 10 : 90) led to elution of the pure equatorial sulfoxide 61. 
(4S*, 4aS*, 8aS*)-8a-methylhexahydrobenzo[b][1, 4]oxathiin-2(3H)-one 4-oxide 57 3,14

A solution of 3-chloroperoxybenzoic acid (77%, 2.20 g, 12.7 mmol, 1.29 eq) in dichloromethane (40 mL) was added dropwise over 20 min to a solution of the sulfide 5 (1.84 g, 9.8 mmol, 1 eq) in dichloromethane (40 mL) while stirring at 0 °C. The reaction mixture was stirred over 1.5 h while slowly returning to room temperature. The solution was filtered to remove precipitated 3-chlorobenzoic acid, washed with sodium bicarbonate solution (10%, 3 × 30 mL), water (30 mL) and brine (30 mL). The layers were separated and the organic layer was dried with anhydrous MgSO4 and concentrated in vacuo to produce the crude sulfoxides 57 and 58 as a mixture of diastereomers (90 : 10, 57 : 58) Purification by column chromatography on silica gel using hexane: ethyl acetate (50 : 50) lead to elution of a fraction with the major diastereomer 57 as the major component (9.5 : 1, 57 : 58) and as a white crystalline solid (1.67 g, 70%). 
Major equatorial sulfoxide 57; δH(400 MHz) 1.32-2.20 (10H, m, contains 7H m of cyclohexyl ring and CH3 s at 1.41), 2.50-2.61 (1H, m, appears as br d, CH of cyclohexyl ring), 2.88 (1H, dd, J 12.6, 4.2, CHS), 3.55 (1H, d, J 16.7, A of ABq, one of SOCH2), 4.46 (1H, d, J 16.7, B of ABq, one of SOCH2); δC (100 MHz) 21.3 (CH3), 22.7, 24.4, 24.8, 39.7 (4 x CH2), 54.3 (CH2S), 65.8 (CHS), 82.0 (Cq, CqO, 162.9 (Cq, C=O). Spectral characteristics in agreement with those reported in the literature. 3,14
Characteristic signals for the minor axial sulfoxide 58 observed in the 1H NMR spectrum of the crude material include; δH(400 MHz) 3.73 (1H, d, J 16.8, A of ABq of SOCH2), 4.41 (1H, d, J 16.8, B of ABq of SOCH2); δC (100 MHz) 20.1 (CH3), 22.3, 23.8, 25.8, 41.3, 52.4 (5 x CH2), 58.8 (CHS), 84.8 (Cq, CqO), 162.7 (Cq, C=O). 

(4R*, 5S*, 6S*)-5,6-dimethyl-1,4-oxathian-2-one 4-oxide 62 and (4S*,5S*,6S*)-5,6-dimethyl-1,4-oxathian-2-one 4-oxide 63

A solution of Oxone® (1.42 g, 2.31 mmol, 0.5 eq) in water (20 mL) was added dropwise to a solution of the sulfide 8 (0.680 g, 4.6 mmol, 1 eq) in acetone  (30 mL) over 15 min while stirring at 0 °C. The reaction mixture was stirred for 3 h while returning slowly to room temperature. Water (10 mL) was then added to the flask to dissolve the inorganic salts. The resulting solution was extracted with dichloromethane (3 × 20 mL) and the combined organic layers washed with water (10 mL), brine (10 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the crude product as a colourless oil (0.180 g, 24%) which was sufficiently pure to be carried on to the next step. The material was characterised as a mixture of diastereomers (axial 62  : equatorial  63, 1 : 0.3); νmax/cm-1 (neat) 1730, 1254, 1036;  MS: (M+H) 163 (30%) HRMS (ESI+) Exact mass calculated for C6H11O3S [M+H]+, 163.0429 Found: 163.0431.
Note: In later experiments, the major axial diastereomer 62 (less polar) could be separated from the equatorial diastereomer 63 (more polar) by careful chromatography on silica gel. 
Axial sulfoxide 62 : δH (300 MHz) 1.39 (3H, d, J 7.3, CH3CS), 1.54 (3H, d, J 6.6, CH3CO), 2.74 – 2.82 (2 overlappping signals including 1H, symmetrical m, CHS), 3.65 (1H, A of ABq, J 16.2, one of SOCH2), 4.10 (1H, B of ABq, J 16.2, one of SOCH2), 4.97 - 5.04 (1H, m, CHO); δC (75.5 MHz) 10.8, 18.5 (2 x CH3), 51.6 (CH2), 54.0 (CHS), 73.2 (CHO), 163.4 (Cq, C=O). 
Equatorial sulfoxide 63 : δH (300 MHz) 1.46 (3H, d, J 7.3, CH3CS), 1.52 (3H, d, J 6.6, CH3CO), 2.74 – 2.82 (2 overlappping signals including 1H, symmetrical m, CHS), 3.69 – 3.81 (2H, ABq, J 16.0, SOCH2), 4.18 – 4.25 (1H, m, CHO); δC (75.5 MHz) 12.6, 19.2 (2 x CH3), 49.3 (CH2), 63.4 (CHS), 76.6 (CHO), 163.7 (Cq, C=O).
In some spectra of mixtures of 62 and 63 the ABq at δH 3.69 – 3.81 ppm appears as a broad singlet at δH 3.9 ppm. 




[bookmark: _Toc505089632][bookmark: _Toc506311689][bookmark: _Toc523135284]3.1.4.2 Benzofused Ketone derived sulfoxides

Isothiochroman-4-one S-oxide 6416

A solution of sodium metaperiodate (2.38 g, 11.12 mmol, 1 eq) in water (25 mL) was added slowly over 10 min to a solution of isothiochroman-4-one 16 (1.82 g, 11.12 mmol, 1 eq) in methanol (40 mL) while stirring at 0 °C. After 5 min, a white precipitate had formed. The reaction was monitored by TLC and stirred for 4 h while returning to room temperature. The precipitate was filtered and the filtrate concentrated in vacuo to leave the sulfoxide 64 and remaining salt mixture as a light brown solid. Dichloromethane (30 mL) was added and the mixture stirred for 10 min. The remaining solid was removed by filtration and the filtrate concentrated in vacuo to give isothiochroman-4-one S-oxide 64 as a brown solid which was recrystallised from hot ethyl acetate to afford light brown crystals (1.27 g, 64%). m.p. 169-171 °C (lit., 174 170-171 °C); νmax(neat)/cm-1 1681, 1024; δH (400 MHz) 3.94 (1H, d, J 15.4, A of ABq, CH2), 3.98 (1H, d, J 15.4, B of ABq, CH2), 4.32 (1H, d, J 15.3, A of ABq, ArCH2), 4.36 (1H, d, J 15.3, B of ABq, ArCH2), 7.36 (1H, d, J 7.6, 1 x Aromatic CH), 7.46-7.53 (1H, m, 1 x Aromatic CH), 7.61-7.67 (1H, m, 1 x Aromatic CH), 8.13 (1H, d, J 7.9, 1 x Aromatic CH); δC (100 MHz) 52.4 (CH2), 59.0 (CH2), 128.3, 129.2, 131.1 (3 × Aromatic CH), 131.4, 131.6 (2 x Aromatic Cq), 135.4 (1 x Aromatic CH), 187.9 (Cq, C=O). Spectral characteristics are in agreement with those previously reported in the literature. 16, 174
[bookmark: _Toc342573440]8-Methylisothiochroman-4-one S-oxide 6616

Oxone® (2.42 g, 3.93 mmol, 0.5 eq) in water (25 mL) was added dropwise to a stirring solution of 8-methylisothiochroman-4-one 22 (1.40 g, 7.87 mmol) in acetone (50 mL) at 0 °C. The mixture was allowed to slowly reach room temperature while stirring over 2 h 20 min when TLC analysis (100% ethyl acetate) showed all starting material was consumed. Water (10 mL) was then added to the flask to dissolve the inorganic salts. The resulting solution was extracted with dichloromethane (2 × 20 mL) and the combined organic layers washed with water (10 mL), brine (10 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the crude product as a yellow crystalline product. Purification by flash chromatography on silica gel using ethyl acetate (100%) as eluent gave pure 8-methylisothiochroman-4-one S-oxide 66 as a white crystalline solid (0.945 g, 61%). Found C, 61.36; H 5.71, C10H10O2S requires C, 61.83; H 5.19; Rf 0.37 using 100% ethyl acetate as eluent; νmax/cm1 (neat) 1680, 1047; δH (400 MHz) 2.42 (3H, s, CH3), 3.96 (1H, d, J 14.7, A of ABq, CH2), 4.02 (1H, d, J 14.7, B of ABq, CH2), 4.23 (1H, d, J 16.0, A of ABq, ArCH2), 4.30 (1H, d, J 16.0, B of ABq, ArCH2), 7.33-7.39 (1H, m, 1 x Aromatic CH), 7.52 (1H, d, J 18.2, 1 x Aromatic CH), 7.98 (1H, d, J 18.2, 1 x Aromatic CH); δC (75.5 MHz) 20.0 (CH3), 48.5 (CH2), 58.3 (CH2), 126.2 (1 x Aromatic CH), 128.4 (1 x Aromatic CH), 129.9 (1 x Aromatic Cq), 131.8 (1 x Aromatic Cq), 137.1 (1 x Aromatic CH), 138.1 (1 x Aromatic Cq), 188.5 (Cq, C=O). Spectral characteristics are in agreement with those previously reported by Buckley. 16

Additionally, when the reaction was carried out on an impure sample of the β-keto sulfide 22 and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (50 : 50 increasing to 0 : 100) the sulfoxide 69 eluted as a colorless oil, before the cyclised β-keto sulfoxide 66. νmax/cm1 (neat) 1737, 1047; δH (400 MHz) 2.41 (3H, s, ArCH3), 3.60 (1H, d, J 13.8, A of ABq, one of CH2), 3.71 (1H, d, J 13.8, B of ABq, one of CH2), 3.78 (3H, s, CO2CH3), 4.21 (1H, d, J 12.9, A of ABq, one of CH2), 4.32 (1H, d, J 12.9, B of ABq, one of CH2),  7.14 – 7.33 (4H, m, 4 x Aromatic CH); δC (75.5 MHz) 19.8 (ArCH3), 52.8 (CH3, CO2CH3), 54.2 (CH2), 57.1 (CH2), 126.6 (CH, 1 x Aromatic CH), 128.1 (Cq, 1 x Aromatic Cq), 128.9, 130.9, 131.2 (CH, 3 x Aromatic CH), 137.6 (Cq, 1 x Aromatic Cq), 165.7 (Cq, C=O). 
6-Methylisothiochroman-4-one 2-oxide 6716

Oxone® (1.48 g, 2.4 mmol, 0.5 eq) in water (25 mL) was added dropwise to a stirring solution of 6-methylisothiochroman-4-one 23 (0.860 g, 4.8 mmol, 1 eq) in acetone (50 mL) at 0 °C. The mixture was allowed to slowly reach room temperature while stirring over 2 h at which point TLC analysis (100% ethyl acetate) showed all starting material was consumed. Water (10 mL) was then added to the flask to dissolve the inorganic salts. The resulting solution was extracted with dichloromethane (2 × 20 mL) and the combined organic layers washed with water (10 mL), brine (10 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the crude product as a white solid. Recrystallisation from hexane and dichloromethane led to recovery of the sulfoxide 67 as a white crystalline solid (0.750 g, 80%). δH (400 MHz) 2.41 (3H, s), 3.94 (1H, d, J 15.6, A of ABq), 4.02 (1H, d, J 15.6, B of ABq), 4.25 (1H, d, J 14.9, A of ABq), 4.32 (1H, d, J 14.9, B of ABq), 7.26 (1H, d, J 15.6, 1 x Aromatic CH), 7.46 (1H, d, J 15.6, 1 x Aromatic CH), 7.93 (1H, s, 1 x Aromatic CH); δC (75.5 MHz) 21.1 (CH3), 52.4, 59.3 (2 x CH2), 128.1 (CH, Aromatic CH), 131.4  (CH, Aromatic CH), 136.4 (CH, Aromatic CH). Signals corresponding to the aromatic Cq’s and the carbonyl were not observed in the 13C NMR spectrum however the remaining spectral characteristics are in agreement with those reported by Buckley.16

1H-Benzo[h]isothiochromen-4(3H)-one 2-oxide 6816
Oxone® (0.263 g, 0.43 mmol, 1 eq) in water (10 mL) was added dropwise to a stirring solution of sulfide 24 (0.184 g, 0.85 mmol) in acetone (10 mL) at 0 °C. The mixture was allowed to slowly reach room temperature while stirring over 2 h 20 min when TLC analysis (100% ethyl acetate) showed all starting material was consumed. Water (10 mL) was then added to the flask to dissolve the inorganic salts. The resulting solution was extracted with dichloromethane (2 × 20 mL) and the combined organic layers washed with water (10 mL), brine (10 mL), dried with anhydrous MgSO4 and concentrated in vacuo to give the crude product as a yellow crystalline solid. Purification by flash chromatography on silica gel using ethyl acetate (100%) as eluent gave the sulfoxide 68 as a white crystalline solid (0.102 g, 52%). νmax (neat)/cm-1 1680, 1041; δH (400 MHz) 4.10 (1H, d, J 14.9, A of ABq), 4.19 (1H, d, J 14.9, B of ABq), 4.64 (1H, d, J 15.2, A of ABq), 4.86 (1H, d, J 15.2, B of ABq), 7.64-7.78 (2H, m, 2 x Aromatic CH), 7.83-8.00 (2H, m, 2 x Aromatic CH), 8.05-8.20 (2H, m, 2 x Aromatic CH); δC (100 MHz) 48.1, 58.7 (2 x CH2) 122.8, 124.3, 128.0, 129.3, 129.3, 129.4 (6 x Aromatic CH), 129.7, 129.9, 131.3, 136.7 (4 x Aromatic Cq), 188.4 (Cq, C=O). Spectral characteristics are in good agreement with those reported by Buckley.16
[bookmark: _Toc505089633][bookmark: _Toc506311690][bookmark: _Toc523135285]3.1.4.3 Monocyclic ketone derived sulfoxides

Dihydro-2H-thiopyran-3(4H)-one S-oxide 6516,175,  
A solution of sodium metaperiodate (0.77 g, 3.62 mmol, 1 eq) in water (10 mL) was added slowly to a solution of dihydro-2H-thiopyran-3(4H)-one 34 (0.420 g, 3.62 mmol, 1 eq) in methanol (40 mL) over 10 min, while stirring at 0 °C. After 5 min, a white precipitate had formed. The reaction was monitored by TLC and stirred for 1.5 h while returning to room temperature. The precipitate was filtered, and the filtrate concentrated in vacuo to leave the sulfoxide 65 and remaining salt mixture as an off-white solid. Dichloromethane (40 mL) was added and the mixture stirred for 10 min. The remaining solid was removed by filtration and the filtrate concentrated in vacuo to give the crude sulfoxide as a pale yellow solid. Purification by column chromatography on silica gel using ethyl acetate (100%) as eluent led to elution of the pure sulfoxide 65 (0.31 g, 65%), which stained blue by vanillin on heating. m.p. 87-88 °C; νmax(neat)/cm-1 1715; δH (400 MHz) 2.26-2.36 (1H, m, one of CH2), 2.51-2.64 (2H, m, 1 x CH2), 2.78-2.94 (1H, m, one of CH2), 2.95-3.05 (1H, m, one of CH2), 3.08-3.16 (1H, m, one of CH2), 3.63 (1H, A of ABq, J 13.3, one of CH2), 3.69 (1H, B of ABq, J 13.3, one of CH2); δC (100 MHz) 19.3, 41.4, 46.6, 59.8 (4 × CH2), 199.7 (Cq, C=O). Spectral characteristics are in agreement with the literature. 16,175

[bookmark: _Toc505089634][bookmark: _Toc506311691][bookmark: _Toc523135286]3.1.4.4 Lactam derived sulfoxides
cis-5,6-Diphenylthiomorpholin-3-one S-oxide 7014

A solution of 3-chloroperoxybenzoic acid (77%, 1.38 g, 8.00 mmol, 1 eq.) in dichloromethane (20 mL) was added slowly over 15 min at 0°C to a solution of cis-5,6-diphenylthiomorpholin-3-one 44 (1.66 g, 6.16 mmol, 1 eq.) in dichloromethane (20 mL). The ice bath was removed after 15 min and the reaction mixture stirred for another 2 h. The organic layer was washed with NaHCO3 (10%, 2 x 15 mL), water (15 mL) and brine (15mL). The layers were separated and the organic layer was dried with MgSO4 and concentrated under reduced pressure to give the crude sulfoxide 70 as a white solid (only one diastereomer present on analysis by 1H NMR spectroscopy). The crude material was recrystallized from hot ethyl acetate to give the sulfoxide 70 as a white crystalline solid (1.46 g, 84%). mp; 212-214 °C (lit.,14 215°C); νmax/cm1 (neat) 1667, 1048; δH(400 MHz, CDCl3) 3.51 (1H, A of ABq, J 17.3, one of SOCH2), 3.69 (1H, B of ABq, J 17.3, one of SOCH2), 4.38 (1H, d, J 3.2, CHS), 5.68 (1H, d, J 3.2, CHN), 6.94 (1H, br s, NH), 7.12-7.53 (10H, m, 10 x Aromatic CH); δC (75.5 MHz, CDCl3) 47.6 (CH2, SOCH2), 52.8 (CH, CHN), 64.9 (CH, CHS), 126.9, 128.5, 129.0, 129.2, 129.3, 129.8 (7 signals representing 10 x aromatic CH and 1 x aromatic Cq), 136.3 (1 x aromatic Cq), 165.4 (Cq, C=O); ESI+  285 (M+, 15%). Spectral characteristics are in agreement with those reported in the literature. 14 
trans-5,6-Diphenylthiomorpholin-3-one S-oxides 72 and 7114

A solution of 3-chloroperoxybenzoic acid (0.787 g, 4.56 mmol, 1 equiv) in dichloromethane (40 mL) and trans-5,6-diphenylthiomorpholin-3-one 43 (0.96 g, 3.5 mmol, 1 equiv) in dichloromethane (40 mL) were used following the procedure described for the preparation of 70 above, to give the crude product as a white solid (1 : 1, axial : equatorial, 72 : 71). Purification by column chromatography on silica gel using ethyl acetate (100 %) gave the pure sulfoxides 72 and 71 as a white solid and as a mixture of diastereomers (1 : 1, 0.70 g, 70 %); The material was characterised as a mixture of diastereomers. mp 174-176 °C (lit.,14 181-183°C); νmax/cm1 (neat) 1667, 1042. 
Axial diastereomer 72 and Equatorial diastereomer 71: δH(400 MHz) 3.74 – 3.96 (4H, m, containing A and B of ABq of SOCH2, of 72, CHS of 72, and 1H, d, J 15.5, A of ABq of SOCH2 of 71), 4.06 (1H, d, J 10.9, CHS of 71), 4.19 (1H, d, B of ABq J 15.5, B of ABq, one of SOCH2 of 71), 4.79 (1H, d, J 10.9, CHN of 71)  5.54 (1H, d, J 10.8, CHN of 72), 6.13 – 6.24 (2H, m, NH of both 72 and 71), 6.99-7.37 (20H, m, 10 x Aromatic CH of 72 and 10 x Aromatic H of 71); δC(100 MHz) 51.2 (CH2, SOCH2 of 71), 54.3 (SOCH2 of 72), 55.6 (CHN of 72), 59.4 (CHN of 71), 63.7 (CHS of 71), 74.4 (CHS of 72), 127.1, 127.7, 128.7, 128.9, 129.1, 129.3, (6 signals representing 10 x Aromatic CH), 131.4, 132.8, 136.9, 137.1, (4 x Aromatic Cq), 162.7 , 163.6 (2 x Cq, C=O of 72 and 71). 
[bookmark: _Toc505089635][bookmark: _Toc506311692][bookmark: _Toc523135287]3.1.5 Synthesis of Sulfones
 (5S*,6R*)-5,6-Diphenylthiomorpholin-3-one 1,1-dioxide 73

A solution of 3-chloroperoxybenzoic acid (1.63 g, 9.44 mmol, 3 eq), in dichloromethane (50 mL) was added dropwise over 15 min to a stirring solution of  cis-5,6-diphenylthiomorpholin-3-one S-oxide 70 (0.89 g, 3.14 mmol, 1 eq) at 0°C. The reaction mixture was stirred for 8 h while slowly returning to room temperature. The reaction mixture was washed with NaHCO3 (10%, 2 x 20 mL), water (20 mL), and brine (20 mL), dried and concentrated under reduced pressure to give the sulfone 73 as a white crystalline solid (0.26 g, 27%); mp 236-238 °C; νmax/cm1 (neat) 1668, 1125; δH (400 MHz) 4.06 (1H, d, J 17.3, 2.2, A of ABq, CH2), 4.21 (1H, d, J 17.3, B of ABq, CH2), 4.38 – 4.41 (1H, m, CHS), 5.65 (1H, d, J 4.0, CHN), 6.55 (1H, br s, NH), 7.14 – 7.19 (2H, m, 2 x Aromatic CH), 7.23 – 7.46 (8H, m, 8 x Aromatic CH); δC (75.5 MHz) 53.5 (CH2, SO2CH2), 57.3 (CH, CHN), 69.6 (CH, CHS), 126.7 (2 x Aromatic CH), 128.0 (1 x Aromatic Cq), 128.2, 129.1, 129.7 (3 signals representing 8 x Aromatic CH), 133.6 (Aromatic Cq), 163.6 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C16H15NO3S [M+H]+, 302.0827 Found: 302.0839.

 (5S*,6S*)-5,6-Diphenylthiomorpholin-3-one 1,1-dioxide 74
A solution of 3-chloroperoxybenzoic acid (1.09 g, 6.31 mmol, 3 eq), in dichloromethane (50 mL) was added dropwise over 15 min to a stirring solution of  trans-5,6-diphenylthiomorpholin-3-one S-oxide 72 and 71 (0.60g, 2.10 mmol, 1 eq) at 0°C. The reaction mixture was stirred for 8 h while slowly returning to room temperature. The reaction mixture was washed with NaHCO3 (10%, 2 x 20 mL), water (20 mL), and brine (20 mL), dried and concentrated under reduced pressure to give the desired sulfone 74 as a white crystalline solid (0.29 g, 45%). mp 229 – 231 °C; νmax/cm1 (neat) 1671, 1314, 1122; δH (400MHz) 4.18 (1H, d, J 17.3, A of ABq, CH2), 4.26 (1H, d, J 17.3, B of ABq, CH2), 4.30 (1H, d, J 10.2, CHS), 5.23 (1H, d, J 11.0, CHN), 6.16 (1H, br s, NH), 7.12 – 7.14 (2H, m, 2 x Aromatic CH), 7.21 – 7.34 (8H, m, 8 x Aromatic CH); δC (100 MHz) 56.3 (CH2, SO2CH2), 59.7 (CH, CHN), 69.2 (CH, CHS), 125.4 (Aromatic Cq), 127.3, 129.0, 129.2, 129.4, 129.9, 130.3 (6 signals representing 10 x Aromatic CH), 136.1 (Aromatic Cq), 161.8 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C16H15NO3S [M+H]+ 302.0851 Found: 302.0854.


[bookmark: _Toc505089636][bookmark: _Toc506311693][bookmark: _Toc523135288]3.1.6 Synthesis of -diazosulfoxides under standard batch conditions

Note: Care should be taken while handling diazo compounds to limit personal exposure. While no explosion or detonation occurred during these studies it is prudent to handle diazo compounds behind a blast shield. 
Note: DBSA was sourced from commercial suppliers (TCI Chemical or Sigma Aldrich, CAS Number 79791-38-1) as a mixture of isomers, and was used without purification.

Axial and equatorial 3-diazo-trans-hexahydrobenzo[1,4]oxathiin-2-one S-oxides 38 and 3914

A solution of triethylamine (0.24 mL, 1.7 mmol, 1 eq) in acetonitrile (20 mL) was added dropwise to a mixture of the sulfoxides 56 and 55 (1:1, 0.33 g, 1.7 mmol, 1 eq) in acetonitrile (50 mL) while stirring at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 5 min and then a solution of tosyl azide (0.33 g, 1.7 mmol, 1 eq) in acetonitrile (10 mL) was added dropwise, again while stirring at 0 °C under a nitrogen atmosphere. Once the additions were complete the ice bath was removed and the bright orange solution was stirred at ambient temperature under inert atmosphere overnight for 17 h. The solvent was removed under reduced pressure to give the crude product as a viscous dark orange oil (38 : 39, 1 : 0.8) which was adsorbed onto Celite® and purified by column chromatography on silica gel using hexane/ethyl acetate (50:50) to isolate the axial and equatorial diazosulfoxides, 38 and 39.  (1 : 0.7, 0.101 g, 27% total mass recovery). Repeated chromatography of the mixture enables separation of the mixture of diastereomers. 
Axial 38: νmax/cm1 (neat) 2129, 1690; δH(400 MHz) 1.20-1.80 (4H, m, 4H of CH2 ring), 1.85-2.05 (2H, m, 2H of CH2 ring), 2.05-2.27 (1H, m appears as br d, 1H of CH2 ring), 2.30-2.51 (1H, m appears as br d, 1H of CH2 ring), 2.82 (1H, ddd appears as dt, J 10.9, 10.9, 4.8, CHS), 4.89 (1H, ddd appears as dt, J 10.9, 10.9, 4.8, CHO); δC(100 MHz) 22.9, 24.3, 24.9, 31.9 (4 × CH2 ring), 57.9 (CH, CHS), 71.8 (CH, CHO), 158.7(Cq, C=O).
Equatorial 39: νmax/cm1 (neat) 2127, 1704; δH(400 MHz) 1.25-1.82 (4H, m, 4H of CH2 ring), 1.85-2.02 (2H, m, 2H of CH2 ring), 2.23-2.36 (1H, m appears as br d, 1H of CH2 ring), 2.57-2.68 (1H, m appears as br d, 1H of CH2 ring), 2.95 (1H, ddd appears as dt, J 11.0, 11.0, 4.9, CHS), 4.04 (1H, ddd appears as dt, J 11.0, 11.0, 4.9, CHO); δC(100 MHz) 23.6, 24.7, 27.3, 31.9 (4 × CH2 ring), 67.8 (CH, CHS), 71.3 (C=N2), 74.3 (CH, CHO), 160.8 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C8H10N2O3S [M+H]+, 215.0490 Found: 214.0491 (80%). Spectral characteristics are in agreement with those reported in the literature.13,14,29 In a separate experiment, using a 1 : 1 mixture of the sulfoxides 56 and 55 an isolated yield of 35% of 38 and 39 was achieved. 
(4S*, 4aS*, 9aS*)-3-diazohexahydro-5H-cyclohepta[b][1,4]oxathiin-2(3H)-one 4-oxide 7515

A solution of triethylamine (0.24 mL, 0.17 g, 1.7 mmol, 1 eq) in acetonitrile (5 mL) was added dropwise to a solution of the axial sulfoxide 60 only (0.33 g, 1.6 mmol, 1 eq) in acetonitrile (30 mL) while stirring at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 5 min and a solution of DBSA 87 (0.598 g, 1.70 mmol, 1.05 eq) in acetonitrile (10 mL) was then added slowly while stirring at 0°C under a nitrogen atmosphere. The solution slowly reached room temperature while stirring over 9 h, under the inert atmosphere. The solvent was removed under reduced pressure to yield the crude product as a red solid (0.76 g). The oil was adsorbed on to Celite® and purified by column chromatography on silica gel using hexane – ethyl acetate as eluent (40 : 60 – 0 : 100% ethyl acetate) to give the axial -diazosulfoxide 75 as a yellow crystalline solid (0.170 g, 46%). max/cm1 (neat) 2127, 1697, 1051; δH (300 MHz) 1.37–1.92 (6H, m, 3 x CH2 of cycloheptyl ring), 1.98–2.34 (4H, m, 2 x CH2 of cycloheptyl ring), 2.84 (1H, td, J 9.5, 2.6, CHS), 5.17 (1H, overlapping ddd, J 4.8, 4.8, 4.8, CHO); δC (75.5 MHz) 22.0. 26.8, 27.3, 29.1, 33.2 (5 x CH2 of cycloheptyl ring), 61.6 (CH, CHS), 74.4 (CH, CHO), 160.3 (Cq, C=O); m/z (ESI+) 229 [(M+H)+, 40%]. Spectral characteristics are in agreement with those reported by O’Sullivan.15 
(4S*, 5R*, 6S*)-3-Diazo-5,6-diphenyl-1,4-oxathian-2-one 4-oxide 7715

A solution of triethylamine (0.121 g, 0.16 mL, 1.2 mmol, 1.05 eq) in acetonitrile (10 mL) was added dropwise over 10 min to a solution of the sulfoxide 70 (axial diastereomer only, 0.32 g, 1.13 mmol, 1 eq) in acetonitrile (40 mL) while stirring at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 5 min and a solution of DBSA 87 (0.418 g, 1.2 mmol, 1.05 eq) in acetonitrile (10 mL) was then added slowly while stirring at 0°C under a nitrogen atmosphere. The solution was allowed to slowly reach room temperature while stirring under the inert atmosphere for 9 h. The solvent was removed under reduced pressure to yield the crude product as a red oil (0.409 g). The oil was adsorbed on to Celite® and purified by column chromatography on silica gel using hexane – ethyl acetate as eluent (50 : 50) to give the pure -diazosulfoxide 77 as a yellow crystalline solid (0.098 g, 28%). max/cm1 (neat) 2154, 2135, 1679; δH (300 MHz) 4.30 (1H, d, J 2.0, CHS), 6.57 (1H, d, J 2.0, CHO), 7.14–7.41 (10H, m, aryl rings); δC (75.5 MHz) 68.1 (CH, CHS), 74.3 (CH, CHO), 126.2, 128.7, 128.8, 129.3, 129.7, 129.8 (6 signals corresponding to 10 x Aromatic CH), 126.8, 135.0 (2  Aromatic Cq). Spectral characteristics are in agreement with those reported by O’Sullivan.15 
(4S*, 5R* ,6R*)-3-Diazo-5,6-dimethyl-1,4-oxathian-2-one 4-oxide 78 

A solution of triethylamine (0.121 g, 0.16 mL, 1.2 mmol, 1.05 eq) in acetonitrile (10 mL) was added dropwise over 10 min to a solution of the axial sulfoxide only 62 (0.32 g, 1.13 mmol, 1 eq) in acetonitrile (40 mL) while stirring at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 5 min and a solution of DBSA 87 (0.418 g, 1.2 mmol, 1.05 eq) in acetonitrile (10 mL) was then added over 5 min while stirring at 0°C under a nitrogen atmosphere. The solution was allowed to reach room temperature while stirring under the inert atmosphere for 9 h. The solvent was removed under reduced pressure to yield the crude product as a red oil (0.409 g). The oil was adsorbed on to Celite® and purified by column chromatography on silica gel using hexane-ethyl acetate as eluent (50 : 50 increasing to 0 : 100) to give the pure axial -diazosulfoxide 78 as a yellow oil (0.098 g, 28%). νmax/cm1 (neat) 2122, 1688, 1091 cm-1; δH (400 MHz) 1.42 (3H, d, J 7.2, CH3), 1.52 (3H, d, J 6.6, CH3), 2.91 (1H, dq appears as q, J 9.8, 7.2, CHS), 5.07 (1H, dq, J 9.8, 6.5, CHO); δC (100 MHz) 12.0, 18.4 (2 x CH3), 55.5 (CH, CHS), 71.1 (CH, CHO), 71.7 (Cq, C=N2), 159.4 (Cq, C=O). 

(4S*, 4aS*, 8aS*)-3-Diazo-8a-methylhexahydrobenzo[b][1,4]oxathiin-2(3H)-one 4-oxide 76
A solution of triethylamine (0.203 g, 0.28 mL, 2.0, 1.05 eq) in acetonitrile (10 mL) was added dropwise over 5 min, to a solution of the sulfoxide 57 (0.388 g, 1.91 mmol, 1 eq) in acetonitrile (40 mL) while stirring at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 5 min and a solution of DBSA 87 (0.687 g, 1.95 mmol, 1.02 eq) in acetonitrile (10 mL) was then added slowly while stirring at 0°C under a nitrogen atmosphere. The solution was allowed to slowly reach room temperature and continued stirring under the inert atmosphere for 16 h. The solvent was removed under reduced pressure to yield the crude material as a red oil (0.823 g). The oil was adsorbed on to Celite® and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (50 : 50 – 0 : 100) to give the pure -diazosulfoxide 76 as a yellow crystalline solid (0.144 g, 33%). δH (CDCl3) 1.30-2.05 (10H, m containing s at 1.42, 7H of cyclohexyl ring and CH3), 2.57 (1H, br d, J 14.1, 1H of CH2), 3.02 (1H, dd, J 12.7, 4.1, CHS); δC (CDCl3) 19.6 (CH3), 22.8, 25.3, 25.5, 39.8 (4 × CH2), 68.1 (CH, CHS), 81.5 (Cq, CqO), 159.7 (Cq, C=O). Spectroscopic data is in agreement with those previously published in the literature.13 


cis-2-Diazo-5,6-diphenylthiomorpholin-3-one S-oxide 8414

Sodium hydride (60% dispersion in mineral oil, 0.134 g, 3.35 mmol, 1.2 eq.) was weighed into a dry 250 mL roundbottomed flask and placed under nitrogen. Dry THF (40 mL) was added via a syringe and the suspension was stirred at 0°C. cis-5,6-Diphenylthiomorpholin-3-one S-oxide 70 (0.80 g, 2.7 mmol, 1 eq.) in THF (5 mL) was added dropwise to the stirring suspension. Stirring was continued for 10 min at 0°C and then a solution of p-toluenesulfonyl azide (0.551 g, 2.7 mmol, 1 eq.) in dry THF (5mL) was added dropwise over 10 min to give a yellow coloured solution. The solution was allowed to slowly reach room temperature and continued stirring under the inert atmosphere for 16 h. The THF was removed under reduced pressure to give the crude product as an orange oil (0.791 g). Repeated column chromatography on silica gel using 100% chloroform as eluent led to elution of the pure -diazosulfoxide 84 as an orange crystalline solid (0.10 g, 12%); m.p. 152-155 °C decomp; νmax/cm1 (neat) 2113, 1651, 1061 cm-1; δH(400 MHz, CDCl3) 4.10 (1H, d, J 2.9, CHS), 5.83 (1H, d, J 2.9, CHN), 5.91 (1H, br s, NH), 7.08-7.42 (10H, m, aromatic); δC (75.5 MHz, CDCl3) 52.4 (CH, CHN), 68.6 (CH, CHS), 127.2, 128.2, 128.9, 129.0, 129.6, 130.0 [6 signals representing 10 x Aromatic CH and 1 x Aromatic Cq (128.2)], 136.2 (1 x Aromatic Cq), 161.3 (Cq, C=O); m/z  283 (M+-N2, 10%); HRMS (ESI+) Calculated C16H13N3O2S [M+H]+ 312.0813 Found 312.0811 (30%) 284.0764 (M-N2. 70%).
trans-2-Diazo-5,6-diphenylthiomorpholin-3-one S-oxides 85 and 8614
Note: The polymer supported benzenesulfonyl azide is swollen by stirring in the reaction solvent for 20 min, prior to addition to the reaction mixture to increase the porosity of the solid supported reagent, therefore enabling greater access to the reactive sites. 176

Sodium hydride (60% dispersion in mineral oil, 0.22 g, 0.92 mmol, 1.2 eq.) was weighed into a dry 100 mL roundbottomed flask and placed under nitrogen atmosphere. Dry THF (20 mL) was added via syringe and the suspension was stirred at 0°C. trans-5,6-Diphenylthiomorpholin-3-one S-oxides 71,72 (1 : 1, 0.22 g, 0.77 mmol, 1 eq) in THF (15 mL) was added dropwise to the stirring suspension. Stirring was continued for 15 min at 0°C and then polymer supported benzenesulfonyl azide (0.77 g, 1.15 mmol, 1.5 eq.) which had been swollen in dry THF for 15 mins was added to give a yellow coloured solution. The reaction mixture was stirred for 1 h at 0°C, then overnight at room temperature with a gradual colour change to orange. The polymer supported reagent was filtered off and rinsed with dichloromethane (2 x 5 mL). The solvent was removed under reduced pressure to give a yellow/brown residue. This residue was dissolved in dichloromethane (1 mL), loaded on to alumina and purified using 100% chloroform as eluent to give the pure -diazosulfoxides 85 and 86 as a yellow crystalline solid (0.06 g, 27%) and as a mixture of diastereomers (1 : 5.5, equatorial : axial, 86 : 85). m.p 169-171 °C; νmax/cm1 (neat) 2111, 1644, 1065; HRMS (ESI+) Exact mass calculated for C16H13N3O2S [M+H]+ 312.0823 Found 312.0821 (30%) 284.0764 (M – N2. 100%)
Major diastereomer 85 (axial): δH(400 MHz) 4.22 (1H, d, J 10.9, CHS), 5.64 (1H, d, J 10.9, CHN), 5.99 (1H, br s, NH), 7.18-7.30 (10H, m, 10 x aromatic CH); δc (75.5 MHz, CDCl3); 54.0 (CH, CHN), 66.9 (CH,  CHS), 125.6, 128.0, 128.8, 129.0, 129.1, 129.7, (6 signals representing 10 x Aromatic CH), 131.7, 136.9 (2 x ArCq) 158.7 (Cq, C=O).
Minor diastereomer 86 (equatorial): δH (400 MHz 3) 4.43 (1H, d, J 8.8, CHS), 4.94 (1H, d, J 8.8, CHN), 6.23 (1H, br s, NH), 7.18-7.30 (10H, m, 10 x aromatic CH); δc (75.5 MHz, CDCl3); 55.3 (CH, CHS), 65.0 (CH, CHN), 125.5, 127.8, 128.6, 129.3, 129.5, (5 signals corresponding to 10 x Aromatic CH), 162.4 (Cq, C=O). Note: For this minor diastereomer 86 two Cq signals and a sixth aromatic CH signal were not observed in the 13C NMR spectrum .
3-Diazo-8-methylisothiochroman-4-one S-oxide 8016

A solution of triethylamine (0.30 mL, 2.10 mmol, 1eq) in acetonitrile (5 mL) was added dropwise over 10 min to a solution of isothiochroman-4-one S-oxide 66 (0.42 g, 2.1 mmol, 1 eq) in acetonitrile (30 mL) while stirring at 0 °C under a nitrogen atmosphere. The reaction mixture was stirred for 5 min and a solution of tosyl azide (0.430 g, 2.10 mmol, 1 eq) in acetonitrile (10 mL) was then added slowly while stirring at 0°C under a nitrogen atmosphere. The solution was allowed to slowly reach room temperature while stirring under the inert atmosphere for 9 h. The solvent was removed under reduced pressure to yield the crude product as a red solid (0.68 g). The oil was adsorbed on to Celite® and purified by column chromatography on silica gel using hexane-ethyl acetate as eluent (50 : 50 – 0 : 100) to give the pure -diazosulfoxide 80 as a yellow crystalline solid (149 mg, 31%). m.p. 72-74 °C (decomp.); νmax/cm1 (neat) 2114, 1624; δH (400 MHz) 2.44 (3H, s, CH3), 4.07 (1H, d, J 15.5, A of ABq, one of CH2), 4.58 (1H, d, J 15.5, B of ABq, one of CH2), 7.42 (1H, t, J 7.7, Aromatic CH), 7.49 (1H, d, J 7.0, Aromatic CH), 8.01 (1H, d, J 6.9, Aromatic CH); δC (75.5 MHz) 19.9 (CH3), 48.8 (CH2), 78.7 (C=N2), 125.6 (1 x Aromatic CH), 128.6 (1 x Aromatic CH), 131.6 (1 x Aromatic Cq), 135.9 (1 x Aromatic CH), 138.5 (1 x Aromatic Cq), 176.5 (Cq, C=O). Spectral characteristics are in agreement with those reported in the literature.16 


[bookmark: _Toc505089637][bookmark: _Toc506311694][bookmark: _Toc523135289]3.1.7 Synthesis of -diazosulfoxides in continuous flow
The Vaportec R-Series flow reactor consists of 4 reactor positions and 4 HPLC/piston pumps. It allows for manual or automated control. To prepare the reactor for operation, pumps were purged with the required solvent All reaction tubing, coils, inlets and connections were also purged thoroughly in a similar manner. An 8 bar back pressure regulator was fitted to the sytem for all reactions.
The Vapourtec E-Series flow reactor consists of 3 peristaltic pumps and up to two temperature controlled reactors. In the same manner used for preparation of the R-Series system, each pump needed for the reaction was purged with the required solvent. All reaction tubing, coils, inlets and connections were also purged thoroughly in a similar manner. An 8 bar back pressure regulator was fitted to the sytem for all reactions. 
Table 46
	General Specification

	Material of tubing
	PFA

	Diameter of tubing
	1 mm

	Working flow rates
	0.1 mL/min – 10 mL/min

	Tubular reactor working volumne
	10 mL

	Temperature range
	-70°C – 150°C

	Column reactor internal diameter (ID)
	10 mm

	Column reactor length
	100 mm

	Column reactor operating temperatures
	Ambient to 150°C



When the substrates are pumped directly from a feeder vessel the reaction scheme will show it being pumped directly, as in Scheme 115;


[bookmark: _Ref498503135]Scheme 115: Direct pumping of reagents. 
When injection loops are used (blue) for the introduction of substrate/reagents, the following symbol is included on the scheme, as in Scheme 116;


[bookmark: _Ref498503159]Scheme 116: Pumping of reagents via injection loop. 
When reactions are carried out with the UV-150 Photochemical Reactor, it is strongly recommended by Vapourtec that a filter is always used in the UV-150 reactor as they will absorb a significant amount of the unwanted infra-red energy. The three filters supplied with the UV-150 photochemical reactor have different cut-off wavelengths (Table 47);
[bookmark: _Ref498503220]Table 47: Cut-off wavelengths of UV-150 photochemical reactor filters.
	Filter
	Wavelength

	Type 1 (Silver)
	190 – 2000 nm

	Type 2 (Gold)
	250 – 390 nm

	Type 3 (Red)
	300 – 2000 nm



Additionally, The fluoropolymer tubing has good UV transmission in the range 220 – 400 nm with an internal bore of 1.3 mm and a wall thickness of 0.15 mm. The maximum pressure limit at 80°C (for the 10 mL UV-150 reactor) is 12 bar. 


Scheme 117: Photochemical UV-150 reactor. 

[bookmark: _Toc505089638][bookmark: _Toc506311695][bookmark: _Toc523135290]3.1.7.1 General method for diazo transfer in continuous flow using homogeneous bases



Scheme 118
Acetonitrile was pumped through the system at a flow rate of 0.1 mL min−1 for 10 min to purge the system by means of a HPLC pump. A substrate (1 eq) and amine base (1 eq) were dissolved in acetonitrile (5 mL). Separately, a sulfonyl azide (1 eq) was dissolved in acetonitrile (5 mL). The substrate solution was pumped into a T-piece where it met the sulfonyl azide solution (0.1 mL min-1 each). The combined stream passed through a 10 mL reactor coil before passing the volume through a back pressure regulator (8 bar). The product was collected and concentrated under reduced pressure. Results of this optimisation procedure are outlined in Table 48.
[bookmark: _Ref483475535]Table 48: The use of triethylamine as base in continuous flow
	Entry
	Residence Time (min)b
	Et3N (eq.)
	Tosyl Azide (eq.)
	Temp
	Conversion (%)a

	1
	25
	1
	1
	22
	22

	2
	50
	3
	1
	25
	26

	3
	50
	1
	1
	25
	17

	4
	50
	1
	1
	40
	22

	5
	50
	1.9
	2
	40
	38

	6
	25
	1
	1
	40
	26

	7
	50
	1
	1 (DBSA)
	25
	38

	8
	50
	2
	1 (DBSA)
	40
	40


[bookmark: _Ref483475611][a] Conversions determined by 1H NMR spectroscopy.
[b] Residence times of 50 minutes have a flow rate of 0.2 mL/min, residence times of 25 minutes have a flow rate of 0.4 mL/min.



Table 49: Variation of the homegeneous base for diazo transfer to sulfoxides in continuous flow.
	Entry
	Base (eq.)
	Diazo transfer reagent (eq.)
	Residence time (min.)
	Conversion (%)a


	1
	Et2NH (1.05)
	Tosyl Azide (1.05)
	25
	9

	2
	Et3N (2)
	DBSA (1)
	50
	40b

	3
	Et3N (1.9)
	Tosyl Azide (2)
	50
	38b

	4
	DIPEA (1.05)
	Tosyl Azide (1.05)
	25
	4

	5
	DBU (1.05)
	Tosyl Azide (1.05)
	25
	-c


[a] Conversions were determined by 1H NMR Spectroscopy.
[b] These reactions were carried out at 40°C.
[c] The percentage conversion to -diazosulfoxide could not be determined due to the decomposition of the product to multiple unidentifiable products.
[bookmark: _Toc505089639][bookmark: _Toc506311696][bookmark: _Toc523135291]3.1.7.2 Diazo transfer in a continuous flow system using solid supported bases.

Note: 
Polymer bound DBU was obtained from Sigma Aldrich and has a particle size of 100 – 200 mesh, is 1% cross linked with divinylbenzene and has a loading of 1.5 – 2.5 mmol/g. Amberlyst A21 has a divinylbenzene backbone also, with a particle size of 22 – 30 mesh and a loading of 4.8 mmol/g. Dimethylamine is the active functionality of Amberlyst A21. 
For setting up each reaction, the solid supported reagent was loaded into the Omnifit™ glass column reactor with a substantial amount of headspace left for expansion of the reagent on swelling with solvent. The desired solvent is passed over the reagent at 0.2 mL/min for 10 - 15 min at which point the reactor column is disconnected. The adjustable endpiece (as opposed to the fixed endpiece) is tightened sufficiently to compress the solid supported reagent and remove excess solvent, allowing the volume of solvent to be accurately measured through weighing. 
In some cases, the Amberlyst A21 is dispersed amongst acid washed sand within the column reactor, resulting in a larger volume within the reactor. This larger volume is sometimes necessary to increase the residence time, when the flow rate of the pump is at its minimum. 



Scheme 119
[bookmark: _Toc505089640][bookmark: _Toc506311697][bookmark: _Toc523135292]3.1.7.3 General procedure for diazo transfer using polystyrene supported 1,8-diazabicyclo undec-7-ene (PS - DBU) as base 

A 6.6 mm ID Omnifit™ glass column was packed with polymer bound DBU (5 eq). Acetonitrile was pumped through the column at a flow rate of 0.1 mL min−1 for 10 min to prepare the system by means of a HPLC pump. Solutions of a sulfoxide substrate (1 eq) in acetonitrile (5 mL), p-tosyl azide (2 eq) in acetonitrile (5 mL) were both fed into the same stream and then into the column reactor (18°C, 40 min residence time) at a flow rate of 0.5 mL min-1. The product was collected after passing through an 8 bar back pressure regulator. The collected material was then concentrated under reduced pressure to give the crude product as a pale yellow oil. Conversion was calculated by analysis of the 1H NMR spectrum of the crude material. 
[bookmark: _Toc505089641][bookmark: _Toc506311698][bookmark: _Toc523135293]3.1.7.4 General procedure for diazo transfer using solid supported bases

A 6.6mm ID Omnifit™ glass column was packed with Amberlyst A21 (20 eq). Acetonitrile was pumped through the column at a flow rate of 0.1 mL min−1 for 10 min to prepare the system by means of a HPLC pump. Solutions of a sulfoxide substrates (1 eq) in acetonitrile (5 mL), p-tosyl azide (2 eq) in acetonitrile (5 mL) were both fed into the same stream and then into the column reactor (18°C, 60 min residence time) at a flow rate of 0.7 mL min-1. The product was collected after passing through a 8 bar back pressure regulator. The collected material was then concentrated under reduced pressure to give the crude product as a pale yellow oil. Conversion was calculated to be 100 % by analysis of the 1H NMR spectrum. 
Note: The results from the investigation using solid or solid supported bases are outlined in Table 50. 
[bookmark: _Ref483476994]Table 50: Initial investigation with polystyrene supported/insoluble bases.
	Entry
	Base (eq.)
	Diazo transfer reagent (eq.)
	Residence time (min.)
	Conversion (%)a

	1
	PS-DBU (5)
	Tosyl Azide (2)
	9
	100

	2
	K2CO3 (5)
	Tosyl Azide (2)
	15
	3

	3
	PS-NMe2 (20)
	Tosyl Azide (2)
	9
	100

	4
	PS-NMe2 (20)
	DBSA (2)
	9
	100


[a]Conversions determined by 1H NMR spectroscopy.
The results from the optimisation investigation using Amberlyst A21 as the solid supported base are outlined in Table 51.


[bookmark: _Ref483477053]Table 51: Optimisation of diazo transfer process to -diazosulfoxide in continuous flow using solid Amberlyst A21.
	


	Entry
	Amberlyst A21
	Diazo Transfer Reagent
(eq.)
	Residence time
(min.)
	Conversion
(%)
	Yield
(%)

	1
	(20 eq)
	DBSA(2)
	9.5
	100
	47

	2
	(20 eq)
	DBSA (2)
	9
	100
	49

	3
	(20 eq)
	DBSA (2)
	4.5
	100
	73

	4
	(20 eq)
	DBSA(2)
	2.25
	98
	73

	5
	(7 eq)
	DBSA (2)
	4.5
	96
	68

	6
	(7 eq)
	TsN3 (2)
	6.5
	100
	-

	7
	(7 eq)
	DBSA (1.2)
	6.5
	73
	-

	8
	(7 eq)
	DBSA (1.2)
	9
	82
	-

	9
	(7 eq)
	DBSA (1.5)
	9
	85
	54

	10
	(5 eq)
	DBSA (2)
	4.5
	77
	68

	11
	(5 eq)
	DBSA (2)
	9.5
	95
	71

	12
	(5eq)
	DBSA (2)
	9
	86
	76




[bookmark: _Toc505089642][bookmark: _Toc506311699][bookmark: _Toc523135294]3.1.7.5 General Procedure for the Synthesis of α-Diazosulfoxides Using Amberlyst A21 (5 eq) as base.
A packed bed reactor consisting of a fritted low pressure 10 mm ID× 10 mm long Omnifit™ glass column was packed with Amberlyst A21 (5 eq.) dispersed among acid washed sand (approx. 4.5 g) and mounted vertically. Acetonitrile was pumped through the column at a flow rate of 5 mL/min for 10 min to prepare the system by means of a peristaltic pump. The sulfoxide (1 eq.) was added to 5 mL of acetonitrile in a 10 mL volumetric flask. Dodecylbenzenesulfonyl azide (2 eq.) was added to the flask, and the solution was made up to the graduation mark with acetonitrile. The solution was pumped through the reactor with a residence time of 9 min at room temperature. The volume of the reactor was established by weighing the packed bed reactor while dry and again following saturation with acetonitrile. The system was fitted with an 8 bar back pressure regulator. The crude material was concentrated under reduced pressure without heating, and conversion was established by 1H NMR spectroscopy. Purification by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (50 : 50 — 0 :  100) gave the pure α-diazosulfoxides in good to excellent yields.
3-Diazo-hexahydrobenzo[1,4]oxa-thiin-2(3H)-one S-oxides 38 and 39


A (1 : 0.7, 55 : 56, equatorial : axial) diastereomeric mixture  of the sulfoxides (0.100 g, 0.53 mmol, 1 eq.) and DBSA 87 (0.373 g, 1.06 mmol, 2 eq.) in acetonitrile (10 mL) was pumped through a 10-mm ID packed bed reactor containing Amberlyst A21 (0.552 g, 2.65 mmol, 5 eq) and acid washed sand (approx. 4.6 g) with a residence time of 9 min. The crude product (0.432 g) was a thick yellow oil which showed a relatively clean product and conversion to be 86% on analysis by 1H NMR spectroscopy. Purification by column chromatography on silica gel (ethyl acetate–hexane 50:50) gave the pure α-diazosulfoxides as a mixture of diastereomers (1 : 0.7, 39 : 38, equatorial : axial) and as a yellow crystalline solid (0.085 g, 76%). Spectral characteristics are consistent with those outlined above, and in the literature.14

(4R*,5S*,6R*)-3-Diazo-5,6-diphenyl-[1, 4]-oxathian- 2-one S-oxide 77

A 10 mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.395 g, 1.9 mmol, 5 eq.) and acid washed sand (approx. 4.6 g). The axial sulfoxide 59 (0.100 g, 0.35 mmol, 1 eq.) was added to 5 mL of acetonitrile in a 10 mL volumetric flask. Dodecylbenzenesulfonyl azide 87 (0.270 g, 0.70 mmol, 2 eq.) was added to the flask, and the solution was made up to the graduation mark with acetonitrile. The solution was pumped through the reactor at room temperature with a residence time of 9 min. The crude product (0.344 g) was a thick yellow oil which showed conversion to be 96% on analysis by 1H NMR spectroscopy. Purification by column chromatography  on silica gel using hexane-ethyl  acetate as eluent (50 : 50) gave the pure α-diazosulfoxide 77 as a yellow crystalline solid (0.104 g, 88%). Spectral characteristics are consistent with those outlined above, and in the literature.14
(4S*,5S*,6S*)-3-diazo-5,6-dimethyl-1,4-oxathian-2-one 4-oxide 78

 A 6.6 mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.625 g, 3.00 mmol, 5 eq) dispersed in acid washed sand (approx. 4.4 g). The axial sulfoxide 62 (0.102 g, 0.60 mmol, 1 eq) was added to 5 mL of acetonitrile in a 10 mL volumetric flask. Dodecylbenzenesulfonyl azide 87 (0.422 g, 1.201 mmol, 2 eq) was added to the flask and the solution made up to the graduation mark with acetonitrile. The solution was pumped through the reactor with a residence time of 9 min and a flow rate of 0.2 mL min -1 at room temperature. The system was fitted with an 8 bar back pressure regulator and the resulting clear yellow solution was concentrated under reduced pressure. The crude product (0.488 g) was a thick yellow oil which showed complete consumption of the starting sulfoxide on analysis by 1H NMR spectroscopy. Purification by column chromatography on silica gel using ethyl acetate-hexane as eluent  (50 : 50) gave the pure -diazosulfoxide 78 as a yellow crystalline solid (0.101 g, 86%). mp 123-125°C;  νmax (neat)/cm-1 2123, 1682, 1051  cm-1; δH(400 MHz) 1.42 (3H, d, J 7.2, CH3), 1.52 (3H, d, J 6.6, CH3), 2.91 (1H, dq appears as q, J 9.8, 7.2, CHS), 5.07 (1H, dq, J 9.8, 6.5, CHO); δC (100 MHz) 12.5, 18.8 (2 x CH3), 56.0 (CH, CHS), 71.5 (CH, CHO), 159.8 (Cq, C=O). Note: The C=N2 signal was not observed in the 13C NMR spectrum of the product. 
(4R*,4aS*,8aS*)-3-Diazo-8a-methyl-hexahydrobenzo [1,4]-oxathiin-2-one S-oxide 76

A 10 mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.514 g, 5 eq.,mmol) dispersed in acid washed sand (approx. 4.5 g). The sulfoxides 57 and 58 (9.5 : 1, 0.100 g, 0.49 mmol, 1 eq.) were added to 5 mL of acetonitrile in a 10 mL volumetric flask. Dodecylbenzenesulfonyl azide 87 (0.347 g, 0.98 mmol, 2 eq.) was added to the flask, and the solution was made up to the graduation mark with acetonitrile. The solution was pumped through the reactor at room temperature with a residence time of 9 min. The crude product (0.451 g) was a thick yellow oil which showed conversion to be 98% by 1H NMR spectroscopy. Purification by column chromatography (ethyl acetate–hexane 50 : 50) gave the pure α-diazosulfoxide 76 as a yellow crystalline solid (0.096 g, 86%). Spectral characteristics are consistent with those outlined above, and in the literature.14
Note: When the reaction was repeated at a concentration of 0.09 M the isolated yield of 76 was 60%. 

3-Diazoisothiochroman-4-one S-oxide 14
A 6.6 mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.575 g, 2.76 mmol, 5 eq, total volume 1.9 mL made up by acid washed sand). A solution of the sulfoxide 64 (0.120 g, 0.5 mmol, 1 eq) and DBSA 87 (0.466 g, 1.0 mmol, 2 eq) in acetonitrile (10 mL) was fed into the column reactor (18°C, 9 min residence time) at a flow rate of 0.2 mL  min-1. The product was collected in a 50 mL round bottomed flask after passing through a 8 bar back pressure regulator. The collected material was then concentrated under reduced pressure to give the crude product as a pale yellow oil (0.652 g). Conversion was calculated to be 96 % by 1H NMR spectroscopy. Purification of the crude reaction mixture by column chromatography on silica gel using gradient hexane-ethyl  acetate as eluent (30 : 70 – 0 : 100) led to elution of the -diazosulfoxide 14 as a pure yellow solid (0.105 g, 80%). m.p. 78-79 °C (decomp.); Found: C, 52.13; H, 2.67; N, 13.22. C9H6N2O2S requires C, 52.42; H, 2.93; N, 13.58%;  νmax(neat)/cm-1 2120, 1634, 1054 ; δH (400 MHz) 4.32 (2H, fine ABq appears as s, CH2), 7.39 (1H, d, J 7.1, Aromatic CH), 7.52-7.65 (2H, m, Aromatic CH), 8.14 (1H, dd, J 7.6, 1.5, Aromatic CH); δC (100 MHz) 52.9 (CH2, ArCH2), 79.2 (Cq, C=N2), 127.6 (CH, aromatic CH), 129.4 (CH, aromatic CH), 130.3 (Cq, aromatic Cq), 131.2 (Cq, aromatic Cq), 131.7 (CH, aromatic CH), 133.9 (CH, aromatic CH), 176.0 (Cq, C=O); HRMS (ESI+): Exact mass calculated for C9H7N2O2S [M+H]+, 207.0228. Found 207.0228. Spectral characteristics are in agreement with those reported by Buckley. 16
3-Diazo-8-methylisothiochroman-4-one 2-oxide 80

A 6.6 mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.447 g, 2.15 mmol, 5 eq, total volume 2 mL made up by acid washed sand). A solution of the sulfoxide 66 (0.084 g, 0.43  mmol, 1 eq) and DBSA 87 (0.303 g, 0.86 mmol, 2 eq) in acetonitrile (10 mL) was fed into the column reactor (18°C, 9 min residence time) at a flow rate of 0.2 mL min-1. The product was collected after passing through a 8 bar back pressure regulator and collected in a 50 mL round bottomed flask. The collected product was then concentrated under reduced pressure to give the crude product as a pale yellow oil (0.491 g). Conversion was calculated to be 96 % by 1H NMR. Purification of the crude reaction mixture by column chromatography on silica gel using gradient hexane-ethyl  acetate (30 : 70 – 0 : 100) as eluent, led to elution of the -diazosulfoxide 80 as a bright yellow solid (0.082 g, 88%); m.p. 72-74 °C (decomp.); νmax(neat)/cm-1 2114 (C=N2), 1624 (Cq, C=O); δH (400 MHz) 2.44 (3H, s, CH3), 4.07 (1H, d, J 15.5, A of ABq, one of CH2), 4.58 (1H, d, J 15.5, B of ABq, one of CH2), 7.42 (1H, t, J 7.7, Aromatic CH), 7.49 (1H, d, J 7.0, Aromatic CH), 8.01 (1H, d, J 6.9, Aromatic CH); δC (100 MHz) 19.9 (CH3), 48.8 (CH2), 78.7 (C=N2), 125.6 (1 x Aromatic CH), 128.6 (1 x Aromatic CH), 131.6 (1 x Aromatic Cq), 135.9 (1 x Aromatic CH), 138.5 (1 x Aromatic Cq), 176.5 (Cq, C=O)*. Spectral characteristics are in agreement with those reported by Buckley. 16 
*The 13C NMR spectrum was obtained approx. 8 hours after the 1H NMR spectrum and signals detected for the -oxo sulfine were present in in the 13C NMR spectrum, corresponding to approximately 5% of the material: δC (75.5 MHz) 17.7 (CH3, ArCH3), 32.1 (CH2, ArCH2), 122.5, 129.0 (CH, 2 x Aromatic CH), 135.8, 137.2 (Cq, 2 x Aromatic Cq), 137.2 (CH, 1 x Aromatic CH), 144.4 (Cq, 1 x Aromatic Cq), 184.8 (Cq, C=S=O), 188.9 (Cq, C=O).
3-Diazo-1H-benzo[h]isothiochromen-4(3H)-one 2-oxide 81

A 6.6mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.453g, 2.2 mmol, 5 eq, total volume 1.9 mL made up by acid washed sand). The sulfoxide 68 (0.102 g, 0.44 mmol, 1 eq) and DBSA 87 (0.311 g, 0.88 mmol, 2 eq) were added to acetonitrile (8 mL) in a 10 mL volumetric flask and sonicated to ensure dissolution. The flask was made up to the graduation mark. This solution was pumped through the column reactor (18°C, 9 min residence time) at a flow rate of 0.2 mL min-1 to give a residence time of 9 min. The product was collected after passing through a 8 bar back pressure regulator and collected in a 50 mL round bottomed flask as a clear yellow solution. The collected product was then concentrated under reduced pressure to give the crude product as a pale yellow solid (0.524 g). Conversion was calculated to be 65 % by 1H NMR spectroscopy. Purification of the crude reaction mixture was carried out by column chromatography on silica gel using hexane-ethyl acetate as eluent (60 : 40 – 25 : 75) to elute the -diazosulfoxide 81 as a crystalline bright yellow solid (0.044 g, 39%). Analysis by 1H NMR spectroscopy showed some decomposition products present. An analytically pure sample was obtained by slow recrystallization from dichloromethane and diethyl ether. mp 118 – 120°C; νmax(neat)/cm-1 2126, 1681; δH (400 MHz) 4.35 (1H, d, J 15.8, one of CH2), 5.20 (1H, d, J 15.9, one of CH2), 7.64 – 7.66 (2H, m, 2 x Aromatic CH), 7.92 – 7.97 (2H, m, 2 x Aromatic CH), 8.08 – 8.10 (1H ,m, 1 x Aromatic CH), 8.18 – 8.20 (1H, d, J 7.8. 1 x Aromatic CH); δC (100 MHz) 31.8 (CH2), 119.8, 124.5, 128.0, 129.4, 130.1, 130.4, (6 x Aromatic CH), 137.4. 146.7 (2 x Aromatic Cq), 183.9 (Cq, C=O); m/z (ESI+) 257 [(M+H)+, 10%]; Exact mass calculated for C13H9N2O2S [M+H]+, 257.0385. Found 257.0378
Note: Two Cq signals were not observed and no diazo carbon signal was observed in the 13C NMR spectrum. Although DBSA has a high initiation temperature of 151°C, and was sonicated for less than 30 seconds, sonication of sulfonyl azides is not recommended as the sample may heat up. 
3-Diazo-6-methylisothiochroman-4-one 2-oxide 83

A 6.6mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.589 g, 2.83 mmol, 5 eq, total volume 1.9 mL, made up by acid washed sand). The sulfoxide 67 (0.100 g, 0.56 mmol, 1 eq) and DBSA 87  (0.398 g, 1.13 mmol, 2 eq) were added to acetonitrile (15 mL) and sonicated to ensure dissolution. This solution was pumped through the column reactor (18°C, 9 min residence time) at a flow rate of 0.2 mL min-1 to give a residence time of 9 min. The product was collected after passing through a 8 bar back pressure regulator in a 50 mL round bottomed flask as a clear yellow solution. The collected product was then concentrated under reduced pressure to give the crude product as a crystalline pale yellow solid (0.468 g). Conversion was calculated to be 99 % by 1H NMR spectroscopy. Purification of the crude reaction mixture was carried out on silica gel using hexane-ethyl  acetate as eluent (60 : 40 – 25 : 75) to elute the -diazosulfoxide 83 as a crystalline bright yellow solid (0.067g, 60%). A second fraction isolated was the sulfoxide 67 starting material (0.016 g). m.p. 64-65 °C (decomp.); νmax(neat)/cm-1 2112, 1680, 1084; δH (400 MHz) 2.43 (3H, s, CH3), 4.27 (2H, fine ABq appears as s, CH2), 7.27 (1H, d, J 6.4, one of Aromatic CH), 7.41 (1H, dd, J 7.7, 1.3, Aromatic CH), 7.94 (1H, unresolved d, J 1.1, Aromatic CH); δC (100 MHz) 21.2 (CH3, ArCH3), 52.8 (CH2, ArCH2), 79.2 (Cq, C=N2), 127.2 (Cq, 1 x Aromatic Cq), 127.9 (CH, 1 x Aromatic CH), 130.9 (Cq, 1 x Aromatic Cq), 131.6 (CH, 1 x Aromatic CH), 134.6 (CH, 1 x Aromatic CH), 139.6 (Cq ,1 x Aromatic Cq), 176.2 (Cq, C=O); HRMS (ESI+): Exact mass calculated for C10H9N2O2S [M+H]+, 221.1564. Found 221.1575. Spectral characteristics are in agreement with those reported by Buckley. 16 
Note: The isolated yield is 71% when corrected for recovered starting material. 
2-Diazo-dihydro-2H-thiopyran-3(4H)-one S-oxide 82

A 6.6mm ID Omnifit™ glass column was packed with Amberlyst A21 (0.922 g, 4.43 mmol, 5 eq, total volume 1.9 mL made up by acid washed sand). The sulfoxide 65 (0.118 g, 0.88 mmol, 1 eq) and DBSA 87  (0.622 g, 1.77 mmol, 2 eq) were added to acetonitrile (13 mL) and sonicated to ensure dissolution. This solution was pumped through the column reactor (18°C, 25 min residence time) at a flow rate of 0.2 mL min-1 to give a residence time of 9 min. The product was collected after passing through an 8 bar back pressure regulator in a 50 mL round bottomed flask as a clear yellow solution. The collected solution was then concentrated under reduced pressure to give the crude product as a crystalline pale yellow solid (0.702 g). Conversion was calculated to be 72 % by 1H NMR spectroscopy. Purification of the crude reaction mixture by column chromatography on silica gel using ethyl acetate-methanol as eluent (90 : 10) led to elution of the the -diazosulfoxide 82 as a crystalline bright yellow solid (0.027 g, 19%). max (neat)/cm-1, 2118 , 1641, 1161; δH (400 MHz) 2.19-2.28 (1H, m), 2.41-2.55 (1H, m), 2.70-2.80 (1H, sym m), 2.86-3.06 (2H, m), 3.05-3.21 (1H, m); δC (100 MHz) 14.5 (CH2), 37.3 (CH2), 48.1 (CH2), 81.6 (Cq, C=N2), 186.5 (Cq, C=O); HRMS (ESI+): Exact mass calculated for C5H7N2O2S [M+H]+, 159.0228. Found 159.0231; m/z (ESI+) 159 [(M+H)+, 22 %]. Signals corresponding to the hetero-Wolff rearrangement product, the -oxosulfine are present in the 13C NMR spectrum at 19.5, 31.1, 39.3 and 185.6 ppm.








[bookmark: _Toc505089643][bookmark: _Toc506311700][bookmark: _Toc523135295]3.1.8 New batch conditions for the synthesis of -diazosulfoxides in batch reaction conditions. 

Axial and equatorial 3-diazo-trans-hexahydrobenzo[1,4]oxathiin-2-one S-oxides 38 and 3914  
A mixture of the sulfoxides (56 : 55, 4 : 3, axial: equatorial) (0.500 g, 2.65 mmol, 1 eq) was dissolved in acetonitrile (30 mL). DBSA 87 (1.86 g, 5.31 mmol, 2 eq) was added to the stirring solution at room temperature. Neat triethylamine (0.268 g, 2.65 mmol, 1 eq) was added dropwise to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 1 h at which point analysis of an aliquot by 1H NMR spectroscopy showed complete consumption of the axial sulfoxide 56 starting material (56 : 55 : 38 : 39, 0 : 35 : 54 : 11) (Figure 107). The reaction mixture was stirred at room temperature for a further 4 h.  The crude mixture was concentrated under reduced pressure to give the crude material as a thick red oil (2.17 g). Analysis by 1H NMR spectroscopy showed 69% conversion (56 : 55 : 38 : 39, 0 : 31 : 54 : 15) (Figure 107). Purification by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (80 : 20 – 0 : 100) led to elution of two fractions. The first contained a 1:1 mixture of the axial -diazosulfoxide 38 and the equatorial -diazosulfoxide 39 (0.224 g, 40%), the second contained 38 only (0.035 g, 6%). Spectral characteristics as outlined above. 
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[bookmark: _Ref485304395]Figure 107: 1H NMR spectra of the sulfoxide starting material (top, 56 : 55, 4 : 3), the reaction mixture after 1 h (centre) and 5 h (bottom). The disappearance of the ABq of the axial sulfoxide shows it is consumed whereas the ABq of the equatorial sulfoxide remains. 
(4S*,5R*,6S*)-3-Diazo-5,6-diphenyl-1,4-oxathian-2-one 4-oxide 77

The sulfoxide 59 (0.220 g, 0.79 mmol, 1 eq, presumed to be 59 only) and DBSA 87 (0.540 g, 1.53 mmol, 2 eq) were dissolved in acetonitrile (20 mL). Neat triethylamine (0.077 g, 0.79 mmol, 1 eq) was added portionwise (in drops) to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 90 mins at which point analysis of an aliquot by 1H NMR spectroscopy showed over 100% consumption of sulfoxide 59, however peaks corresponding to a trace amount of the opposite diastereomer were present. The crude mixture was concentrated under reduced pressure to give the crude material as a thick orange oil. Purification by column chromatography on silica gel using hexane-ethyl acetate as eluent (50 : 50) led to elution of the desired -diazosulfoxide 77 as a yellow solid (0.131 g. 55%). Spectral characteristics as outlined above. Notably, the quality of the material was unchanged after three months storage in the freezer. 
3-Diazo-5,6-dimethyl-1,4-oxathian-2-one 4-oxide 78 and 79 

A mixture of the sulfoxides 62 and 63 (1 : 0.2, 0.206 g, 1.26 mmol, 1 eq) and DBSA (0.892 g, 2.53 mmol, 2 eq) were dissolved in acetonitrile (20 mL). Neat triethylamine (0.128 g, 1.26 mmol, 1 eq) was added portionwise (in drops) to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 4.5 h at which point analysis of an aliquot by 1H NMR spectroscopy showed over 90% consumption of the starting material 62. Diastereomer 62 reacts much faster than  63, it is not clear if 63 reacts at all (Figure 108)  The crude mixture was concentrated under reduced pressure to give the crude material as a thick orange oil. Purification by column chromatography on silica gel hexane-ethyl acetate as eluent (25:75) led to elution of the desired axial -diazosulfoxide 78 as a yellow solid (0.112 g, 47%). Spectral characteristics are as outlined above.
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[bookmark: _Ref499621720]Figure 108: Stacked spectra from the monitoring of the diazo transfer to sulfoxides 62 and 63 with DBSA. Notably, disappearance of the ABq system corresponding to the major axial sulfoxide 62 shows that axial 62 reacts more readily than the equatorial sulfoxide 63.
cis-2-Diazo-5,6-diphenylthiomorpholin-3-one S-oxide 8414 

The sulfoxide 70 (0.232 g, 0.08 mmol, 1 eq) was dissolved in dry THF (20 mL). DBSA (0.572 g, 0.160 mmol, 2 eq) in dry THF (5 mL) was added to the stirring solution at room temperature. NaH (60% dispersion in mineral oil, 0.039 g, 0.089 mmol, 1.1 eq) was added portion wise to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 3 h at which point analysis of an aliquot by 1H NMR spectroscopy showed complete consumption of the starting material. The crude mixture was concentrated under reduced pressure to give the crude material as a thick red oil. Purification by column chromatography on silica gel using hexane-ethyl acetate as eluent (20 : 80 – 0 : 100) led  to elution of the desired -diazosulfoxide 84 as a yellow solid (0.150 g, 62%). Spectral characteristics as outlined above.
trans-2-Diazo-5,6-diphenylthiomorpholin-3-one S-oxides 85 and 8614  

A mixture of the sulfoxides 71,72 (axial : equatorial, 1 : 1.2, 0.242 g, 0.08 mmol, 1 eq) was dissolved in dry THF (20 mL). DBSA 87 (0.580 g, 0.160 mmol, 2 eq) in dry THF (5 ml) was added to the stirring solution at room temperature. NaH (60% dispersion in mineral oil, 0.040 g, 0.089 mmol, 1.1 eq) was added portion wise to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 75 min at which point analysis of an aliquot by 1H NMR spectroscopy showed approx. 90% consumption of the starting material. The crude mixture was concentrated under reduced pressure to give the crude product as a thick red oil (0.774 g). Purification by column chromatography on silica gel using hexane-ethyl acetate as eluent (80 : 20 – 0 : 100) led to elution of the desired -diazosulfoxides, axial 85 and equatorial 86 as a yellow solid (5 : 1, 0.063 g. 24%). Spectral characteristics as outlined above.
3-Diazoisothiochroman-4-one 2-oxide 14

The sulfoxide 64 (1.37 g, 7.69 mmol, 1 eq) was dissolved in acetonitrile (60 mL). DBSA 87 (5.41 g, 15.4 mmol, 2 eq) was added to the stirring solution at room temperature. Neat triethylamine (0.78 g, 1.06 mL, 1.26 mmol, 1 eq) was added dropwise to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 2 h at which point analysis of an aliquot by 1H NMR spectroscopy showed over 95% consumption of the starting material. The crude reaction mixture was concentrated under reduced pressure to give the crude material as a thick orange oil (7.06 g). Purification by column chromatography on silica gel using hexane-ethyl acetate as eluent (50 : 50 – 0 : 100) led to elution of the desired -diazosulfoxide 14 as a yellow solid (1.14 g. 72%). m.p. 78-79 °C (decomp.); δH (400 MHz) 4.32 (2H, fine ABq appears as s), 7.39 (1H, d, J 7.1), 7.52-7.65 (2H, m), 8.14 (1H, dd, J 7.6, 1.5, Aromatic CH); Spectral characteristics are in agreement with those reported by Buckley. 16
3-Diazo-8-methylisothiochroman-4-one S-oxide 8016 

The sulfoxide 66 (0.950 g, 3.79 mmol, 1 eq) was dissolved in acetonitrile (20 mL). DBSA 87 (3.44 g, 7.39 mmol, 2 eq) was added to the stirring solution at room temperature. Neat triethylamine (0.383 g, 0.52 mL, 3.79 mmol, 1 eq) was added dropwise to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 3.5 h at which point analysis of an aliquot by 1H NMR spectroscopy showed over 90% consumption of the starting material. The crude mixture was concentrated under reduced pressure to give the crude material as a thick orange oil (4.23 g). Purification by column chromatography on silica gel using hexane-ethyl acetate as eluent (50 : 50 – 0 : 100) gave pure 3-diazo-8-methylisothiochroman-4-one S-oxide 80 as a yellow crystalline solid (0.74 g. 68%). Spectral characteristics as outlined above.
3-Diazo-6-methylisothiochroman-4-one S-oxide 83 

The sulfoxide 67 (0.712 g, 3.68 mmol, 1 eq) was dissolved in acetonitrile (50 mL). DBSA 87 (2.58 g, 7.37 mmol, 2 eq) was added to the stirring solution at room temperature. Neat triethylamine (0.371 g, 0.51 mL, 3.68 mmol, 1 eq) was added dropwise to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 5 h at which point analysis of an aliquot by 1H NMR spectroscopy showed over 95% consumption of the starting material (Figure 109). The crude mixture was concentrated under reduced pressure to give the crude material as a thick purple oil (3.21 g). Purification by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (50 : 50 – 0 : 100) led to elution of the desired -diazosulfoxide 83 as a pale yellow crystalline solid (0.68 g, 84%). m.p. 64-65 °C; νmax (neat)/cm-1 2111, 1684, 1084; δH (400 MHz) 2.43 (3H, s), 4.27 (2H, fine ABq appears as s), 7.27 (1H, d, J 6.4, Aromatic CH), 7.41 (1H, dd, J 7.7, 1.3, Aromatic CH), 7.94 (1H, unresolved d, J 1.1, Aromatic CH). Spectral characteristics are consistent with those reported by Buckley.16 
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[bookmark: _Ref499622313]Figure 109: Monitoring the diazo transfer reaction to the sulfoxide 67 shows the disappearance of the SOCH2 signal over 5 h.
3-Diazo-1H-benzo[h]isothiochromen-4(3H)-one 2-oxide 81

The sulfoxide 68 (0.080 g, 0.03 mmol, 1 eq) was dissolved in acetonitrile (20 mL). DBSA 87 (0.160 g, 0.045 mmol, 2 eq) was added to the stirring solution in acetonitrile (5 mL) at room temperature. Neat triethylamine (0.035 g, 0.03 mmol, 1 eq) was added portion wise in drops to the reaction mixture at room temperature over 20 min. The reaction mixture was stirred for 105 min at which point analysis of an aliquot by 1H NMR spectroscopy showed over 90% consumption of the starting material. The reaction mixture was concentrated under reduced pressure to give the crude material as a thick red oil (0.215 g). Purification by column chromatography on silica gel using hexane - ethyl acetate as eluent (50 : 50 – 0 : 100) led to elution of the desired -diazosulfoxide 81 as a yellow solid (0.041 g. 46%). mp 118 – 120°C; νmax(neat)/cm-1 2126, 1681; δH (400 MHz) 4.35 (1H, d, J 15.8, A of ABq of ArCH2), 5.20 (1H, d, J 15.9, B of ABq of ArCH2), 7.64 – 7.66 (2H, m, 2 x Aromatic CH), 7.92 – 7.97 (2H, m, 2 x Aromatic CH), 8.08 – 8.10 (1H, m, 1 x Aromatic CH) 8.18 – 8.20 (1H, d, J 7.0, 1 x Aromatic CH).  Spectral characteristics [image: ][image: ]are in agreement with those described above. Starting Material 
20 min
60 min
105 min h


Figure 110: Stacked spectra of the 1H NMR spectra obtained when monitoring the diazo transfer to the sulfoxide 68 over time.

[bookmark: _Toc505089644][bookmark: _Toc506311701][bookmark: _Toc523135296]3.2 Reactivity of -diazosulfoxides in continuous flow.
[bookmark: _Toc523135297][bookmark: _Toc505089645][bookmark: _Toc506311702]3.2.1 Sacrifical quench of Dodecylbenzenesulfonyl azide in batch 29 

4-Dodecylbenzenesulfonamide 88

NaOH pellets (0.016 g, 4.2 mmol, 1.5 eq) and acetyl acetone (0.042 g, 4.2 mmol, 1.5 eq) were dissolved in acetonitrile : water (1 : 1, 2.5 mL). Dodecylbenzenesulfonyl azide 87 (0.100 g, 0.28 mmol, 1 eq) was added directly to the sodium salt solution, and stirred at room temperature for 15 min. A colour change from colourless to yellow was observed. The reaction mixture was extracted with dichloromethane (2 x 3 mL). The combined organic extracts were washed with water (2 mL), brine (2 mL) and dried with anhydrous MgSO4. The solution was concentrated under reduced pressure to give the crude product as a yellow oil. Analysis by 1H NMR spectroscopy showed the presence of the sulfonamide 88 and sulfonyl azide 87 in a ratio of 2 : 1 (0.061 g, 66%). Characteristic peaks of the sulfonamide; 5.17 (2H, br s, SO2NH2), 7.27 (2H, d, J 8.6, 2 x Aromatic CH), 7.84 (2H, d, J 8.2, 2 x Aromatic CH). Characteristic peak of the sulfonyl azide; 7.37 (2H, d, J 8.6, 2 x Aromatic CH), 7.87 (2H, d, J 6.7, 2 x Aromatic CH). 
[bookmark: _Toc523135298][bookmark: _Toc505089646][bookmark: _Toc506311703]3.2.2 Application of a sacrificial sulfonyl azide quench as reported in the literature by Maguire et al.29 



Scheme 120
NaOH pellets (0.032 g, 8.4 mmol, 1.5 eq) and acetyl acetone (0.084 g, 8.4 mmol, 1.5 eq) were dissolved in acetonitrile : water (1 : 1, 2 mL). Separately, dodecylbenzenesulfonyl azide 87 (0.200 g, 0.56 mmol, 1 eq) was dissolved in acetonitrile (2 mL).  Both solutions were loaded in to separate injection loops (2 mL) on the Vapourtec R-series reactor. The reaction solutions were pumped at 0.33 mL/min where they mixed at a T-piece and continued through a 10 mL reactor coil at room temperature, with a residence time of 15 min. A colour change from colourless to yellow was observed in the reactor coil. The crude reaction mixture was extracted with dichloromethane (2 x 6 mL). The combined organic extracts were washed with water (4 mL), brine (4 mL) and dried with anhydrous MgSO4. The solution was concentrated under reduced pressure to give the sulfonamide 88 only (0.102, 55%) as a yellow oil which was pure by 1H NMR spectroscopy. δH (400 MHz, CDCl3) 0.73 – 0.88 (6H, br m, 6H of C12H25), 0.99 – 1.35 (14H, br m, 14H of C12H25), 1.46 – 1.68 (4H, m, 4 H of C12H25), 2.49 – 2.66 (1H, br m, 1H of C12H25), 5.17 (2H, br s, SO2NH2), 7.27 (2H, d, J 8.6, 2 x Aromatic CH), 7.84 (2H, d, J 8.2, 2 x Aromatic CH).  Spectroscopic data was consistent with those reported in the literature.
[bookmark: _Toc523135299][bookmark: _Toc505089647][bookmark: _Toc506311704]3.2.3 Telescoped sacrificial quench study in continuous flow – modified procedure from Maguire et al.29


Scheme 121
The sulfoxide 64 (0.087 g, 0.4 mmol, 1 eq) and DBSA 87 (0.285 g, 0.8 mmol, 2 eq) were dissolved in acetonitrile (8 mL) and pumped through a 6.6 mm internal diameter Omnifit™ column packed with Amberlyst A21 (0.416 g, 5 eq) with a residence time of 9 min. The outlet was pumped to a T-piece where it met the sacrificial quench solution 100 (20 mL acetonitrile, 20 mL DCM, 2.7 g acetyl acetone, 1.08 g NaOH). The solution of -diazosulfoxide 64 and sacrificial quench solution 100 were pumped through a 10 mL reactor coil with a residence time of 8 min. Intense red coloration was observed within the coil. The reaction mixture was collected and concentrated under reduced pressure to give the crude product as a brown oil (0.416 g). Analysis of the material by 1H NMR spectroscopy showed complete consumption of the DBSA 87 to form the sulfonamide 88 byproduct, however no sulfoxide 64 or -diazosulfoxide 14 signals were identifiable in the mixture. The material was a complex mixture of unidentifiable products and so the crude material was not purified. 



[bookmark: _Toc505089648][bookmark: _Toc506311705][bookmark: _Toc523135300]3.2.4 Reactivity and transformations of -diazosulfoxides in continuous flow. 
Note: The following set of reactions were carried out to investigate the effect of continuous flow reaction conditions on the outcome of the transformation from the -diazosulfoxides 38,39 to the intermediate -oxo sulfine 101 and subsequent rearrangements. Previously similar reactions were carried out in batch reaction conditions by Collins14 with successful isolation and characterisation of a range products including the alkene dimer 41, the disulfide dimer 40 and the enol 42.
[bookmark: _Toc505089649][bookmark: _Toc506311706][bookmark: _Toc523135301]3.2.5 Reactivity of cyclohexyl derived -diazosulfoxide.

Method 1: Generation of the -oxo sulfine 101 using rhodium acetate dimer, in continuous flow, in the absence of a diene trap, with a 90 minute residence time. 


Scheme 122
A mixture of the -diazosulfoxides 38,39 (1 : 0.7, 0.070 g, 0.3 mmol, 1 eq) was added to a 5 mL volumetric flask and the flask was filled to the graduation mark with acetonitrile to generate a 0.06 M solution of the -diazosulfoxides. Rhodium acetate dimer (0.001 g, 1 mol %) was added to a mixture of acetonitrile and dichloromethane (1:1, 5 mL) generating a purple coloured solution. Both solutions were pumped at a rate of 0.17 mL/min with a combined flow rate of 0.34 mL/min through 3 x 10 mL reactor coils connected in series, giving a residence time of 90 min. The reactor temperature was set at 20°C. The collected solution was concentrated under reduced pressure to a brown oil as the crude product (0.058 g). Analysis of the crude product by 1H NMR spectroscopy showed the sulfine 101 to be the major product with trace amounts of the alkene dimer 41, disulfide 40, and enol 42 rearrangement products. 
Table 52
	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	1.0
	0.42
	0.07
	0.11




Method 2: Reactivity with copper triflate in the absence of a diene trap.


Scheme 123

A mixture of the -diazosulfoxides 38,39 (1 : 0.7, 0.033 g, 0.15 mmol, 1 eq) was added to a 5 mL volumetric flask and the flask was filled to the graduation mark with acetonitrile to generate a 0.032 M solution of the diazo. Separately, copper trifluoromethane sulfonate (0.002 g, 0.003 mmol, 1 mol %) was added to a solution of acetonitrile and dichloromethane (1 : 1, 5 mL). The reactor temperature was set at 20°C. The flow rates for both pumps were set at 0.15 mL/min giving an overall flow rate of 0.3 mL/min and a residence time of 33.33 min with a 10 mL coil reactor. The collected solution was concentrated under reduced pressure to give a brown solid as the crude product (0.032 g). Analysis of the crude product by 1H NMR spectroscopy showed the sulfine 101 to be the major product with trace amounts of the enol 42 and the disulfide 40. The crude reaction mixture was not purified further. The characteristic peaks of the sulfine 101 are present at δH 2.91 (1H, br d, J 12.5, one of CH2), 3.88 (1H, ddd, J 11.6, 11.6, 3.6, CHO); The characteristic peaks of the enol 42 are present at δH 2.89 (dd, J 14.5, 4.5) and 4.54 (1H, dd, J 11.3, 6.2); The characteristic peaks of the disulfide 40 are present at δH 2.40-2.65 (2H, m, 2 of H of CH2), 3.11 (2H, d, J 11.9, CH), 4.74 (2H, dd, J 11.2, 5.8, CHO). A signal indentified as belonging to an unknown component is observed at 4.84 ppm as a broad multiplet. 
Note: Repeating the reaction, on the same scale, at 65°C, resulted in an increase of the amount of enol product 42, relative to the disulfide 40, caused by sulfur extrusion at the elevated temperature.  
Table 53
	Temperature
	Sulfine 101
	Alkene dimer 41 
	Enol 42
	Disulfide 40

	Ambient
	1.82
	0
	0.43
	1

	65°C
	3.5
	0
	0.97
	1



Method 3:  Generation of the -oxo sulfine 101 using thermolysis in toluene, in the absence of a diene trap.


Scheme 124
A mixture of the -diazosulfoxides 38,39 (1 : 0.7, 0.036 g, 0.16 mmol, 1 eq) was added to a 5 mL volumetric flask and the flask was filled to the graduation mark with toluene to generate a solution of the -diazosulfoxides (0.03 M). The reactor temperature was set at 120°C. The flow rate for the pump was set at 1 mL/min giving a residence time of 10 min with the 10 mL reactor coil. The solution was pumped through the reactor. The collected solution was concentrated under reduced pressure to a brown oil as the crude product (0.027 g). Analysis of the crude material by 1H NMR spectroscopy showed a very complex crude product mixture with identifying signals belonging to the enol 42 and the disulfide 40 present and large amounts of unknown impurities. The crude reaction mixture was not purified. 
Table 54
	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	0
	0.31
	0.13
	1



Method 4: Generation of the -oxo sulfine 101 using thermolysis in dichloromethane, in the absence of a diene trap.


Scheme 125
The -diazosulfoxides 38,39 (0.064 g, 0.29 mmol, 1 eq) were added to a 5 mL volumetric flask and the flask was filled to the graduation mark with dichloromethane to generate a solution of the -diazosulfoxides (0.06 M). The reactor temperature was set at 120°C. The flow rate for the pump was set at 1 mL/min giving a residence time of 10 min with the 10 mL coil reactor. The solution was pumped through the reactor. 
Note: We wanted to confirm that concentration of the crude reaction mixture under reduced pressure was not affecting the ratio of rearrangement products, therefore, before the crude reaction mixture was concentrated, a sample was analysed by infrared spectroscopy with the major absorption peaks recorded at 1080, 1756 (C=O) and 2942 cm-1. The collected solution was subsequently concentrated under reduced pressure to a yellow solid as the crude product (0.051 g), and again, analysed by IR spectroscopy.

Figure 111: Red; Analysis of crude material before concentration under reduced pressure showing the carbonyl absoprtion of the -oxo sulfine 101 to be the major product and; green; after concentration under reduced pressure whereby no change in the infrared spectrum is observed.
Analysis of the crude product by 1H NMR spectroscopy showed the sulfine 101 to be the major product with additional formation of the enol 42 and disulfide dimer 40. The crude reaction mixture was not purified further. On analysis of the reaction mixture after a further 18 h the ratio of products had changed further through rearrangement of the intermediate -oxo sulfine 101. 
Table 55
	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio (after reaction)
	1.0
	0
	0.04
	0.21

	After 18 h
	1.0
	0
	0.19
	0.98


 

Method 5: Pregeneration of -oxosulfine 101 in batch, with subsequent pumping through continuous flow system (investigating the effect of back pressure on rearrangement products).



Scheme 126

-Diazosulfoxides 38,39 (0.114 g, 0.53 mmol, 1 eq) were dissolved in dichloromethane (8 mL) to generate a 0.06 M solution of the diazo. Rhodium acetate dimer (0.001 g, 1 mol %) was added to this solution. Monitoring by IR spectroscopy (solution evaporating on top of ATR crystal) showed complete disappearance of the diazo stretch after 15 min. 
D).
C).
B).


Figure 112: Loss of diazo moiety monitored by infrared specroscopy. A). Shows the IR spectrum of the -diazosulfoxide starting material B). Shows appearance of the carbonyl for the -oxo sulfine 101 and a decrease in the intensity of the diazo absorption at 2129 cm-1. C). Shows a significant decrease in the absorption of the diazo moiety. D). Shows complete disappearance of the diazosulfoxide carbonyl and diazo moiety absorptions. 
The solution of the -oxo sulfine 101 was filtered through a Celite® plug. This slightly yellow solution (8 mL) was pumped through a 10 mL reactor coil at a rate of 0.33 mL/min giving a residence time of 30 min. The collected colorless solution was concentrated under reduced pressure to give a brown oil as the crude product (0.096 g). Analysis of the crude product by 1H NMR spectroscopy showed the alkene dimer 41 to be the major product with trace amounts of the enol 42 and disulfide 40 products. Spectroscopic data are the same as outlined above.  
Table 56
	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	0
	4.4
	1.0
	1.07



Method 6: Pregeneration of sulfine 101 in batch conditions, followed by pumping through flow system with copper triflate transition metal catalyst, in the absence of a diene trap. 


Scheme 127
-Diazosulfoxides 38,39 (0.105 g, 0.49 mmol, 1 eq) were dissolved in dichloromethane (8 mL) to generate a 0.06 M solution of the diazo. Rhodium acetate dimer (0.001 g, 1 mol %) was added to this solution. Monitoring by IR showed complete disappearance of the diazo stretch after 17 min. The solution of -oxo sulfine 101 was filtered through a Celite® plug. In a separate vial copper(II) triflate (0.002 g, 0.004 mmol, 1 mol %) was dissolved in a mixture of acetonitrile and dichloromethane (1 : 1, 8 mL). Both solutions were pumped to a T-piece at a rate of 0.17 mL/min giving a residence time of 30 min. The collected colorless solution was concentrated under reduced pressure to a brown oil as the crude product (0.078 g). Analysis of the crude product by 1H NMR spectroscopy showed the disulfide dimer 40 to be the major product with trace amounts of enol 42 and alkene dimer 41. 
Table 57
	Product
	Sulfine 101
	Alkene dimer 41
	Enol 42
	Disulfide 40

	Ratio
	0
	1.5
	1.0
	4.95




Purification of the crude reaction mixture led to elution of the disulfide dimer 40 as a white crystalline solid (0.029 g, 35%).  νmax(neat)/cm-1 1759, 1001; δH(CDCl3) 1.10-1.75 (6H, m, 6H of CH2), 1.80-2.15 (4H, m, 4H of CH2), 2.17-2.35 (2H, m, 2H of CH2), 2.40-2.65 (2H, m, 2H of CH2), 3.11 (2H, d, J 11.9, CH), 4.74 (2H, dd, J 11.2, 5.8, CHO); δC (CDCl3) 22.7, 26.3, 27.8, 34.2 (4 x CH2), 80.8 (CH, CHO), 120.0 (C), 169.7 (Cq, C=O), 174.0 (Cq). Spectral characteristics are in agreement with those reported in the literature.14 
[bookmark: _Toc505089650][bookmark: _Toc506311707][bookmark: _Toc523135302]3.2.6 Photochemical Decomposition Reactions: 
Note: It is strongly recommended by Vapourtec that a filter is always used in the UV-150 reactor as they will absorb a significant amount of the unwanted infra-red energy. The three filters supplied with the UV-150 photochemical reactor have different cut-off wavelengths;
	Filter
	Wavelength

	Type 1 (Silver)
	190 – 2000 nm

	Type 2 (Gold)
	250 – 390 nm

	Type 3 (Red)
	300 – 2000 nm



Additionally, The fluoropolymer tubing has good UV transmission in the range 220 – 400 nm with an internal bore of 1.3 mm and a wall thickness of 0.15 mm. The maximum pressure limit at 80°C (for the 10 mL UV-150 reactor) is 12 bar. 
[bookmark: _Toc505089651][bookmark: _Toc506311708][bookmark: _Toc523135303]3.2.7 Photochemically induced transformations of -diazosulfoxides. 

For the following photochemical reaction a mixture of the -diazosulfoxides 38,39 (1 : 0.7, 0.07 g, 0.3 mmol, 1 eq) was dissolved in dichloromethane (6 mL) to generate a 0.06 M solution of the -diazosulfoxides. This solution was partitioned in to 3 x 2 mL portions. Each 2 mL portion underwent a photochemical transformation using a different filter. In all cases, the UV-150 reactor temperature was set at 45°C, with a power input of 50%, and the flow rate for the pump was set at 0.33 mL/min giving a residence time of 30 min with the 10 mL coil reactor.


Scheme 128
Method 1: Photochemical decomposition of -diazosulfoxide 38,39 using Filter type 1 (190 – 2000 nm)

The filter number 1 was used. 2 mL of the solution was pumped through the UV-150 reactor using the injection loops. The collected solution was concentrated under reduced pressure to a brown oil as the crude product (0.022 g). Analysis of the crude product by 1H NMR spectroscopy showed the enol 42 to be the major product with >90% purity with the characteristic signals being present at δH 2.89 (1H, dd, J 14.5, 4.5, cyclohexyl CH) and 4.54 (1H, dd, J 11.3, 6.2, CHO); νmax (neat)/cm-1; 1752, 1262,732 cm-1. 
Method 2: Photochemical decomposition of -diazosulfoxide 38,39 using using Filter type 2 (250 – 390 nm)
The filter number 2 was used. 2 mL of the solution were pumped through the reactor using the UV-150 reactor using the injection loops. The collected solution was concentrated under reduced pressure to a brown oil as the crude product (0.020 g). Analysis of the crude product by 1H NMR spectroscopy showed the enol 42 to be the major product, with minor impurities (< 10 %) present with the corresponding signals as singlets at 5.77, 5.88 and 5.95 ppm.  
Method 3: Photochemical decomposition of -diazosulfoxides 38,39 using using Filter type 3 (300 – 2000 nm)
The filter number 3 was used. 2 mL of the solution were pumped through the reactor using the UV-150 reactor using the injection loops. The collected solution was concentrated under reduced pressure to a brown oil as the crude product (0.022 g). Analysis of the crude product by 1H NMR spectroscopy showed the enol 42 to be the major component of the crude reaction mixture, along with some unidentified impurities. Signals assigned to the minor impurities include singlets at 5.5, 5.7, 5.9 and 6.0 ppm. The crude reaction mixture was not purified further.
Note: On comparison of the three 1H NMR spectra from the three crude reaction mixtures, Filter 3 was the most complex, while Filters 1 and 2 were extremely similar.  
[bookmark: _Toc505089652][bookmark: _Toc506311709][bookmark: _Toc523135304]3.2.8 Reactivity of the methyl bridgehead -diazosulfoxide 76 in a continuous flow system. 

Method 1: Generation of the -oxo sulfine in continuous flow processing using transition metal catalysis – and subsequent trapping to generate the cycloadduct; Semi continuous process for the [4+2] Diels-Alder cycloaddition.



Scheme 129
The -diazosulfoxide 76 (0.154 g, 0.67 mmol, 1 eq) was dissolved in dichloromethane (10 mL) giving a bright yellow solution. Separately, rhodium acetate dimer (0.002 g, 1 mol %) was added to a mixture of dichloromethane and acetonitrile (1 : 1, 10 mL) generating a purple coloured solution. Both solutions were pumped at a flow rate of 0.17 mL/min where they met at a T-piece and reacted in a 10 mL reactor coil giving a residence time of 30 min. An 8 bar back pressure regulator was inline before collection. The crude reaction mixture was filtered through a Celite® plug and concentrated under reduced pressure to give the crude product as a green/blue residual oil. Analysis by 1H NMR spectroscopy showed the mixture to consist of the -oxo sulfine 111 and trace amounts of the unknown product 112 which has a doublet of doublets at approx. 4.8 ppm. 

-Oxo sulfine 111; δH (CDCl3, 400 MHz) 1.20-2.12 (10H, m containing s at 1.42, 7H of CH2 and CH3), 2.79 (1H, br d, J 14.0, 1H of CH2), 3.00 (1H, dd, J 11.9, 2.7, CH); δC (CDCl3) 20.7 (CH3), 22.4, 22.9, 25.0, 35.4 (4 × CH2), 59.8 (CH), 86.6 (Cq), 166.2 (Cq, C=O), 177.0 (C=S=O). Spectral characteristics are in agreement with those reported by Collins.14

The -oxo sulfine 111 was redissolved in dichloromethane (10 mL) in a round bottomed flask, and 2,3-dimethyl-1,3-butadiene 113, (0.554 g, 10 eq, 0.76 mL) was added neat, dropwise to the stirring solution at room temperature. The green solution was stirred at room temperature for 2 h at which point an aliquot was extracted and analysed by 1H NMR spectroscopy, showing complete consumption of the intermediate -oxo sulfine 111. The crude reaction mixture (0.142 g) consisted of a major cycloaddition product 114, a minor cycloaddition product 115, and the unknown in a ratio of 1 : 0.2 : 0.04. Purification of the reaction mixture by column chromatography on silica gel using hexane-ethyl acetate as eluent (80 : 20), led to the elution of 3 major fractions. The first fraction contained the relatively non-polar disulfide 117 as described in Section 3.2.8, Method 3. The second fraction contained a mixture of the two diastereomeric cycloadducts 115 and 114, and the third fraction contained the pure major cycloadduct 114 as an off white crystalline solid (393 in O’Sullivans thesis15)[footnoteRef:12]. Characteristic signals of the minor cycloadduct 115 (394 in O’Sullivans thesis15) include doublets at 3.0, 3.17 and 3.74 ppm. [12:  Compound numbers 393 and 394 refer to compounds 114 and 115 in the thesis of O’Sullivan. ] 


 The third fraction contained 114 only (0.048 g, 26%) max/cm-1 1766; 1049; δH (400 MHz) 1.23–1.81 (19 H, broad multiplet with overlapping signals including; 3 x CH3 singlets at 1.59, 1.78, 1.81  and 10 H  from 4 x CH2 and 2 x CH), 2.88 (1H, br d, J 18.1, 1 x CH), 3.27 (1H, A of ABq, J 17.2, SOCH2), 3.55 (1H, B of ABq, J 17.1, SOCH2); δC (75.5 MHz) 19.6, 19.9, 21.5 (3 x CH3, methyl groups), 22.9, 23.0, 26.4, 34.2 (4 x CH2, 4 x cyclohexyl CH2), 38.9 (CH2, allylic H2), 49.5 (CH2, SOCH2), 56.4 (CH) 60.8 (Cq), 85.2 (Cq, CqO), 114.9, 124.6 (2 x Cq, C=C), 173.3 (Cq, C=O); Spectral characteristics are in agreement with those reported by O’Sullivan.15 
Method 2: Generation of the -oxo sulfine of the methyl bridgehead derived -diazosulfoxide using copper triflate as the transition metal catalyst.


Scheme 130
The -diazosulfoxide 76 (0.021 g, 0.09 mmol, 1 eq) was dissolved in dichloromethane (2 mL) generating a 0.045 M solution. In a separate vial, copper(II) triflate (0.001 g, 5 mol % relative to 76) was dissolved in dichloromethane and acetonitrile (1:1, 2 mL) generating a colourless 0.001 M solution. Both solutions were pumped at a flow rate of 0.165 mL/min giving a combined flow rate of 0.33 mL/min and an overall residence time of 30 min in the 10 mL reactor coil, at room temperature. The crude reaction mixture was collected as a yellow oil and concentration under reduced pressure gave the crude mixture of products as a yellow oil (0.02 g). Analysis of the crude reaction mixture showed the major product to be the -oxo sulfine 111 with the formation of an unknown 112, and thioester 116, previously characterised by O’Sullivan also present.  
Table 58
	Compound
	Sulfine 111


	Unknown 112

	Thioester 116



	Ratio
	3.5
	1
	1.2


 
Characteristic peaks of of the sulfine 111 include: 2.79 (1H, d, J 10.4), 3.00 (1H, dd, J 8.8, 2.3)  Characteristic peaks of the unknown are; 4.79 (1H, d, J 10.4) and 4.86 (1H, d, J 10.3). The characteristic peak of the thioester 116 is as a doublet at 4.01 (1H, d, J 12.8) as described by O’Sullivan.15
Method 3: Thermolysis of -diazosulfoxide 76 in toluene. 



Scheme 131


The -diazosulfoxide 76 (0.033 g, 0.14 mmol) was dissolved in toluene (4 mL) generating a 0.035 M solution. This yellow solution was pumped through a 10 mL reactor coil heated to 120°C at a flow rate of 0.33 mL/min giving a residence time of 30 min. The crude reaction mixture was collected and concentrated under reduced pressure providing the crude product as a brown oily residue (0.028 g). On analysis of the crude reaction mixture by 1H NMR spectroscopy, complete consumption of the starting material was observed. The ratio of the products present were as follows. 
Table 59: Ratio of products formed with the thermolysis of -diazosulfoxide 76 in toluene.
	Product
	Sulfine 111


	Disulfide 117


	unknown 112 


	Ratio
	1.27
	2
	1



Purification of the crude reaction mixture by column chromatography on silica gel using hexane-ethyl acetate as eluent (90 : 10 – 75 : 25) led to the elution of a first fraction that contained the disulfide 117 and unknown 112 in a ratio of 1 : 0.2. δC (100 MHz, CDCl3); 22.2 (CH3), 22.8, 27.0, 27.4, 40.0 (4 × CH2). The quaternary carbon signals were not observed however the recorded spectral characteristics are in agreement with those previously reported in the literature.14 Characteristic signals from the impurity are 4 singlets between 4.68 and 4.90 ppm as reported by Collins.14 
The second fraction contained pure disulfide 117 as a white solid (0.014 g, 25%). δH (400 MHz, CDCl3); 1.40-2.15 (16H, m containing s at 1.50, 5 x CH2 and 2 × CH3), 2.20-2.35 (4H, m, 4H of CH2), 3.00 (2H, dt, J 13.7, 2.1, 2 x 1 of CH2).
[bookmark: _Toc505089653][bookmark: _Toc506311710][bookmark: _Toc523135305]3.2.9 Reactivity of the trans - dimethyl -oxo sulfine in continuous flow, with pre-generation of the -oxo sulfine using transition metal catalysis.

Note: In an attempt to form a second example of a serically hindered alkene generated through dimerization of an -oxo sulfine, the conditions which generated the alkene dimer 41 in highest yield from the corresponding -diazosulfoxides 38,39, were applied to the -diazosulfoxide 78.  
(5R*,6R*)-5,6-dimethyl-1,4-oxathiane-2,3-dione 119


Scheme 132

-Diazosulfoxide 78 (0.067 g, 0.35 mmol, 1 eq) was dissolved in dichloromethane (5.9 mL) to generate a 0.06 M solution of the diazo. Rhodium acetate dimer (0.001 g, 1 mol %) was added to this solution. Monitoring of aliquots of the reaction mixture by IR spectroscopy showed complete disappearance of the diazo stretch at 2126 cm-1 after 20 min and formation of a carbonyl stretch at 1752 cm-1 tentatively assigned as an -oxo sulfine.  

Figure 113: Generation of the  proposed -oxo sulfine 118  from the -diazosulfoxide 78 in batch using rhodium acetate dimer as the transition metal catalyst. The samples were analysed be evaporation of the solvent on the ATR. Disappearance of the diazo stretch at 2126 cm-1.

The solution of proposed -oxo sulfine 118 (0.06 M) was filtered through a Celite® plug to remove any insoluble rhodium acetate catalyst. This colorless solution (6 mL) was pumped through a 10 mL coil reactor at a rate of 0.33 mL/min giving a residence time of 30 min. The collected solution was concentrated under reduced pressure to the crude product as a brown oil (0.067 g). Analysis of the crude material indicated the presence of one predominant compound, presumably a rearrangement product of the -oxo sulfine 118. The infrared spectrum of this crude material was identical to the infrared spectrum abtained after a 20 minute reaction time of the -diazosulfoxide 78 with rhodium acetate dimer. Tentatively assigned as either diketone 119, the E and Z sulfine 118, the alkene dimer 120 or another unknown.  
Signals corresponding to the tentatively assigned diketone 119 isolated as a brown oil. νmax(neat/cm-1) 1084, 1447, 1752; δH(CDCl3, 300 MHz) 1.19 (3H, d, J 6.7, 1 x CH3), 1.29 (3H, dd, J 7.2, 2.7, 1 x CH3)* 2.77 (1H, dq, J 7.0, 7.0, CH), 3.73 (1H, ddq, J 6.5, 6.5, 1.5, CHO); δC (CDCl3, 75.5 MHz) 15.8 (CH3, 1 x CH3), 18.5, 18.7 (two signals of equal intensity are seen, corresponding to  2 x CH3), 53.8, 54.2 (two signals of equal intensity are seen, corresponding to 2 x CHS),  69.2, 69.3 (two signals of equal intensity are seen, corresponding to 2 x CHO).
Minor signals belonging to an impurity are apparent in the 13C NMR spectrum at 15.1, 19.7, 28.7, 45.3, 82.1, 179.4 and 191.4 ppm. 
*This signal may be two overlapping doublets. 
[bookmark: _Toc505089654][bookmark: _Toc506311711][bookmark: _Toc523135306]
3.3 Diels-Alder cycloadditions
Method 1: Diene 113 and -diazosulfoxides 38,39 in the same stream and rhodium acetate in the other stream.


Scheme 133

A mixture of the -diazosulfoxides 38,39 (1 : 0.7, 0.138 g, 0.006 mol, 1 eq) and 2,3-dimethyl-1,3-butadiene 113 (0.529 g, 0.73 ml, 0.006 mol, 10 eq) were added to a 10 mL volumetric flask and the flask was filled to the graduation mark with acetonitrile to generate a 0.064 M solution of the diazo. In a separate 10 mL volumetric flask, rhodium acetate dimer (0.003 g, 1 mol %) was added and dissolved in a solution of acetonitrile and dichloromethane (1 : 1, 10 mL) to generate a purple coloured solution (0.0006 M). The reactor temperature was set at 20°C. The flow rates for both pumps were set at 0.15 mL/min giving an overall flow rate of 0.3 mL/min and a residence time of 33.33 min with a 10 mL reactor coil. 9.5 mL of both solutions were pumped through the reactor. The collected solution was concentrated under reduced pressure to give the crude product as a brown oil (0.166 g). Analysis by 1H NMR spectroscopy showed a complex mixture with the alkene dimer 41 comprising approx. 70% of the mixture. Purification by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent  (90 : 10 – 50 : 50) led to elution of the major product, the alkene dimer 41, as a white crystalline solid (0.049 g, 56%). Mp 191-193 °C (lit14 190-192 °C); δH (400 MHz) 1.10 – 2.01 (6H, m, 6H of cyclohexyl CH2), 2.20-2.38 (1H, sym m, one H of cyclohexyl CH2), 2.71-2.80 (1 H, sym m, CHCq), 2.91 (1H, br d, J 12.5, one H of cyclohexyl CH2), 3.88 (1H, ddd, J 11.6, 11.6, 3.6, CHO); δC (100 MHz); 23.9, 25.3, 26.7, 30.6 (4 x CH2), 51.1 (CH, CHCq), 83.7 (CH, CHO), 138.3 (Cq, C=C), 169.1 (Cq, C=O). 
One residual fraction isolated from the column, showed the presence of two diastereomeric cycloadducts in a ratio of 1:1 with characteristic signals appearing in the 1H NMR spectrum as doublets at 3.19, 3.50, 3.75 and 4.40 ppm . 


Method 2: -Diazosulfoxides 38,39 in one stream, and rhodium acetate dimer and diene 113 together in a separate stream. 
Note: In an attempt to reduce the frequency of dimerisation, the diazosulfoxides 38,39 are twice as dilute as the previous reaction.


Scheme 134
A mixture of the -diazosulfoxides 38,39 (0.070 g, 0.003 mol, 1 eq) was added to a 10 mL volumetric flask and the flask was filled to the graduation mark with acetonitrile to generate a 0.032 M solution of the -diazosulfoxides. Separately, 2,3-dimethyl-1,3-butadiene 113 (0.536 g, 0.74 ml, 0.0064 mol, 20 eq) was added to a solution of acetonitrile and dichloromethane (1:1, 10 mL), rhodium acetate dimer (0.0012 g, 1 mol %) was added to this solution, and the volumetric flask was filled up to 10 mL. The reactor temperature was set at 20°C. The flow rates for both pumps were set at 0.15 mL/min giving an overall flow rate of 0.3 mL/min and a residence time of 33.33 min with a 10mL coil reactor. 9.5 mL of both solution were pumped through the reactor. The crude material collected was concentrated under reduced pressure to a brown oil as the crude product (0.068 g). Analysis of the crude product by 1H NMR spectroscopy showed the -oxo sulfine 101 only as the crude product. 









Method 3: Attempted trapping of the E (thermodynamic) isomer of the -oxo sulfine 101; by generation of the Z (kinetic) -oxo sulfine in situ using rhodium acetate dimer and providing a 5 min residence time to allow isomerisation from the kinetic sulfine to the thermodynamic sulfine. 


Scheme 135
A mixture of the -diazosulfoxides 38,39 (0.144 g, 6.7 mmol, 1 eq) was dissolved in dichloromethane (1.4 mL, 0.48 M). Separately, rhodium acetate dimer (0.003 g, 5 mol %) was added to a mixture of acetonitrile and dichloromethane (1:1, 1.4 mL) generating a purple solution. The two solutions were pumped at a rate of 1 mL/min each for five min resulting in a residence time of 5 min in the first 10 mL reactor coil. At this point, 2,3-dimethyl-1,3-butadiene 113 (1.10 g, 1.5 mL, 20 eq) was introduced. All three pumps were manually set to flow at 0.222 mL/min giving a combined flow rate of 0.666 mL/min and a total residence time of 30 min over the 2 x 10 mL reactor coils. The crude reaction mixture was collected and concentrated under reduced pressure to provide the crude solution as a pale yellow oil (0.162 g). Following analysis by 1H NMR spectroscopy the cycloadduct 125 formed by trapping of the Z (kinetic) sulfine, unreacted -oxo sulfine 101, and 2 cycloadducts 126,127 formed by trapping of the thermodynamic sulfine were present in a ratio of 3.3 : 3.8 : 1 : 0.6. Following purification of the reaction mixture by column chromatography the following products were isolated as white solids.

The first fraction contained the alkene dimer 41 (16 mg, 18%); δH (400 MHz) 1.10 – 2.01 (6H, m, 6H of cyclohexyl CH2), 2.20-2.38 (1H, sym m, one H of cyclohexyl CH2), 2.71-2.80 (1 H, sym m, CHCq), 2.91 (1H, br d, J 12.5, one H of cyclohexyl CH2), 3.88 (1H, ddd, J 11.6, 11.6, 3.6, CHO); δC (100 MHz); 23.9, 25.3, 26.7, 30.6 (4 x CH2), 51.1 (CH), 83.7 (CHO), 138.3 (C=C), 169.1 (Cq, C=O), the second fraction contained the diastereomer 125 (10 mg, 6%) formed from trapping of the kinetic sulfine,  characteristic peaks include; 3.54 (1H, sharp d, J 15.1, one of SOCH2), 3.95 (1H, br d, J 15.1, one of SOCH2), 4.55 (1H, ddd appears as dt, J 10.1, 10.1, 3.8, CHO).
A flush of the column led to the elution of a third and final fraction which contained a mixture of the two most polar cycloadducts, 127 : 126, (1 : 2) (43 mg, 26 %).  Spectral details of both are as follow;. 

Distinguishable peaks for 12715; 3.23 (1H, d, J 16.9),  3.76 (1H, d, J 16.9); δC (75.5 MHz) 19.5, 19.8 (2 x CH3), 23.6, 25.2, 26.3, 30.3, 30.4 (5 x CH2), 45.0 (CH, bridgehead CH), 51.4 (CH2, SOCH2), 64.1 (Cq, Cspiro), 81.3 (CH, CHO), 118.5, 124.9 (2 x C, C=C). No carbonyl peak was observed in the 13C NMR spectrum. 
Distinguishable peaks for 12615; 3.56 (1H, d, J 15.7), 3.97 (1H, td, J 11.5, 4, CHO), 4.42 (1H, d, J 15.4); δC (75.5 MHz) 19.9, 20.1 (2 x CH3), 23.4, 23.7, 24.8, 31.0, 31.1, (5 x CH2), 45.6, (CH, bridgehead CH ), 50.0 (CH2, SOCH2), 61.3 (Cq, Cspiro), 79.4 (CH, CHO), 120.2, 123.3 (2 x C, C=C), 171.0 (Cq, C=O). 
Method 4: Trapping of the -oxo sulfine 101 in situ using transition metal catalysis – differs to method 1 by a significant increase in concentration.


Scheme 136


A mixture of the -diazosulfoxides 38,39 (0.090 g, 0.42 mmol, 1 eq) and 2,3-dimethyl-1,3-butadiene 113  (0.689 g, 8.4 mmol, 20 eq) were dissolved in dichloromethane (1 mL) generating a 0.4 M solution of 38,39. In a separate vial, rhodium acetate dimer (0.001 g, 0.02 mmol, 5 mol %) was disolved in a solution of acetonitrile and dichloromethane (1:1, 10 mL) generating a purple coloured solution. The reactor temperature was set at 20°C. The flow rates for both pumps were set at 0.15 ml/min giving an overall flow rate of 0.3 mL/min and a residence time of 33.33 min with a 10 mL coil reactor. The collected solution was concentrated under reduced pressure to a brown oil as the crude product (0.098 g), analysis by 1H NMR spectroscopy showed successful cycloaddition to form two cycloadducts, the major product  125 from trapping of the kinetically favoured Z-isomer and the minor product 127 from trapping of the thermodynamic E-isomer 127, as well as the -oxo sulfine 101 (45 : 10 : 45). Purification by column chromatography on silica gel using hexane-ethyl  acetate as eluent (90 : 10 – 50 : 50) led to elution of the major product 125 as a white crystalline solid (0.063 g, 56%) and the least polar fraction contained the alkene dimer 41 (0.022 g, 19%).  Spectral characteristics of the major cycloadduct 125 are reported in section 3.3.2 and the alkene dimer 41 is reported in section 3.3 method 1.  

The characteristic signal of the minor diastereomer 127 recorded in the 1H NMR of the crude material is a doublet at 4.43 ppm (1H, d, J 16.2) as reported by Collins.14


[bookmark: _Toc505089655][bookmark: _Toc506311712][bookmark: _Toc523135307]3.3.1 UV-150 reaction promoted Diels-Alder cycloaddition. 
Diels-Alder cycloaddition of -oxo sulfine 101 with 2,3-dimethyl-1,3-butadiene 113
The -diazosulfoxides 38,39 (1 : 1, 0.145 g, 0.067 mmol, 1 eq) were dissolved in acetonitrile/dichloromethane (4:1, 12 mL) to make a 0.06M solution. 2,3-dimethyl-1,3-butadiene  113 (1.10 g, 1.34 mmol, 20 eq, 1.52 mL)  was added to this solution. The solution was pumped through a UV-150 reactor coil with filter number 2 installed, at a flow rate 0.33 mL/min providing a residence time of 30 min. The crude material was collected as a brown solution and concentrated under reduced pressure to give a brown oil (0.126 g). The 1H NMR spectrum of the crude reaction mixture showed 2 diastereomers and the enol product 42 present (major : minor : enol , 126 : 125 : 42, 2 : 1 : 1). Purification of the reaction mixture by column chromatography on silica gel led to elution of the three separate fractions. 

The first contained the enol decomposition product 42 (0.016 g, 16%).max(neat)/cm-1 2939, 1752, 1145; H(CDCl3) 1.05-2.00 (7H, m, 7 of H of 4 x CH2), 2.50 (1H, m, 1 H of 4 x CH2),  2.89 (1H, dd, J 14.5, 4.5, CH), 4.54 (1H, dd, J 11.3, 6.2, CHO), 5.76 (1H, br s, OH); δC (CDCl3) 22.7, 23.8, 25.4, 34.0 (4 × CH2), 78.3 (CH, CHO), 133.8 (Cq, C=C), 134.2 (Cq, C=C), 170.5 (Cq, C=O); Exact mass calculated for C8H11O3 [M+H]+ 155.0708. Found 155.0705. Spectral characteristics are consistent with those previously reported by Collins.14 

The second fraction contained the minor diastereomer 125  (0.012 g, 6%) . Spectroscopic details are in agreement with those reported in section 3.3.2.  



The third fraction contained the major diastereomer 126, favoured under photochemical conditions (0.025 g, 14%).  νmax(neat)/cm-1 1764, 1447, 1050; δH(CDCl3) 1.23-1.91 (overlapping signals including including  2 x 3H, s at 1.66 and 1.80 and 7H of cyclohexyl ring), 2.28 – 2.37 (1H, m, 1 of H of CH2), 2.48 (1H, d, J 12.3, A of ABq, one of allylic CH2), 2.62 – 2.72 (2H, m including one cyclohexyl CH and d, J 12.3, B of ABq at 2.59, allylic CH2), 3.17 (1H, br d, J 16.4, one of SOCH2), 3.68 (1H, br d, J 16.4, one of SOCH2), 3.94 (1H, ddd appears as dt, J 11.1, 11.1, 3.8, CHO). δC (CDCl3) 19.5, 19.9 (2 × CH3), 23.6, 25.2, 26.4, 30.3 (4 × CH2), 30.5 [CH2, C(14)H2], 45.1 [CH, CH(9)], 51.4 (CH2, SOCH2), 64.1 [Cq, C(3)], 81.3 (CH, CHO), 118.6 (Cq, C=C), 125.0 (Cq, C=C), 173.8 (Cq, C=O); m/z (ESI+) 269 [(M+H)+, 100%]. 
*This fraction contained about 5% of the minor diastereomer with corresponding signals observed a a doublet at 3.55 ppm and 4.41 ppm in the 1H NMR spectrum and at 20.1, 23.4, 23.7, 24.8, 31.1, 45.6, 50.1, 61.3, 79.4, 120.2, 123.3, 171.1 in the 13C NMR Spectrum. 
[bookmark: _Toc505089656][bookmark: _Toc506311713][bookmark: _Toc523135308]3.3.2 Diels-Alder cycloadditions using thermolysis. 

Generation of the intermediate -oxo sulfine using thermolysis in continuous flow leading to trapping of the -oxo sulfine in situ. 
(1'S,3S,3aS,7aS)-4',5'-Dimethyl-3a,3',4,5,6,6',7,7a-octahydro-2H-spiro[benzofuran-3,2'-thiopyran]-2-one 1'-oxide 125



The -diazosulfoxides 38,39 (0.068 g, 0.31 mmol, 1 eq) was dissolved in the minimum amount of toluene and dichloromethane (1.5 mL, 4 : 1), generating a 0.2 M solution, and 2,3-dimethyl-1,3-butadiene 113 (0.521 g, 0.63 mmol, 20 eq, 0.72 mL)  was added to this solution. The solution was pumped through a 10  mL reactor coil heated to 120°C at a flow rate of 0.333 mL/min providing a residence time of 30 min. An 8 bar back pressure regulator was fitted to the system. The crude solution was collected as a pale yellow solution and concentrated under reduced pressure to give a yellow oil (0.085 g) which crystallised overnight. The 1H NMR spectrum of the crude reaction mixture showed 125 and 126 present in a ratio of 84 : 16. Purification of the reaction mixture by column chromatography on silica gel using hexane – ethyl acetate as eluent (50 : 50) led to elution of the product 125 as a white crystalline solid (0.063 g, 74%). Found C, 61.70; H 7.36; C14H20O3S requires C, 62.66; H 7.51; Mp 187-190 °C; max(neat/cm-1) 1765, 1448, 1197, 1031; δH(CDCl3) 1.20-1.55 (3H, m, 3 x H from CH2 on cyclohexyl ring), 1.66 (3H, s, CH3), 1.76 (3H, s, CH3), 1.82-2.30 (6H, m, CH2 and CH of cyclohexyl ring), 2.40 [2H, br s, allylic C(14)H2], 3.54 (1H, sharp d, J 15.1, one of SOCH2), 3.95 (1H, br d, J 15.1, one of SOCH2), 4.55 (1H, ddd appears as dt, J 10.1, 10.1, 3.8, CHO); δC(CDCl3) 18.9, 20.1 (2 x CH3), 23.4, 23.7, 25.6, 31.2, 38.7, (5 x CH2) 51.5 (CH2S), 54.5 (CHCS), 63.7 (qC), 81.7 (CHO), 118.4 (CH), 126.2 (CH), 173.4 (Cq, C=O); m/z (ESI+) 269 [(M+H)+, 100%]. Spectroscopic detail are in agreement with those previously reported in the literature.14

Distinguishable signals observed for the minor diastereomer 126 in another fraction of the column; H(CDCl3) 1.18-2.10 (overlapping signals including 2 x CH3 singlets at 1.55 and 1.71 ppm, and 8H from cyclohexyl ring) 3.57 (1H, br d, J 16.4, A of ABq of SOCH2), 3.94 (1H, ddd appears as dt, J 11.1, 11.1, 3.8, CHO), 4.40 (1H, br d, J 16.4, B of ABq of SOCH2).Characteristic spectra are in agreement with those reported by O’Sullivan.15 
 (1'S,3S,3aS,7aS)-4',5',7a-Trimethyl-3a,3',4,5,6,6',7,7a-octahydro-2H-spiro[benzofuran-3,2'-thiopyran]-2-one 1'-oxide 114


Scheme 137


 The -diazosulfoxide 76 (0.073 g, 0.32 mmol, 1 eq) was dissolved in the minimum amount of toluene and dichloromethane (1.4 mL, 4 : 1) and 2,3-dimethyl-1,3-butadiene 113 (0.262 g, 3.19 mmol, 10 eq) was added to the solution (0.2 M). This reaction mixture was pumped through a 10 mL reactor coil heated to 120°C at a flow rate of 0.333 mL/min giving a residence time of 30 min. The crude reaction mixture was collected as a pale yellow solution and concentration under reduced pressure gave the crude product as an off white crystalline solid (0.085 g). Analysis of this mixture by 1H NMR spectroscopy showed the presence of 114 and 115 in a ratio of 97 : 3. The crude product was dissolved in dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent, (20:80 – 0:100). The second and major fraction was the cycloadduct 114 (0.055g, 62%). Found C, 63.45; H 7.76; C15H22O3S requires C, 63.80; H 7.85; νmax(neat/cm-1) 1763, 1048; δH (400 MHz) 1.23–2.12 (19H, m containing 4 x CH2, 1 x CH, bridgehead CH, 3 x CH3 at 1.59 and br s at 1.78 and 1.81), 2.88 [1H, br d, J 18.1, 1 x CH, 1H of C(14)H2], 3.27 (1H, d, A of ABq, J 17.2, SOCH2), 3.55 (1H, br d, B of ABq, J 17.1, SOCH2); δC (75.5 MHz) 19.6, 20.0, 21.5 (3 x CH3, methyl groups), 22.9, 23.0, 26.4, 34.2 (4 x CH2, 4 x cyclohexyl CH2), 38.9 [CH2, C(14)H2], 49.5 [CH2, SOC(11)H2], 56.4 (CH), 60.8 (Cq), 85.2 (Cq, bridgehead), 114.9, 124.6 (2 x Cq, C=C), 173.3 (Cq, C=O); m/z (ESI+) 283 [(M+H)+, 100%]. Spectral characteristics are in agreement with those reported by O’Sullivan.15
 The first fraction consisted of the disulfide 117 (0.010, 16%), as described earlier, and trace amounts of other impurities.
3,4,8,9-Tetramethyl-2-oxa-6-thiaspiro[4.5]dec-8-en-1-one 6-oxide 128 and 129


Scheme 138



 The -diazosulfoxide 78 (0.112 g, 0.59 mmol, 1 eq) was dissolved in the minimum amount of toluene and dichloromethane (2.5 mL, 4 : 1) and 2,3-dimethyl-1,3-butadiene 113 (0.977 g, 11.9 mmol, 20 eq) was added to the solution (0.2M). This reaction mixture was pumped through a 10 mL reactor coil heated to 120°C at a flow rate of 0.333 mL/min giving a residence time of 30 min. The crude reaction mixture was collected as a pale yellow solution and concentration under reduced pressure gave the crude product as a yellow crystalline solid (0.120 g). Analysis of this crude mixture by 1H NMR spectroscopy showed the presence of a major and minor diastereomer (128 : 129, 72 : 28) . The crude product was dissolved in dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl  acetate as eluent (80 : 20 – 40 : 60). The first least polar fraction (5 mg) contained decomposition products and plasticiser. The second fraction contained the major diastereomer 128 (0.042 g, 30%) and the final fraction contained the major product as well as trace amounts of a second diastereomer (8 : 1, 128 : 129, 0.042 g, 30%). The second fraction was recrystallised from ether/hexane. 128; m.p. 189–190 °C, max/cm1 (neat) 1750, 1205, 1041; δH (400 MHz) 1.39 [3H, d, J 7.4, CH3C(4)], 1.45 [3H, d, J 6.8, CH3C(5)], 1.66 (3H, br s, CH3), 1.75 (3H, br s, CH3), 2.23 – 2.50 (3 overlapping signals containing 1H, m, C(4)H, 1H, d, A of ABq, J 18.3, allylic CH2 and 1H, d, B of ABq, J 18.5, allylic CH2), 3.54 (1H, d, J 15.4, A of ABq, one of SOCH2), 3.93 (1H, br d, J 15.4, B of ABq, one of SOCH2), 4.58 (1H, overlapping dq, J 8.8, 6.8, CHO); δC (100 MHz) 9.7 [CH3, C(4)CH3], 18.98, 19.00, 20.3 (3  CH3, methyl groups), 38.6 (CH2, allylic CH2), 49.1 (CH, CHC), 50.8 (CH2, SOCH2), 65.4 (Cq, CSpiro), 80.7 (CH, CHO), 118.4, 126.1 (2  Cq, C=C), 172.7 (C, C=O); m/z (ESI+) 243 [(M+H)+, 45%],  HRMS (ESI+): Exact mass calculated for C12H19O3S [M+H]+, 243.1055. Found 243.1055. Spectral characteristics are in good agreement with those reported by Collins.14 Characteristic peaks of the minor diastereomer 129 are; δH (400 MHz) 3.29 (1H, d, J 17.3, A of ABq,  one of CH2), 4.12 – 4.22 (1H, m, CHO), 4.31 (1H, d, J 15.7 B of ABq, one of CH2).
8,9-Dimethyl-3,4-diphenyl-2-oxa-6-thiaspiro[4.5]dec-8-en-1-one 6-oxide 130 and 131
The -diazosulfoxide 77 (0.062 g, 0.2 mmol, 1 eq) was dissolved in the minimum amount of toluene and dichloromethane (2 mL, 4 : 1) and 2,3-dimethyl-1,3-butadiene (0.326 g, 0.40 mmol, 20 eq) was added to the solution. This reaction mixture was pumped through a 10 mL reactor coil heated to 120°C at a flow rate of 0.333 mL/min giving a residence time of 30 min. The crude reaction mixture was collected as a pale yellow solution and concentration under reduced pressure gave the crude product as a yellow crystalline solid. (0.071 g). Analysis of this crude mixture by 1H NMR spectroscopy showed the presence of 2 diastereomers (~ 1 : 1). The crude product was dissolved in dichloromethane and purified by column chromatography on silica gel (20 % ethyl acetate in hexane, increasing to 100 % ethyl acetate). The first fraction isolated contained two diastereomers in a 1:1 ratio. The cycloadducts were characterised as a mixture  (0.043 g, 60%). max/cm1 (neat) 1758, 1073; m/z (ESI+) 367 [(M+H)+, 30%],  HRMS (ESI+): Exact mass calculated for C22H23O3S [M+H]+, 367.1362. Found 367.1368.

The distinguishable peaks corresponding to the first diastereomer 130 were δH (400 MHz) 1.76, 1.93 (2 x 3H, 2 x br s, 2 x CH3), 2.57 (1H, d, J 17.8, A of ABq, one of allylic CH2), 2.94 (2H, br s, SOCH2), 3.26–3.46 (1H, m, contains B of ABq of allylic CH2), 3.76 (1H, d, J 5.9, CHC), 5.99 (1H, d, J 5.9, CHO), 6.86 – 7.19 (10H, m, aryl rings); δC (100 MHz) 19.8, 20.4 (2 x CH3, methyl groups), 30.2 (CH2, allylic CH2), 48.1 (CH2, SOCH2), 54.9 (CH, C(4)H), 62.6 (Cq, C(3)S), 81.8 (CH, CHO), 116.8, 124.7 (2 x Cq, C=C), 125.5, 127.9, 128.3, 129.8 (4 x CH appear for 6 of CH of aryl rings), 131.5, 134.1 (2 x C, C of aryl rings), 175.0 (C, C=O);
O’Sullivan reports the two CH3 singlets as being present at 1.63 and 1.92 ppm, however in this work these singlets appear at 1.76 and 1.93 ppm in the 1H NMR spectrum. 

The peaks corresponding to the second diastereomer in the mixture, 131, were; δH (400 MHz) 1.79, 1.82 (2 x 3H, 2 x br s, 2 x CH3), 2.77 (1H, A of ABq, J 17.6, one of allylic CH2), 3.10 (1H,  A of ABq, J 18.0, one of SOCH2), 3.26–3.46 (1H, m, contains  B of ABq of allylic CH2), 3.92 (1H, d, J 5.4, CHC), 4.05 (1H, B of ABq, J 18.3, one of SOCH2), 6.14 (1H, d, J 5.4, CHO), 6.86 – 7.19 (10H, m, aryl rings); δC (100 MHz) 19.5, 20.1 (2 x CH3, 2 x methyl groups), 32.0 (CH2, allylic CH2), 49.9 (CH2, SOCH2), 58.0 (CH, CHC), 64.5 (C, CS), 81.3 (CH, CHO), 117.9, 121.9 (2 x Cq, C=C), 127.6, 128.0, 128.34, 128.4 (4 x CH appearing for 6 of CH of aryl rings), 132.6, 134.7 (2 x Cq, Cq of aryl rings), 171.5 (Cq, C=O). 
[bookmark: _Toc505089657][bookmark: _Toc506311714][bookmark: _Toc523135309]3.3.3 Thermolysis conditions for Diels-Alder cycloadditions of ketone derived -oxo sulfines.

Note: Due to the ketone derived -diazosulfoxides being insoluble in toluene, acetonitrile was used as the solvent for the thermolysis. Thermogravimetric analysis and melting point data had shown the temperature of rearrangement to be approx. 100°C which is achievable in continuous flow reactors using acetonitrile as the solvent, due to the back pressure imposed. 
The signals corresponding to C(14)H2 and the SOCH2 protons are consistently broadened across the series due to long range unresolved coupling with the hydrogens of the vinylic methyl groups. 
(1'S,2S)-4',5'-Dimethyl-3',6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 1'-oxide 135



Scheme 139

The -diazosulfoxide 14 (0.166 g, 0.82 mmol, 1 eq) was dissolved in acetonitrile and dichloromethane (4:1, 2 mL). 2,3-dimethyl-1,3-butadiene 113 (1.34 g, 16.41 mmol, 1.86 mL, 20 eq) was added to this solution. The reactor was set to maintain a temperature of 100°C. The solution was pumped through the heated 10 mL reactor coil with a flow rate of 0.33 mL/min providing an overall residence time of 30 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a brown oil containing a major diastereomer 135 and minor diastereomer 136 in a ratio of 95 : 5 (0.188 g). The crude material was purified by column chromatography on silica gel using hexane-ethyl acetate (50 : 50) as eluent giving the pure product 135 as a light brown crystalline solid (0.134 g, 63%).  m.p. 131–133 °C, νmax (neat)/cm-1 1705, 1051; δH (400 MHz) 1.67 (3H, s, CH3), 1.73 (3H, s, CH3), 2.29 [1H, d, J 18.3, A of ABq, C(14)H2], 3.00 [1H, d, J 18.3, B of ABq, C(14)H2], 3.21 [1H, d, J 18.0, A of ABq, C(10)H2], 3.38-3.51 [2H, m, consisting of 1H, d, B of ABq, C(10)H2, and 1H, d, A of ABq, SOCH2], 3.72 (1H, d, J 17.9, B of ABq, SOCH2), 7.38-7.48 (2H, m, Aromatic CH), 7.60-7.67 (1H, m, Aromatic CH), 7.79 (1H, d, J 7.7, Aromatic CH); δC (100 MHz) 19.8 (CH3), 19.9 (CH3), 35.2 [CH2, C(14)H2], 37.2 [CH2, C(10)H2], 50.5 (CH2, SOCH2), 63.7 [Cq, C(3)], 117.4 (Cq, C=C), 124.5 (Aromatic CH), 125.9 (Cq, C=C), 126.1, 128.2, 135.6 (3 × Aromatic CH), 136.3 (Aromatic Cq), 150.6 (Aromatic Cq), 201.3 (Cq, C=O); MS (ESI+) 261 [(M+H)+, HRMS (ESI+): Exact mass calculated for C15H17O2S [M+H]+, 261.0949 Found 261.0943. 
The signal observed in the 1H NMR spectrum of the crude material corresponding to the minor diastereomer 136 is δH (400 MHz) 2.78 [1H, d, J 18.2,  1H of C(14)H2].
4,4',5'-Trimethyl-3',6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 1'-oxide 133


Scheme 140

 The -diazosulfoxide 80 (0.234 g, 1.06 mmol, 1 eq) was dissolved in acetonitrile and dichloromethane (2.5 mL, 4 : 1). 2,3-Dimethyl-1,3-butadiene (1.75 g, 21.24 mmol, 20 eq) was added to this solution. The reactor was set to maintain a temperature of 100°C. The solution was pumped through a 10 mL reactor coil heated to 100°C with a flow rate of 0.33 mL/min providing an overall residence time of 30 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a light yellow oil (0.300 g). Analysis of the material by 1H NMR spectroscopy showed <5% of the diastereomer  134 present. The oil was dissolved in ether and concentrated under reduced pressure to give a pale yellow crystalline solid. This solid was stirred in a 1:1 mixture of diethyl ether and hexane to dissolve trace impurities but not the cycloadduct product. Filtration of the insoluble product led to isolation of the cycloadduct 133 as a white crystalline solid (0.189 g, 64%). Mp 187-189°C; νmax/cm1 (neat) 1708, 1273; δH (400 MHz, CDCl3) 1.74 (3H, s, CH3), 1.81 (3H, s, CH3), 2.30 [1H, d, J 18.4, A of ABq, C(14)H2], 2.35 (3H, s, ArCH3), 3.03 - 3.10 [overlapping doublets consisting of 1H, d, J 18.4, B of ABq, C(14)H2 and 1H, d, J 17.8, A of ABq C(10)H2], 3.30 [1H, d, J 17.8, B of ABq, C(10)H2], 3.51 (1H, d, J 17.0, A of ABq, SOCH2), 3.75 (1H, d, J 17.0, B of ABq, SOCH2), 7.30-7.34 (1H, m, Aromatic CH), 7.43 (1H, d, J 7.3, Aromatic CH), 7.61 (1H, d, J 7.6, Aromatic CH); δC (100 MHz, CDCl3) 17.8 (CH3, ArCH3), 19.8, 19.9 (2 x CH3), 35.3 [CH2, C(14)H2], 36.1 [CH2, C(10)H2], 50.5 (CH2, SOCH2), 63.5 [Cq, C(3)], 117.4 (Cq, C=C), 122.0 (Aromatic CH), 125.9 (Cq, C=C), 128.5 (Aromatic CH), 135.3 (Aromatic Cq), 136.0 (Aromatic Cq), 136.1 (Aromatic CH), 149.5 (Aromatic Cq), 201.5 (Cq, C=O); m/z (ESI+) 275 [(M+H)+, 60%],  HRMS (ESI+): Exact mass calculated for C16H19O2S [M+H]+, 275.1106 Found 275.1100. 
The signal observed in the 1H NMR spectrum of the crude material corresponding to the minor diastereomer 134 is δH (400 MHz) 2.80 [1H, d, J 18.3,  1H of C(14)H2].
The structure of 133 was determined by single crystal x-ray diffraction on a crystalline sample recrystallized from acetonitrile. Crystal data for: C16H18O2S, Mr = 274.36, monoclinic, P21/c, a =  7.7313(8) Å, b = 10.8286(14) Å, c = 17.607(2) Å, β = 101.601(4)°, V = 1443.9(3) Å3, Z = 4, Dc = 1.262 g cm-3, F000 = 584, Cu Kα radiation, λ = 0.71073 Å, T = 300.(2) K, 2θmax = 25.03°, μ = 0.219 mm-1, 9084 reflections collected, 2524 unique (Rint = 0.0354), final GooF = 1.002, R1 = 0.0421, wR2 = 0.0967 (1869 obs. data: I > 2σ(I)); R1 = 0.0611, wR2 =  0.1066 (all data). 
4',5',6-Trimethyl-3',6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 1'-oxide 137

The -diazosulfoxide 83 (0.200 g, 0.91 mmol, 1 eq) was dissolved in acetonitrile and dichloromethane (2.3 mL, 4 : 1). 2,3-dimethyl-1,3-butadiene 113 (0.75 g, 1.82 mmol, 20 eq) was added to this solution. The reactor was set to maintain a temperature of 100°C. The solution was pumped through a 10 mL reactor coil heated to 100°C with a flow rate of 0.33 mL/min providing an overall residence time of 30 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a red oil (0.284 g). Analysis of the material by 1H NMR spectroscopy showed <5% of the other diastereomer 138 present. The oil was dissolved in the minimum amount of dichloromethane and loaded on to silica to be purified by column chromatography (10% ethyl acetate in hexane increasing to 40% ethyl acetate). The cycloadduct 137 was isolated as a white solid (0.196 g, 78 %). m.p. 139-140 °C; νmax (neat)/cm-1 1704, 1048, 725; δH (400 MHz) 1.73 (3H, s, CH3), 1.79 (3H, s, CH3), 2.27 [1H, d, J 18.2, A of ABq, C(14)H2], 2.40 (3H, s, ArCH3), 3.01 [1H, d, J 18.0, B of ABq, C(14)H2], 3.16 [1H, d, J 18.0, A of ABq, C(10)H2], 3.36 [1H, d, J 17.7, B of ABq, C(10)H2], 3.47 (1H, d, J 16.8, A of ABq, SOCH2), 3.70 (1H, d, J 16.7, B of ABq, SOCH2), 7.33 (1H, d, J 7.6, Aromatic CH), 7.43-7.46 (1H, m, Aromatic CH), 7.57 (1H, br s, Aromatic CH); δC (100 MHz) 19.5 (CH3), 19.9 (CH3), 21.1 (ArCH3), 35.1 [CH2, C(14)H2], 36.8 [CH2, C(10)H2], 50.5 (CH2, SOCH2), 64.0 (Cq, Cspiro), 117.2 (Cq, C=C), 124.3 (CH, Aromatic CH), 125.7 (CH, Aromatic CH), 126.0 (Cq, C=C), 136.4 (Cq, Aromatic Cq), 136.9 (CH, Aromatic CH), 138.3 (Cq, Aromatic Cq), 147.9 (Cq, Aromatic Cq), 201.2 (Cq, C=O); HRMS (ESI+): Exact mass calculated for C16H19O2S [M+H]+, 275.1106. Found 275.1093; m/z (ESI+) 275 [(M+H)+, 40%].
The signal observed in the 1H NMR spectrum of the crude material corresponding to the minor diastereomer 138 is δH (400 MHz) 2.78 [1H, d, J 18.2,  1H of C(14)H2].
4',5'-Dimethyl-3',6'-dihydrospiro[cyclopenta[a]naphthalene-2,2'-thiopyran]-3(1H)-one 1'-oxide 139 and 140.



The -diazosulfoxide 81 (0.042 g, 0.16 mmol, 1 eq) was dissolved in acetonitrile and dichloromethane (0.5 mL, 4 : 1). 2,3-dimethyl-1,3-butadiene 113 (0.269 g, 3.28 mmol, 0.37 mL, 20 eq) was added to this solution. The continuous flow reactor was set to maintain a temperature of 100°C. The solution was pumped through the heated 10 mL reactor coil with a flow rate of 0.33 mL/min providing an overall residence time of 30 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a brown oil (0.050 g). Analysis by 1H NMR spectroscopy showed there to be a major and minor diastereomer present in a ratio of 73 : 27, 139 and 140 respectively, as well as a significant amount of unidentified decomposition products (~30%). The crude material was purified by column chromatography on silica gel using hexane-ethylacetate as eluent (50 : 50) leading to the elution of two diastereomeric products. The first fraction to elute was the less polar, minor diastereomer 140 as a brown oily residue  (0.010 g, 20%) νmax/cm1 (neat) 1697 (Cq, C=O), 1046 (S-O); δH (400 MHz, CDCl3) 1.71 (3H, s, CH3), 1.82 (3H, s, CH3), 2.42 [1H, d, J 18.4, A of ABq, C(14)H2], 2.88 [1H, d, J 18.5, B of ABq, C(14)H2], 3.33 [1H, d, J 17.6, A of ABq, C(10)H2], 3.43 (1H, d, J 16.4, B of ABq, SOCH2) 3.75 (1H, d, J 17.6 B of ABq, SOCH2), 4.22 [1H, d, J 16.4, B of ABq, C(10)H2], 7.64-7.77 (3H, m, 3 x Aromatic CH), 7.83 – 7.85 (1H, d, 1 x Aromatic CH), 7.94 – 7.96 (1H, d, 1 x Aromatic CH), 8.08 – 8.10 (1H, d, 1 x Aromatic CH);  δC (100 MHz, CDCl3) 19.5 (CH3), 19.9 (CH3), 30.1 [CH2, C(10)H2], 39.2 [CH2, C(14)H2], 52.4 (CH2, SOCH2), 68.4 (Cq, Cspiro), 118.6 (Cq, C=C), 119.7 (Aromatic CH), 124.7 (Aromatic CH), 127.0 (Cq, C=C), 127.4 (Aromatic CH), 129.1 (Aromatic CH), 129.2 (Aromatic Cq), 129.3 (1 x Aromatic CH), 129.9 (Aromatic Cq), 130.0 (Aromatic CH), 133.2 (Aromatic Cq), 137.1 (Aromatic Cq), 154.5 (Aromatic Cq), 202.1 (Cq, C=O). This fraction contained about 15% of the major diastereomer 139. 



The second fraction was the major, more polar diastereomer 139, as a yellow oily residue (0.017 g, 34%) νmax/cm1 (neat) 1697 (Cq, C=O), 1046 (S-O).; δH (400 MHz, CDCl3) 1.77 (3H, s, CH3), 1.84 (3H, s, CH3), 2.39 [1H, d, J 18.4, A of ABq, C(14)H2], 3.10 [1H, d, J 18.4, B of ABq, C(14)H2], 3.49 – 3.60 (overlapping doublets, containing 1H, d, J 18.0, A of ABq, C(10)H2  and 1H, d, J 16.8, A of ABq, SOCH2), 3.70 -3.87 (overlapping doublets containing 1H, d, J 18.0, B of ABq, C(10)H2 and 1H, d, J 16.8, B of ABq, SOCH2), 7.63-7.76 (3H, m, 3 x Aromatic CH), 7.84 – 7.86 (1H, d, J  8.8 Aromatic CH), 7.94 – 8.01 (2H, m, 2 x Aromatic CH); δC (100 MHz, CDCl3) 19.9 (CH3), 20.0 (CH3), 35.3 [CH2, C(14)H2], 35.7 [CH2, ArC(10)H2], 50.5 (CH2, SOCH2), 63.5 (Cq, Cspiro), 117.4 (Cq, C=C), 119.7 (Aromatic CH), 124.3 (Aromatic CH), 125.9 (Cq, C=C), 127.4 (Aromatic CH), 129.1 (Aromatic CH), 129.5 (Aromatic CH), 129.7 (Aromatic Cq), 129.8 (Aromatic CH), 133.9 (Aromatic Cq), 136.9 (Aromatic Cq), 152.0 (Aromatic Cq), 201.0 (Cq, C=O); m/z (ESI+) 311 [(M+H)+, 40%],  HRMS (ESI+): Exact mass calculated for C19H19O2S [M+H]+, 311.1106 Found 311.1099. This fraction contained <12% of the minor diastereomer 140. 
[bookmark: _Toc505089658][bookmark: _Toc506311715][bookmark: _Toc523135310]3.3.4 Cycloaddition reaction with cyclopentadiene as the diene and -oxo sulfines as the dieneophiles. 

3-Thiaspiro[bicyclo[2.2.1]heptane-2,2'-inden]-5-en-1'(3'H)-one 3-oxide
Attempt 1: Generation of the -oxo sulfine in batch using transition metal catalysis and in situ trapping.



-Diazosulfoxide 14 (0.072 g, 0.34 mmol, 1 eq) was dissolved in acetonitrile : dichloromethane (4 : 1, 3 mL, 0.1 M). Cyclopentadiene 149 (0.231 g, 3.4 mmol, 10 eq) was added to this solution. Lastly, rhodium acetate dimer (0.001 g, 1 %) was added to the reaction mixture. The reaction mixture was stirred at room temperature for 1 h and then the reaction mixture was concentrated under reduced pressure to give the crude product as a brown solid (0.187 g). Analysis of the crude material by 1H NMR spectroscopy showed complete consumption of the starting material and the presence of two diastereomeric products (151 : 152/153, major : minor, 60 : 40) as well as a significant amount of unidentified impurities. The crude mixture was purified by column chromatography on silica gel using hexane-ethyl acetate as eluent (95 : 5) leading to isolation of Diastereomer B 152/153* (0.018 g, 22%); νmax/cm1 (neat) 1686, 1605, 1465; δH (400 MHz, CDCl3) 2.41 [1H, dt, J 11.0, 2.7, one of C(7)H2], 3.05 (1H, d, A of ABq, J 17.2, one of ArCH2), 3.28 [1H, s, C(1)H], 3.39 [1H, d, B of ABq J 17.2, one of ArCH2], 3.89 [1H, d, J 11.1, one of C(7)H2], 4.15 [1H, s, C(4)H], 6.17 [1H, dd, J 5.7, 3.2, C(6)H], 6.56 [1H, dd, J 5.7, 2.9, C(5)H], 7.39 – 7.45 (2H, m, 2 x Aromatic CH), 7.61 (1H, t, J 7.5, 1 x Aromatic CH), 7.81 (1H, d, J 7.6, 1 x Aromatic CH); δC (100 MHz, CDCl3) 38.0 (CH2, ArCH2), 45.7 [CH2, C(7)H2], 48.5 [CH, C(1)H], 70.6 [CH, C(4)H], 75.7 (Cq, Cspiro), 124.5, 125.5, 128.3 (3 x Aromatic CH), 130.2 [CH, C(6)H], 135.2 (1 x Aromatic CH),  137.6 (Aromatic Cq), 142.6 [CH, C(5)H], 150.0 (Aromatic Cq), 197.9 (Cq, C=O).
*This sample of the minor diastereomer 152/153 was isolated with some impurities present (< 10 %), full characterisation of a pure sample of the minor diastereomer 152/153 was successfully achieved from attempt 4 for the cycloadditon of cyclopentadiene 149 and the -diazosulfoxide 14 in continuous flow thermolysis conditions. 
Attempt 2: Generation of the -oxo sulfine in batch using thermolysis, and in situ trapping, 30 min reaction time.


The -diazosulfoxide 14 (0.075 g, 0.36 mmol, 1 eq) was dissolved in acetonitrile : dichloromethane (4 : 1, 3.5 mL, 0.1 M). Cyclopentadiene 149 (0.240 g, 3.64 mmol, 10 eq) was added to this solution. The reaction mixture was heated under reflux for 30 min. At this point the crude reaction mixture was concentrated under reduced pressure to give the crude product as a brown solid (0.193 g). Analysis of the crude material by 1H NMR spectroscopy showed the clean formation of two diastereomeric products (151 : 152/153, A : B, 2 : 1). Purification of the crude reaction mixture by column chromatography on silica gel using hexane-ethyl acetate as eluent (95 : 5) led to the elution of one diastereomer, 151.  The diastereomer A 151 eluted first and was characterised as a white crystalline solid (0.054 g, 63 %). 

Diastereomer A 151; mp 128 – 130°C; νmax/cm1 (neat) 1682, 1604, 1011; δH (400 MHz, CDCl3) 2.57 – 2.70  [2H, m, C(7)H2], 2.99 (1H, d, J 17.8, A of ABq, ArCH2), 3.27 – 3.37 [1H, m, C(1)H], 3.63 (1H, d, J 17.8, B of ABq, ArCH2), 5.83 – 5.84 [2H, m, C(4)H, C(6)H], 6.20 – 6.22 [1H, m, C(5)H], 7.37 – 7.43 (2H, m, 2 x Aromatic CH), 7.55 – 7.59 (1H, m, Aromatic CH), 7.81 – 7.83 (1H, m, Aromatic CH); δC (100 MHz, CDCl3) 32.4 (CH2, ArCH2) 36.0 [CH2, C(7)H2], 48.7 [CH, C(1)H], 70.4 (Cq, Cspiro), 98.3 [CH, C(4)H], 125.2, 125.7, 128.2 (3 x Aromatic Cq), 129.0 [CH, C(6)H], 134.59 (Aromatic CH), 134.63 (Aromatic Cq), 137.9 [CH, C(5)H], 149.4 (Aromatic Cq), 200.8 (Cq, C=O); m/z (ESI+) 245 [(M+H)+, 20%],  HRMS (ESI+): Exact mass calculated for C14H13O2S [M+H]+, 245.0636, Found 245.0646. 
Attempt 3: Generation of the -oxo sulfine by thermolysis, in continuous flow and subsequent trapping – 30 min residence time.


The -diazosulfoxide 14 (0.114 g, 0.553 mmol, 1 eq) was dissolved in acetonitrile  : dichloromethane (8 mL, 4 : 1). Cyclopentadiene 149 (0.365 g, 5.53 mmol, 10 eq) was added to this solution. The reactor was set to maintain a temperature of 100°C. The solution was pumped through a 10 mL reactor coil heated to 100°C with a flow rate of 0.33 mL/min providing an overall residence time of 30 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a brown oil (0.196 g). The crude reaction mixture was purified by column chromatography on silica gel using hexane-ethyl acetate as eluent (95 : 5) leading to isolation of the Diastereomer B 152/153 only (0.024 g, 18%)
Attempt 4: Generation of the -oxo sulfine in continuous flow using thermolysis, and in situ trapping. Residence time of 5 min.
The -diazosulfoxide 14 (0.105 g, 0.51 mmol, 1 eq) was dissolved in acetonitrile : dichloromethane (5 mL, 4:1). Cyclopentadiene 149 (0.336 g, 5.1 mmol, 10 eq) was added to this solution. The reactor was set to maintain a temperature of 100°C. The solution was pumped through a 10 mL reactor coil heated to 100°C with a flow rate of 2 mL/min providing an overall residence time of 5 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a orange oil (0.120 g) and a mixture of diastereomers (approx. 1 : 1). The crude reaction mixture was purified by column chromatography on silica gel using hexane-ethylacetate (95 : 5) as eluent to elute the Diastereomer B 152/153 as a brown oily residue (0.048 g, 35%). 



 
Diastereomer B 152/153

νmax/cm1 (neat) νmax/cm1 (neat) 1686, 1605, 1465; δH (400 MHz, CDCl3) 2.41 [1H, dt, J 11.0, 2.7, one of C(7)H2], 3.05 (1H, d, A of ABq, J 17.2, one of ArCH2), 3.28 [1H, s, C(1)H], 3.39 [1H, d, B of ABq J 17.2, one of ArCH2], 3.89 [1H, d, J 11.1, one of C(7)H2], 4.15 [1H, s, C(4)H], 6.17 [1H, dd, J 5.7, 3.2, C(6)H], 6.56 [1H, dd, J 5.7, 2.9, C(5)H], 7.39 – 7.45 (2H, m, 2 x Aromatic CH), 7.61 (1H, t, J 7.5, 1 x Aromatic CH), 7.81 (1H, d, J 7.6, 1 x Aromatic CH); δC (100 MHz, CDCl3) 38.0 (CH2, ArCH2), 45.7 [CH2, C(7)H2], 48.5 [CH, C(1)H], 70.6 [CH, C(4)H], 75.7 (Cq, Cspiro), 124.5, 125.5, 128.3 (3 x Aromatic CH), 130.2 [CH, C(6)H], 135.2 (1 x Aromatic CH),  137.6 (Aromatic Cq), 142.6 [CH, C(5)H], 150.0 (Aromatic Cq), 197.9 (Cq, C=O); m/z (ESI+) 245 [(M+H)+, 40%],  HRMS (ESI+): Exact mass calculated for C14H13O2S [M+H]+, 245.0636 Found 245.0640. This fraction contained about 5% of a trace impurity with a doublet at 3.50 ppm, triplet at 4.0 ppm and a doublet at 4.73 ppm.
4'-Methyl-3-thiaspiro[bicyclo[2.2.1]heptane-2,2'-inden]-5-en-1'(3'H)-one 3-oxide; 154 and 155


The -diazosulfoxide  80 (0.062 g, 0.28 mmol, 1 eq) was dissolved in acetonitrile : dichloromethane (4 mL, 4 : 1). Cyclopentadiene 149 (0.186 g, 2.8 mmol, 10 eq) was added to this solution. The reactor was set to maintain a temperature of 100°C. The solution was pumped through a 10 mL reactor coil heated to 100°C with a flow rate of 2 mL/min providing an overall residence time of 5 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a yellow oil (0.070 g) and as a mixture of two diastereomers (A : B, 1.2 : 1, 154 : 155/156). The crude reaction mixture was purified by column chromatography on silica gel using hexane-ethyl acetate as eluent (95 : 5) to elute the two diastereomers in two different fractions. The first fraction contained the major product from the crude material, diastereomer A 154 as a  brown oily residue (0.010 g, 14%); 

max/cm1 (neat) 1680, 1007; δH (400 MHz, CDCl3) 2.31 (3H, s, ArCH3), 2.65 – 2.67 [2H, m, C(7)H2], 2.90 (1H, d, J 17.8, A of ABq, ArCH2), 3.29 – 3.37 [1H, m, C(1)H], 3.47 (1H, d, J 17.8, B of ABq, ArCH2), 5.82 – 5.88 (2H, m, C(4)H and C(6)H], 6.20 – 6.24 [1H, m, C(5)H], 7.33 (1H, t, J 7.5, 1 x Aromatic CH), 7.38 (1H, d, J 7.4 1 x Aromatic CH), 7.66 (1H, d, J 7.5, 1 x Aromatic CH); δC (100 MHz, CDCl3) 17.8 (CH3, ArCH3), 31.3 (CH2, ArCH2), 36.0 [CH2, C(7)H2], 48.9 [CH, C(1)H], 70.2 (Cq, Cspiro), 98.3 [CH, C(4)H], 122.6, 128.4 (2 x Aromatic Cq), 129.1 [CH, C(6)H], 134.4, 134.9  (2 x Aromatic Cq), 135.2 (1 x Aromatic CH), 137.9 [CH, C(5)H] 148.3 (Aromatic Cq), 201.2 (Cq, C=O); m/z (ESI+) 259 [(M+H)+, 20%]. HRMS (ESI+): Exact mass calculated for C15H15O2S [M+H]+, 259.0793 Found 259.0788. 

This was followed by elution of the diastereomer B 155/156 as a brown oily residue; (0.018 g, 25%). νmax (cm-1) 1699, 1051; δH (400 MHz, CDCl3) 2.33 (3H, s, ArCH3), 2.41 [1H, dt, J 11.0, 2.2, one of C(7)H2] 2.88 (1H, d, J 17.6, A of ABq, ArCH2), 3.27  – 3.38 [2H, m, containing 1 H, J 17.6, B of ABq of ArCH2 and 1H, br s, C(1)H], 3.71 [1H, d, J 11.0, one of C(7)H2], 4.16 [1H, br s, C(4)H] 6.18 [1H, dd,  J 5.6, 2.3, 1H of C(6)H], 6.58 [1H, dd, J 5.7, 2.9, 1H of C(5)H], 7.30 – 7.34 (1H, m, 1 x Aromatic CH), 7.42 (1H, d, J 7.4, 1 x Aromatic CH), 7.75 (1H, d, J 7.7, 1 x Aromatic CH); δC (100 MHz, CDCl3) 17.8 (CH3, ArCH3), 36.9 (CH2, ArCH2), 45.8 [CH2, C(7)H2], 48.6 [CH, C(1)H], 70.6 [CH, C(4)H], 75.4 (Cq, Cspiro), 121.9, 128.5 (2 x Aromatic CH), 130.3 [CH, C(6)H], 135.2 (Aromatic Cq), 135.6  (Aromatic CH), 137.4 (Aromatic Cq), 142.6 [(CH, C(5)H] 149.0 (Aromatic Cq), 198.1 (Cq, C=O); m/z (ESI+) 259 [(M+H)+, 100%]; HRMS (ESI+): Exact mass calculated for C15H15O2S [M+H]+, 259.0793 Found 259.0782. 
[bookmark: _Toc505089659][bookmark: _Toc506311716][bookmark: _Toc523135311]3.3.5 Cycloaddition of lactone derived -diazosulfoxide 38,39 with cyclopentadiene 149 in continuous flow.

Lactone derived cycloadducts 158 and 161


The -diazosulfoxides 38,39 (1 : 0.7, 0.076 g, 0.35 mmol, 1 eq) were dissolved in toluene : dichloromethane (2 mL, 4 : 1, 0.15 M). Cyclopentadiene 149 (0.231 g, 2.8 mmol, 10 eq) was added to this solution. The reactor was set to maintain a temperature of 120°C. The solution was pumped through a 10 mL reactor coil heated to 120°C with a flow rate of 2 mL/min providing an overall residence time of 5 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a brown oil (0.147 g). Analysis of the crude reaction mixture showed the presence of unreacted axial -diazosulfoxide starting material, and diastereomers A and B (38 : 30 : 32). The crude reaction mixture was purified by column chromatography on silica gel using hexane-ethyl acetate (95:5) as eluent to elute diastereomers A and B in two different fractions. The first fraction contained the Diastereomer A 158 and the second fraction contained Diastereomer B 161/162.

Diastereomer A  158: 
Colorless oily residue; (0.017 g, 19%); max/cm1 (neat) 2931, 1739, 1025;  δH (400 MHz, CDCl3) 1.19 – 1.60 (3H, m, 1 x cyclohexyl CH2, 1 x cyclohexyl CH), 1.80–2.10 (3H, m, 1 x cyclohexyl CH2, 1 x cyclohexyl CH), 2.24 – 2.35 [3H, overlapping multiplet including td corresponding to C(8)H, and 1 x cyclohexyl CH2], 2.48 – 2.55 [1H, dd, J 18.0, 2.1, A of ABq, C(7)H2], 2.61 – 2.66 [1H, d,  J 18.0, B of ABq, C(7)H2], 3.38 – 3.43 [1H, unsymmetrical m, C(1)H], 3.81 [1H, t of d, J 3.7, 10.9, C(9)HO], 5.72 – 5.77 [2H, m, C(6)H and C(4)H], 6.11 – 6.13 [1H, m, C(5)H]; δC(100 MHz, CDCl3) 23.6, 25.5, 27.5, 30.7 (4 x cyclohexyl CH2), 33.5 [CH2, C(7)H2], 49.5 [CH, C(8)HC], 50.4 [CH, C(1)H], 69.1 (Cq, Cspiro), 83.5 [CH, C(9)HO], 97.8 [CH, C(4)H], 129.1 [CH, C(6)H], 137.5 [CH, C(5)H], 175.8 (Cq, C=O); m/z (ESI+) 253 [(M+H)+, 20%], HRMS (ESI+): Exact mass calculated for C13H17O3S [M+H]+, 253.0898 Found 253.0894. Trace amounts of impurities (approx. 5 %) recorded in the 1H NMR spectra include a symmetrical quartet at 4.64 ppm and two broad singlets at 6.83 and 6.91 ppm respectively.
Diastereomer B 161/162   :

Brown oily residue (0.021 g, 24%); max/cm1 (neat) 1766, 1195, 1018;  δH (400 MHz, CDCl3) 1.01- 2.38 [overlapping signals containing 2 x cyclohexyl CH2, 3 x cyclohexyl CH, 1 x C(8)H, appears as td, J 3.1, 12.7, 1H of C(7)H2], 3.24 [1H, s, C(1)H], 3.51 [1H, d, J 11.11, one of C(7)H2],  4.22 [1H, s, C(4)H], 4.26 [1H, t of d, J 10.8, 3.9, C(9)HO], 5.99 – 6.02 [1H, dd, J 5.7, 3.4, C(6)H], 6.46 – 6.48 [1H, dd, J 5.7, 3.0,  C(5)H]; δC (100 MHz, CDCl3) 23.6, 25.2, 28.5, 30.1 (CH2, 4 x cyclohexyl CH2), 45.5 [CH2, C(7)H2], 48.9 [CH, C(1)H], 51.6 [CH, C(8)H], 69.0 [CH, C(4)H], 81.7 [CH, C(9)HO], 129.0 [CH, C(6)H], 142.3 [CH, C(5)H], 171.0 (Cq, C=O); m/z (ESI+) 253 [(M+H)+, 100%], Exact mass calculated for C13H17O3S [M+H]+, 253.0898 Found 253.0890. 
Note: In the 13C NMR spectrum the spiro centre was not observed, but may be present under the CDCl3 signal. 
This fraction contains peaks corresponding to unknown impurities (<5%) which are observed in the 1H NMR spectrum at δH 2.75 (td), 3.72 (td), 4.9 (br s), 5.3 (br s). In the 13C NMR spectra, the corresponding signals are observed at δC 22.9, 24.0, 24.8, 31.9, 57.8, 59.1, 72.0, 73.5. 
Lactone derived cycloadducts 159/160

The -diazosulfoxide 77 (0.072 g, 0.23 mmol, 1 eq) was dissolved in toluene :  dichloromethane (2 mL, 4:1, 0.12 M). Cyclopentadiene (0.152 g, 2.3 mmol, 10 eq) was added to this solution. The reactor was set to maintain a temperature of 120°C. The solution was pumped through a 10 mL reactor coil heated to 120°C with a flow rate of 2 mL/min providing an overall residence time of 5 min. The crude reaction mixture was collected and concentrated under reduced pressure to give a yellow oil (0.094 g). Analysis of the crude reaction mixture showed the presence of unreacted starting material 77  and a mixture of a diastereomer A 157 and diastereomer B 159/160  (70 : 15 : 15). The crude reaction mixture was purified by column chromatography on silica gel using hexane-ethyl acetate as eluent (95 : 5) to elute two fractions. The first fraction isolated contained residual starting material only. The second fraction contained the diastereomer B 159/160 as a white crystalline solid (0.009 g, 11%). Mp 109-111°C; max/cm1 (neat) 1049, 1752; δH (400 MHz, CDCl3) 2.34 [1H, dt, J 11.2, 2.7,  2.0, one of C(7)H2], 3.53 [1H, s, C(1)H], 3.62 [1H, d, J 11.2, one of C(7)H2], 3.84 [1H, d, J 7.0, C(11)H], 4.09 [1H, s, C(4)H], 5.78 [1H, dd, J 5.8, 3.2, C(6)H], 5.88 [1H, d, J 7.2, C(10)HO], 6.24 [1H, dd, J 5.7, 2.9, C(5)H], 7.02 – 7.40 (10H, m, 10 x Aromatic CH; δC (100 MHz, CDCl3), 44.4 [CH2, C(7)H2], 50.4 [CH, C(1)H], 58.2 [CH, C(4)H], 68.9 [CH, C(11)H], 72.8 (Cq, Cspiro), 81.3 [CH, C(10)HO], 125.6, 126.2, 127.8, 128.0, 128.3, 128.5 (6 x Aromatic CH), 129.8 [CH, C(6)H], 135.0, 135.4 (2 x Aromatic Cq), 141.5 [CH, C(5)H] 171.0 (Cq, C=O); m/z (ESI+) 351 [(M+H)+, 10%], HRMS (ESI+): Exact mass calculated for C21H17O3S [M+H]+, 349.0898 Found 349.0899. Minor signals in the 1H NMR spectrum belonging to an unknown impurity (<5%) are present at δH 4.97 (br s), 5.25 (br s), 6.75 (br s).  


[bookmark: _Toc505089660][bookmark: _Toc506311717][bookmark: _Toc523135312]3.4 Telescoping the diazo transfer process, with the hetero-Wolff rearrangement and subsequent Diels-Alder cycloaddition reaction.

Method 1: Telecoping diazo transfer and cycloaddition using 1 equivalent of the diazo transfer reagent.


Scheme 141

The sulfoxide 66 (0.150 g, 0.77 mmol, 1 eq)  and DBSA 87 (0.271 g, 0.77 mmol, 1 eq) were dissolved in acetonitrile (15 mL) to generate a 0.05 M solution of both the sulfoxide 66 and DBSA 87, and pumped through a 6.6 mm internal diameter Omnifit™ column packed with Amberlyst A21 (2.14 g, 20 eq, vol 2.3 mL) at a rate of 0.5 mL/min with a residence time of 4.5 min. The outlet was pumped to a T-piece where it met the 2,3-dimethyl-1,3-butadiene 113 solution (1.64 g in 20 mL dichloromethane, 1.0 M) pumped at 0.5 mL/min. The solution of -diazosulfoxide 80 and 2,3-dimethyl-1,3-butadiene 113 was pumped through a 10 mL reactor coil with a residence time of 10 min. The reaction mixture was collected and concentrated under reduced pressure to give the crude product as a pale yellow soild (0.427 g). Analysis of the material by 1H NMR spectroscopy showed the sulfoxide 66 starting material (82%), alongside the desired cycloadduct 133 (18%), residual DBSA 87, and the sulfonamide byproduct 88. The crude material was not purified by column chromatography due to the low conversion. 


Method 2: Telecoping diazo transfer and cycloaddition using 2 equivalents of the diazo transfer reagent.


Scheme 142

The sulfoxide 66 (0.150 g, 0.77 mmol, 1 eq) and DBSA 87 (0.542 g, 1.54 mmol, 2 eq) were dissolved in acetonitrile (15 mL) generating a 0.05 M solution of the sulfoxide 66 and 0.1 M solution of DBSA 87. 10 mL of this solution was pumped through a 6.6 mm internal diameter Omnifit™ column packed with Amberlyst A21 (2.14 g, 20 eq, vol 2.3 mL) at a rate of 0.15 mL/min with a residence time of 15 min. The outlet was pumped to a T-piece where it met the 2,3-dimethyl-1,3-butadiene solution 113 (1.64 g of 2,3-dimethyl-1,3-butadiene in dichloromethane 20 mL, 1.0 M) pumped at 0.15 mL/min. The solution of -diazosulfoxide 80 and 2,3-dimethyl-1,3-butadiene 113 was pumped through a 10 mL coil with a residence time of 33 min. The reaction mixture was collected and concentrated under reduced pressure to give the crude product as a yellow oil (0.746 g). Analysis of the material by 1H NMR spectroscopy showed the sulfoxide 66 starting material (55%)  alongside the desired in situ trapped cycloadduct 133 (45%) and the DBSA 87 and sulfonamide byproduct 88. The crude material was not purified by column chromatography. Spectral details for the cycloadduct are as described in section 3.3.3.



Method 3: Diazo transfer and hetero-Wolff rearrangement promoted by UV light.


Scheme 143

The sulfoxide 64 (0.105 g, 0.51 mmol, 1 eq)  and DBSA 87 (0.358 g, 1.02 mmol, 2 eq) were dissolved in acetonitrile (10 mL, 0.05 M). 8 mL of this solution was pumped through a 6.6 mm internal diameter Omnifit™ column packed with Amberlyst A21 (0.531 g, 5 eq) and acid washed sand at a rate of 0.10 mL/min with a residence time of 9 min on the Amberlyst A21. The outlet was pumped to a T-piece where it met the 2,3-dimethyl-1,3-butadiene solution 113 (1.09 g of 2,3-dimethyl-1,3-butadiene in dichloromethane 14 mL, 1.0 M) pumped at 0.10 mL/min. The solution of -diazosulfoxide 80 and 2,3-dimethyl-1,3-butadiene 113 was pumped with a residence time of 50 min in the UV-150 reactor (Filter number 1). The reaction mixture was collected and concentrated under reduced pressure to give the crude product as a brown oil (0.316 g). Analysis of the material by 1H NMR spectroscopy showed a complex mixture of unidentifiable products with no evidence of the -diazosulfoxide 14 or subsequent photolysis induced rearrangement products as reported by Buckley.16  The crude material was not purified by column chromatography.

[bookmark: _Toc505089661][bookmark: _Toc506311718][bookmark: _Toc523135313]3.5 Further fuctionalisation of Diels-Alder sulfoxide cycloadducts. 
[bookmark: _Toc505089662][bookmark: _Toc506311719][bookmark: _Toc523135314]3.5.1 Oxidation to sulfone

4, 4', 5'-Trimethyl-3', 6'-dihydrospiro[indene-2, 2'-thiopyran]-1(3H)-one 1', 1'-dioxide 163 
The sulfoxide 133 (0.050 g, 1 eq, 0.018 mmol, 1 eq) was dissolved in dichloromethane (3 mL) and cooled to 0°C with an ice bath. 3-Chloroperoxybenzoic acid (0.051 g, 1.5 eq, 0.29 mmol, 77%) was dissolved in dichloromethane (2 mL) and added dropwise to the stirring reaction mixture over 10 min. The ice bath was removed and the reaction mixture returned to room temperature, and stirred at that temperature for a further 3 h until TLC analysis showed consumption of the starting material. The reaction mixture was concentrated under reduced pressure to give a white crystalline solid (0.093 g). The 1H NMR spectrum of the crude material showed the sulfone 163, a major β-epoxy sulfone 164, and a minor β-epoxy sulfone 165 in a ratio of 84 : 12 : 4 as well as the m-chlorobenzoic acid byproduct. Purification by column chromatography on silica gel using hexane-ethyl acetate (90 : 10) as eluent led to isolation of the β-keto sulfone 163, as a white crystalline solid (0.042 g, 75%).  νmax/cm1 (neat) 1707, 1273,  1117 cm-1; Mp 187 – 188°C ; δH (400 MHz, CDCl3) 1.71, 1.82 (2 x 3H, s, 2 x CH3), 2.38 (CH3, s, ArCH3), 2.72 (1H, d, J 17.9, A of ABq, CqCH2), 2.90 – 2.92 (2 overlapping doublets including 1H, d, J 18.1, A of ABq, ArCH2 and 1H, d, J 17.9, B of ABq, CqCH2), 3.45 (1H, d, J 16.7, A of ABq, SO2CH2), 3.95 (1H, d, J 18.1, B of ABq, ArCH2), 4.17 (1H, br d, J 16.7, B of ABq, SO2CH2), 7.34 (1H, t, J 7.5, Aromatic CH),  7.46 (1H, d, J 7.3, Aromatic CH), 7.61 (1H, d, J 7.6, Aromatic CH); δC (100 MHz, CDCl3) 17.8 (CH3, ArCH3), 19.3, 20.2 (2 x CH3), 33.1 (CH2, ArCH2), 42.3 (CH2, CqCH2), 52.2 (CH2, SO2CH2), 67.7 (Cq, Cspiro), 120.2 (Cq, C=C), 122.6 (CH, 1 x Aromatic CH), 124.2 (Cq, C=C), 128.7 (CH, 1 x Aromatic CH), 134.7, 135.7 (Cq, 2 x Aromatic Cq), 136.6 (CH, 1 x Aromatic CH), 149.8 (Cq, 1 x Aromatic Cq), 198.1 (Cq, C=O). m/z (ESI+) 291 [(M+H)+, 100%],  HRMS (ESI+): Exact mass calculated for C16H19O3S [M+H]+, 291.1055. Found 291.1052.
Signals in the 1H NMR of the crude material corresponding to the β-epoxy sulfone 164 include; 1.43, 1.56 (2 x 3H, 2 x s, 2 x CH3), 3.04 (1H, d, J 18.3), 3.28 (1H, d, J 15.5), 3.54 (1H, d, J 14.8), 3.70 (1H, d, J 12.6), 3.74 (1H, d, J 15.4). Signals in the 1H NMR of the crude material corresponding to the β-epoxy sulfone 165 include; 1.40, 1.55 (2 x 3H, 2 x s, 2 x CH3)
In later work, section 3.5.2, an authentic sample of β-epoxy sulfones 167 and 168 were synthesised and isolated and have spectroscopic characteristics similar to 164. 


4', 5'-Dimethyl-3', 6'-dihydrospiro[indene-2, 2'-thiopyran]-1(3H)-one 1', 1'-dioxide 166

The sulfoxide 135 (0.083 g, 1 eq, 0.04 mmol, 1 eq) was dissolved in dichloromethane (3 mL) and cooled to 0°C with an ice bath. 3-Chloroperoxybenzoic acid (0.106 g, 1.5 eq, 0.61 mmol, 77%) was dissolved in dichloromethane (2 mL) and added dropwise to the stirring reaction mixture over 10 min. The ice bath was removed and the reaction mixture returned to room temperature, and stirred at that temperature for a further 3 h until TLC analysis showed consumption of the starting material. The reaction mixture was concentrated under reduced pressure to give a reddish/brown crystalline solid (0.093 g). The 1H NMR spectrum of the crude material showed clean reaction to form the sulfone 166, and the β-epoxy sulfones 167 and 168 in a ratio of 84 : 10 : 6, as well as the m-chlorobenzoic acid byproduct.* Purification by column chromatography on silica gel using hexane-ethyl acetate (90:10) as eluent led to isolation of the β-keto sulfone 166 (with trace amounts of an unknown impurity, ~5%) as a white crystalline solid (0.063 g, 72%). Mp 108 – 110°C; νmax/cm1 (neat) 1712, 1306, 1117 cm-1; δH (400 MHz, CDCl3) 1.64, 1.73 (2 x 3H, s, 2 x CH3), 2.67 (1H, d, J 17.3, A of ABq, CqCH2), 2.82 (1H, d, J 17.3, B of ABq, CqCH2), 2.96 (1H, d, J 18.0, A of ABq, ArCH2), 3.38 (1H, d, J 16.8, A of ABq, SO2CH2), 3.91 – 4.12 (2 overlapping signals including a 1H, d, J 17.9, B of ABq, SO2CH2 and a 1H, d, J 17.1, B of ABq, ArCH2), 7.34 – 7.36 (1H, m, 1 x Aromatic CH),  7.43 (H, d, J 7.7, Aromatic CH), 7.59 (1H, t, 1 x Aromatic CH), 7.70 (1H, d, J 7.7, 1 x Aromatic CH);** δC (100 MHz, CDCl3) 19.3, 20.1 (2 x CH3), 34.1 (CH2, ArCH2), 42.1 (CH2, Cq-CH2), 52.2 (CH2, SO2CH2), 67.8 (Cq, Cspiro), 120.1 (Cq, C=C), 124.2 (Cq, C=C), 125.2 (CH, 1 x Aromatic CH), 126.3 (CH, 1 x Aromatic CH), 128.4 (CH, 1 x Aromatic CH), 134.9 (Cq, 1 x Aromatic Cq), 136.1 (CH, 1 x Aromatic CH), 150.8 (Cq, 1 x Aromatic Cq), 197.8 (Cq, C=O); HRMS (ESI+): Exact mass calculated for C15H17O3S [M+H]+, 277.0898. Found 277.0894.
*Characteristic signals of the β-epoxy sulfone 167 in the 1H NMR spectrum of the crude material are 2 x CH3 singlets at  1.44,and 1.54 ppm and signals corresponding to β-epoxy sulfone 168 in the 1H NMR spectrum of the crude material include 2 x CH3 singlets at 1.40 and 1.55 ppm. **Signals corresponding to an unidentified impurity were recorded in the 1H NMR spectrum as a doublet at 3.76 ppm and a singlet at 4.45 ppm and in the 13C NMR spectrum at 53.4, 54.4 and 59.5 ppm.

4', 5', 6-Trimethyl-3', 6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 1', 1'-dioxide 169
The sulfoxide 137 (0.275 g, 1 eq, 1.00 mmol, 1 eq) was dissolved in dichloromethane (10 mL) and cooled to 0°C with an ice bath. 3-Chloroperoxybenzoic acid (0.259 g, 1.50 mmol, 1.5 eq, 77%) was dissolved in dichloromethane (5 mL) and added dropwise to the reaction mixture  over 15 min. The ice bath was removed and the reaction mixture returned to room temperature, and stirred overnight.  The reaction mixture was concentrated under reduced pressure to give a pale yellow crystalline solid (0.485 g). The 1H NMR of the crude material showed formation of the desired sulfone  169, as well as the over oxidation product the β-epoxy sulfone (169 : 170 : 171, 52 : 37 :11, sulfone : major  β-epoxy sulfone : minor β-epoxy sulfone) as well as the 3-chloroperoxybenzoic acid byproduct. Mass spec. analysis on the crude material identified the presence of:
(1) the sulfone 169; m/z (ESI+) 291 [(M+H)+, 70%],  HRMS (ESI+): Exact mass calculated for C16H19O3S [M+H]+, 291.1055. Found 291.1052 and 
(2) the β-epoxy sulfones 170 and 171; m/z (ESI+) 307 [(M+H)+, 100%],  HRMS (ESI+): Exact mass calculated for C16H19O4S [M+H]+, 307.1004 Found 307.1001.
Purification of the crude material by column chromatography on silica gel using hexane-ethyl acetate (50 : 50) as eluent led to isolation of the β-keto sulfone 169 as a white crystalline solid in the first fraction (0.140 g, 48%). νmax/cm1 (neat) 1709, 1306, 1281, 1119, cm-1; Mp 128 – 130 °C; δH (400 MHz, CDCl3) 1.70,  1.80 (3H, s, 2 x CH3), 2.40 (3H, s, ArCH3), 2.72 (1H, d, J 17.9, A of ABq, CqCH2), 2.88 (1H, d, J 17.9, B of ABq, CqCH2), 2.97 (1H, d, J 18.0, A of ABq, of ArCH2), 3.44 (1H, d, J 17.0, A of ABq, SO2CH2), 4.02 (1H, d, J 18.0, B of ABq, ArCH2), 4.12 (1H, br d, J 17.0, B of ABq, SO2CH2), 7.35 (1H, d, J 7.9, 1 x Aromatic CH),  7.48 (1H, d, J 7.9, 1 x Aromatic CH), 7.56 (1H, s, 1 x Aromatic CH); δC (75.5 MHz, CDCl3) 19.3, 20.2, 21.1 (3 x CH3), 33.8 (CH2, ArCH2), 42.1 (CH2, CqCH2), 52.2 (CH2, SO2CH2), 68.2 (Cq, Cspiro), 120.1 (Cq, C=C), 124.3 (Cq, C=C), 125.0 (CH, 1 x Aromatic CH), 125.9 (CH, 1 x Aromatic CH), 135.1 (Cq, 1 x Aromatic Cq), 137.4 (CH, 1 x Aromatic CH), 138.5 (Cq, 1 x Aromatic Cq). 148.3 (Cq, 1 x Aromatic Cq), 197.8 (Cq, C=O). 
The β-epoxy sulfones 170 and 171 were isolated as a mixture of isomers in the second fraction. 

A single fraction was isolated cleanly with a 1 : 0.7 mixture of the epoxides 170 and 171 (0.030 g, 10%) and was characterised as a mixture.  νmax/cm1 (neat) 1713, 1312, 1124 cm-1; δH (300 MHz, CDCl3) 1.39 (3H, s, CH3 of 171), 1.43, 1.53 (2 x 3H, s, 2 x CH3 of 170), 1.55 (3H, s, CH3 of 171), 2.39 (6H s, ArCH3 from 170 and 171), 
CqCH2 of epoxide 171 : 2.50, 2.86 J 15.8
CqCH2 of epoxide 170: 2.61, 2.86 J 15.8
ArCH2 of 171: 2.98, 4.05 J 17.2  
ArCH2 of 170: 3.13, 3.79 J 18.4 		    6H of 170 and 6H of 171
SO2CH2 of 171: 3.26, 4.15 J 15.2
SO2CH2 of 170: 3.67, 4.50 J 15.5 

7.34 – 7.40 (2H, m, 1 x ArH from each diastereomer), 7.44 – 7.50 (2H, m, 1 x ArH from each diastereomer), 7.53 – 7.63 (2H, m, 1 x ArH from each diastereomer);  δC (75 MHz, CDCl3) of 170; 20.6, 21.0, 21.1, (3 x CH3, 1 x ArCH3, 2 x CqCH3), 35.3 (CH2, ArCH2), 40.0 (CH2, CqCH2), 54.0 (CH2, SO2CH2), 60.0, 62.2 (Cq, 2 x CqO),  67.63 (Cq, Cspiro), 124.8, 125.8, (CH, 2 x Aromatic), 135.1 (Cq, 1 x Aromatic Cq), 137.7 (CH, 1 x Aromatic CH), 138.6 (Cq, 1 x Aromatic Cq), 149.0  (Cq, 1 x Aromatic Cq), 197.0 (Cq, 1 x C=O); δC (75 MHz, CDCl3) of 171;  20.8, 21.1 , 21.5 (3 x CH3, 1 x ArCH3, 2 x CqCH3), 35.2, (CH2, ArCH2), 40.9 (CH2, CqCH2), 53.8, (CH2, SO2CH2), 58.4, 60.5, (2 x Cq, 2 x CqO),  67.60 (Cq, Cspiro), 125.2, 126.0 (2 x CH, 2 x Aromatic CH), 135.0 (Cq, 1 x Aromatic Cq), 137.3 (CH, 1 x Aromatic CH), 138.7 (Cq, 1 x Aromatic Cq), 147.0 (Cq, 1 x Aromatic Cq), 196.0 (Cq, 2 x C=O). 

[bookmark: _Toc505089663][bookmark: _Toc506311720][bookmark: _Toc523135315]3.5.2 Oxidation to β-epoxy sulfone. 

1,6-Dimethyl-7-oxa-4-thiaspiro[bicyclo[4.1.0]heptane-3,2'-inden]-1'(3'H)-one
The ,β-unsaturated sulfone 166  (0.153 g, 0.55 mmol, 1 eq) was dissolved in dichloromethane (10 mL). 3-Chloroperoxybenzoic acid (77%, 0.143 g, 1.5 eq, 0.83 mmol) was dissolved in dichloromethane (8 mL) and added to the sulfone 166 dropwise, at 0°C over 10 min. The ice bath was allowed to melt and the reaction mixture returned to room temperature over 2 h and was stirred for a further 14 h. The colorless solution (without a precipitate) was concentrated under reduced pressure to give a white crystalline solid (0.255 g). Analysis by 1H NMR spectroscopy showed complete consumption of the starting material and a mixture of the β-epoxy sulfones 167 and 168 (83 : 17). Purification by column chromatography on silica gel led to the elution of three fractions. The first, least polar fraction contained one diastereomer (0.052 g, 32%). The second contained a 1:1 mixture of diastereomers, 167 : 168 (0.052 g, 32%) and the final fraction contained the second diastereomer  (0.008 g, 5%). m/z (ESI+) 293 [(M+H)+, 100%],  HRMS (ESI+): Exact mass calculated for C15H17O4S [M+H]+, 293.0848 Found 293.0835.


Less polar major epoxide 167:
 (0.052 g, 32%)   νmax/cm1 (neat) 1712, 1313, 1125, cm-1; δH (300 MHz, CDCl3) 1.43, 1.53 (2 x 3H, s, 2 x  CH3), 2.63 (1H, d J 15.9, A of ABq, Cq-CH2), 2.86 (1H, d, J 15.9, B of ABq, 1H of Cq-CH2), 3.19 (1H, d, J 18.4, A of ABq, ArCH2),  3.50 (1H, d J 15.2, A of ABq, SO2CH2), 3.67 (1H, d, J 15.2, B of ABq, SO2CH2), 3.85 (1H, d J 18.4, B of ABq, ArCH2) 7.40 – 7.51 (2H, m, 2 x Aromatic CH),  7.70 (1H, td, J 7.4, 1.2, 1 x  Aromatic CH). 7.82 (1H, d, J 7.5, 1 x Aromatic CH); δC (100 MHz, CDCl3) 20.7, 21.1 (2 x CH3), 35.6 (CH2, ArCH2), 39.9 (CH2, Cq-CH2), 53.9 (CH2, SO2CH2), 59.9, 62.2 (Cq, 2 x CqO), 67.3 (Cq, Cq, Cspiro), 125.0, 126.3, 128.4, 136.4  (CH, 4 x Aromatic CH), 135.0, 151.5 (Cq, 2 x Aromatic Cq), 197.1 (Cq, C=O).
More polar minor epoxide 168: 
(0.08 g, 5%) νmax/cm1 (neat) 1717, 1312, 1125 cm-1; δH (300 MHz, CDCl3) 1.40, 1.55 (3H, s, 2 x CH3), 2.52 (1H, d J 15.9, A of ABq of Cq-CH2), 2.85 (1H, d, J 15.9, B of ABq of Cq-CH2), 3.04 (1H, d J 17.9, A of ABq, ArCH2),  3.26 (1H, d J 15.5, A of ABq, SO2CH2), 4.10 (1H, d J 17.2 B of ABq, ArCH2), 4.18 (1H, d B of ABq J 15.4, SO2CH2) 7.39 – 7.51 (2H, m, 2 x Aromatic CH),  7.62– 7.67 (1H, m, 1 x, Aromatic CH), 7.77 (1H d, J 8.4, 1 x  Aromatic CH); δC (100 MHz, CDCl3) 19.5, 20.6 (2 x CH3), 34.5 (CH2, ArCH2), 39.9 (CH2, Cq-CH2), 52.8 (CH2, SO2CH2), 57.3, 59.5 (Cq, 2 x CqO), 66.2 (Cq, Cspiro), 124.5, 125.1, 127.5 (CH, 3 x Aromatic CH), 133.7 (Cq, 1 x Aromatic Cq), 134.9, (CH, 1 x Aromatic CH), 148.5 (Cq, 1 x Aromatic Cq), 195.1 (Cq, C=O). 
[bookmark: _Toc505089664][bookmark: _Toc506311721][bookmark: _Toc523135316]3.5.3 Reduction to sulfides. 
Procedure as per Drabowicz et al.91

4,4',5'-Trimethyl-3',6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 172
The sulfoxide cycloadduct 133 (0.054 g, 0.196 mmol, 1 eq) was dissolved in acetone (2 mL). Solid sodium iodide (0.070 g, 0.472 mmol, 2.4 equiv) was added in one portion. The reaction mixture was cooled to 0°C with an ice bath and trifluoroacetic anhydride (0.078 g, 0.37 mmol, 1.9 eq, 0.05 mL) was added dropwise as a solution in acetone (1 mL)  over 2 min. The reaction mixture immediately turned from yellow to brown showing the liberation of I2. TLC analysis showed the reaction to be complete after 20 min. The solution was concentrated under reduced pressure to give the crude product as a dark brown residue. This was dissolved in water (5 mL) and extracted with diethyl ether (2 x 10 mL). The ether washings were rinsed with saturated sodium thiosulfate pentahydrate (3 x 5 mL), followed by water (5 mL) and brine (5 mL). The yellow solution was dried with anhydrous MgSO4 and concentrated under reduced pressure to give the product 172 as a yellow oil (0.042g, 84%) which was pure by 1H NMR analysis. νmax/cm1 (neat) 1706, 1270 cm-1; δH (400 MHz, CDCl3) 1.73, 1.82 (2 x 3H, s, 2 x CH3), 2.28 – 2.32 (2 overlapping signals including 1H, d J 15.4, A of ABq, Cq-CH2, overlapping with 3H, s at 2.31, ArCH3), 2.58 (1H, d, J 17.4, B of ABq, 1H of Cq-CH2), 3.04 – 3.19 (3H, m, overlapping multiplet containing 1H, A and B of ABq of ArCH2, J 17.5, and A of ABq of SCH2),  3.40 (1H, d, J 16.9, B of ABq, SCH2), 7.30 (1H, t, J 7.2, Aromatic CH),  7.40 (1H, d, J 7.8, Aromatic CH), 7.62 (1H, d, J 7.6, Aromatic CH); δC (100 MHz, CDCl3) 17.8 (CH3, ArCH3), 19.5, 20.5 (2 x CH3), 30.7 (CH2, ArCH2), 39.3 (CH2, Cq-CH2), 41.6 (CH2, SCH2), 49.8 (Cq, Cspiro), 122.4 (CH, 1 x Aromatic CH), 123.1 (Cq, C=C), 125.5 (Cq, C=C), 128.1 (CH, 1 x Aromatic CH), 134.5 (Cq, 1 x Aromatic Cq), 135.4 (Cq, 1 x Aromatic Cq), 135.5 (CH, 1 x Aromatic CH), 149.9 (Cq, 1 x Aromatic Cq), 203.2 (Cq, C=O). m/z (ESI+) 259 [(M+H)+, 100%],  HRMS (ESI+): Exact mass calculated for C16H19OS [M+H]+, 259.1157. Found 259.1153

4',5'-Dimethyl-3',6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 173
The sulfoxide cycloadduct 135 (0.040 g, 0.153 mmol, 1 eq) was dissolved in acetone (2 mL). Solid sodium iodide (0.055 g, 0.368 mmol, 2.4 equiv) was added in one portion. The reaction mixture was cooled to 0°C with an ice bath and trifluoroacetic anhydride (0.061 g, 0.29 mmol, 1.9 eq, 0.041 mL) was added dropwise as a solution in acetone (1 mL)  over 2 min. The reaction mixture immediately turned from yellow to brown showing the liberation of I2. TLC analysis showed the reaction to be complete after 20 min. The solution was concentrated under reduced pressure to give the crude product as a dark brown residue. This was dissolved in water (5 mL) and extracted with diethyl ether (2 x 10 mL). The ether washings were rinsed with saturated sodium thiosulfate pentahydrate (3 x 5 mL), followed by water (5 mL) and brine (5 mL). The yellow solution was concentrated under reduced pressure to give the product 173 as a yellow oil (0.030 g, 81%) which was pure on analysis by 1H NMR. νmax/cm1 (neat) 1705, 1276 cm-1; δH (400 MHz, CDCl3) 1.73, 1.81 (2 x 3H, s, 2 x CH3), 2.32 (1H, d J 17.7, A of ABq, one of Cq-CH2,), 2.59 (1H, d, J 17.7, B of ABq, one of Cq-CH2), 3.05 (1H, d, J 17.2, A of ABq, one of ArCH2),  3.19 – 3.31 (2H, compact ABq, J 17.4, SCH2), 3.40 (1H, d, J 17.7, B of ABq, one of ArCH2) 7.36 – 7.42 (2H, m, 2 x Aromatic CH),  7.55 – 7.63 (1H, m, 1 x, Aromatic CH), 7.78 (1H, d, J 7.6, Aromatic CH); δC (100 MHz, CDCl3) 19.5, 20.4 (CH3, 2 x CH3), 30.7 (CH2, ArCH2), 38.9 (CH2, Cq-CH2), 42.7 (CH2, SCH2), 49.9 (Cq, Cspiro), 123.1 (Cq, C=C) 125.1 (CH, 1 x Aromatic CH), 125.4 (Cq, C=C), 126.2 (CH, 1 x Aromatic CH), 127.9 (CH, 1 x Aromatic CH), 134.6 (Cq, 1 x Aromatic Cq), 135.0 (CH, 1 x Aromatic CH), 150.4 (Cq, 1 x Aromatic Cq), 202.9 (Cq, C=O). HRMS (ESI+): Exact mass calculated for C15H17OS [M+H]+, 245.1000. Found 245.0999.



4',5',6-Trimethyl-3',6'-dihydrospiro[indene-2,2'-thiopyran]-1(3H)-one 174

The sulfoxide cycloadduct 137 (0.030 g, 0.109 mmol, 1 eq) was dissolved in acetone (2 mL). Solid sodium iodide (0.039 g, 0.26 mmol, 2.4 equiv) was added in one portion. The reaction mixture was cooled to 0°C with an ice bath and trifluoroacetic anhydride (0.043 g, 0.21 mmol, 1.9 eq, 0.03 mL) was added dropwise as a solution in acetone (1 mL) over 2 min. The reaction mixture immediately turned from yellow to brown showing the liberation of I2. TLC analysis showed the reaction to be complete after 50 min. The solution was concentrated under reduced pressure to give the crude product as a dark brown residue. This was dissolved in water (5 mL) and extracted with diethyl ether (2 x 10 mL). The ether washings were rinsed with saturated sodium thiosulfate pentahydrate (3 x 5 mL), followed by water (5 mL) and brine (5 mL). The yellow solution was dried with anhydrous MgSO4, and concentrated under reduced pressure to give the product 174 as a yellow oil (0.021 g, 75% ) which was pure by 1H NMR analysis. νmax/cm1 (neat) 1708, 1281 cm-1; δH (300 MHz, CDCl3) 1.73, 1.80 (3H, s, 2 x CH3), 2.28 (1H, d, J 17.3, A of ABq, Cq-CH2), 2.40 (CH3, s, ArCH3), 2.56 (1H, d, J 17.4, B of ABq, 1H of Cq-CH2), 3.05 (1H, d, J 17.1 ABq, A of ABq, one of ArCH2),  3.19 – 3.29 (2H, compact ABq, J 17.4, SCH2), 3.41 (1H, d, J 17.7, B of ABq,  one of ArCH2), 7.27 (1H, d, J 7.1, 1 x Aromatic CH),  7.40 (1H, d, J  8.1, 1 x Aromatic CH), 7.57 (1H, br s, 1 x  Aromatic CH); δC (75.5 MHz, CDCl3) 19.5, 20.4, 21.1 (3 x CH3), 30.7 (CH2, ArCH2), 39.1 (CH2, Cq-CH2), 42.4 (CH2, SCH2), 50.3 (Cq, Cspiro), 123.1 (Cq, C=C), 125.0 (CH, 1 x Aromatic CH), 125.5 (Cq, C=C), 125.9 (CH, 1 x Aromatic CH), 134.8 (Cq, 1 x Aromatic Cq), 136.1 (CH, 1 x Aromatic CH), 137.8 (Cq, 1 x Aromatic Cq), 147.6 (Cq, 1 x Aromatic Cq), 202.8 (Cq, C=O); m/z (ESI+) 259 [(M+H)+, 100%],  HRMS (ESI+): Exact mass calculated for C16H19OS [M+H]+, 259.1157. Found 259.1161.
[bookmark: _Toc505089665][bookmark: _Toc506311722][bookmark: _Toc523135317]3.5.4 Pummerer rearrangements 
Procedure as per Gulea et al. 71
Pummerer rearrangement of cycloadduct 133
The sulfoxide 133 (0.060 g, 0.2 mmol, 1 eq) was dissolved in dry THF (1 mL)  while stirring at 0°C under a nitrogen atmosphere. Trifluoroacetic anhydride (0.050 g, 0.22 mmol, 1.1 eq), was added dropwise over 10 min. The ice bath was removed and the mixture was stirred for 1 h at room temperature and then diluted with dichloromethane (5 mL). The reaction mixture was washed with aqueous NaHCO3 (10%, 2 x 10 mL), water (1 x 10 mL) and brine (1 x 10 mL), dried with MgSO4 and concentrated under reduced pressure to give the crude product as a yellow oil (0.042 g) and as a 1:1 mixture of isomers 182 and 183 and 5% residual starting material 133; m/z (ESI+) 257 [(M+H)+, 40%],  HRMS (ESI+): Exact mass calculated for C16H17OS [M+H]+, 257.1000. Found 257.1000
Purification of the crude reaction mixture by careful column chromatography on silica gel using gradient hexane – ethyl acetate as eluent (100 : 0 – 90 : 10) led to the elution of two isomeric products.

The less polar fraction was the isomer 182 isolated as a brown oil (0.015 g, 27%). νmax/cm1 (neat) 1715, 1268 cm-1; δH (400 MHz, CDCl3) 2.02, 2.31 (3H, s, 2 x CH3), 2.48 (1H, d, J 14.8, A of ABq, CqCH2), 3.03 (1H, d, J 14.8, B of ABq, CqCH2), 3.13 – 3.27 (2H, m, ABq, J 17.5,  ArCH2), 4.89 (1H, s, one of C=CH2), 5.23 (1H, s, one of C=CH2), 6.11 (1H, s, SCH),  7.33 (1H, dd, J 8.8, 7.6, 1 x Aromatic CH), 7.44 (1 H, d, J 8.1, Aromatic CH), 7.65 (1H, d, J 7.6, Aromatic CH); δC (100 MHz, CDCl3) 17.8, 20.8 (CH3, 2 x CH3), 40.6 (CH2, CqCH2), 42.5 (CH2, ArCH2), 54.1 (Cq, Cspiro), 114.1 (CH2, C=CH2),  117.7 (CH, SCH=), 122.4 (CH, 1 x Aromatic CH), 127.6 (Cq, Cq=CH2), 128.2 (CH, 1 x Aromatic CH), 134.0 (Cq, 1 x Aromatic Cq), 135.7 (Cq, 1 x Aromatic Cq), 136.1 (CH, 1 x Aromatic CH), 139.3 (Cq, SCH=Cq), 150.4 (1 x Aromatic Cq), 203.4 (Cq, C=O). 
*The other isomer 183 is present in approximately 10% with corresponding signals present in the 1H NMR spectrum at 1.92, 1.97, 5.30 and 5.94 ppm.  

 The more polar fraction was the isomer 183 isolated as a yellow crystalline solid  (0.011 g, 20 %); νmax/cm1 (neat) 1717, 1274 cm-1. Mp 80 – 81°C; δH (400 MHz, CDCl3) 1.92, 1.97 (3H, s, 2 x CH3), 2.30 (3H, s, ArCH3), 3.20 (1H, d, J 17.5, A of ABq, ArCH2), 3.33 (1H, d, J 17.5, B of ABq, ArCH2), 5.30, 5.94 (2 x 1H, 2 x s, 2 x vinyic CH),  7.32 (1H, t, J 7.7, Aromatic CH), 7.42 (1H, d, J 7.4, Aromatic CH), 7.65 (1H, d, J 7.7, Aromatic CH); δC (100 MHz, CDCl3) 17.7, 20.4, 20.8  (3 x CH3), 44.0 (CH2, ArCH2), 52.2 (Cq, Cspiro), 112.7 (CH, SCH), 117.4 (CH, CH=C), 122.7 (CH, 1 x Aromatic CH) 128.3 (CH, 1 x Aromatic CH), 131.2 (Cq, CH=Cq), 133.5 (Cq, 1 x Aromatic Cq), 135.4 (Cq, 1 x Aromatic Cq), 135.9 (CH, 1 x Aromatic CH), 136.5 (Cq, SCH=Cq), 149.4 (Cq, 1 x Aromatic Cq), 201.9 (Cq, C=O).
*This fraction contained 14% residual starting material 133. 
Pummerer rearrangement of sulfoxide cycloadduct 135
The sulfoxide 135 (0.114 g, 0.4 mmol, 1 eq) was dissolved in dry THF (2.5 mL) at 0°C under a nitrogen atmosphere while stirring. Trifluoroacetic anhydride (0.101 g, 0.44 mmol, 1.1 eq), was added dropwise over 10 min. The ice bath was removed and the mixture was stirred for 1 h at room temperature and then diluted with dichloromethane (5 mL). The reaction mixture was washed with aqueous NaHCO3 (10%, 2 x 10 mL), water (1 x 10 mL) and brine (1 x 10 mL), dried with MgSO4 and concentrated under reduced pressure to give the crude product as a brown oil (0.080 g) and a mixture of isomers (1 : 1, 180 : 181). Mass spec. analysis on the crude material identified the molecular formula; m/z (ESI+) 243 [(M+H)+, 35%],  HRMS (ESI+): Exact mass calculated for C15H15OS [M+H]+, 243.0844. Found 243.0832.
Purification of the crude reaction mixture by careful column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 90 : 10) led to the elution of two isomeric products. 

The less polar fraction was the isomer 180 isolated as a brown oil (0.024 g, 23%); νmax/cm1 (neat) 1708, 1606 cm-1 δH (400 MHz, CDCl3) 2.01 (3H, s, CH3), 2.50 (1H, d, J 14.5, A of ABq, one of CqCH2), 3.02 (1H, d, J 14.5, B of ABq, one of CqCH2), 3.26 – 3.38 (2H, m, ABq, J 18.0,  ArCH2), 4.89 (1H, s, one of C=CH2), 5.22 (1H, s, one of C=CH2), 6.09 (1H, s, SCH=),  7.39-7.43 (2H, m, 2 x Aromatic CH),  7.63 (1H, t, J 7.7, 1 x Aromatic CH), 7.82 (1H, d, J 7.1  1 x Aromatic CH);  δC (100 MHz, CDCl3) 20.9 (CH3, CH3), 40.6 (CH2, CqCH2), 43.2 (CH2, ArCH2), 54.2 (Cq, Cspiro), 114.1 (CH2, Cq=CH2),  117.6 (CH, SCH=C), 125.0 (CH, 1 x Aromatic CH), 126.5 (CH, 1 x Aromatic CH), 127.6 (Cq, CH2=Cq),  128.0 (CH, 1 x Aromatic CH), 134.6 (Cq, 1 x Aromatic Cq), 135.6 (CH, 1 x Aromatic CH), 139.2 (Cq, SCH=Cq), 151.3 (Cq, 1 x Aromatic Cq), 203.0 (Cq, C=O). This fraction contained 5% of the isomer 181. 

The more polar fraction was the isomer 181 isolated as a yellow crystalline solid (0.026 g, 25%); mp. 79-81°C; νmax/cm1 (neat) 1712, 1605, cm-1; δH (400 MHz, CDCl3) 1.91, 1.96 (3H, s, 2 x CH3), 3.29 – 3.47 (2H, ABq, J 17.7, A and B of ABq of ArCH2), 5.30 (1H, s, CqCH), 5.92 (1H, s, SCH),  7.36 – 7.42 (2H, m, 2 x Aromatic CH), 7.60 (1H, t, J 7.6, 1 x Aromatic CH), 7.81 (1H, d, J 7.6, 1 x Aromatic CH); δC (100 MHz, CDCl3)  20.5, 20.8  (CH3, 2 x CH3), 44.8 (CH2, ArCH2), 52.2 (Cq, Cspiro), 112.6 (CH, SCH=), 117.2 (CH, CqCH=), 125.5 (CH, 1 x Aromatic CH), 126.2 (CH, 1 x Aromatic CH), 128.2 (CH, 1 x Aromatic CH), 131.2 (Cq, CH=Cq), 133.6 (Cq, 1 x Aromatic Cq), 135.3 (CH, 1 x Aromatic CH), 136.7 (Cq, SCH=Cq), 150.4 (Cq, 1 x Aromatic Cq), 201.2 (Cq, C=O).
Pummerer rearrangement of cycloadduct 137 
The sulfoxide 137 (0.150 g, 0.54 mmol, 1 eq) was dissolved  in dry THF (4 mL) at 0°C under a nitrogen atmosphere while stirring. Trifluoroacetic anhydride (0.126 g, 0.60 mmol, 1.1 eq) was added dropwise over 10 min. The ice bath was removed and the mixture was stirred for 1 h and then diluted with dichloromethane (5 mL). The reaction mixture was washed with aqueous NaHCO3 (10%, 2 x 10 mL), water (1 x 10 mL) and brine (1 x 10 mL), dried with MgSO4 and concentrated under reduced pressure to give the crude product as a brown oil (0.159 g) and a mixture of isomers (1 : 1, 185 : 184). Purification of the crude reaction mixture by careful column chromatography on silica gel using hexane-ethyl  acetate as eluent (100 : 0 – 90 : 10) led to the elution of the two isomeric products.

The less polar fraction was the isomer 184 isolated as a bright yellow oil (0.047 g, 32%). νmax/cm1 (neat) 1710, 1493, 1280 cm-1 ; δH (400 MHz, CDCl3) 2.01  (3H, d, J 1.2, CH3), 2.42 (3H, s, ArCH3), 2.49 (1H, d, J 14.8, A of ABq, one of CqCH2), 3.02 (1H, d, J 14.8, B of ABq, one of CqCH2), 3.20 – 3.33 (2H, m, ABq, J 17.7, ArCH2), 4.88 (1H, s, one of C=CH2), 5.22 (1H, s, one of C=CH2), 6.09 (1H, s, SCH=),  7.24 – 7.31 (1H, m, 1 x Aromatic CH),  7.41 – 7.47 (1H, m, 1 x Aromatic CH), 7.61 (1H, br s, 1 x Aromatic CH); δC (100 MHz, CDCl3) 20.8, 21.1  (2 x CH3), 40.6 (CH2, CqCH2), 42.9 (CH2, ArCH2), 54.6 (Cq, Cspiro), 113.9 (CH2, Cq=CH2),  117.7 (CH, SCH=), 124.8 (CH, 1 x Aromatic CH), 126.2 (CH, 1 x Aromatic CH), 127.5 (Cq, CH2=Cq),  134.7 (Cq, 1 x Aromatic Cq), 136.9 (CH, 1 x Aromatic CH), 138.0 (1 x Cq, Aromatic Cq), 139.4 (Cq, SCH=Cq), 148.7 (Cq, 1 x Aromatic Cq), 203.0 (Cq, C=O); m/z (ESI+) 257 [(M+H)+, 100%]; HRMS (ESI+): Exact mass calculated for C16H17OS [M+H]+, 257.1000. Found 257.1011.
This fraction contained approx. 10% of the other isomer 185, corresponding signals  identified in the 1H NMR spectrum include 2 x CH3 singlets at 1.91 and 1.96 ppm, and CH singlets at 5.2 and 5.8 ppm.  Signals identified in the 13C NMR for the other isomer were observed at 44.5, 52.5, 112.7, 117.4, 125.4, 125.9 and 147.7 ppm. 

The more polar fraction was the isomer 185 isolated as a bright yellow oil (0.030 g, 21%); νmax/cm1 (neat) 1714, 1280 cm-1; δH (400 MHz, CDCl3) 1.91, 1.96 (2 x 3H, 2 x CH3), 2.40 (3H, br s, ArCH3), 3.20 – 3.40 (2H, ABq, J 17.4, A and B of ABq of ArCH2), 5.28 (1H, s, CqCH=), 5.91 (1H, s, SCH=),  7.23 – 7.26 (1H, m, 1 x Aromatic CH), 7.42 (1H, dd, J 8.0, 1.4, 1 x Aromatic CH), 7.60 (1H, br s, 1 x Aromatic CH); δC (100 MHz, CDCl3)  20.4, 20.8, 21.1  (3 x CH3), 44.6 (CH2, ArCH2), 52.5 (Cq, Cspiro), 112.7 (CH, SCH=), 117.4 (CH, CqCH=), 125.4 (CH, 1 x Aromatic CH), 125.9 (CH, 1 x Aromatic CH), 131.0 (Cq, CH=Cq), 133.8 (Cq, 1 x Aromatic Cq), 136.54 (CH, 1 x Aromatic CH), 136.58 (Cq, SCH=Cq) 138.2 (Cq, 1 x Aromatic Cq), 147.7 (Cq, 1 x Aromatic Cq), 201.2 (Cq, C=O). m/z (ESI+) 257 [(M+H)+, 100%]. 
[bookmark: _Toc506311723][bookmark: _Toc523135318][bookmark: _Toc505089666]3.5.5 Attempted synthesis of sulfoximine 190
Procedure as per Bull et al.99
Attempted synthesis of tert-Butyl (4',5',6-trimethyl-1'-oxido-1-oxo-1,3,3',6'-tetrahydro-1'l6-spiro[indene-2,2'-thiopyran]-1'-ylidene)carbamate 190

BOC carbamate 189 (0.028 g, 0.24 mmol, 1.5 eq), MgO (0.026 g, 0.64 mmol, 4 eq) and Rh2(OAc)4 (2.5 mol %) were added to a suspension of the sulfoxide 137 (0.045 g, 0.16 mmol, 1 eq) in dichloromethane (1.5 mL), followed by diacetoxyiodobenzene (0.079 g, 0.24 mmol, 1.5 eq) at room temperature. The reaction mixture was heated to 40°C and stirred for 5 h. The reaction mixture was then filtered through a Celite® plug, and concentrated in vacuo to give the crude material as a white solid (0.113 g). Purification by column chromatography on silica gel led to recovery of the BOC carbamate 189 and the sulfoxide starting material 137 in two separate fractions, with no evidence for the formation of the desired sulfoximine product. Spectral characteristics for the sulfoxide 137 are consistent with those outlined above. 
[bookmark: _Toc505089667][bookmark: _Toc506311724][bookmark: _Toc523135319]3.6 Synthesis of dipole precursors and dipoles. 
[bookmark: _Toc505089668][bookmark: _Toc506311725][bookmark: _Toc523135320]3.6.1 Generation of Nitrones.
 2, 3 ,4 ,5 -Tetrahydropyridine 1-oxide 212

Yellow mercuric oxide (1.14 g, 5.2 mmol, 2 eq) was added slowly to a stirring solution of 1-hydroxypiperidine 214 (0.28 g, 2.6 mmol, 1 eq) in dichloromethane (4 mL) at 0°C. The ice-bath was removed, and as the reaction progressed, the slurry turned from orange in colour to dark green. Following stirring at room temperature for 20 min, TLC analysis indicated the reaction had gone to completion. The slurry was filtered through Celite® which was washed with dichloromethane (5 mL). After evaporation of the solvent under reduced pressure, the crude nitrone 212 was obtained as a pale yellow oil; δH (400 MHz, CDCl3) 1.77-1.85, 1.97-2.09 [2 x 2H, m, C(3)H2, C(4)H2], 2.48-2.55 [2H, m, C(5)H2], 3.84-3.91 [2H, m, C(2)H2], 7.23 – 7.28 [1H, m, C(6)H]. Spectral characteristics are consistent with those reported in the literature. 119,122
N-Benzyl-1-phenylmethanimine oxide 211177

To a stirred solution of dibenzylamine 215 (3.5 g, 17.7 mmol, 1 eq) in a mixture of acetonitrile : THF : 0.01 M disodium EDTA (24.7 mL : 6.2 mL : 24.6 mL) at 5°C, was added NaHCO3 (7.45 g, 88.7 mmol, 5 eq). While cooling to maintain the temperature at 5°C, Oxone®  (11.45 g, 18.58 mmol, 1.05 molar eq) was added portionwise over 2 h with vigorous stirring.  The mixture was stirred for a further 1 h at 5°C and then ethyl acetate was added (80 mL). The organic layer was separated and the aqueous layer was extracted with ethyl acetate (3 x 50 mL). The combined organic extracts were dried with anhydrous magnesium sulfate and concentrated under reduced pressure to provide nitrone 211 as an off-white crystalline solid (2.77 g, 74%) ; mp 69 – 70°C. νmax/cm1 (neat) 1458, 1153, 690; δH (400 MHz, CDCl3) 4.96 (2H, s, ArCH2), 7.24 – 7.46 (9H, m, 8 x Aromatic CH and CH=N), 8.18 – 8.22 [2H, m, 2 x Aromatic CH ortho to CH=N(O)Bn]; δC (75.5 MHz, CDCl3) 71.7 (CH2), 128.4, 128.5, 128.6, 128.9, 129.2, 130.4 (CH, 6 signals representing 10 x Aromatic CH), 130.5 (CH, CHN), 133.4, 134.4 (Cq, 2 x Aromatic Cq). All spectral characteristics are consistent with those reported in the literature.177


[bookmark: _Toc505089669][bookmark: _Toc506311726][bookmark: _Toc523135321]3.6.2 Syntheis of Oximes
(E)-4-Nitrobenzaldoxime 217178

p-Nitrobenzaldehyde 223 (8.54 g, 56.5 mmol, 1 eq), hydroxylamine hydrochloride (3.93 g, 56.5 mmol, 1 eq) and anhydrous sodium acetate (11.59 g, 141.3 mmol, 2.5 eq) were heated under reflux in  aqueous ethanol (90%, 100 mL) for 24 h. The solvent was then removed under reduced pressure. The resulting residue was dissolved in sodium hydroxide solution (2 M, 20 mL) and water (20 mL) and subsequently filtered, leaving a dark orange solution of the oxime anion in the filtrate. The filtrate was acidified with acetic acid resulting in the precipitation of the oxime 217 as a pale yellow solid. The crystals were isolated by vacuum filtration and washed with water. The solid was recrystallized from ethanol: water (3 : 1) to yield the oxime 217 as a yellow solid (6.95 g, 84 %). Found C, 58.77; H 5.49; N 22.50, C7H6N2O3 requires C, 59.01; H 4.95 ; N 22.94; mp 125 – 126°C (lit.125 119 – 120°C); νmax/cm1 (neat) 1605, 1532, 1347; δH (300 MHz, CDCl3) 7.75 (2H, d, J 8.7, 2 x Aromatic CH), 7.98 (1 H, s, OH), 8.21 (1H, s, CH), 8.25 (2H, d, J 8.7, 2 x Aromatic CH); δC (100 MHz, CDCl3) 124.1 (1 signal corresponding to 2 x Aromatic CH), 127.7 (1 signal corresponding to 2 x Aromatic CH), 138.2 (Cq, 1 x Aromatic Cq), 148.5 (CH, CH=N), 148.6 (Cq, 1 x Aromatic Cq). Spectroscopic characteristics are in good agreement with the literature.178  

(E)-4-Fluorobenzaldehyde oxime 218178
To a suspension of the 4-fluorobenzaldehyde 224 (1.5 g, 12.08 mmol, 1 eq) in water/ethanol/ice (1 : 1 : 2, 12 mL) was added hydroxylamine hydrochloride in one portion (0.84 g, 12.08 mmol, 1 eq). NaOH solution (1.20 g NaOH, 2.5 eq, 50% in water) was added dropwise over 10 min keeping the temperature under 30°C.  The reaction mixture was stirred for 1 h at room temperature, after which TLC analysis (40% ethyl acetate, 60% hexane as eluent) showed complete consumption of starting material. The reaction mixture was extracted with ether (20 mL), the aqueous layer was separated and acidified to pH 6 with concentrated HCl. The aqueous layer was extracted with diethyl ether (3 x 20 mL). The combined organic layers were dried with MgSO4 and concentrated under reduced pressure to give the oxime 218 as a white crystalline solid (1.65 g, 98%). νmax/cm1 (neat) 3256, 1606, 1509; δH (400 MHz, CDCl3) 7.04 – 7.12 (2H, m, 2 x Aromatic CH), 7.54 – 7.57 (2H, m, 2 x Aromatic CH), 8.14 (1H, s, CH=N), 9.13 (1H, br s, OH); δC (100 MHz, CDCl3) 116.0 (2 x CH, 2 x Aromatic CH, d, 2JCF 22.0), 128.1 (Cq, 1 x Aromatic Cq, 4JCF 3.3), 128.9 (2 x CH, 2 x Aromatic CH, d, 3JCF 8.4), 149.4 (CH, CH=N), 163.8 (ArCF, d, 1JCF 250.5); m/z (ESI+) 140 [(M+H)+, 20%]; HRMS (ESI+): Exact mass calculated for C7H7NOF [M+H]+, 140.0512. Found 140.0519. The spectral data are in agreement with those reported in the literature. 178

(E)-4-(tert-Butyl)benzaldehyde oxime 220126,127

 To a suspension of the 4-t-butylbenzaldehyde 226 (1.63 g, 10 mmol, 1 eq) in water/ethanol/ice (1 : 1 : 2, 12 mL) was added hydroxylamine hydrochloride in one portion (0.69 g, 10 mmol, 1 eq). NaOH solution (0.99 g NaOH, 2.5 eq, 50% in water) was added dropwise over 10 min keeping the temperature under 30°C.  The reaction mixture was stirred for 1 h at room temperature at which point TLC analysis  (40% ethyl acetate, 60% hexane as eluent) showed complete consumption of the starting material. The reaction mixture was extracted with ether (20 mL) and the layers separated. The aqueous layer was acidified to pH 6 with concentrated HCl. The aqueous layer was subsequently extracted with diethyl ether (3 x 20 mL). The combined organic layers were dried with MgSO4 and concentrated under reduced pressure to give the oxime 220 as a white crystalline solid (1.56 g, 89 %). mp 88 – 90° C; νmax/cm1 (neat) 3252, 1607, 1510; δH (400 MHz, CDCl3) 1.36 (9H, s, 3 x CH3),  7.41 (2H, d, J 7.8, 2 x Aromatic CH), 7.50 – 7.59 (2H, m, 2 x Aromatic CH), 8.13 (1H, s, CH=N), 9.0 (1H, br s , OH); δC (100 MHz, CDCl3) 31.2 (1 signal corresponding to 3 x CH3), 34.9 [Cq, Cq(CH3)3], 125.8 (2 x CH, 2 x Aromatic CH), 126.9 (CH, 2 x Aromatic CH), 129.1 (Cq, 1 x Aromatic Cq), 150.2 (CH, CH=N), 153.5 (Cq, 1 x Aromatic Cq). HRMS (ESI+): Exact mass calculated for C11H16NO [M+H]+ 178.1232. Found 178.1225
 (E)-2, 5-Difluorobenzaldehyde oxime 219126,179

To a suspension of the 2,5-di-fluorobenzaldehyde 225 (2.84 g, 20 mmol, 1 eq) in water/ethanol/ice (1 : 1 : 2, 20 mL) was added hydroxylamine hydrochloride in one portion (2.77 g, 20 mmol, 1 eq). NaOH solution (1.99 g NaOH, 2.5 eq, 50% in water) was added dropwise over 10 min keeping the temperature under 30°C. The reaction mixture was stirred overnight at room temperature at which point TLC analysis (40% ethyl acetate, 60% hexane as eluent) showed complete consumption of starting material. The reaction mixture was extracted with ether (20 mL), the aqueous layer was separated and acidified to pH 6 with concentrated HCl. The aqueous layer was extracted with diethyl ether (3 x 20 mL). The combined organic layers were dried with MgSO4 and concentrated under reduced pressure to give the oxime 219 as a white crystalline solid (1.44 g, 47%). mp 104 - 106° C; νmax/cm1 (neat) 3232, 1488, 1191, 805; δH (400 MHz, CDCl3) 7.00 – 7.20 (2H, asymmetric multiplet, 2 x Aromatic CH), 7.42 – 7.46 (1H, m, 1 x Aromatic CH), 8.33 (1H, br s, CH=N), 8.63 (1H, br s, OH);  δC(100 MHz, CDCl3) 112.9 (dd, 2JCF 25.5, 3JCF 3.3, Aromatic CH), 117.2 (dd, 2JCF 24.4, 3JCF 8.4, Aromatic CH) 118.2 (dd, 2JCF 24.8, 3JCF  9.0, Aromatic CH), 121.1 (dd, 2JCF 13.2, 3JCF  8.4, Aromatic Cq), 143.5 (apparent br t, JCF 2.8, CH=N), 156.8 (dd, 1JCF 248.4, 4JCF 2.6, ArCF), 158.7 (dd, 1JCF 243.0, 4JCF 2.4, ArCF). m/z (ESI+) 158 [(M+H)+, 80%]. HRMS (ESI+): Exact mass calculated for C7H6NOF2 [M+H]+ 158.0417 Found 158.0417. 
Isonicotinaldehyde oxime 221130

To a suspension of isonicotinaldehyde 227 (4.20 g, 40 mmol, 3.74 mL, 1 eq) in water/ethanol/ice (1 : 1 : 2, 40 mL) was added hydroxylamine hydrochloride in one portion (2.72 g, 40 mmol, 1 eq). NaOH solution (3.92 g NaOH, 2.5 eq, 50% in water) was added dropwise over 10 min keeping the temperature under 30°C.  The reaction mixture was stirred for 1 h at room temperature, TLC analysis (40% ethyl acetate, 60% hexane as eluent) showed complete consumption of starting material. The reaction mixture was extracted with ether (20 mL), the aqueous layer was carefully acidified to pH 7 with concentrated HCl (avoiding formation of the HCl salt). The aqueous layer was extracted with diethyl ether (3 x 40 mL). The organic layers were combined and dried with MgSO4 and concentrated under reduced pressure to give the oxime 191 as a pale yellow crystalline solid (3.33 g, 70 %). Found C, 58.97 H 4.98 N 22.31, C6H6N2O requires C, 59.01; H 4.95 ; N 22.94; Mp 124 - 125° C; νmax/cm1 (neat) 1601, 1310, 818; δH (400 MHz, CDCl3) 7.55 (2H, finely split s, 2 x Aromatic CH), 8.14 (1H, s, CH=N), 8.61 (2H, finely split s, 2 x Aromatic CH), 11.90 (1H, br s, OH); δC (100 MHz, CDCl3), 121.3 (2 x Aromatic CH), 141.2 ( Aromatic Cq), 147.1 (CH=N), 149.5 (2 x Aromatic CH); m/z (ESI+) 123 [(M+H)+, 100%]. 
[bookmark: _Toc505089670][bookmark: _Toc506311727][bookmark: _Toc523135322]3.6.3 Synthesis of Imidoyl chlorides

Benzohydroximoyl chloride 193119,122,128

Chlorine gas (generated by the dropwise addition of concentrated hydrochloric acid to solid potassium permanganate) was bubbled through a cooled (-10°C) solution of benzaldoxime 216 (3.00 g, 0.24 mol) in chloroform (36 mL), with a calcium chloride guard tube fitted to the reaction flask. The temperature was maintained at -10°C by use of a cryocooler and the chlorine gas caused the solution to go from clear through yellow, yellow/orange, green, blue/green, green, yellow and finally dark orange, indicating saturation. Excess chlorine gas was purged with nitrogen and the colour changed to a pale yellow. The solvent was removed by concentration under reduced pressure and the resulting residue was dissolved in hexane and placed in a freezer overnight. The resultant solid was isolated by vacuum filtration to yield benzohydroximoyl chloride 193 as a white solid (1.94 g, 50%). δH (400 MHz, CDCl3) 7.37-7.52 (3H, m, 3 x Aromatic CH), 7.82-7.85 (2H, m, Aromatic CH), 8.61 (1H, s, OH). Spectral characteristics are in agreement with those reported in the literature.119


N-Hydroxy-4-nitrobenzimidoyl chloride 228124

To a solution of the oxime 217 (4 g, 24.1 mmol, 1 eq) in DMF (35 mL) was added the first portion of NCS (0.578 g, 0.043 mmol, 0.2 eq) and the reaction mixture is heated to 40°C. A small amount of HCl gas, extracted from the headspace of a conc. HCl bottle, is bubbled through the solution to initiate the reaction.125 The remaining portion of NCS (2.61 g, 0.196 mmol, 0.8 eq) was added in small portions over 20 min while keeping the reaction temperature below 45°C. The mixture was stirred at room temperature overnight, poured on to water (300 mL) and extracted with ether (3 x 90 mL). The organic layers were combined and washed with brine (20 mL), dried with MgSO4 and concentrated under reduced pressure to give the imidoyl chloride 228 as a pale yellow crystalline solid (3.68 g, 76%). mp: 124-125 °C; max/cm-1  (neat) 3112, 1601, 1523; δH (300 MHz, CDCl3) 8.04 (2H, d, J 9.0, 2 x Aromatic CH),  8.26 (2H, d, J 9.0, 2 x Aromatic CH), 8.41 (1H, br s, OH),; δC (75.5 MHz) 123.6 (CH, 2 x Aromatic CH), 128.0 (CH, 2 x Aromatic CH), 138.21 (Cq, Aromatic Cq-NO2), 138.25 (Cq, 1 x Aromatic Cq), 145.5 (Cq, C=N). 
4-(tert-Butyl)-N-hydroxybenzimidoyl chloride 231127

 To a solution of the oxime 220 (0.500 g, 0.28 mmol, 1 eq) in DMF (3 mL) was added one fifth of the NCS (0.75 g, 0.056 mmol, 0.2 eq) and the reaction mixture is heated to 40°C. A small amount of HCl gas, extracted from the headspace of a conc. HCl bottle is bubbled through the solution to initiate the reaction.125 The remaining portion of NCS (0.300 g, 0.224 mmol, 0.8 eq) was added in small portions over 20 min while keeping the reaction temperature below 45°C. The mixture was stirred at room temperature overnight, poured onto water (30 mL) and extracted with ether (3 x 10 mL). The organic layers were combined and washed with brine (10 mL), dried with MgSO4 and concentrated under reduced pressure to give the imidoyl chloride 231 as a colourless oily residue (0.435 g, 73%).  νmax/cm1 (neat) 2962, 1607, 1249, 936; δH (400 MHz, CDCl3) 1.30 (9H, s, 3 x CH3),  7.40 (2H, d, J 8.8, 2 x Aromatic CH), 7.75 (2H, d, J 8.8, 2 x Aromatic CH), 9.85 (1H, s, OH). δC (100 MHz, CDCl3) 31.2 (3 x CH3), 34.9 [Cq, Cq(CH3)3], 125.6 (CH, 2 x Aromatic CH), 127.1 (CH, 2 x Aromatic CH), 129.8 (Cq, 1 x Aromatic Cq), 140.1 (Cq, C=N), 154.1 (Cq, 1 x Aromatic Cq). HRMS (ESI+): Exact mass calculated for C11H15NO35Cl [M+H]+, 212.0842. Found 212.0839.



4-Fluoro-N-hydroxybenzimidoyl chloride 229129

To a solution of the oxime 218 (1.65 g, 11.86 mmol, 1 eq) in DMF (12 mL) was added NCS (0.28 g, 2.37 mmol, 0.2 eq) in one portion. The reaction mixture was heated to 40°C, a small amount of HCl gas, extracted from the headspace of concentrated HCl bottle was bubbled through the solution to initiate the reaction.125 The remaining NCS (1.25 g, 9.48 mmol, 0.80 eq) was added portionwise while keeping the reaction temperature below 45°C. The mixture was stirred at room temperature overnight, poured onto water (120 mL) and extracted with ether (3 x 30 mL). The organic layers were combined and washed with brine (30 mL), dried with MgSO4, and concentrated under reduced pressure to give the imidoyl chloride 229 as a white crystalline solid (~92% pure, 8% residual starting material 218) (0.79 g, 36%*). mp 59 - 61° C; νmax/cm1 (neat) 3368, 1598, 1505, 1234; δH (400 MHz, CDCl3) 7.09 (2H, t, J 9.7, 8.3, 2 x Aromatic CH), 7.81 – 7.84 (2H, m, 2 x Aromatic CH),  8.64 (1H, br s, OH); δC (100 MHz, CDCl3) 115.7 (2 x CH, d, 2JCF 22.4, 2 x Aromatic CH), 128.6 (d, 4JCF  3.3, 1 x Aromatic Cq), 129.3 (2 x CH, d, 3JCF 8.8, 2 x Aromatic CH), 139.1 (Cq, C=N), 164.2 (Cq, 1 x Aromatic CF, d, 1JCF 251.6);  HRMS (ESI+): Exact mass calculated for C7H535ClFNO [M+H]+, 174.0122 Found 174.0115. *Corrected yield for the presence of the residual starting material. 
 2,5-difluoro-N-hydroxybenzimidoyl chloride 230127

To a solution of the oxime 219 (1.37 g, 8.7 mmol, 1 eq) in DMF (8 mL) was added NCS (0.26 g, 1.74 mmol, 0.2 eq) in one portion. The reaction mixture was heated to 40°C. a small amount of HCl gas, extracted from the headspace of a bottle was bubbled through the solution to initiate the reaction.125 The remaining NCS (1.07 g, 6.96 mmol, 0.8 eq) was added in small portions while keeping the reaction temperature below 45°C. The mixture was stirred at room temperature overnight, poured onto water (80 mL) and extracted with ether (3 x 30 mL). The organic layers were combined and washed with brine (30 mL), dried with MgSO4 and concentrated under reduced pressure to give the crude product as a white solid. This was recrystallized from DCM/hexane to give the desired product as a white crystalline solid 230 (1.53 g, 93 %). mp 118 - 120° C; νmax/cm1 (neat) 3283, 1490, 1167, 990; δH (400 MHz, CDCl3) 7.11 – 7.15 (2H, m, 2 x Aromatic CH), 7.38 – 7.41 (1H, m, 1 x Aromatic CH)  8.81 (1H, br s, OH); δC (100 MHz, CDCl3) 117.3 (CH, dd, 2JCF 18.4, 3JCF  10.0, ArCH-3), 117.9 (CH, dd, 2JCF 23.1, 3JCF  10.4, ArCH-6), 118.7 (CH, dd, 2JCF 19.1, 3JCF  13.7, ArCH-4), 122.1 (dd, 2JCF 12.7, 3JCF  9.0, ArC-1), 134.3 (d, 3JCF 4.7, C=N), 155.9 (dd, 1JCF 253.2, 4JCF 4.0, 1 x ArCF), 158.2 (dd, 1JCF 245.3, 4JCF 4.0, 1 x ArCF); HRMS (ESI+): Exact mass calculated for C7H5NOF235Cl [M+H]+, 192.0028 Found 192.0029. 

N-Hydroxyisonicotinimidoyl chloride 232130
A solution of the oxime 221  (3.20 g, 26.2 mmol, 1 eq) in DMF (25 mL) was heated to 50°C. NCS (3.49 g, 26.2 mmol, 1 eq) was added portionwise over 15 min. A small amount of HCl gas, extracted from the headspace of a bottle was bubbled through the solution to initiate the reaction.125  The mixture was stirred at this temperature for 5 h, poured onto water (250 mL) and extracted with ether (3 x 80 mL). The organic phase was washed with brine (60 mL), dried with MgSO4 and concentrated under reduced pressure to give the imidoyl chloride 232 as a pale brown crystalline solid (1.64 g, 40 %). mp 142 - 143° C; νmax/cm1 (neat) 1601, 1009, 683; δH (400 MHz, DMSO-d6) 7.76 (2H, d, J 4.7, 2 x Aromatic CH), 8.69 (2H, d, J 4.7, 2 x Aromatic CH), 13.00 (1H, br s, OH);  δC (100 MHz, DMSO-d6) 120.7 (CH, 2 x Aromatic CH), 133.7 (Cq, Aromatic Cq), 140.66 (Cq, C=N), 149.5 (CH, 2 x Aromatic CH).  HRMS (ESI+): Exact mass calculated for C6H6N2O35Cl [M+H]+, 157.0169. Found 157.0179. Spectral characteristics are consistent with those reported in the literature.130 Minor peaks belonging to an unidentified impurty observed in the 13C NMR spectra include signals at 122.8, 150.3 and 166.0 ppm. 


[bookmark: _Toc505089671][bookmark: _Toc506311728][bookmark: _Toc523135323]3.7 1,3-Dipolar cycloaddition reaction
[bookmark: _Toc505089672][bookmark: _Toc506311729][bookmark: _Toc523135324]3.7.1 Nitrile oxide and ketone derived -oxo sulfine dipolar cycloaddition reactions

Note: The isolated yields described for this section are of the isolated pure material only. In most cases, more of the cycloadduct was present in other fractions with other components. The fractions isolated by column chromatography were evaporated to dryness, test tube by test tube to isolate pure compounds both for spectroscopic analysis and biological activity screening. This approach was necessary in separating diastereomers and regiosisomers all of similar polarity.
 


Scheme 144
[bookmark: _Toc505089673][bookmark: _Toc506311730][bookmark: _Toc523135325]3.7.1.1 Optimisation reactions for the dipolar cycloadditons of nitrile oxide and ketone derived -oxo sulfine.

Method 1: Batch reaction conditions, rhodium acetate as catalyst, 1 h.

The imidoyl chloride 228 (0.278 g, 1.38 mmol, 2.3 eq) was added portionwise over 10 min, at room temperature to a vigorously stirred solution of aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL). After complete addition, the mixture was stirred for a further 10 min. The layers were separated, and the organic layer was dried with anhydrous MgSO4 and concentrated under reduced pressure. The white solid was dissolved in 1 : 1 dichloromethane/ethyl acetate (1 : 1, 5 mL) and the -diazosulfoxide 14 (0.122 g, 0.59 mmol, 1 eq) was added in one portion as a solid, followed by rhodium acetate dimer (0.013 g, 5 mol %). The solution gradually changed colour from red/brown to orange. After stirring for 1 h the reaction mixture was monitored by 1H NMR spectroscopy which showed complete consumption of both the -diazosulfoxide 14 and intermediate sulfine 13. The reaction mixture was concentrated in vacuo to give the crude product as a brown solid and a mixture of components by 1H NMR analysis. The mixture consisted of the major kinetic 1,2,5-oxathiazole-S-oxide 236, the minor thermodynamic 1,2,5-oxathiazole-S-oxide 237, a 1,4,2-oxathiazole-S-oxide Regioisomer B 238 and a 1,4,2-oxathiazole 239  in the ratio of 40 : 29 : 22 : 9. The crude reaction mixture was dissolved in DCM and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 20 : 80), leading to the elution of two distinct fractions. The less polar fraction to elute was the 1,4,2-oxathiazole 239 (0.031 g, 15%);  mp 175 – 177°C; νmax/cm-1 (neat) 1715, 1597, 1518; δH  (400 MHz, CDCl3)  3.82 (1H, d, J 17.9, A of ABq, one of ArCH2), 3.95 (1H, d, J 17.9, B of ABq, one of ArCH2), 7.48 – 7.53 (2H, m, 2 x Aromatic CH), 7.72 – 7.76 (1H, m, 1 x Aromatic CH), 7.87 – 7.91 (3H, m, 3 x Aromatic CH), 8.30 (2H, d, J 7.8, 2 x Aromatic CH); δC (CDCl3, 100 MHz) 42.3 (CH2, ArCH2), 102.2 (Cq, Cspiro), 124.1 (CH, 2 x Aromatic CH), 126.0, 126.4 (CH, 2 x Aromatic CH), 128.9 (CH, 2 x Aromatic CH), 129.1 (CH, 1 x Aromatic CH), 131.2 (Cq, Aromatic Cq), 132.2 (Cq, Aromatic Cq), 133.4 (Cq, Aromatic Cq), 137.0 (CH, 1 x Aromatic CH), 149.1 (Cq, Aromatic Cq), 153.3 (Cq, C=N), 195.6 (Cq, C=O). Signal belonging to an unknown impurity present in about 10% are at 3.25 (1H, d, J 18.5), 3.39 (1H, d, J 18.5), 6.63 (1H, d, J 8.9). 

The more polar second fraction to elute was the kinetic isomer 236  (0.048 g, 24%); mp 168 -  170°C; νmax/cm-1 (neat) 1711, 1517; δH (400 MHz, CDCl3) 3.61 (1H, d, J 18.3, A of ABq, one of ArCH2), 3.88 (1H, d, J 18.3, B of ABq, one of ArCH2), 7.62 (2H, t, J 8.3, 2 x Aromatic CH), 7.67 (2H, d, J 8.8, 2 x Aromatic CH2, 7.81 – 7.89 (1H, m, 1 x Aromatic CH), 7.97 (1H, d, J 7.6, 1 x Aromatic CH), 8.21 (2H, d, J 8.9, 2 x Aromatic CH); δC (CDCl3, 100 MHz) 31.5 (CH2, ArCH2), 92.5 (Cq, Cspiro), 124.4 (CH, 2 x Aromatic CH), 125.9, 127.2 (CH, 2 x Aromatic CH), 129.2 (CH, 2 x Aromatic CH), 129.8 (CH, 1 x Aromatic CH), 131.6, 136.2 (Cq, 2 x Aromatic Cq), 137.3 (CH, 1 x Aromatic CH),  148.8 (Cq, 1 x Aromatic Cq), 149.4 (Cq, 1 x Aromatic Cq), 157.5 (Cq, C=N), 190.4 (Cq, C=O). 
Characteristic signals of the 1,4,2-oxathiazole-S-oxide Regioisomer B 238 are 3.70 and 4.21 ppm in the 1H NMR spectrum. 
Note: As the 13C NMR spectrum was carried out approx. 5 h after the first 1H NMR spectrum of the isolated column fraction, some interconversion from the kinetic diastereomer 236 to the thermodynamic diastereomer 237 was observed (Table 60, entry 2). Characteristic signals of the thermodynamic isomer 237 (< 10%) can be observed at 3.42 and 4.12 ppm in the 1H NMR spectrum and 28.4 and 96.6 ppm in the 13C NMR spectrum. As the interconversion from the kinetic isomer to the thermodynamic isomer progressed, the change was monitored by 1H NMR spectroscopy. 



[bookmark: _Ref501018906]Table 60: After purification of the crude matierial by column chromatography the column  fraction that contained the kinetic isomer was monitored by 1H NMR  to observe the interconversion from the kinetic isomer 236  to the thermodynamic isomer 237. 
	Entry
	Time
	Ratio of products
236 : 237  
kinetic : thermodynamic 

	1
	5 h after reaction stopped.
(This is the time difference between obtaining the 1H NMR spectrum  of the crude material and isolating the kinetic isomer only, from the reaction mixture, by column chromatography on silica gel)

	1 : 0

	2
	10 h after reaction stopped 
[The 1H NMR of the fraction from the column was obtained (entry 1) and left in deuterated chloroform for a further 5 h while waiting to obtain the 13C NMR spectrum]

	9 : 1

	3
	4 weeks 
(The sample was left in toluene/dichloromethane attempting to grow a single crystal)
	55 : 45



A single crystal from this fraction, ca. 3 weeks after isolation from the reaction mixture (which was originally 100% kinetic isomer 236) was selected and the corresponding structure solved. Subsequent analysis of the crystal by 1H NMR spectroscopy on a 600 MHz NMR spectroscopy showed the material to be the opposite diastereomer (237) to which was originally present (236).  

237; mp 159-161°C; νmax/cm-1 (neat) 1699, 1522, 1345; δH (400 MHz, CDCl3) 3.42 (1H, d, J 19.3, A of ABq, CH2), 4.12 (1H, d, J 19.3, B of ABq, CH2), 7.52 (2H, d, J 8.9, 2 x ArH on ArNO2), 7.62 (2H, t, J 8.2, 7.2 2 x Aromatic CH), 7.84 (1H, t, J 7.4, 8.4,  1 x Aromatic CH), 7.99 (1H, d, J 7.7, 1 x Aromatic CH) 8.23 (2H, d, J 8.9, 2 x ArH on ArNO2); HRMS (ESI+) Exact mass calculated for C16H11N2O5S [M+H]+, 343.0389. Found: 343.0388
Note: A 13C NMR spectrum was not obtained of the crystal, however the thermodynamic isomer 237, was later fully characterised from another reaction (see Method 2).
 The relative stereochemistry of the thermodynamic isomer 237 was established by single crystal X-ray diffraction on a crystal grown by slow recrystallization from dichloromethane and toluene over 4 - 5 weeks.
Crystal data for 237: C16H10N2OS, Mr = 342.32 , triclinic  P-1, a =  7.5520(11) Å, b = 8.2283(11) Å, c = 12.8010(18) Å,  = 74.726 (4), β =86.674 (5)°,  = 72.819 (4) V = 732.95 (18) Å3, Z = 2, Dc = 1.55 g cm-3, F000 = 352, Mo Kα radiation, λ = 0.7107 Å, T = 300(2) K, 2θmax = 26.40°, μ = 0.252 mm-1, 15211 reflections collected, 2275 unique (Rint = 0.0445), final GooF = 1.054, R1 = 0.0510, wR2 = 0.1583 (2275 obs. data: I > 2σ(I)); R1 = 0.0643, wR2 =  0.1729 (all data). 
Method 2: Thermolysis in batch reaction conditions, 4 equivalents of dipole. 
The imidoyl chloride 228 (0.108 g, 2 mmol, 4 eq) was added portionwise as a solid, over 10 min, to a mixture of aqueous NaOH (1M, 20 mL) and DCM (10 mL). After complete addition the biphasic mixture was stirred for ten min. The layers were separated, and the organic layer was dried with MgSO4 and concentrated under reduced pressure to approx. 5 mL DCM. The -diazosulfoxide 14 (0.105 g, 0.5 mmol, 1 eq) was dissolved in acetonitrile (5 mL) and added to the pre-generated dipole. The mixture was heated under reflux while stirring under a nitrogen atmosphere. The reaction mixture was analysed by withdrawing an aliquot, concentration under reduced pressure, and analysis by 1H NMR in time intervals as per Table 61 to determine the ratio of products 236 and 237 (Table 61). After stirring for 7 h the reaction mixture was concentrated under reduced pressure to give a mixture of the the kinetic isomer 236, the thermodynamic isomer 237, and an acetonitrile cycloadduct 242 in a ratio of 1 : 3.3 : 11.3. Purification was undertaken by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 20 : 80). The desired thermodynamic isomer 237 was isolated as a white crystalline solid  (0.042 g, 25%) and the 1H NMR characteristics are in agreement with those outlined above. δC (CDCl3, 100 MHz) 28.4 (CH2, ArCH2), 96.6 (Cq, Cspiro), 124.5 (CH, 2 x Aromatic CH), 126.3, 127.1 (CH, 2 x Aromatic CH), 129.1  (CH, 2 x Aromatic CH), 129.6 (CH, Aromatic CH), 131.9, 134.0 (Cq, 2 x Aromatic Cq), 137.5 (CH, 1 x Aromatic CH), 149.5, 151.2 (Cq, 2 x Aromatic Cq), 156.5 (Cq, C=N), 192.0 (Cq, C=O). HRMS (ESI+) Exact mass calculated for C16H11N2O5S [M+H]+, 343.0389. Found: 343.0388

The oxadiazole 5-methyl-3-(4-nitrophenyl)-1,2,4-oxadiazole 242 (0.045, 42%). Mp 132 – 133 °C; νmax/cm-1 (neat) 1347, 1511, 1582; δH (400 MHz, CDCl3) 2.70 (3H, s, CH3),  8.26 (2H, d, J 8.9, 2 x Aromatic CH2), 8.34 (2H, d, J 8.9 2 x Aromatic CH); δC (CDCl3, 100 MHz) 12.4 (CH3, CqCH3), 124.1 (CH, 2 x Aromatic CH), 128.3 (CH, 2 x Aromatic CH), 132.7 (Cq, Aromatic Cq), 149.4 (Cq, Aromatic Cq-NO2), 166.9 [Cq, C(3)=N], 177.4 [Cq, C(5)=N]; HRMS (ESI+) Exact mass calculated for C9H8N3O3 [M+H]+, 206.0566. Found: 206.0563.


[bookmark: _Ref488942200]Table 61: The interconversion between the thermodynamic isomer 237 and the kinetic isomer 236 was monitored over time, at reflux conditions. 
	Entry
	Time (h)
	Ratio of productsa 
236 : 237 : 242 

	1

	0.5 
	1 : 1.2 : 5.3

	2

	3.5
	1 : 2.6 : 10

	3
	7.0
	1 : 3.3 : 11.3


a The ratio of products 236 to 237 was determined by integration of the diasterotopic AB quartet system in the 1H NMR spectra. 
Method 3: Batch reaction conditions, rhodium acetate as catalyst, 4 equivalents of dipole and 1.5 h reaction time.
The imidoyl chloride 228 (0.249 g, 1.24 mmol, 4 eq) was added portionwise over 10 min, at room temperature to a vigorously stirred solution of aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL). After complete addition, the mixture was stirred for a further 10 min. The layers were separated, and the organic layer dried with MgSO4 and concentrated under reduced pressure to approximately half the initial volume. The -diazosulfoxide 14 (0.064 g, 0.31 mmol, 1 eq) was added in one portion, followed by rhodium acetate dimer (0.013 g, 5 mol %). The solution gradually changed colour from red/brown to orange and nitrogen evolution was observed. After stirring for 1.5 h an aliquot was taken from the reaction mixture and was checked by 1H NMR spectroscopy. The resulting spectrum showed no signals corresponding to either the -diazosulfoxide 14 or the intermediate sulfine 13. The reaction mixture was concentrated in vacuo to give the crude product as a brown solid (0.196 g) and a mixture of the kinetic product 236 and the thermodynamic product 237 in a ratio of 4 : 3. The crude reaction mixture was dissolved in DCM and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 20 : 80), leading to elution of  a mixture of the thermodynamic cycloadduct 237 and the kinetic cycloadduct 236 in a ratio of 76 : 24 and as an off white crystalline solid (0.018 g, 17%). Spectral characteristics are in agreement with those outlined above. 
Minor signals for the 1,4,2-oxathiazole-S-oxide Regioisomer B 238 are seen at 3.70 and 4.21 ppm in the 1H NMR spectrum of the crude material. 





Method 4: Thermolysis in continuous flow with a 10 min residence time and dichloromethane as solvent.


Scheme 145
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 228 (0.543 g, 2.71 mmol, 4 eq). After concentration in vacuo the dipole 235 was isolated as a white solid and dissolved in dichloromethane (15 mL). The -diazosulfoxide 14 (0.140 g, 0.67 mmol, 1 eq) was added to the solution of the dipole 235 in dichloromethane as a solid in one portion and spontaneously dissolved to give a deep red solution. This solution was pumped through a 10 mL reactor coil heated to 100°C, at a rate of 1 mL/min giving a residence time of 10 min. After the reactor coil, precipitation was observed in the lines and before the back pressure regulator, caused by cooling of the solution. The crude reaction mixture was collected and concentrated in vacuo. Analysis by 1H NMR indicated 100% consumption of the -diazosulfoxide starting material 14 to form a mixture of products. The products formed were the kinetic 1,2,5-oxathiazole-S-oxide diastereomer 236, the thermodynamic diastereomer 237 and an unknown in the ratio of 1 : 2 : 1. Due to the mass loss that occurred from the blockages and resolving this issue, the crude material was not purified to obtain a yield. The characteristic signals of the unidentified impurity are singlets at 3.76 and 4.4 ppm. 
Method 5: Thermolysis in continuous flow with a 10 min residence time, alumina column inline and ethyl acetate/dichloromethane as solvent. 


Scheme 146: Thermolysis in continuous flow followed by alumina column.
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 228 (0.203 g, 1.01 mmol, 2 eq). After concentration in vacuo the dipole 235 was isolated as a white solid and dissolved in ethyl acetate/dichloromethane  (1 : 1, 5 mL). The -diazosulfoxide 14   (0.105 g, 0.51 mmol, 1 eq) was disolved in ethyl acetate/dichloromethane (1 : 1, 5 mL) and subsequently added to the solution of the dipole 235. This solution was pumped through a 10 mL reaction coil heated to 100°C at a rate of 1 mL/min giving a residence time of 10 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (volume ~ 1 mL).136 The crude material was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange crystalline solid (0.195 g). Analysis by 1H NMR spectroscopy showed the material to be a mixture of the thermodynamic (237) and kinetic (236) cycloadducts along with a Regioisomer B (238) and an unknown impurity* (56 : 10 : 14 : 30). The crude material was re-slurried in ether and stirred for 10 mins, following trituration with ether, isolation of a crop of the thermodynamic isomer 237 was achieved as an off white crystalline solid (0.089 g, 52%). Note: An unusual doubling of signals occurred in the 1H NMR spectrum of the isolated material. 
*The characteristic signal of the impurity in the 1H NMR spectra of the crude material is a singlet at 3.76 ppm. 
Method 6: Microwave irradiation, dichloromethane as solvent, 100°C.

The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 228 (0.235 g, 1.17 mmol, 2.5 eq). After concentration in vacuo the dipole 235 was isolated as a white solid and dissolved in dichloromethane (4 mL). The -diazosulfoxide 14 (0.100 g, 0.46 mmol, 1 eq) was added as a solid in one portion. The reaction mixture was heated in the microwave at 100°C for 10 min with a ramp time of 3 min and a cool down time of 8 min. The crude reaction mixture was a brown solution and after concentration under reduced pressure the crude product was isolated as a brown solid (0.236 g). Analysis of the crude reaction mixture by 1H NMR spectroscopy showed the presence of the kinetic isomer 236, the thermodynamic isomer 237, the Regioisomer B 238 and an unknown (characteristic signal as a singlet at 3.76 ppm in the 1H NMR spectrum) in the ratio of  9 : 81 : 5 : 5. Purification of the crude reaction mixture was carried out by column chromatography on silica gel using hexane/ethyl acetate as eluent. The first fraction to elute contained the furoxan dimer 344 as a white crystalline solid.180 δH (400 MHz, CDCl3) 7.70 – 7.78 (4H, m, 4 x Aromatic CH), 8.31 – 8.41 (4H, m, 4 x Aromatic CH); δC (CDCl3, 100 MHz) 112.5 (Aromatic Cq), 124.5, 124.6 (2 x 2 x Aromatic CH), 128.5 (Aromatic Cq), 129.5, 129.6 (2 x 2 x Aromatic CH), 132.0 (Aromatic Cq), 148.8 (Aromatic Cq), 149.6 (C=N),  154.0 (C=N); m/z 329 (M+H+, 20%), HRMS (ESI+) Exact mass calculated for C14H9N4O6 [M+H]+, 329.0522, Found: 329.0516. The characteristic details are in agreement with the literature. 180  
The second fration to elute was the thermodynamic isomer 237 as a white crystalline solid (0.029 g, 18%). Spectral characteristics are consistent with those reported above.  
Method 7: Literature procedure for the synthesis of a 1,2,5-oxathiazole-S-oxide.137
The imidoyl chloride 228 (0.091 g, 0.45 mmol, 1 eq) was added portionwise over 10 min, at room temperature to a vigorously stirred solution of  aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL). After complete addition, the mixture was stirred for a further 10 min. The layers were separated and the organic layer was dried with MgSO4 and concentrated under reduced pressure give the dipole 235 as a crystalline white solid. The solid was dissolved in ether (10 mL) and cooled to -20°C. The -diazosulfoxide 14 (0.092 g, 0.45 mmol, 1 eq) was added in one portion, followed by rhodium acetate dimer (0.005 g, 1 %). The -diazosulfoxide 14 had not dissolved in the ether after stirring for 1 h and so dichloromethane (5 mL) was added to the flask. The reaction mixture was stirred for a further 2 h. At this point, the reaction mixture was concentrated under reduced pressure to give a brown solid as the crude product (0.128 g). Analysis by 1H NMR spectroscopy showed a complex mixture of products with trace amounts of the cycloadducts present and the -oxo sulfine (characteristic peak is a singlet at 4.26 ppm in the 1H NMR spectrum) as the major component. The crude mixture was not purified by column chromatography.
Method 8: Thermolysis in continuous flow with a 30 min residence time and 2 equivalents of dipole.
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 228 (0.201 g, 1.01 mmol, 2 eq). After concentration in vacuo the dipole 235 was isolated as a white solid and dissolved in ethyl acetate/dichloromethane 1:1 (15 mL). The -diazosulfoxide 14 (0.105 g, 0.51 mmol, 1 eq)  was added to this solution in one portion. This solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 30 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (volume ~ 1 mL). The crude material was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange crystalline solid (0.195 g) consisting of the kinetic isomer 236, the thermodynamic isomer 237, the Regioisomer B 238 (10 : 83 : 7) and furoxan dimer 344 (indicated by excess aromatic signals). The 1H NMR of the crude material was very clean (notably with no singlet at 3.7 ppm) however blockages in the line caused mass loss due to cooling and precipitation at the slow flow rate and so the crude product was not purified by column chromatography. 
Method 9: Thermolysis in continuous flow with a 10 min residence time and 4 equivalents of dipole. 
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 228 (0.427 g, 2.13 mmol, 4 eq). After concentration in vacuo the dipole was isolated as a white solid and dissolved in ethyl acetate/dichloromethane 1 : 1 (15 mL). The -diazosulfoxide 14 (0.110 g, 0.53 mmol, 1 eq)  was added to this solution in one portion. This solution was pumped through a 10 mL reaction coil heated to 100°C with a residence time of 10 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (volume ~ 1.5 mL). The orange solution was collected and concentrated under reduced pressure to give the crude product as a bright orange crystalline solid (0.453 g) consisting of the thermodynamic isomer 237, the kinetic isomer 236, the Regioisomer 238 (17 : 72 : 11) and furoxan dimer 344 (indicated by excess aromatic signals). Blockages in the line, formed by cooling induced precipitation of the excess dipole/furoxan dimer 344, caused mass loss due to the slow flow rate and so the crude product was not purified by column chromatography. 
Method 10 : Attempting to favour formation of the kinetic isomer in flow using Rhodium acetate dimer as the transition metal catalyst.


Scheme 147
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 228 (0.096 g, 0.48 mmol, 2 eq). After concentration in vacuo the dipole 235 was isolated as a white solid and dissolved in ethyl acetate/dichloromethane 1 : 1 (10 mL). The -diazosulfoxide 14 (0.05 g, 0.24 mmol, 1 eq)  was added to this solution in one portion. Separately, rhodium acetate dimer (1 mg, 1 mol %) was dissolved in dichloromethane :  acetonitrile (8 : 2, 10 mL).30 Both solutions were pumped at a rate of 0.5 mL/min where they met at a T-piece. The combined stream passed through a 10 mL reactor coil at 20°C with a residence time of 10 min followed by a 10 mm id Omnifit™ glass column packed with Alumina (volume ~ 1.0 mL). The orange solution was collected and concentrated under reduced pressure to give the crude product as a bright orange crystalline solid (0.128 g). Analysis by 1H NMR spectroscopy showed the material to be a mix of the kinetic isomer 236, thermodynamic isomer 237 and the Regioisomer 238 in a ratio of 52 : 38 :10, along with the unknown with a singlet at 3.76 ppm. The reaction mixture was not further purified. 
Method 11: Batch reaction conditions, rhodium acetate as catalyst, 30 min at r.t.
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 193 (0.100 g, 0.98 mmol, 2 eq). After concentration in vacuo the dipole was isolated as a white solid and dissolved in ethyl acetate/dichloromethane  (1 : 1, 5 mL). The -diazosulfoxide 14 (0.05 g, 0.24 mmol, 1 eq)  was added to this solution in one portion followed by rhodium acetate dimer (1 mg, 1 mol %). The solution underwent a gradual colour change from red to orange and was stirred at room temperature for 30 mins followed by concentration under reduced pressure. The crude product was isolated as an orange crystalline solid (0.131 g). Analysis of the crude material by 1H NMR spectroscopy showed the presence of the kinetic isomer (236), thermodynamic isomer (237) and Regioisomer B (238) in a ratio of 47 : 35 : 18.
The characteristic signal of the 1,4,2-oxathiazole-S-oxide Regioisomer B 238 was visible at 4.21 ppm in the 1H NMR spectrum as a 1H, d. 
Method 12: Batch reaction conditions, rhodium acetate as catalyst, 30 min at 0°C. 
The dipole 235 was generated using the protocol described in method 1 above using the imidoyl chloride 193 (0.100 g, 0.98 mmol, 2 eq). After concentration in vacuo the dipole was isolated as a white solid and dissolved in dichloromethane  (5 mL). This solution was cooled to  0°C using an ice bath. The -diazosulfoxide 14 (0.05 g, 0.24 mmol, 1 eq) was added to this solution in one portion followed by rhodium acetate dimer (1 mg, 1 mol %). The solution underwent a gradual colour change from red to orange and was stirred at room temperature for 30 mins followed by concentration under reduced pressure. The crude product was isolated as a red crystalline solid. Analysis of the crude material by 1H NMR spectroscopy showed the kinetic isomer 236, the thermodynamic isomer 237 and the Regioisomers 238 and 239 in a ratio of 58 : 29 : 3 : 10. Characteristic signals are outlined in Method 1.


[bookmark: _Toc505089674][bookmark: _Toc506311731][bookmark: _Toc523135326]3.7.1.2 Cycloaddition reactions of -diazosulfoxide 14 with nitrile oxide dipoles under both batch and continuous flow conditions. 

Method 1: Batch reaction conditions, rhodium acetate as catalyst, 1 h.  
The nitrile oxide dipole 192 was generated using the method previously described in Section 3.7.1, from the imidoyl chloride 193 (0.155 g, 1.00 mmol, 2.3 eq). The solution of dipole 192 was concentrated under reduced pressure and added to the -diazosulfoxide 14 (0.090 g, 0.43 mmol, 1 eq) in dichloromethane/ethyl acetate  (1 : 1, 15 mL). This was followed by the addition of rhodium acetate dimer (0.009 g, 0.02 mmol, 5 mol %). The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 1 h. The crude reation mixture was concentrated under reduced pressure to give the crude material as an orange oil. Analysis of the crude material by 1H NMR spectroscopy showed no signals corresponding to either the -diazosulfoxide 14, or the intermediate -oxo sulfine 13, as well as the presence of the thermodynamic isomer 246, and trace amounts of diketone rearrangement product 146 and monoketone rearrangement product 142. The characteristic signal of the diketone product 146 is the 2H singlet at 3.64 ppm and the characteristic signal of the monoketone product 142 is a 2H multiplet at 2.67 – 2.72 ppm and a 2H multiplet at 3.13 – 3.21 ppm as described by Buckley.16 Purification of the reaction mixture by flash chromatography on silica gel led to the elution of multiple fractions. The first fraction was isolated as a white crystalline solid and was identified as as the furoxan dimer 233.

The second fraction to elute was the 1,4,2-oxathiazole 249 as a yellow crystalline solid (0.026 g, 9%); mp 89 – 90°C; νmax/cm-1 (neat) 1719, 1273, 1083, 743; δH (400 MHz, CDCl3);  3.79 (1H, d, J 18.0, A of ABq, one of CH2), 3.92 (1H, d, J 18.0, B of ABq, one of CH2), 7.40 – 7.52 (6H, m, 6 x Aromatic CH), 7.68 – 7.73 (2H, m, 2 x Aromatic CH), 7.89 (1H, d, J 7.6, 1 x Aromatic CH);  δC (CDCl3, 100 MHz); 42.7 (CH2, ArCH2), 101.1 (Cq, Cspiro), 125.8, 126.4 (CH, 2 x Aromatic CH), 127.5 (Cq, 1 x Aromatic Cq), 128.2 (CH, 2 x Aromatic CH), 128.7 (CH, 2 x Aromatic CH), 131.3 (CH, 1 x Aromatic CH), 132.6 (Cq, 1 x Aromatic Cq), 136.7 (CH, 1 x Aromatic CH), 149.2 (Cq, 1 x Aromatic Cq), 155.2 (Cq, C=N), 196.2 (Cq, C=O). 

The third fraction was a mixture of thermodynamic isomer 246 and regiosiomer B 248, regio : thermodynamic, 0.73 : 1, 248  : 246 (spectral characteristics for the thermodynamic isomer 246 described in (Method 2 below) The material was characterised as a mixture and spectral characteristics for the 1,4,2-oxathiazole-S-oxide Regioisomer B 248 are; (0.023 g, 8%); νmax/cm-1 (neat) 1714, 1367, 1154; δH (400 MHz, CDCl3); 3.66 (1H, d, J 18.9, A of ABq, one of CH2), 4.28 (1H, d, J 18.4, B of ABq, one of CH2), 7.29 – 7.98 [multiple overlapping signals including (3H, m, 3 x ArH), (3H, m, 3 x Aromatic CH), (1H, m, 1 x Aromatic CH), (1H, m, 1 x Aromatic CH) and (1H, m, 1 x Aromatic CH)]; δC (CDCl3, 100 MHz); 28.6 (CH2, ArCH2), 110.8 (Cq, Cspiro), 125.6 (Cq, Aromatic Cq), 125.7, 126.8 (CH, 2 x Aromatic CH), 127.6 (1 x Aromatic Cq), 128.7 (2 x Aromatic CH), 128.8 (1 x Aromatic CH), 129.5 (CH, 2 x Aromatic CH), 133.0 (Cq, Aromatic Cq), 137.1 (CH, Aromatic CH), 149.0 (Cq, Aromatic Cq), 158.7 (Cq, C=N), 193.2 (Cq, C=O); (M+H) 298 (30%);  HRMS (ESI+) Exact mass calculated for C16H11NO3S [M-H]+, 298.0538. Found: 298.0533

The fourth fraction contained the kinetic diastereomer 247 (0.014 g 6%). νmax/cm-1 (neat)  1716, 1601, 1168, 760;  δH (400 MHz, CDCl3); 3.64 (1H, d, A of ABq J 18.8, one of CH2), 3.83 (1H, d, B of ABq, J 18.2, one of CH2), 7.34 – 8.10 [overlapping signals including (2H, t, J  7.6, 8.1, 2 x ArH), a (3H, m, 3 x Aromatic CH), a (2H, m, 2 x Aromatic CH), a (1H, t, J 7.3, 8.5, 1 x Aromatic CH) and (1H, d, J 7.8 1 x Aromatic CH). 
Note: On obtaining a 13C NMR spectrum of the sample on 600MHz after a period of approximately 8 months, the 1H NMR showed 90% conversion to the thermodynamic diastereomer 246. Characteristic signals in the 13C NMR include; 31.9 (CH2) and 97.4 (Cspiro). And in the 1H NMR spectrum signals corresponding to the thermodynamic isomer 246 were seen at 3.49 and 4.07 ppm.
Method 2: Thermolysis in continuous flow with a 10 min residence time.



Scheme 148


The imidoyl chloride 193 (0.380 g, 1.90 mmol, 2 eq) was added portionwise over 10 min, at room temperature to a vigorously stirred solution of  aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL). After complete addition, the mixture was stirred for a further 10 min. The layers were separated and the organic layer was dried with MgSO4 and concentrated under reduced pressure to half the initial volume. The -diazosulfoxide 14 (0.196 g, 0.95 mmol, 1 eq) was added and the volume of dichloromethane/ethyl acetate 1:1 made up to 28 mL, (0.034 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a 10 min residence time, followed by a 10 mm id Omnifit™ glass column packed with Alumina (volume ~ 1 mL). The crude reaction mixture was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange crystalline solid (0.378 g) which on analysis by 1H NMR consisted of the thermodynamic isomer 246, kinetic isomer 247, Regioisomer B 248, Regioisomer A 264 and diketone 146 In a ratio of 63 : 12 : 15 : 7 : 18. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel to give the thermodynamic isomer 246 as a white crystalline solid (0.089 g, 32%). Found C, 64.41; H 3.91; N 4.77. C16H11NO3S requires C, 64.63; H 3.73 ; N 4.71; mp 101-102°C; νmax/cm-1 (neat) 1713, 1157; δH (400 MHz, CDCl3) 3.49 (1H, d, J 19.2, A of ABq, CH2), 4.07 (1H, d, J 19.2, B of ABq, CH2), 7.29 – 7.60 (7H, m, 7 x Aromatic CH), 7.79 (1H, t, J 8.5, 1 x Aromatic CH), 7.96  (1H, d, J 7.8, 1 x Aromatic CH); δC (CDCl3, 100 MHz); 28.9 (CH2, ArCH2), 97.4 (Cq, Cspiro), 125.6 (Cq, Aromatic Cq), 126.1, 127.0 (2 x CH, 2 x Aromatic CH), 128.0 (CH, 2 x Aromatic CH), 129.2, (CH, 1 x Aromatic CH), 129.4 (CH, 2 x Aromatic CH), 131.7 (CH, 1 x Aromatic CH), 134.3 (Cq, 1 x Aromatic Cq), 137.1 (CH, 1 x Aromatic CH), 151.6 (Cq, Aromatic Cq), 158.0 (Cq, C=N), 192.6 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C16H10NO3S [M-H]+, 296.0381. Found: 296.0375.
The relative stereochemistry of the cycloadduct  246 was determined by single crystal X-ray diffraction on a crystalline sample of  246181 recrystallized from dichloromethane/hexane. Crystals of  246 are triclinic, space group P -1. Crystal data for C16H11NO3S, Mr = 297.32, a =  7.342 (2) Å, b = 8.954 (3) Å, c = 11.714 (3) Å,  = 70.226 (9)°, β = 83.607 (9)°,  = 72.230 (9), V = 960.1 (3) Å3, Z = 2, Dc = 1.431 g cm-3, F000 = 308, Mo Kα radiation, λ = 0.710 Å, T = 300 K, 2θmax = 1.000°, μ = .243 mm-1, 6640 reflections collected, 2407 unique (Rint = 0.0360), final GooF = 1.055, R1 = 0.0405, wR2 = 0.1080 (1976 obs. data: I > 2σ(I)); R1 = 0.0503, wR2 =  0.1166 (all data). 
Characteristic signals of the 1,4,2-oxathiazole-S-oxide Regioisomer A 264 is a 1H doublet at 3.32 ppm in the 1H NMR spectrum of the crude material. The characteristic signal of the diketone product 146  is the 2H singlet at 3.64 ppm as described by Buckley.16
4'-(4-(tert-Butyl)phenyl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide  
Method 1: Batch reaction conditions, rhodium acetate as catalyst, 1 h. 

The para-t-butyl nitrile oxide 244 was generated using the method previously described in Section 3.7.1 from the imidoyl chloride 231 (0.403 g, 1.90 mmol, 2.6 eq). The solution was concentrated under reduced pressure and added to the -diazosulfoxide 14 (0.151 g, 0.73 mmol, 1 eq) in dichloromethane/ethyl acetate  (1 : 1, 15 mL). This was followed by the addition of rhodium acetate dimer (0.009 g, 0.02 mmol, 5 mol %). The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 1 h. The reaction mixture was concentrated under reduced pressure to give the crude material as a thick brown oil (0.452 g). Analysis of the crude material by 1H NMR spectroscopy showed no evidence of the -diazosulfoxide starting material 14 or intermediate sulfine 13, with the formation of the desired kinetic isomer 254 and a Regiosiomer 255 in a ratio of 80 : 20. Purification of the reaction mixture by flash chromatography on silica gel led to the elution of the kinetic cycloadduct 254 (0.040 g, 16%) white crystalline solid. Mp 128 – 129 °C;  νmax/cm-1 (neat) 753, 1165, 1712; δH (400 MHz, CDCl3); 1.24 (9H, s, 3 x CH3), 3.62 (1H, d, J 18.4, A of ABq, one of ArCH2), 3.81 (1H, d, J 18.4, B of ABq, one of ArCH2), 7.35 – 7.44 (4H, symmetrical q, J  8.7, 4 x Aromatic CH), 7.56 – 7.64 (2H, m, 2 x Aromatic CH), 7.80 (1H, t, J 7.5, 2 x Aromatic CH), 7.96 (1H, d, J 7.8, 1 x Aromatic CH);  δC (CDCl3, 100 MHz); 31.0 [CH3, C(CH3)3], 32.0 (CH2, ArCH2), 35.0 [Cq, C(CH3)3], 93.4 (Cq, Cspiro), 122.3 (Cq, CqCH2), 125.6 (CH, 1 x Aromatic CH), 126.3 (CH, 2 x Aromatic CH), 127.1 (CH, 1 x Aromatic CH), 128.0 (CH, 2 x Aromatic CH), 129.3 (CH, 1 x Aromatic CH), 136.6 (Cq, Aromatic Cq), 136.8 (CH, Aromatic CH), 149.2 (Cq, Aromatic Cq), 155.6 (Cq, Aromatic Cq-C(CH3)3), 158.8 (Cq, C=N), 191.0 (Cq, C=O); (M+H) 354 (10%); HRMS (ESI+) Exact mass calculated for C20H20NO3S [M-H]+, 354.1164. Found: 354.1157.
Characteristic peaks of regiosiomer B 255 are seen at 3.44, 4.19 [2 x (1H, d, J 18.8)]. 
Method 2: Thermolysis in continuous flow with a 10 min residence time.

The imidoyl chloride 231 (0.355 g, 1.29 mmol, 2.6 eq) was converted to the nitrile oxide 244 as described in Section 3.7.1. The solution of the dipole 244 was concentrated under reduced pressure to give the dipole 244 as a yellow oily residue. This residue was dissolved in dichloromethane/ethyl acetate (1 : 1, 5 mL) and added to the -diazosulfoxide 14 (0.133 g, 0.65 mmol, 1 eq) in dichloromethane/ethyl acetate (1 : 1, 10 mL) This deep orange solution was pumped through a 10 mL reactor coil heated to 100°C followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~ 1.8 mL, the bed of alumina has  narrow beds of acid washed sand at either end), at a flow rate of 1 mL/ min giving a residence time of 10 min. The crude material  was collected as an orange solution and concentrated under reduced pressure to give the crude product as a yellow oil (0.243 g) which on analysis by 1H NMR spectroscopy showed the desired thermodynamic isomer 253, the Regioisomer 265 and the kinetic isomer 254 in a ratio of 78 : 10 : 12. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel to give two fractions. The first fraction contained the thermodynamic  isomer 253  (0.066 g, 30%); as a yellow crystalline solid; mp 119 – 120°C; νmax/cm-1 (neat) 2961, 1712, 1267, 1149;  δH(400 MHz, CDCl3) 1.29 (9H, s, 3 x CH3), 3.54 (1H, d, J 19.4, A of ABq, one of ArCH2), 4.08 (1H, d, J 19.4, B of ABq, one of ArCH2), 7.22 – 7.26 (2H, m, 2 x Aromatic CH), 7.35 – 7.37 (2H, m, 2 x Aromatic CH), 7.56 – 7.59 (2H, m, 2 x Aromatic CH), 7.79 (1H, t, J 8.5, 1 x Aromatic CH), 7.96 (1H, d, J 7.8, 1 x Aromatic CH); δC (CDCl3, 100 MHz); 29.0 (CH2, ArCH2), 31.0 (CH3, 3 x CH3), 35.0 [Cq, Cq(CH3)3],  97.5 (Cq, Cspiro), 122.6 (Cq, Aromatic Cq), 126.1 (CH, 1 x Aromatic CH), 126.4 (CH, 2 x Aromatic CH), 127.0 (CH, 1 x Aromatic CH), 127.8 (CH, 2 x Aromatic CH), 129.1 (CH, 1 x Aromatic CH), 134.3 (Cq, Aromatic Cq), 137.0 (CH, Aromatic CH), 151.7 (Cq, Aromatic Cq), 155.4 (Cq, Aromatic Cq), 157.8 (Cq, C=N), 192.7 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C20H20NO3S [M+H]+, 354.1164. Found: 354.1169.
The relative stereochemistry of the cycloadduct 253 was determined by single crystal X-ray diffraction on a crystalline sample of 253181 recrystallized from dichloromethane/hexane. Crystals of 253 are monoclinic, space group P 21/c. Crystal data for C20H19NO3S, Mr = 353.42, a =  11 .0131 (2) Å, b = 11.9246 (2) Å, c = 14.5681 (3) Å,  =  = 90 °C, β = 107.106 (10)°, V = 1828.55 (6) Å3, Z = 4, Dc = 1.284 g cm-3, F000 = 744, Cu Kα radiation, λ = 1.541 Å, T = 296 K, 2θmax = 0.750°, μ = 1.721 mm-1, 22017 reflections collected, 3172 unique (Rint = 0.0256), final GooF = 1.060, R1 = 0.0549, wR2 = 0.1588, (3041 obs. data: I > 2σ(I)); R1 = 0.0562, wR2 =  0.1600 (all data). 

The second fraction to elute contained the 1,4,2-oxathiazole-S-oxide Regioisomer A 265 (0.011 g, 5%) Yellow oil. νmax/cm-1 (neat) 2962, 1726, 1272, 1083; δH (400 MHz, CDCl3) 1.33 (9H, s, 3 x CH3), 3.31 (1H, d, J 17.3, A of ABq, one of ArCH2), 3.47 (1H, d, J 17.3, B of ABq, one of ArCH2), 7.74 – 7.57 (4H, m, 4 x Aromatic CH), 7.76 (1H, t, J 7.8,  1 x Aromatic CH), 7.87 (2H, d, J 7.8, 2 x Aromatic CH), 7.97 (1H, d, J 7.8, 1 x Aromatic CH); δC (CDCl3, 100 MHz); 31.0 (CH3, 3 x CH3), 33.6 (CH2, ArCH2), 35.2 [Cq, Cq(CH3)3], 107.9 (Cq, Cspiro), 122.1 (Cq, Aromatic Cq), 125.5 (CH, 1 x Aromatic CH), 126.7 (CH, 2 x Aromatic CH), 127.1, (CH, 1 x Aromatic CH), 128.8 (CH, 2 x Aromatic CH), 129.3 (CH, 1 x Aromatic CH), 135.3 (Cq, 1 x Aromatic Cq), 137.0 (CH, 1 x Aromatic CH), 147.5 (Cq, 1 x Aromatic Cq), 156.0 (Cq, 1 x Aromatic Cq), 159.4 (Cq, C=N), 189.2 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C20H20NO3S [M+H]+, 354.1164. Found: 354.1175.
4'-(4-Fluorophenyl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one 2'-oxide 
Method 1: Batch reaction conditions, rhodium acetate as catalyst, 1 h.

The nitrile oxide 243 was generated using the method previously described in Section 3.7.1. from the imidoyl chloride 229 (0.229 g, 1.32 mmol, 2.6 eq). The solution was concentrated under reduced pressure and added to the -diazosulfoxide 14 (0.105 g, 0.51 mmol, 1 eq) in dichloromethane/ethyl acetate 1:1 (10 mL). This was followed by the addition of rhodium acetate dimer (0.006 g, 0.015 mmol, 5 mol %). The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 1 h. The crude reaction mixture was concentrated under reduced pressure to give the crude material as a thick brown oil (0.253 g). Analysis of the crude material by 1H NMR spectroscopy showed no evidence of either the -diazosulfoxide starting material 14 or intermediate sulfine 13, along with the formation of the kinetic isomer 251, the thermodynamic isomer 250, the 1,4,2-oxathiazole-S-oxide Regioisomer A 252 and the diketone product 345 in a ratio of 68 : 14 : 7 : 11. Purification of the reaction mixture by flash chromatography on silica gel led to the elution of the kinetic diastereomer 251 and the Regioisomer A 252. The first fraction contained the kinetic 1,2,5-oxathiazole-S-oxide 251 (0.045 g, 28%) Yellow oily residue; Found C, 60.54; H 3.40 N 4.30. C16H10NFO3S requires C, 60.95; H 3.20 ; N 4.44;  νmax/cm-1 (neat) 1716, 1602, 1508, 1160; δH (400 MHz, CDCl3) 3.60 (1H, d, A of ABq J 18.3, one of ArCH2), 3.83 (1H, d, B of ABq, J 18.3, one of ArCH2), 7.04 (2H, t, J 8.6, 2 x Aromatic CH), 7.46 – 7.49 (2H, m, 2 x Aromatic CH), 7.58 – 7.65 (2H, m, 2 x Aromatic CH), 7.82 (1H, t, J 7.4, 1 x Aromatic CH), 7.96 (1H, d, J 7.7, 1 x Aromatic CH);  δC (CDCl3, 100 MHz); 31.8 (CH2, ArCH2), 93.2 (Cq, Cspiro), 116.7 (CH, 2 x Aromatic CH, d, 2JCF  22.3),  121.6 (Cq, d, 4JCF 3.5, 1 x Aromatic Cq), 125.7, 127.2, 129.5 (CH, 3 x Aromatic CH), 130.4 (CH, 2 x ArCH, d, 3JCF 9) ,136.4 (Cq, 1 x Aromatic Cq), 137.0 (CH, 1 x Aromatic CH), 149.0 (Cq, 1 x Aromatic Cq), 158.0 (Cq, C=N), 164.7 (CF, Aromatic CF, d, 1JCF 254.6), 190.8 (Cq, C=O). Spectral characteristics are consistent with those reported for 251 in Method 2 (below.)
Note: After 6 h in CDCl3 the sample which was originally 251 only had become a 9 : 1 mixture of 251 and the thermodynamic isomer 250.

The second fraction to elute contained the 1,4,2-oxathiazole-S-oxide Regioisomer A 252 (0.018 g, 11%) Pale yellow crystalline solid; mp 159 - 161°C; νmax/cm-1 (neat) 1721, 1073, 844; δH (400 MHz, CDCl3) 3.33 (1H, d, J 17.2, A of ABq, one of ArCH2), 3.51 (1H, d, J 17.2, B of ABq, one of ArCH2), 7.18 – 7.24 (3H, m, 3 x Aromatic CH), 7.51 – 7.58 (2H, m, 2 x Aromatic CH), 7.77 (1H, t, J 8.7, 2 x Aromatic CH), 7.93 – 7.98 (2H, m, 2 x Aromatic CH); δC (CDCl3, 100 MHz) 33.6 (CH2, ArCH2), 108.3 (Cq, Cspiro), 117.0 (CH, 2 x Aromatic CH, d, 2JCF  22), 125.6, 127.1, 129.4 (CH, 3 x Aromatic CH), 131.0 (CH, 2 x ArCH, d, 2JCF 9), 135.2 (Cq, 1 x Aromatic Cq), 137.1 (CH, 1 x Aromatic CH), 147.4 (Cq, 1 x Aromatic Cq), 158.4 (Cq, C=N), 188.9 (Cq, C=O).* Spectral characteristics are consistent with those reported for 252 in Method 2 (below.)
 * The CF bond was not observed in the 13C NMR spectrum. 
Method 2: Thermolysis in continuous flow with a 10 min residence time.
The imidoyl chloride 229 (0.283 g, 1.64 mmol, 2.6 eq) was converted to the nitrile oxide 243 as described in Section 3.7.1. The solution of the dipole 243 was concentrated under reduced pressure to give the dipole as a white crystalline solid. This residue was dissolved in dichloromethane/ethyl acetate (1 : 1, 5 mL) and added to the -diazosulfoxide 14 (0.130 g, 0.64 mmol, 1 eq) in dichloromethane/ethyl acetate (1 : 1, 10 mL) This deep orange solution was pumped through a 10 mL reaction coil heated to 100°C followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~1.8 mL, the bed of alumina has  narrow beds of acid washed sand at either end), at a flow rate of 1 mL/ min giving a residence time of 10 min. The output was collected as an orange solution and concentrated under reduced pressure to give the crude product as a yellow oil (0.227 g). Analysis of the crude reaction mixture by 1H NMR spectroscopy showed the formation of the thermodynamic isomer 250, the kinetic isomer 251, a Regioisomer A 252 and the diketone rearrangement product 146  in a ratio of 63 : 18 : 12 : 7. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel to give three fractions:

The first fraction contained the thermodynamic isomer 250 (0.070, 35%) Yellow crystalline solid; Found C, 60.45; H 3.30 N 4.73. C16H10NFO3S requires C, 60.95; H 3.20 ; N 4.44;  mp 107 - 109°C; νmax/cm-1 (neat) 3073, 1715, 1154; δH (400 MHz, CDCl3) 3.45 (1H, d, J 19.2, A of ABq, one of ArCH2), 4.08 (1H, d, J 19.2, B of ABq, one of ArCH2), 7.05 (2H, t, J 8.6, 2 x Aromatic CH), 7.29 – 7.33 (2H, m, 2 x Aromatic CH), 7.59 (2H, t, J  8.5, 2 x Aromatic CH), 7.80 (1H, t, J 8.9,  1 x Aromatic CH), 7.98  (1H, d, J 7.5, 1 x Aromatic CH);  δC (CDCl3, 100 MHz) 28.8 (CH2, ArCH2), 97.2 (Cq, Cspiro), 116.8 (CH, 2 x Aromatic CH, d, 2JCF  22),  121.8 (Cq, d, 4JCF 3.6, 1 x Aromatic Cq), 126.2, 127.1, 129.3 (CH, 3 x Aromatic CH), 130.2 (CH, 2 x ArCH, d, 3JCF 8), 134.1 (Cq, 1 x Aromatic Cq), 137.3 (CH, 1 x Aromatic CH), 151.5 (Cq, 1 x Aromatic Cq), 157.0 (Cq, C=N), 164.7 (Cq, 1 x Aromatic CF, d, 1JCF 257), 192.5 (Cq, C=O). (M+H)+ 316 (10%); HRMS (ESI+) Exact mass calculated for C16H11NO3FS [M+H]+, 316.0444. Found: 316.0447. 

The second fraction contained the kinetic isomer 251 (0.023 g, 12%) Yellow oily residue; νmax/cm-1 (neat) 1716, 1602, 1510, 1160; δH (400 MHz, CDCl3) 3.60 (1H, d, J 18.5, A of ABq, one of ArCH2), 3.83 (1H, d, J 18.0, B of ABq, one of ArCH2), 7.04 (2H, t, J 8.6, 2 x Aromatic CH), 7.46 – 7.50 (2H, m, 2 x Aromatic CH), 7.58 – 7.65 (2H, m, 2 x Aromatic CH), 7.82 (1H, t, J 8.2, 1 x Aromatic CH), 7.96 (1H, d, J 7.7, 1 x Aromatic CH);  δC (CDCl3, 100 MHz) 31.8 (CH2, ArCH2), 93.2 (Cq, Cspiro), 116.7 (CH, 2 x Aromatic CH, d, 2JCF  21),  121.6 (Cq, d, 4JCF 3.6, 1 x Aromatic Cq), 125.7, 127.1, 129.5 (CH, 3 x Aromatic CH), 130.4 (CH, 2 x Aromatic CH, d, 3JCF 8.6), 136.4 (Cq, 1 x Aromatic Cq), 136.9 (CH, 1 x Aromatic CH), 149.0 (Cq, 1 x Aromatic Cq), 158.0 (Cq, C=N), 164.7 (Cq, 1 x Aromatic CF, d, 1JCF 255), 190.7 (Cq, C=O); MS: (M+H)+ 316 (10%); HRMS (ESI+) Exact mass calculated for C16H11NO3FS [M+H]+, 316.0444. Found: 316.0444. 

The third fraction to elute was the 1,4,2-oxathiazole-S-oxide Regiosiomer A 252 as a yellow crystalline solid (0.08 g, 4%); νmax/cm-1 (neat) 1725, 1601, 1238. 1082; δH (400 MHz, CDCl3) 3.33 (1H, d, J 17.0, A of ABq, one of ArCH2), 3.51 (1H, d, J 17.2, B of ABq, one of ArCH2), 7.19 – 7.24 (3H, m, 3 x Aromatic CH), 7.51 – 7.58 (2H, m, 2 x Aromatic CH), 7.78 (2H, t, J 8.5, 2 x Aromatic CH), 7.93 – 7.98 (2H, m, 2 x Aromatic CH); δC (CDCl3, 100 MHz)*; 33.6 (CH2, ArCH2), 108.4 (Cq, Cspiro), 117.1 (CH, d, 2JCF  21, 2 x Aromatic CH),  125.6, 127.1 129.4 (CH, 3 x Aromatic CH), 131.0 (CH, d, 3JCF 9.2, 2 x Aromatic CH), 137.2 (CH, 1 x Aromatic CH), 147.4 (Cq, 1 x Aromatic Cq); MS: (M+H) 316 (15%); HRMS (ESI+) Exact mass calculated for C16H11NO3FS [M+H]+, 316.0444. Found: 316.0454. Note:*The C=O, C-F, one Aromatic Cq, and the C=N signal were not detected in the 13C NMR spectrum. 
4'-(2,5-Difluorophenyl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide  
Method 1: Batch reaction conditions, rhodium acetate as catalyst, 1 h.

The nitrile oxide dipole 245 was generated using the method previously described in Section 3.7.1 from the imidoyl chloride 230 (0.372 g, 1.95 mmol, 2.6 eq). The solution was concentrated under reduced pressure and added to the -diazosulfoxide 14 (0.150 g, 0.74 mmol, 1 eq) in dichloromethane/ethyl acetate 1 : 1 (15 mL). This was followed by the addition of rhodium acetate dimer (0.0016 g, 5 mol %). The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 1 h. The crude reaction mixture was concentrated under reduced pressure to give the crude material as an orange oil. Analysis of the crude material by 1H NMR spectroscopy showed no evidence for either the -diazosulfoxide starting material 14 or intermediate sulfine 13 and the 1,4,2-oxathiazole 241 as the major product, along with the kinetic isomer 257 and thermodynamic isomer 256 in a ratio of 54 : 23 : 23. Purification of the reaction mixture by flash chromatography on silica gel led to elution of the 1,4,2-oxathiazole 241 only as a pale yellow crystalline solid (0.018 g, 8%). mp 89 – 91°C; νmax/cm-1 (neat) 1726, 1483, 1272; δH (400 MHz, CDCl3) 3.78  (1H, d, J 18.0, A of ABq, one of ArCH2), 3.91 (1H, d, J 18.0, B of ABq, one of ArCH2), 7.10 – 7.19 (2H, m, 2 x Aromatic CH), 7.46 – 7.50 (2H, m, 2 x Aromatic CH), 7.57 – 7.61 (1H, m, 1 x Aromatic CH), 7.72 (1H, t, J 8.5, 1 x Aromatic CH), 7.88 (1H, d, J 7.6, 1 x Aromatic CH); δC (CDCl3, 100 MHz) 42.5 (CH2, ArCH2), 101.1 (Cq, Cspiro), 115.8 (CH dd, 2JCF 26.0, 3JCF 3.0, 1 x Aromatic CH), 117.0 (Cq, dd,  2JCF 14.6, 3JCF 9.0, 1 x Aromatic Cq), 117.7 (CH, dd, 2JCF 25.5, 3JCF 8.7, 1 x Aromatic CH), 119.5 (CH, dd, 2JCF  25.5, 3JCF 8.8, 1 x Aromatic CH), 125.9. 126.4, 128.9 (CH, 3 x Aromatic CH), 132.4 (Cq, 1 x Aromatic Cq), 136.8 (CH, 1 x Aromatic CH), 148.8 (Cq, 1 x Aromatic Cq), 149.3 (Cq, C=N), 155.8 (Cq, 1 x Aromatic CF, d, 1JCF 251), 158.3 (Cq, 1 x Aromatic CF, d, 1JCF 245), 196.0 (Cq, C=O); m/z (ESI+) 334 [M+H]+ (25%); HRMS (ESI+) Exact mass calculated for C16H10NO3F2S [M+H]+, 334.0349 Found: 334.0345. 
Characteristic signals of the kinetic isomer 257 are seen at 3.68, 3.98 [2 x (1H, d, J 17.8)]. 
The relative stereochemistry of the cycloadduct 241 was determined by single crystal X-ray diffraction on a crystalline sample of 241181 recrystallized from dichloromethane/hexane. Crystals of 241 are monoclinic, space group P 21/c. Crystal data for C16H9F2NO2S, Mr = 317.30, a =  14.0083 (10) Å, b = 8.7108 (6) Å, c = 11.54178 (8) Å,  =  = 90 °C, β = 105.733 (2)°, V = 1355.62 (16) Å3, Z = 4, Dc = 1.555 g cm-3, F000 = 648, Cu Kα radiation, λ = 1.541 Å, T = 296 K, 2θmax = 0.753°, μ = 2.417 mm-1,15370 reflections collected, 2344 unique (Rint = 0.0332), final GooF = 1.100, R1 = 0.0328, wR2 = 0.0920 (2299 obs. data: I > 2σ(I)); R1 = 0.0335, wR2 =  0.0927 (all data). 
Note: This fraction contained 7% of the ketone rearrangement product 142 with characteristic signals at 2.71 and 2.91 ppm. 
Method 2: Thermolysis in continuous flow with a 10 min residence time.

The imidoyl chloride 230 (0.350 g, 1.84 mmol, 2.6 eq) was converted to the nitrile oxide 245 as described in Section 3.7.1. The solution of the dipole 245 was concentrated under reduced pressure to give the dipole 245 as a viscous pale yellow oil. This residue was dissolved in dichloromethane/ethyl acetate (1 : 1, 5 mL) and added to the -diazosulfoxide 14 (0.141 g, 0.70 mmol, 1 eq) in DCM/EtOAc (1:1, 10 mL) This deep orange solution was pumped through a 10 mL reaction coil heated to 100°C, followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~1.8 mL, the bed of alumina has narrow beds of acid washed sand at either end), at a flow rate of 1 mL/ min giving a residence time of 10 min. The crude product was collected as an orange solution and concentrated under reduced pressure to give the crude product as a yellow oil (0.296 g). Analysis of the crude reaction mixture by 1H NMR spectroscopy showed the formation of the thermodynamic isomer 256, the monoketone 142, diketone 146 and the Regioisomer B 266 in a ratio of 62 : 20 : 11 : 9. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel. Careful and repeated chromatography was required for isolation of the thermodynamic isomer 256 as a yellow oily residue (0.026 g, 11%).  νmax/cm-1 (neat) 1720, 1162, 1429;  δH (400 MHz, CDCl3) 3.37 (1H, d, J 18.8, A of ABq, one of ArCH2), 3.99 (1H, d, J 18.8, B of ABq, one of ArCH2), 6.99 – 7.04 (1H, complex m, 1 x Aromatic CH), 7.18 – 7.23 (1H, m, 1 x Aromatic CH), 7.76 (3H, t, J  8.9, 2 x Aromatic CH), 7.74 (1H, t, J 8.7, 1 x Aromatic CH), 7.92 (1H, d, J 7.6, 1 x Aromatic CH);  δC (CDCl3, 100 MHz) 28.3 (CH2, ArCH2), 97.1 (Cq, Cspiro), 115.3 (CH, dd, 2JCF 15.7, 3JCF  8.9, Aromatic C-3), 117.8 (CH, dd, 2JCF 24.7, 3JCF  8.5, Aromatic C-6), 118.1 (CH, dd, 2JCF 26.3, 3JCF  3.3, Aromatic C-4), 120.6 (CH, dd, 2JCF 24.1, 3JCF  9.1, Aromatic C-1), 125.9. 126.6, 128.9 (CH, 3 x Aromatic CH), 134.1 (Cq, 1 x Aromatic Cq), 136.5 (CH, 1 x Aromatic CH),  151.1 (Cq, 2 x Aromatic Cq), 154.4 (Cq, C=N), 156.3 (Cq, dd, 1JCF 251.3, 4JCF 5.9, 1 x C-F), 158.7 (Cq, d, 1JCF 244.8, 1 x C-F),  191.1 (Cq, d, 5JCF 4.2, C=O); MS (M+) 333 (15%); HRMS (ESI+) Exact mass calculated for C16H10NO3F2S [M+H]+, 334.0360 Found: 334.0349. 
The crude product contained the ketone rearrangement product 142 with characteristic signals at 2.71 and 2.91 ppm in the 1H NMR spectrum, the characteristic signal of the diketone product 146 is the 2H singlet at 3.64 ppm in the 1H NMR spectrum and characteristic signals of the Regioisomer B 266 are present at 3.26 and 4.21 ppm [2 x (H, d, J 17.6)] in the 1H NMR spectrum. 
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Scheme 149
4-Methyl-4'-phenylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 268

The imidoyl chloride 193 (0.230 g, 1.90 mmol, 2.6 eq) was added portionwise over 10 min, at room temperature, to a vigorously stirred solution of aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL) to generate the dipole 192. After complete addition, the mixture was stirred for a further 10 min. The layers were separated and the organic layer was dried with MgSO4 and concentrated under reduced pressure to half the initial volume. The -diazosulfoxide 80 (0.137 g, 0.64 mmol, 1 eq) was added and the volume made up to 14 mL of dichloromethane/ethyl acetate  (1 : 1, 0.04 M). After this addition, the solution was immediately pumped through a 10 mL reactor coil heated to 100°C  with a residence time of 10 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (2 g, volume, ~1.2 mL). The crude material was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange oil (0.256 g) and as a mixture of the thermodynamic isomer 268, kinetic isomer 269, and a 1,4,2-oxathiazole-S-oxide Regioisomer B 270 in a ratio of 74 : 18 : 8. The crude reaction mixture was dissolved in the minimum amount of dichloromethane, and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 50 : 50) to give 268 only as a white crystalline solid (0.089 g, 30%). The first fraction contained the 1,2,5-oxathiazole-S-oxide thermodynamic isomer 268; m.p. 150 – 151°C; νmax/cm-1 (neat) 1709, 1156, 762; δH (400 MHz, CDCl3) 2.38 (3H, s, CH3),  3.32 (1H, d, J 19.0, A of ABq, one of ArCH2), 3.98 (1H, d, J 19.2, B of ABq, one of ArCH2), 7.29 – 7.31 (2H, m, 2 x Aromatic CH), 7.36 (2H, t, J 8.4, 2 x Aromatic CH), 7.46 – 7.51 (2H, m, 2 x Aromatic CH), 7.59 (1H, d, J 7.3, 1 x Aromatic CH), 7.80 (1H, d, J 7.6, 1 x Aromatic CH); δC (CDCl3, 100 MHz) 17.8 (CH3, ArCH3), 27.9 (CH2, ArCH2), 97.4 (Cq, Cspiro), 123.5 (CH, 1 x Aromatic CH), 125.7 (Cq, 1 x Aromatic Cq), 127.9 (CH, 2 x Aromatic CH), 129.3 (CH, 1 x Aromatic CH), 129.4 (CH, 2 x Aromatic CH), 131.7 (CH, 1 x Aromatic CH), 134.1 (Cq, 1 x Aromatic Cq), 136.6 (Cq, 1 x Aromatic Cq), 137.7 (CH, 1 x Aromatic CH),  150.5 (Cq, 1 x Aromatic Cq), 158.0 (Cq, C=N), 192.8 (Cq, C=O); (M)+ 311 (5%); HRMS (ESI+) Exact mass calculated for C17H14NO3S [M+H]+, 312.0694. Found: 312.0687.
Characteristic peaks of the kinetic isomer 269 are 1H, d, at 3.42 and 3.75 ppm.  Characteristic peaks of the 1,4,2-oxathiazole-S-oxide Regioisomer B 270 are 1H, d, at 3.72 and 4.28 ppm. 
4'-(4-Fluorophenyl)-4-methylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 

The imidoyl chloride 229 (0.301 g, 1.74 mmol, 2.6 eq) was added portionwise over 10 min, at room temperature, to a vigorously stirred solution of aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL). After complete addition, the mixture was stirred for a further 10 min. The layers were separated and the organic layer was dried with MgSO4 and concentrated under reduced pressure to half the initial volume. The -diazosulfoxide 80 (0.142 g, 0.66 mmol, 1 eq) was added to the solution of the dipole 243 and the volume made up to 14 mL of dichloromethane/ethyl acetate (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (3 g, volume ~ 1.8 mL). The crude product was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange crystalline solid (0.386 g) which was a mixture of the thermodynamic isomer 271, a kinetic isomer 272 and a 1,4,2-oxathiazole-S-oxide Regioisomer A 273 in a ratio of 77 : 11 : 12 The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel to give the thermodynamic isomer 271 as a white crystalline solid (0.098 g, 45%); mp 147 - 149°C, νmax/cm-1 (neat) 1714, 1232, 1154;  δH (400 MHz, CDCl3) 2.39 (3H, s, CH3), 3.28 (1H, d, J 19.2, A of ABq, one of CH2), 3.98 (1H, d, J 19.2, B of ABq, one of CH2), 7.06 (2H, t, J 8.6, 2 x Aromatic CH), 7.29 – 7.33 (2H, m, 2 x Aromatic CH), 7.50 (1H, t, J 7.8, 1 x Aromatic CH), 7.60 (1H, d, J 7.3, 1 x Aromatic CH), 7.80 (1H, d, J 7.7, 1 x Aromatic CH);  δC (CDCl3, 100 MHz) 17.8 (CH3, ArCH3), 27.8 (CH2, ArCH2), 97.1 (Cq, Cspiro), 116.8 (CH, d, 2JCF  22, 2 x Aromatic CH),  121.9 (d, 4JCF 3.6, 1 x ArCq), 123.5 (CH, 1 x Aromatic CH), 129.4 (CH, 1 x Aromatic CH), 130.2 (1 signal representing 2 x ArCH, d, 3JCF 8), 134.0 (Cq, 1 x Aromatic Cq), 136.7 (Cq, 1 x Aromatic Cq), 137.8 (CH, 1 x Aromatic CH), 150.4 (Cq, 1 x Aromatic Cq), 157.0 (Cq, C=N), 164.6 (Cq, 1 x Aromatic CF, d, 1JCF 255), 192.8 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C17H13NO3FS [M+H]+, 330.0600. Found: 330.0588.
The relative stereochemistry of the cycloadduct 271 was determined by single crystal X-ray diffraction on a crystalline sample of 271 recrystallized from dichloromethane/hexane.181 Crystals of 271 are orthorhombic, space group Pbca. =β== 90°C, Crystal data for C17H12NFO3S Mr = 329.34, a =  15.237 (3) Å, b = 11.212 (2) Å, c = 17.948 (3) Å, β = 90 (2)°, V = 3066.2 (10) Å3, Z = 8, Dc = 1.427 g cm-3, F000 = 1360, Mo Kα radiation, λ = 0.71073 Å, T = 296 K, 2θmax = 67.14°, μ = 2.111 mm-1, 16848 reflections collected, 2637 unique (Rint = 0.0398), final GooF = 1.097, R1 = 0.0448, wR2 = 0.1302, (2617 obs. data: I > 2σ(I)); R1 = 0.0448, wR2 =  0.1303 (all data). 

A second fraction isolated from the column contained the 1,4,2-oxathiazole-S-oxide Regioisomer A 273 (0.026 g, 12%) Yellow crystalline solid; νmax/cm-1 (neat) 1724, 1600, 1238, 1080; δH (400 MHz, CDCl3); 2.35 (3H, s, CH3), 3.15 (1H, d, J 17.4, A of ABq, one of CH2), 3.41 (1H, d, J 17.4, B of ABq, one of CH2), 7.22 (2H, t, J 8.4, 2 x Aromatic CH), 7.47 (2H, t, J 8.8, 2 x Aromatic CH), 7.58 (1H, d, J 7.2,  2 x Aromatic CH), 7.82 (1H, d, J 7.4, 1 x Aromatic CH), 7.94 – 7.97 (2H, m, 2 x Aromatic CH);  δC (CDCl3, 100 MHz); 17.8 (CH3, ArCH3), 32.4 (CH2, ArCH2), 108.2 (Cq, Cspiro), 117.0 (CH, 2 x Aromatic CH, d, 2JCF  23.6), 121.5 (Cq, 1 x Aromatic Cq),  122.9, 129.5 (2 x CH, 2 x Aromatic CH), 131.0 (CH, 2 x Aromatic CH, d, 3JCF 8.8), 135.1, 136.4 (Cq, 2 x Aromatic Cq), 137.7 (CH, 1 x Aromatic CH), 146.5 (Cq, 1 x Aromatic Cq), 158.4 (Cq, C=N), 164.8 (Cq, 1 x Aromatic CF, d, 1JCF 256), 189.3 (Cq, C=O); ESI+ (M+H)+ 330 (10%); HRMS (ESI+) Exact mass calculated for C17H13NO3FS [M+H]+, 330.0600 Found: 330.0594. 
Characteristic signals of the kinetic isomer 272 are observed as 1H, doublets, J 18.4, at 3.36 and 3.65 ppm.
4'-(4-(tert-Butyl)phenyl)-4-methylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 274

The nitrile oxide 244 was generated from the imidoyl chloride 231 (0.275 g, 1.3 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The - diazosulfoxide 80 (0.092 g, 0.43 mmol, 1 eq) was added and the volume made up to 8 mL of dichloromethane/ethyl acetate  (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min,  and was followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~ 1.8 mL). The crude material was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange oil (0.218 g) and as a mixture of the thermodynamic isomer 274, the kinetic isomer 275 and a 1,4,2-oxathiazole-S-oxide Regioisomer A 276 in a ratio of 78 : 15 : 7. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel to give the thermodynamic isomer 274 as a white crystalline solid (0.041 g, 26%). mp 105 - 106°C; νmax/cm-1 (neat) 1721, 1269, 1173; δH (400 MHz, CDCl3) 1.28 (9H, s, 3 x CH3), 2.37 (3H, s, ArCH3), 3.38 (1H, d, J 19.2, A of ABq, one of CH2), 3.98 (1H, d, J 19.2, B of ABq, one of CH2), 7.25 (2H, d, J 7.9, 2 x Aromatic CH), 7.37 (2H, d, J 8.5, 2 x Aromatic CH), 7.48 (1H, t, J 7.8, 1 x Aromatic CH), 7.59 (1H, d, J 7.3, 1 x Aromatic CH), 7.79 (1H, d, J 7.6, 1 x Aromatic CH);  δC (CDCl3, 100 MHz) 17.9 (CH3, ArCH3), 28.0 (CH2, ArCH2), 31.0 (CH3, 1 signal representing 3 x CH3), 35.0 [Cq, Cq(CH3)3],  97.4 (Cq, Cspiro), 122.7 (Cq, Aromatic Cq),  123.4 (CH, 1 x Aromatic CH), 126.4, 127.7 (CH, 2 signals representing 4 x Aromatic CH),  129.3 (CH, 1 x Aromatic CH),  134.1 (Cq, 1 x Aromatic Cq), 136.6 (Cq, 1 x Aromatic Cq), 137.6 (CH, 1 x Aromatic CH), 150.5, 155.4 (2 x Cq, 2 x Aromatic Cq), 157.8 (Cq, C=N), 193.0 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C21H22NO3S [M+H]+, 368.1320. Found: 368.1326.
Characteristic peaks of the kinetic 1,2,5-oxathiazole-S-oxide 275 in the 1H NMR of the crude material were 3.40, 3.64 [2 x (1H, d, J 18.0)]. Characteristic peaks of a minor 1,4,2-oxathiazole-S-oxide  Regioisomer A 276 in the 1H NMR of the crude material were 3.04, 3.37 [2 x (1H, d, J 17.5)]. 
4-Methyl-4'-(4-nitrophenyl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 277

The nitrile oxide dipole 235 was generated from the imidoyl chloride  228 (0.370 g, 1.85 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxide 80 (0.151 g, 0.7 mmol, 1 eq) was added and the volume made up to 15 mL of dichloromethane/ethyl acetate, (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C at a flow rate of 1 mL/min giving a 10 minute residence time, and was followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~ 1.8 mL). The crude product was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange oil (0.344 g) and a mixture of the thermodynamic isomer 277, the kinetic isomer 278 and a 1,4,2-oxathiazole-S-oxide Regioisomer B 279 in a ratio of 85 : 11 : 4 . The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 60 : 40) to give the thermodynamic isomer 277 as a white crystalline solid. (0.049 g, 20%). mp 139 – 141°C; νmax/cm-1 (neat) 1716, 1521, 1346, 1151; δH (400 MHz, CDCl3); 2.32 (3H, s, ArCH3), 3.25 (1H, d, J 19.2, A of ABq, one of CH2), 4.01 (1H, d, J 19.2, B of ABq, one of CH2), 7.50 – 7.54 [3H, m overlapping 2H doublet (2 x Aromatic CH) and 1H, m (1 x Aromatic CH)], 7.63 (1H, d, J 7.5, 1 x Aromatic CH), 7.82 (1H, d, J 7.5, 1 x Aromatic CH), 8.23 (2H, d, J 8.8, 2 x Aromatic CH); δC (CDCl3, 100 MHz) 17.9 (CH3, ArCH3), 27.5 (CH2, ArCH2), 96.5 (Cq, Cspiro), 123.7 (CH, 1 x Aromatic CH), 124.5 (CH, 2 x Aromatic CH), 129.0 (CH, 2 x Aromatic CH), 129.7 (CH, 1 x Aromatic CH), 132.0, 133.8, 136.8 (3 x Cq, 3 x Aromatic Cq), 138.1 (CH, 1 x Aromatic CH), 149.5 (Cq, 1 x Aromatic Cq), 150.1 (Cq, 1 x Aromatic Cq), 156.6 (Cq, C=N), 192.3 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C17H13N2O5S [M+H]+, 357.0545 Found: 357.0531.
Characteristic peaks of the kinetic 1,2,5-oxathiazole-S-oxide 278 in the 1H NMR of the crude material were 3.48, 3.87 [2 x (1H, d, J 18.2)]. Characteristic peaks of a minor 1,4,2-oxathiazole-S-oxide Regioisomer B 279 in the 1H NMR of the crude material were 3.51, 4.31 [2 x (1H, d, J 17.3)]. 
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Scheme 150
6-Methyl-4'-phenylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 

The imidoyl chloride 193 (0.198 g, 1.30 mmol, 2.6 eq) was added portionwise over 10 min, at room temperature to a vigorously stirred solution of aqueous NaOH (1M, 10 mL) and dichloromethane (10 mL) to generate the dipole 192. After complete addition, the mixture was stirred for a further 10 min. The layers were separated and the organic layer was dried with MgSO4 and concentrated under reduced pressure to half the initial volume. The -diazosulfoxide 83 (0.110 g, 0.50 mmol, 1 eq) was added and the volume made up to 11 mL of dichloromethane/ethyl acetate (1:1, 0.04M). The solution was pumped through a 10 mL reaction coil heated to 100°C with a residence time of 10 min and was followed by a 10 mm id Omnifit™ glass column packed with Alumina (~2 g, volume ~ 1.2 mL). The material was collected as a brown solution and concentrated under reduced pressure to give the crude product as an thick brown oil (0.238 g). The crude product was a mixture of the desired thermodynamic isomer 283, a kinetic isomer 284, a 1,4,2-oxathiazole-S-oxide Regiosiomer A 285 and an unknown (with a singlet at 3.77 ppm in the 1H NMR spectrum), in a ratio of 64 : 16 : 11 : 9. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 60 : 40) to give the thermodynamic isomer 283 as a pale yellow solid (0.053g, 34%); Found C, 65.80; H 4.34; N 4.50. C17H13NO3S requires C, 65.58; H 4.21; N 4.50; m.p. 147-149 °C; νmax/cm-1 (neat) 1712, 1276, 1153; δH (300 MHz, CDCl3) 2.49 (3H, s, CH3), 3.42 (1H, d, J 19.2, A of ABq, one of ArCH2), 4.02 (1H, d, J 19.2, B of ABq, one of ArCH2), 7.28 – 7.37 (4H, m, 4 x Aromatic CH), 7.45 – 7.47 (2H, m, 2 x Aromatic CH), 7.59 (2H, dd, J 7.7, 1.2, 1 x Aromatic CH), 7.75 (1H, br s, 1 x Aromatic CH); δC (CDCl3, 75.5MHz) 21.1 (CH3, ArCH3), 28.5 (CH2, ArCH2), 97.7 (Cq, Cspiro), 125.7 (Cq, Aromatic Cq), 125.8 (CH, 1 x Aromatic CH), 126.6 (CH, 1 x Aromatic CH), 128.0, 129.3 (2 x CH, 4 x Aromatic CH), 131.6 (CH, 1 x Aromatic CH), 134.4 (Cq, 1 x Aromatic Cq), 138.4 (CH, 1 x Aromatic CH), 139.5 (Cq, 1 x Aromatic Cq), 149.0 (Cq, 1 x Aromatic Cq), 158.0 (Cq, C=N), 192.6 (Cq, C=O); m/z (ESI+) 312 (30%); HRMS (ESI+) Exact mass calculated for C17H14NO3S [M+H]+, 312.0694 Found: 312.0683. 
Characteristic signals for the 1,4,2-oxathiazole-S-oxide Regioisomer A 285 were apparent at 3.26 and 3.45 ppm, J 17.9,  corresponding to <10% of the material. 

The second fraction to elute was the 1,4,2-oxathiazole-S-oxide Regioisomer A 285 (0.039 g, 25%) as a white crystalline solid; m.p. 152-154°C (decomp);  νmax/cm-1 (neat) 1726, 1492, 1282, 1084;  δH (300 MHz, CDCl3) 2.47 (3H, s, CH3), 3.26 (1H, d, J 17.3, A of ABq, one of ArCH2), 3.45 (1H, d, J 17.3, B of ABq, one of ArCH2), 7.38 (1H, d, J 7.9, 1 x Aromatic CH), 7.48 – 7.59 (4H, m, 4 x Aromatic CH), 7.76 (1H, br s, 1 x Aromatic CH), 7.92 – 7.95 (2H, d, J 7.8, 2 x Aromatic CH); δC (CDCl3, 75.5 MHz); 21.2 (CH3, ArCH3), 33.3 (CH2, ArCH2), 108.5 (Cq, Cspiro), 125.2 (Cq, 1 x Aromatic Cq), 125.4, 126.7, 128.8, 129.6, 132.1 (5 signals representing 7 x Aromatic CH), 135.4 (Cq, 1 x Aromatic Cq), 138.3 (CH, 1 x Aromatic CH), 139.7 (Cq, 1 x Aromatic Cq), 144.8 (Cq, 1 x Aromatic Cq), 159.4 (Cq, C=N), 189.0 (Cq, C=O); MS (ESI+) 312 (20%); HRMS (ESI+) Exact mass calculated for C17H14NO3S [M+H]+, 312.0694. Found: 312.0704.
Characteristic peaks of the kinetic 1,2,5-oxathiazole-S-oxide isomer 284, in the 1H NMR spectrum of the crude material were 2 x 1H doublets at 3.44 and 3.52 ppm, J 17.5. 
4'-(4-Fluorophenyl)-6-methylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 

The nitrile oxide dipole 243 was generated from the imidoyl chloride 229 (0.090 g, 0.5 mmol, 1.95 eq) using the procedure outlined in Section 3.7.1. The -diazosulfoxide 83 (0.06 g, 0.27 mmol, 1 eq) was added and the volume made up to 6 mL of dichloromethane/ethyl acetate (1:1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min,  followed by a 10 mm id Omnifit™ glass column packed with Alumina (~1 g, volume ~ 0.6 mL). The crude product was collected as a red solution and concentrated under reduced pressure to give the crude product as a red oil (0.128 g) which was a mixture of the desired thermodynamic isomer 286, the kinetic isomer 287 and a 1,4,2-oxathiazole-S-oxide Regioisomer A 288 in a ratio of 73 : 14 : 13. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 60 : 40)  to give the thermodynamic isomer 286 (0.032 g, 36%) as white crystalline solid; Found C, 61.61; H 3.79; N 4.37. C17H12NFO3S requires C, 62.00; H 3.67; N 4.25; m.p. 156-158 °C  νmax/cm-1 (neat) 1711, 1162, 806; δH (300 MHz, CDCl3); 2.49 (3H, s, CH3), 3.40 (1H, d, J 19.7, A of ABq, one of ArCH2), 4.03 (1H, d, J 19.7, B of ABq, one of ArCH2), 7.05 (2H, t, J 8.9, 2 x Aromatic CH), 7.28 – 7.34 (2H, m, 2 x Aromatic CH), 7.46 (1H, d, J 8.0, 1 x Aromatic CH), 7.61 (1H, d, J 7.9, 1 x Aromatic CH), 7.74 (1H, br s, 1 x Aromatic CH); δC (CDCl3, 100 MHz); 21.1 (CH3, ArCH3), 28.4 (CH2, ArCH2), 97.5 (Cq, Cspiro), 116.7 (CH, 1 signal representing 2 x Aromatic CH, d, 2JCF 22.2), 121.9 (Cq, 1 x Aromatic Cq, d, 4JCF 3.3),  125.9 (CH, 1 x Aromatic CH), 126.7 (CH, 1 x Aromatic CH), 130.2 (CH, 2 x ortho Aromatic CH, d, 3JCF 8.7),  134.4, (Cq, 1 x Aromatic Cq), 138.5 (CH, 1 x Aromatic CH), 139.6 (Cq, 1 x Aromatic Cq), 148.9 (Cq, Aromatic Cq), 157.0 (Cq, C=N), 164.6 (Cq, 1 x Aromatic CF, d, 1JCF  254.4), 192.5 (Cq, C=O); MS (M)+ 330 (60%); HRMS (ESI+) Exact mass calculated for C17H13FNO3S [M+H]+, 330.0600 Found: 330.0600

The second fraction to elute isolated contained the kinetic 1,2,5-oxathiazole-S-oxide 287 (0.004 g, 5%)δH (400 MHz, CDCl3) 2.49 (3H, s, CH3), 3.53 (1H, d, J 18.5, A of ABq, one of ArCH2), 3.77 (1H, d, J 18.5, B of ABq, one of ArCH2), 7.03 (2H, t, J 8.9, 2 x Aromatic CH), 7.45– 7.51 (3H, m, 3 x Aromatic CH), 7.58 – 7.63 (1H, m, 1 x Aromatic CH), 7.75 (1H, br s, 1 x Aromatic CH); (M+H)+ 330 (25%), HRMS (ESI+) Exact mass calculated for C17H13NO3FS [M+H]+, 330.0600. Found: 330.0605. 
Note: On obtaining a 13C NMR spectrum of the material after 6 months on a 600 MHz NMR spectrometer, the sample had completely converted to the thermodynamic isomer 286, and spectroscopic characteristics are consistent with those reported above. 


The third, most polar fraction to elute contained the 1,4,2-oxathiazole-S-oxide Regioisomer A 288 (0.008 g, 10%) as a colorless oil; νmax/cm-1 (neat) 1722, 1282, 1157, 1083; δH (600 MHz, CDCl3) 2.47 (3H, s, CH3), 3.26 (1H, d, J 17.3, A of ABq, one of ArCH2), 3.45 (1H, d, J 17.3, B of ABq, one of ArCH2), 7.22 (2H, t, J 8.4, 2 x Aromatic CH), 7.39 (1H, d, J 7.7, 1 x Aromatic CH), 7.56 – 7.60 (1H, d, J 8.3, 1 x Aromatic CH), 7.76 (1H, s, 1 x Aromatic CH), 7.92 – 7.97 (2H, m, 2 x Aromatic CH); δC (CDCl3, 125 MHz) 21.2 (CH3, ArCH3), 33.3 (CH2, ArCH2), 108.7 (Cq, Cspiro), 117.0 (CH, 2 x ArCH, d, 2JCF 22.6), 121.4 (Cq, d, 4JCF 3.3, 1 x Aromatic Cq), 125.4, 126.7 (CH, 2 x Aromatic CH), 131.0 (CH, 2 x Aromatic CH, d,  3JCF 9.4),  135.3 (Cq, 1 x Aromatic Cq), 138.4 (CH, 1 x Aromatic CH), 139.8, 144.7 (2 x Cq, 2 x Aromatic Cq), 158.4 (Cq, C=N), 164.9 (Cq, 1 x Aromatic CF, d, 1JCF 254), 188.9 (Cq, C=O); MS (M)+ 329 (100%); HRMS (ESI+) Exact mass calculated for C17H12FNO3SNa [M+Na]+, 352.0420 Found: 352.0425. Note: This fraction contained about 5% of the tentatively assigned furoxan dimer with characteristic multiplet peaks at 7.67 and 8.10 ppm in the 1H NMR spectrum.
 6-Methyl-4'-(4-nitrophenyl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 


The nitrile oxide 235 was generated from the imidoyl chloride 228 (0.325 g, 1.65 mmol, 2.6 eq) using the procedure outlined in Section 3.7.1. The -diazosulfoxide 83 (0.140 g, 0.63 mmol, 1 eq) was added and the volume made up to 14 mL of dichloromethane/ethyl acetate  (1:1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C at a flow rate of 10 mL/min giving a residence time of 10 min and was followed by a 10 mm id Omnifit™ glass column packed with Alumina (~ 2 g, volume ~ 1.2 mL). The material was collected as a yellow solution and concentrated under reduced pressure to give the crude product as a yellow crystalline solid (0.320 g) which on analysis by 1H NMR spectroscopy was a mixture of the thermodynamic isomer 291, the kinetic isomer 292, and a 1,4,2-oxathiazole-S-oxide Regioisomer A 293 in a ratio of 77 : 17 : 6. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 60 : 40) to give the thermodynamic isomer 291 as a white crystalline solid (0.100 g, 45%). Found C, 56.95; H 3.49; N 7.75. C17H12N2O5S requires C, 57.30; H 3.39 ; N 7.86; m.p. 128 – 130°C;  νmax/cm-1 (neat) 1707, 1523 1345, 1154; δH (300 MHz, CDCl3) 2.50 (3H, s, CH3), 3.35 (1H, d, J 19.4, A of ABq, one of ArCH2), 4.07 (1H, d, J 19.4, B of ABq, one of ArCH2), 7.47 – 7.53 [3H, 2 overlapping signals; (1H, d, J 8.5) and (2H, d, J 9.1, 2 x Aromatic CH)], 7.63 (1H, d, J 8.1, 1 x Aromatic CH), 7.77 (1H, br s, 1 x Aromatic CH), 8.22 (2H, d, J 9.0, 2 x Aromatic CH); δC (CDCl3, 75 MHz) 21.2 (CH3, ArCH3), 28.1 (CH2, ArCH2), 96.8 (Cq, Cspiro), 124.5 (CH, 2 x Aromatic CH), 126.1 (CH, 1 x Aromatic CH), 126.8 (CH, 1 x Aromatic CH), 129.0 (CH, 2 x Aromatic CH), 132.0, 134.2 (Cq, 2 x Aromatic Cq), 138.8 (CH, 1 x Aromatic CH), 140.0, 148.6, 149.5 (Cq, 3 x Aromatic Cq), 156.0 (Cq, C=N) 192.0 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C17H13N2O5S [M+H]+, 357.0545. Found: 357.0549.
A second fraction contained the kinetic 1,2,5-oxathiazole-S-oxide diastereomer 292 (0.027 g, 11%); νmax/cm-1 (neat)  1714, 1522, 1347; δH (300 MHz, CDCl3) 2.51 (3H, s, CH3), 3.54 (1H, d, J 18.0,  A of ABq, one of ArCH2), 3.82 (1H, d, J 18.0, B of ABq, one of ArCH2), 7.49 – 7.54 (1H, m, 1 x Aromatic CH), 7.61 – 7.72 [3H, 2 overlapping signals (1H, m, 1 x Aromatic CH) and (2H, d, J  9.0, 2 x Aromatic CH)], 7.75 (1H, br s, 1 x Aromatic CH), 8.20 (2H, d, J 9.0, 2 x Aromatic CH); δC (CDCl3, 75 MHz) 21.2 (CH3, ArCH3), 31.3 (CH2, ArCH2), 92.8 (Cq, Cspiro), 124.21 (Cq, 1 x Aromatic Cq), 124.3 (CH, 2 x Aromatic CH), 125.6 (CH, 1 x Aromatic CH), 126.8 (CH, 1 x Aromatic CH), 129.1 (CH, 2 x Aromatic CH), 131.7 (Cq, 1 x Aromatic Cq), 136.5 (Cq, 1 x Aromatic Cq), 138.5 (CH, 1 x Aromatic CH), 140.3, 146.2 (Cq, 2 x Aromatic Cq), 157.6 (Cq, C=N), 190.3 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C17H13N2O3S [M+H]+, 357.0545. Found: 357.0540. Note: This fraction contained about 10% of the thermodynamic diastereomer 291 with characteristic signals at 3.35 and 4.07 in the 1H NMR spectrum.
Characteristic signals of another regioisomer, tentatively assigned as the minor 1,4,2-oxathiazole-S-oxide Regioisomer A 293, in the 1H NMR spectrum of the crude material are 3.42 and 3.56 [2 x (1H, d, J 17.2)]. 
4'-(4-(tert-Butyl)phenyl)-6-methylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 289

The nitrile oxide 244 was generated from the imidoyl chloride 231 (0.299 g, 1.41 mmol, 2.6 eq) using the procedure outlined in Section 3.7.1. The -diazosulfoxide 83 (0.120 g, 0.54 mmol, 1 eq) was added and the volume made up to 12 mL of dichloromethane/ethyl acetate  (1:1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min,  followed by a 10 mm id Omnifit™ glass column packed with Alumina (~2 g, volume ~ 1.2 mL). The crude product was collected as a red solution and concentrated under reduced pressure to give the crude product as a thick orange oil (0.321 g) which consisted of the thermodynamic isomer 289, the kinetic isomer 290 in a ratio of 80 : 20 and residual furoxan dimer 346. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel using gradient hexane-ethyl acetate as eluent (100 : 0 – 60 : 40) to give the thermodynamic isomer 289 as a yellow oil (0.030 g, 15%). νmax/cm-1 (neat) 2963, 1714, 1156, 814; δH (300 MHz, CDCl3); 1.27 (9H, s, 3 x CH3), 2.49 (3H, s, ArCH3), 3.47 (1H, d, J 19.0, A of ABq, one of ArCH2), 4.03 (1H, d, J 19.0, B of ABq, one of ArCH2), 7.24 (2H, d, J 8.5, 2 x Aromatic CH), 7.36 (2H, d, J 8.6, 2 x Aromatic CH), 7.45 (1H, d, J 7.9, 1 x Aromatic CH), 7.59 (1H, d, J 7.8, 1 x Aromatic CH), 7.74 (1H, br s, 1 x Aromatic CH);  δC (CDCl3, 75.5 MHz) 21.1 (CH3, ArCH3) 28.7 (CH2, ArCH2), 31.0 (CH3, 1 signal representing 3 x CH3), 35.0 [Cq, C(CH3)3], 97.8 (Cq, Cspiro), 122.7 (Cq, Aromatic Cq), 125.8 (CH, 1 x Aromatic CH), 126.4 (CH, 2 x Aromatic CH), 126.6 (CH, 1 x Aromatic CH), 127.8 (CH, 2 x Aromatic CH), 134.6 (Cq, 1 x Aromatic Cq), 138.3 (CH, 1 x Aromatic CH), 139.4, 149.1, 155.3 (3 x Cq, 3 x Aromatic Cq), 157.8 (Cq, C=N), 192.7 (Cq, C=O); (M+H) 368 (60%); HRMS (ESI+) Exact mass calculated for C21H22NO3S [M+H]+, 368.1320. Found: 368.1306.
Characteristic signals of another regioisomer, tentatively assigned as the kinetic 1,2,5-oxathiazole-S-oxide isomer 290 are 3.45 and 3.64 [2 x (1H, d, J 18.4)]. 
4'-(2,5-Difluorophenyl)-6-methylspiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide 294

 The nitrile oxide 245 was generated from the imidoyl chloride 230 (0.245 g, 1.27 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxide 83 (0.108 g, 0.49 mmol, 1 eq) was added and the volume made up to 11 mL of dichloromethane/ethyl acetate  (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min,  followed by a 10 mm id Omnifit™ glass column packed with Alumina (~2 g, volume ~ 1.2 mL). The crude material was collected as a red solution and concentrated under reduced pressure to give the crude product as a red oil (0.244 g) which on analysis of the 1H NMR spectrum consisted of the thermodynamic isomer 294, the kinetic isomer 295 and residual -oxo sulfine (singlet at 4.21 ppm in the 1H NMR spectrum) in a ratio of 53 : 11 : 36. The crude reaction mixture was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel to give the thermodynamic isomer 294 as the major component of one fraction as a brown oil (~90% pure, 0.026 g, 16%). νmax/cm-1 (neat) 1720, 1490, 1429, 1163; δH (300 MHz, CDCl3) 2.46 (3H, s, ArCH3), 3.31 (1H, d, J 18.8, A of ABq, one of ArCH2), 3.94 (1H, d, J 18.6, B of ABq, one of ArCH2), 7.01 (1H, t of d, J 9.4, 4.3, 1 x Aromatic CH), 7.13 – 7.22 (1H, m, 1 x Aromatic CH), 7.39 (1H, d, J 7.9, 1 x Aromatic CH), 7.46 – 7.51 (1H, m, 1 x Aromatic CH), 7.55 (1H, d, J 7.5, 1 x Aromatic CH), 7.71 (1H, br s, 1 x Aromatic CH).  Characteristic signals of 294 identified in the 13C NMR spectrum include; δC (CDCl3, 75.5 MHz); 21.1 (CH3, ArCH3) 27.9 (CH2, ArCH2), 97.5 (Cq, Cspiro), 117.5 – 118.3 (2 overlapping dd corresponding to 2 x Aromatic CH, including 1d 3JCF 8.8, 1d 4JCF 3.3), 120.5 (CH, 1 x Aromatic CH, dd, 2JCF 25,3JCF 9.3), 125.8 (CH, 1 x Aromatic CH), 126.3 (CH, 1 x Aromatic CH), 137.8 (CH, 1 x Aromatic CH), 148.5 (Cq, C=N), 156.2 (Cq, 1 x Aromatic CF, d, 1JCF 260),  158.6 (Cq, 1 x Aromatic CF, d, 1JCF 246),  191.1 (Cq, C=O); MS (M)+ 347 (15%), HRMS (ESI+) Exact mass calculated for C17H12NO3F2S [M+H]+, 348.0506. Found: 348.0515
Note: Signals for the 4 Aromatic Cq’s of 294 were not seen in the 13C NMR spectrum of the material. Signals seen which belong to an unidentified impurity include a symmetrical quartet at 3.5 – 3.6 ppm, a doublet at 3.8 ppm and 2 singlets at 4.2 and 4.7 ppm respectively. 
Characteristic signals of another regioisomer, tentatively assigned as the kinetic 1,2,5-oxathiazole-S-oxide Isomer 295 are 3.50, 3.69 [2 x (1H, d, J 18.2)]. 


[bookmark: _Toc505089677][bookmark: _Toc506311734][bookmark: _Toc523135329]3.7.1.5 Attempted cycloaddition reactions with N-hydroxyisonicotinimidoyl chloride
4'-(Pyridin-4-yl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide  281

The nitrile oxide dipole 280 was generated from the imidoyl chloride 232 (0.234 g, 1.49 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxide 14 (0.115 g, 0.57 mmol, 1 eq) was added and the volume made up to 11 mL of dichloromethane/ethyl acetate (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (~ 3 g, volume ~ 1.8 mL). The crude product was collected as an orange solution and concentrated under reduced pressure to give the crude product as a brown oil. Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture with no evidence of any cycloaddition product.
4-Methyl-4'-(pyridin-4-yl)spiro[indene-2,3'-[1,2,5]oxathiazol]-1(3H)-one S-oxide  282

The nitrile oxide dipole 280 was generated from the imidoyl chloride (0.288 g, 1.83 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1. The -diazosulfoxide 80 (0.150 g, 0.7 mmol, 1 eq) was added and the volume made up to 15 mL of dichloromethane/ethyl acetate  (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a residence time of 10 min, followed by a 10 mm id Omnifit™ glass column packed with Alumina (~ 3 g, volume ~ 1.8 mL). The crude product was collected as an orange solution and concentrated under reduced pressure to give the crude product as an orange oily residue (0.344 g). Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture with no evidence of any cycloaddition product. 
[bookmark: _Toc505089678][bookmark: _Toc506311735][bookmark: _Toc523135330]
3.7.3.7 Attempted trapping  of enolate intermediate
Method 1 for attempted trapping of enolate intermediate.


Scheme 151
The nitrile oxide dipole 235 was generated as per Section 3.7.1. from the para-nitroimidoyl chloride 228 (0.252 g, 1.26 mmol, 2.6 eq). This was concentrated under reduced pressure and added to the -diazosulfoxide 14 (0.100 g, 0.48 mmol, 1 eq) in dichloromethane/ethyl acetate (15 mL, 1 : 1). Rhodium acetate dimer was added lastly to generate the sulfine 13 (0.010 g, 5 mol %). The reaction mixture was stirred at 1 room temperature for 1 h. TBDMSCl (0.365 g, 2.4 mmol, 5 eq) was added neat to the reaction mixture and the mixture was heated under reflux for 6 h, followed by stirring at room temperature for a further 16 h. The crude reaction mixture was concentrated under reduced pressure to give a brown/black sticky solid. This residue was dissolved in the minimum amount of DCM and purified by column chromatography on silica gel (100 % hexane – 100% ethyl acetate). No identifiable or clean products were isolated from the column. 
Method 2 for attempted trapping of enolate intermediate.
The nitrile oxide dipole 235 was generated as per Section 3.7.1. using the para-nitroimidoyl chloride 228 (0.118 g, 0.59 mmol, 2.6 eq). The solution of dipole 235 was concentrated under reduced pressure and added to the -diazosulfoxide 14 (0.074 g, 0.28 mmol, 1 eq). Total volume was 10 mL (dichloromethane/ethyl acetate, 1 : 1). Rhodium acetate dimer (0.010 g, 5 mol %) was added lastly, to generate the -oxo sulfine. The reaction mixture was stirred at room temperature for 1 h. At this point, iodomethane (1.01 g, 5.6 mmol, 20 eq) was added neat to the reaction mixture and the mixture was heated under reflux for 6 h, followed by stirring at room temperature for  further 16 h. The crude reaction mixture was concentrated under reduced pressure to give a brown/black sticky solid which consisted of a series of unidentiable decomposition products. 


[bookmark: _Toc505089679][bookmark: _Toc506311736][bookmark: _Toc523135331]3.7.2 Nitrile oxide and lactone derived -oxo sulfine dipolar cycloaddition reactions

3'-Phenyl-3a,4,5,6,7,7a-hexahydro-2H-spiro[benzofuran-3,5'-[1,4,2]oxathiazol]-2-one S-oxide 267
Generation of the sulfine 101 in situ and trapping with benzonitrile oxide 192. 
Benzohydroximoyl chloride 193  (0.371 g, 2.38 mmol, 4 eq) was  over 10 min to a stirring solution of sodium hydroxide (1M, 3.6 mL) and ether (7 mL) cooled to 0°C with an ice bath. The ether layer containing the nitrile oxide 192 was separated, quickly dried over MgSO4 and added to a solution of the -diazosulfoxides 38,39 (1 : 1, 0.127 g, 0.59 mmol, 1 eq) in ether and dichloromethane. Rhodium acetate dimer (0.013 g, 0.029 mmol, 5 mol %) was added and the reaction mixture was put under a nitrogen atmosphere. After stirring at room temperature for 3 h a precipitate formed. The reaction mixture was monitored by TLC, which indicated that after 24 h all starting material had been consumed. The precipitate was collected by filtration through a sintered glass funnel (grade 4) to give the 1,4,2-oxathiazole-S-oxide as a white crystalline solid (0.077 g, 47 %) and a mixture of diastereomers (267 : A, 10:1). mp: 155-157°C; νmax/cm1 (neat) 2943, 1764, 1076; MS: (M+H) 306 (10%); HRMS (ESI+) Exact mass calculated for C15H15NO4S [M+H]+, 306.0799. Found: 306.0800.
The material was characterised as a mixture of the major and minor components; 
Note: The four possible diastereomers of the 1,4,2-oxathiazole-S-oxide are 267, 301, 302 and 303 (see Results and Discussion, section 2.8). At this time, aside from 267, it is not known which signal in the 1H NMR spectrum corresponds to which cycloadduct, and therefore the cycloadduct present with unknown stereochemistry will be referred to as cycloadduct A. 

Major Diastereomer 267: δH (300 MHz, CDCl3); 1.19-1.99 (7H, m, cyclohexyl ring), 2.25 (1H, ddd appears as dt, unresolved splitting, CHCSO), 2.40 (1H, cyclohexyl ring), 4.35 (1H, td, J 11.8, 3.4, CHO), 7.48 – 7.58 (3H, m, 3 x Aromatic CH), 7.82 – 7.97 (2H, m, 2 x Aromatic CH); δC (400 MHz, CDCl3) 23.14, 23.17, 24.3, 30.1 (CH2, 4 x cyclohexyl CH2), 51.5 (CH, CHCSO), 82.3 (CH, CHO), 101.6 (qC, Cspiro), 124.5 (Cq, 1 x Aromatic Cq), 128.8 (CH, 2 x Aromatic CH), 129.7 (CH, 2 x Aromatic CH), 132.4 (CH, 1 x Aromatic CH), 160.2 (qC, C=N), 163.70 (Cq, C=O). 

Characteristic signals belonging to the minor diastereomer, Cycloadduct A which was present as 10% of the mixture: δH (300 MHz, CDCl3); 1.09-1.99 (7H, m, cyclohexyl ring), 2.40 (1H, 1 x CH of cyclohexyl ring), 2.57 (1H, ddd appears as a dt, J 10.8, 10.8, 4.2 CHCSO), 4.46 (1H, ddd appears as a td, J 10.9, 10.9, 3.9, CHO), 7.01- 7.82 (5H, m, 5 x Aromatic CH). Signals corresponding to the minor component were not observed in the 13C NMR spectrum. 
Following evaporation of the filtrate a 1H NMR spectrum was recorded in which Cycloadduct A was a significant component of the mixture enabling identification of the signals as described above. 
The relative stereochemistry of the major diastereomer 267 was determined by single crystal X-ray diffraction on a crystalline sample of 267 recrystallized from dichloromethane/hexane. Crystal data for  C15H15NO4S, Mr = 305.34, monoclinic, C12/c, a =  15.4674(14) Å, b = 8.4017(8) Å, c = 23.121(2) Å, β = 107.526 (2)°, V = 2865.2 (5) Å3, Z = 8, Dc = 1.416 g cm-3, F000 = 1280, Mo Kα radiation, λ = 0.71073 Å, T = 296 K, 2θmax = 26.75°, μ = 0.241 mm-1, 10188 reflections collected, 3040 unique (Rint = 0.0323), final GooF = 1.030, R1 = 0.0400, wR2 = 0.0958 (3040 obs. data: I > 2σ(I)); R1 = 0.0607, wR2 =  0.1060 (all data). 
3'-(4-Nitrophenyl)-3a,4,5,6,7,7a-hexahydro-2H-spiro[benzofuran-3,5'-[1,4,2]oxathiazol]-2-one S-oxide 296
Method 1: Generation of the sulfine in situ and trapping with p-nitrobenzonitrile oxide.

The -diazosulfoxides 38,39 (0.125 g, 0.58 mmol, 1 eq) was dissolved in ether and dichloromethane (15 mL, 4:1). In a separate flask, p-nitrobenzohydroximoyl chloride 228 (0.468 g, 2.33 mmol, 4 eq) was added portion-wise at 0°C to a solution of ether (7 mL) and NaOH (1M, 3.6 mL). The biphasic mixture was stirred for 10 min and transferred to a separation funnel. The organic layer was separated, quickly dried using MgSO4, and filtered in to the round bottomed flask containing the -diazosulfoxides. Rhodium acetate dimer (0.012 g, 0.029 mmol, 5 mol %) was added to the reaction flask. The reaction mixture was stirred for 16 h and the precipitate was collected by filtration as the diastereomer 296 (0.049 g 25%). Mp 133-135°C; νmax/cm1 (neat) 1782, 1520, 1348, 1004; δH (400 MHz, CDCl3)  1.30 – 2.10 (7H, m, CH2ring), 2.32 (1H, t, J 9.5, 1H of CHring), 2.41 – 2.45 (1H, m, CHCS), 4.28 (1H, ddd appears as dt, J 12.4, 10.4, 4.1, CHO), 8.12 (2H, d, J 8.6, 2 x Aromatic CH), 8.38 (2H, d, J 8.3, 2 x Aromatic CH); δC (CDCl3, 75.5 MHz); 23.0, 23.1, 24.3, 30.1 (CH2¸4 x CH2), 51.7 (CH, CHCS), 82.3 (CH, CHO), 102.7 (qC, Cspiro), 124.8 (CH, 2 x Aromatic CH), 129.5 (CH, 2 x Aromatic CH), 130.6 (Cq, Aromatic Cq-CN), 131.7 (Cq, Aromatic Cq, Cq-NO2), 149.8 (Cq, C=N), 172.6 (Cq, C=O); MS: (M+H) 351 (10%). 
3'-Phenyl-3a,5,6,7,8,8a-hexahydro-2H,4H-spiro[cyclohepta[b]furan-3,5'-[1,4,2]oxathiazol]-2-one S-oxide 297
Generation of the sulfine in situ and trapping with benzonitrile oxide 192.

The -diazosulfoxide 75 (0.141 g, 0.62 mmol, 1 eq) was dissolved in ether and dichloromethane (15 mL, 4:1). In a separate flask, benzohydroximoyl chloride 193 (0.382 g, 2.47 mmol, 4 eq) was added portion-wise at 0°C to a solution of ether (7 mL) and aqueous NaOH (1M, 3.6 mL). The mixture was stirred for 10 min and transferred to a separation funnel. The organic layer was separated, quickly dried using MgSO4 and filtered in to the round bottomed flask containing the -diazosulfoxide. Rhodium acetate dimer (0.013 g, 0.03 mmol, 5 mol %) was added to the reaction mixture flask. The reaction mixture was stirred for 2.5 h at which point an aliquot was removed, concentrated under reduced pressure and analysed by 1H NMR spectroscopy. The 1H NMR spectrum of an aliquot of the crude reaction mixture showed the presence of 4 compounds, 2 of which (297 and 298) were confirmed as being diastereomers of the desired product. A precipitate from the reaction was one diastereomer only (297) and the mother liquor, was again, a mixture of the 4 components (Table 62)
[bookmark: _Ref484695251]Table 62: Characteristic 1H NMR signals and ratios of the four components in the crude material from the cycloaddition reaction.   
	Component
	1
299
	2
298
	3
297
	4
300

	Characteristic signal (CHO):
	4.70 ppm
	4.60 ppm
	4.50 ppm
	4.28 ppm

	Crude Ratio:
	1.00
	0.12
	0.63
	0.37

	Precipitate:
	0
	0
	1
	0

	Mother Liquor:
	1.00
	0.12
	0.26
	0.32



The crude product was filtered off to give the precipitated diastereomer 297 only (0.041 g 21%). The mother liquor was concentrated and adsorbed on to Celite. Purification by column chromatography on silica gel using hexane-ethyl acetate as eluent (95:5) as eluent led to isolation of a second, minor diastereomer 298 (0.014 g, 7%).  
Spectroscopic characteristics of the diastereomer 297; mp: 145-147°C, νmax/cm-1 (neat): 2932, 1763, 1243, 1087; δH (400 MHz, CDCl3) 1.30 – 1.95 (9H, m, 4 x CH2 and one of CH2), 2.49 – 2.55 (1H, m, 1H of 1 cycloheptane CH2), 2.64 – 2.70 (1H, m, CHCS), 4.50 (1H, ddd appears as dt J 11.9, 10.2, 3.7, CHO), 7.49 – 7.58 (3H, m, 3 x Aromatic CH), 7.92 (2H, d, J 7.3, 2 x Aromatic CH); δC (CDCl3, 75.5 MHz); 22.8, 24.95, 25.01, 26.1, 33.6 (CH2, 5 x CH2ring), 49.0 (CH, CHCS), 83.0 (CH, CHO), 103.5 (qC, Cspiro), 124.6 (Cq, Aromatic Cq),128.8, 129.6, 132.3 (CH, 3 x Aromatic CH), 159.6 (Cq, C=N), 163.5 (Cq, C=O); MS: (M+H) 320 (20%); HRMS (ESI+) Exact mass calculated for C16H18NO4S [M+H]+, 320.0957. Found: 320.0953. 

Spectroscopic characteristics of the minor product tentatively assigned as the cycloadduct 298 with unknown stereochemistry; δH (400 MHz, CDCl3); 1.26 – 1.87 (9H, m, 9 x cycloheptyl CH), 2.46 – 2.54 (1H, m,  1H of 1 cycloheptyl CH2), 2.58 – 2.65 (1H, m, CHCS), 4.61 (1H, ddd appears as dt, J 11.0, 10.1, 4.6, CHO), 7.56 – 7.59 (2H, t, J 7.8, Aromatic CH), 7.63 – 7.67 (1H, m, 1 x Aromatic CH), 7.88 (2H, d, J 7.4, 2 x Aromatic CH); 
13C NMR signals were obtained from an impure fraction of the product 298 which contained 5% of an impurity; (CDCl3, 75.5 MHz) 24.1, 25.0, 25.1, 26.9, 33.1 (5 x CH2ring), 41.6 (CH, CHCS), 84.9 (CH, CHO), 122.1 (Cq, Cspiro), 129.4 (Cq, 2 x Aromatic Cq), 130.3 (Cq, 2 x Aromatic Cq), 131.7 (Cq, Aromatic Cq), 134.2 (Cq, Aromatic Cq), 160.2 (Cq, C=N), 176.5 (Cq, C=O). 


[bookmark: _Toc505089680][bookmark: _Toc506311737][bookmark: _Toc523135332]3.7.3 Cycloaddition reaction of lactone derived -oxo sulfine with nitrile oxide dipole in continuous flow. 

Note: A mixture of -diazosulfoxides 38,39 believed to be equimolar was employed in the reactions described below. Each individual sample was not checked by 1H NMR. 



Scheme 152

Attempt 1: 10 min residence time at 100°C in DCM/EtOAc.

The nitrile oxide dipole 192 was generated from the imidoyl chloride 193  (0.338 g, 2.2 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxides 38,39 (1 : 1, 0.184 g, 0.85 mmol, 1 eq) were added and the volume made up to 18 mL of dichloromethane/ethyl acetate (1 : 1, 0.04M). The solution was pumped through a 10 mL reaction coil heated to 100°C followed by a 10 mm id Omnifit™ glass column packed with Alumina (~ 2.5 g, volume ~ 1.4 mL). The crude product was collected as a brown solution and concentrated under reduced pressure to give the crude product as a viscous brown oil (0.459 g). Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture consisting of starting material (approx. 80%) and unidentified decomposition products. 
Attempt 2: 30 min, 120°C,  Using conditions which were optimal for the ketone cycloadditions, but with a higher temperature because using a lactone derived -oxo sulfine. 
The nitrile oxide dipole 192 was generated from the imidoyl chloride 193 (0.194 g, 1.3 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxides 38,39 (1 : 1, 0.106 g, 0.49 mmol, 1 eq) were added and the volume made up to 14 mL of dichloromethane/ethyl acetate  (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 120°C followed by a 10 mm id Omnifit™ glass column packed with Alumina (~2.5 g, volume ~ 1.4 mL). The crude product was collected as a brown solution and concentrated under reduced pressure to give the crude product as a viscous brown oil (0.262 g). Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture of products and no evidence for the presence of the starting material. Purification of the material by column chromatography on silica gel led to the elution of multiple fractions each containing a mixture of diastereomeric cycloadducts.
The first fraction (0.037 g, 25%) isolated from the column contained 4 cyclodducts A, 267, B and C  in a ratio of 0.88 : 1.18 : 0.31 : 1.0. The characteristic signals of the 4 cycloadducts are as follows
Table 63
	Diastereomer
	Ratio
	Corresponding peak

	A
	0.88
	4.46 ppm (1H, td, J 10.8, 3.9, CHO), 2.89 (1H, td, CHCS)


	267
	1.18
	4.35 ppm (1H, td, J 11.3, 10.8, CHO)
(characterised by crystal structure)


	B
	0.31
	4.11 ppm (1H, td, J 11.6, 10.9, CHO)


	C
	1.0
	3.77 ppm (1H, td, J 11.8, 11.2, CHO)



The stereochemistry of the possible cycloadducts 267, 301, 302, and 303 are shown in the Results and Discussion, Section 2.8. However, aside from 267, it is not known which signal in the 1H NMR spectrum corresponds to which cycloadduct, and therefore the cycloadducts with unknown stereochemistry will be referred to as cycloadducts A, B and C. At this point identification of which cycloadduct is 301, 302, or 303 is not possible.
A second fraction (0.017 g, 12%) contained the diastereomers 267, A, B, and C in a ratio of 1 : 0.1 : 0.6 : 0.08 respectively. The compounds A and B were characterised as a mixture with the following characteristic signals;

Cycloadduct A; 2.89 (1H, td, J 11.4, 11.7, 3.3, CHCS), 4.46 (1H, td, J 10.8, 3.9, CHO), 7.92 (2H, dd, J 7.8, 1.8, 2 x Aromatic CH) δC (CDCl3, 75 MHz); 23.2, 23.4, 24.7, 30.6 (4 x cyclohexyl CH2), 47.1 (CH, CHCS), 83.4 (CH,CHO), 104.0 (Cq, Cspiro), 128.7 (2 x Aromatic CH), 129.5 (2 x Aromatic CH), 132.2 (1 x Aromatic Cq), 160.3 (Cq, C=N), 167.6 (Cq, C=O).


Cycloadduct B; 4.11 (1H, td, J 11.6, 10.9, 3.8, CHO), 7.84 (2H, dd, J 7.4, 1.6, 2 x Aromatic CH) δC (CDCl3, 75 MHz); 24.0, 24.2, 24.8, 25.9 (4 x cyclohexyl CH2), 46.1 (CH, CHCS), 83.5 (CH, CHO), 124.7 (Cq, Cspiro), 129.5 (2 x Aromatic CH), 130.5 (2 x Aromatic CH), 134.2 (1 x Aromatic Cq), 159.7 (Cq, C=N). 


Attempt 3: Toluene/DCM, 30 min res time, 120°C, Alumina Column.
The nitrile oxide dipole 192 was generated from the imidoyl chloride 193 (0.132 g, 0.87 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxides 38,39 (0.072 g, 0.33 mmol, 1 eq) were added and the volume made up to 7 mL of dichloromethane/ethyl acetate  (1 : 1, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 120°C followed by a 10 mm id Omnifit™ glass column packed with Alumina (~ 2.5 g, volume ~ 1.4 mL). The crude product was collected as a brown solution and concentrated under reduced pressure to give the crude product as a viscous brown oil (0.201 g). Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture of products and complete consumption of the starting material. Purification of the material by column chromatography on silica gel led to the elution of multiple fractions each containing a mixture of diastereomeric cycloadducts. 
The first fraction (0.027 g, 25%) contained a mixture of the 1,4,2-oxathiazole-S-oxides A and B and an previously uncharacterised cycloadduct 304 in a ratio of 0.9 : 0.3 : 1.0. Characteristic spectroscopic signals are as described in Section 3.7.3. A second fraction (0.01 g, 8%) isolated from the column contained a mixture of A and 304 in a ratio of 0.9 : 1.0 respectively. Characteristic signals of 304 are 4.34 ppm in the 1H NMR spectrum and 45.0 and 84.8 ppm in the 13C NMR spectrum.
Comparison of flow reaction in superheated DCM/ethyl acetate to thermal reaction in batch. 
The nitrile oxide dipole 192 was generated from the imidoyl chloride  193 (0.275 g, 1.81 mmol, 2.6  eq) using the procedure outlined in Section 3.7.1.  The -diazosulfoxides 38,39  (0.180 g, 0.7 mmol, 1 eq) were added and the volume made up to 15 mL of dichloromethane/ethyl acetate 1:1, (0.04M). Separately an oil bath was heated to 130°C (to allow for heat loss between the oil and the reaction vessel which the desired temperature was 120°C). The solution of diazo starting material 38,39 and nitrile oxide 192 was hot plunged in to the pre heated oil bath and heated under reflux for 30 mins. Concentration under reduced pressure gave back a bright yellow oily residue (0.384 g). Analysis of the crude reaction mixture by 1H NMR spectroscopy showed the presence of the axial -diazosulfoxide starting material 38 : 39 (8 : 1) with no indication of formation of the desired cycloadducts. 
[bookmark: _Toc505089681][bookmark: _Toc506311738][bookmark: _Toc523135333]3.7.4 Nitrone and lactone derived -oxo sulfine dipolar cycloaddition reactions

Dipolar cycloaddition of 2,3,4,5-tetrahydropyridine 1-oxide 212 with the -oxo sulfine derived from -diazosulfoxides 38,39

The -diazosulfoxides 38,39 (1 : 0.7, 0.226 g, 1.03 mmol, 1 eq) were added to 2,3,4,5-tetrahydropyridine 1-oxide 212 [(freshly prepared for each reaction, see section 3.6), (0.154 g, 1.55 mmol, 1.5 eq)] in dichloromethane (20 mL). Rhodium acetate dimer (0.022 g, 0.051 mmol, 5 mol %) was added and the reaction mixture was stirred at room temperature for four days until TLC analysis showed no change. The reaction mixture was flitered through a Celite® plug and the solvent was removed under reduced pressure to give the crude product as an orange residue (0.312 g) which on analysis by 1H NMR spectroscopy showed a complex mixture of unidentifiable products. Following purification by column chromatography on silica gel using hexane-ethyl acetate (70 : 30) as eluent, the product 307 was isolated as a yellow crystalline solid (0.047 g, 16%). mp 53-55°C; νmax/cm-1 (neat) 2944, 1674, 1096; δH (400 MHz, CDCl3) 1.26 – 2.04 (10H, m, 5 x CH2), 2.12 – 2.29 (2H, m, CH2), 2.32 – 2.61 [overlapping signals containing a 2H, t, of C(3’)H2, and a 1H, td of C(4)H], 3.30 [2H, br s, C(6’)H2], 3.59 (1H, td, J 11.4, 3.2, CHO), 8.62 (1H, br s, OH, exchanges in a D2O shake); δC (75.5 MHz, CDCl3) 19.6, 22.3. 24.3, 25.6, 26.4, 30.0, 30.4 (7 x CH2), 41.4 (CH2, NCH2), 46.9 [CH, C(4)H], 84.1 (CH, CHO), 88.9 (Cq,  Cspiro), 158.3 (Cq, C=N), 174.7 (Cq, C=O); HRMS (ES+) Exact mass calculated for C13H19NO4S [M+H]+, 286.1113. Found 286.1122. 
Note: In some instances, the ring opened rearrangement product 307 was prone to co-eluting with residual nitrone 212 with corresponding peaks at 24.5, 28.9, and 52.7 ppm in the 13C NMR spectrum.




Dipolar cycloaddition of N-benzyl-1-phenylmethanimine oxide 211 with the -oxo sulfine derived from -diazosulfoxides 38,39 


Scheme 153
The -diazosulfoxides  38,39 (1 : 0.7, 0.176 g, 0.82 mmol, 1 eq) were dissolved in the minimum amount of dichloromethane (5 mL). The nitrone 211 [(can be synthesised and stored in the freezer, see section 3.6.1), (0.164 g, 0.780 mmol, 0.95 equiv)] was added dropwise as a solution in dichloromethane (5 mL). Lastly, rhodium acetate dimer was added (0.002 g, 0.041 mmol, 5 mol %). The reaction mixture was dark green on addition of the rhodium acetate dimer but gradually turned brown over 15 min. The reaction mixture was stirred at room temperature for 60 h and then concentrated under reduced pressure to leave a dark brown oily residue (0.271 g). This was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel. Purification by hexane-ethyl acetate (95 : 5, increasing to 70 : 30) led to the elution of three separate tentatively assigned products. 

The first fraction to elute contained the aziridine 311 and some benzylamine (80 : 20) as a colourless oily residue (0.015 g, 5%); νmax/cm-1 (neat); 1765, 1258, 1010; δH (400 MHz, CDCl3); 0.71 – 1.52 (6H, m, 4 x cyclohexyl CH2), 1.65 – 1.76 [2H, m, including C(4)H and 1H of cyclohexyl CH2], 2.01 – 2.09 (1H, m, 1H of cyclohexyl CH2), 3.14 (1H, td, J 12.0, 11.1, 3.6, CHO), 3.65 (1H, s, PhCH), 3.72 (1H, d, J 12.7, A of ABq, PhCH2), 4.20 (1H, d, J 12.7, B of ABq, PhCH2),  7.26 – 7.45 (10H, m, 10 x Aromatic CH); δC (75.5 MHz) 23.7, 24.7, 25.4, 30.4 (CH2, 4 x cyclohexyl CH2), 45.7 (CH, CHPh), 49.7 [CH, C(4)H], 50.1 (Cq, Cspiro), 56.3 (CH2, CH2Ph), 83.8 (CH, CHO), 127.50, 127.53 (CH, 2 x Aromatic CH), 127.6, 128.4, 128.5, 129.1, (CH, 4 signals representing 8 x Aromatic CH), 135.3, 138.6 (Cq, 2 x Aromatic Cq), 174.2 (Cq, C=O); MS: (M+H)+ 397 (10%) HRMS (ESI+) Exact mass calculated for C22H24NO2 [M+H]+, 334.1807 Found: 334.1804. Characteristic peaks of the benzylamine are a CH2 signal at 3.87 ppm in the 1H NMR spectrum and at 50.1 ppm in the 13C NMR spectrum. 

The second fraction to elute was the ring opened rearrangement product 312 as a yellow oil (0.022 g, 7 %); νmax/cm-1 (neat); 1688, 1596, 1221; δH (400 MHz, CDCl3) 0.54 – 0.58 ppm, (1H, m, 1H of cyclohexyl CH2), 0.73 (1H, qd, J 12.8, 4.2, 1H of cyclohexyl CH2), 0.88 – 1.14 (1H, m, 1H of cyclohexyl CH2), 1.19 – 1.36 (1H, m, 1H of cyclohexyl CH2), 1.39 – 1.47 (1H, m, 1H of cyclohexyl CH2), 1.54 (1H, qd, J 11.8, 3.8, 1H of cyclohexyl CH2), 1.71 – 1.82 (1H, m, 1H of cyclohexyl CH2), 2.09 – 2.17 (1H, m, 1H of cyclohexyl CH2), 2.43 [1H, td, J 11.2, 3.1, C(4)H], 3.61 (1H, td, J 11.4, 3.4, CHO), 4.09 (2H, d, J 6.6, PhCH2), 7.10 – 7.39 (10H, m, 10 x Aromatic CH),  8.54 (1H, br t, OH, exchanges rapidly in D2O shake); δC (75.5 MHz)  24.2, 25.3, 28.6, 30.1 (4 x CH2), 47.2 [CH, C(4)H], 47.4 (CH2, CH2Ph),  84.7 (CH, CHO), 94.2 (Cq, Cspiro), 126.9, 127.2, 128.6, 129.1 (4 signals representing 10 x Aromatic CH), 133.5, 139.3 (Cq, 2 x Aromatic Cq), 158.55 (Cq, C=N), 174.7 (Cq, C=O); MS: (M)+ 397 (53 %) HRMS (ESI+) Exact mass calculated for C22H24NO4S [M+H]+, 398.1426 Found: 398.1423. 
Signals corresponding to a minor impurity are present in the 1H NMR spectrum as doublets at 4.19 and 4.55 ppm with J values of 14.4 Hz and a singlet at 4.81 ppm respectively. These signals correspond to 9% of the material. 

 The third fraction to elute was the debenzylated aziridine 313 as a white crystalline solid (0.024 g, 10%); m.p. 86 – 87°C, νmax/cm-1 (neat); 1764, 1156; δH (400 MHz, CDCl3) 1.28 – 1.50 (4H, m, 4H of cyclohexyl CH2), 1.56 – 1.84 (4H, m, 3H of cyclohexyl CH2,  1 x NH), 1.89 – 2.03 (2H, m, 2H of cyclohexyl CH2),  2.30 (1H, d, J 11.6, 1 H of cyclohexyl CH2), 2.58 [1H, qd, J 12.2, 3.3, C(4)H], 3.97 (CH, td, J 11.3, 3.7, CHO), 4.27 (1H, d, J 12.7, CHPh), 7.50 (2H, t, J 8.1, 2 x Aromatic CH), 7.62 (1H, t, J 8.1, 1 x Aromatic CH), 8.01 (2H, d, J 7.5, 2 x Aromatic CH); δC (75.5 MHz) 24.0, 25.1, 27.6, 30.1 (4 x CH2, 4 x cyclohexyl CH2), 47.2 [CH, C(4)H], 54.4 (CH, CHPh),  83.1 (CH, CHO), 128.76 (2 x CH, 2 x Aromatic CH), 129.2 (2 x CH, 2 x Aromatic CH), 133.9 (1 x CH, 1 x Aromatic CH), 136.4 (1 x Cq, 1 x Aromatic Cq), 172.2 (Cq, C=O); MS (M+H)+ 244 (20%); HRMS (ES+) Exact mass calculated for C15H18NO2 [M+H]+, 244.1338. Found 244.1325.
Note: No spiro signal was observed for this aziridine 313. An extraneous signal was seen in the 13C NMR spectrum at 193.4 pp, and may correspond to benzaldehyde formed in the reaction conditions. 

Dipolar cycloaddition of N-benzyl-1-phenylmethanimine oxide 211 with with the -oxo sulfine derived from -diazosulfoxide 76 
Scheme 154
The -diazosulfoxide 76 (0.220 g, 0.96 mmol, 1 eq) was dissolved in the minimum amount of dichloromethane (5 mL). The nitrone 211 (0.204 g, 0.96 mmol, 1 eq) was added dropwise as a solution in dichloromethane (5 mL). Lastly, rhodium acetate dimer was added (0.004 g, 0.04 mmol, 5 mol %). The reaction mixture was dark green on addition of the rhodium catalyst but turned brown gradually over 15 min. The reaction mixture was stirred at room temperature for 60 h and then concentrated under reduced pressure to leave a dark brown oily residue (0.298 g). This residue was dissolved in dichloromethane and purified by column chromatography on silica gel. Purification by  gradient hexane-ethyl acetate as eluent (100% hexane – 90 : 10) led to the elution of two separate products. 

The first fraction was the ring opened rearrangement product 316 as a bright yellow oil (0.016 g, 4%);  Bright yellow oil; νmax/cm-1 (neat) 1688, 1055; δH(300 MHz, CDCl3) 0.43 (1H, d, J 12.9, 1 x cyclohexyl CH), 0.72 – 1.15 (3H, m, 3 x cyclohexyl CH), 1.20 – 1.96 (7H, m, overlapping signals include a 3H s at 1.23 ppm and 4 x cyclohexyl CH), 2.65 [1H, dd, J 12.6, 3.4, C(4)H], 4.04 (2H, d, J 6.6, CH2Ph), 7.08 – 7.36 (10 H, m, 10 x Aromatic CH), 8.36 – 8.40 (1H, br t, OH); δC (100 MHz, CDCl3) 18.8 (CH3, CqCH3), 22.8, 24.7, 25.3, 36.7 (CH2, 4 x cyclohexyl CH2), 47.4 (CH2, CH2PH), 50.6 [CH, C(4)H], 84.7 (Cq, CqCH3), 94.9 (Cq, Cspiro), 126.8, 127.0, 128.0, 128.5, 128.7, 128.9, (6 signals representing 10 x Aromatic CH), 133.5, 139.5 (Cq, 2 x Aromatic Cq), 157.8 (Cq, C=N), 174.5 (Cq, C=O); HRMS (ESI+) Exact mass calculated for C23H26NO4S [M+H]+, 412.1579 Found: 412.1583.
Signals for an unknown impurity are present in the 1H NMR spectrum as doublets at 4.23, 4.38 and 4.57 ppm. These signals correspond to 15% of the material.

The second fraction to elute contained the debenzylated aziridine 317 as an off white crystalline solid (0.042 g, 13%); Found C, 74.26; H 7.73 C16H19NO2 requires C, 74.68; H 7.44; m.p. 96 – 97°C, νmax/cm-1 (neat); 2930, 1760, 1183; δH (400 MHz, CDCl3) 1.21 – 1.69 (8H, m, containing 3H s at 1.42 ppm and 5 x cyclohexyl CH), 1.71 – 1.97 (4H, m, containing 3 x cyclohexyl CH and 1 x NH), 1.74 – 1.91 (4H, m, 4 x cyclohexyl CH), 2.03 – 2.11 (1H, m, 1 x cyclohexyl CH), 2.79 [1H, td, J 12.6, 2.9, C(4)H], 4.39 (1H, d, J 13.3, CHPh), 7.50 (2H, t, J 8.0, 2 x Aromatic CH), 7.58 – 7.63 (1H, m, 1 x Aromatic CH), 8.01 (2H, d, J 7.7, 2 x Aromatic CH); δC (75.5 MHz, CDCl3) 19.1 (CH3), 23.0, 24.3, 25.4, 36.9 (4 x CH2, 4 x cyclohexyl CH2), 49.6 [CH, C(4)H], 51.9 (CH, CHPh), 84.9 (Cq, CqO), 128.7 (2 x CH, 2 x Aromatic CH), 129.2 (2 x CH, 2 x Aromatic CH), 133.8 (1 x CH, 1 x Aromatic CH), 172.0 (Cq, C=O); MS (ESI+) tentative 257 M+ (10%).
Note:  The Cspiro is not seen in the 13C NMR spectrum.
Dipolar cycloaddition of N-benzyl-1-phenylmethanimine oxide 211 with with the -oxo sulfine derived from -diazosulfoxide 78 


Scheme 155
The -diazosulfoxide 78 (0.093 g, 0.49 mmol, 1 eq) was dissolved in the minimum amount of dichloromethane (5 mL). The nitrone 211 (0.104 g, 0.49 mmol, 1 equiv) was added dropwise as a solution in dichloromethane (5 mL). Lastly, rhodium acetate dimer was added (0.001 g, 0.02 mmol, 1 mol %). The reaction mixture was dark green on addition of the rhodium but gradually turned brown over 15 min. The reaction mixture was stirred at room temperature for 60 h and then concentrated under reduced pressure to leave a dark brown oil/residue. This was dissolved in the minimum amount of dichloromethane and purified by column chromatography on silica gel using  gradient hexane-ethyl acetate as eluent (100% - 90 : 10) leading to the elution of three separate tentatively assigned products. 

The first fraction contained the aziridine 319 as a colorless oil (0.016 g, 9%); νmax/cm-1 (neat) 2926, 2125, 1757, 698; δH (CDCl3, 400MHz) 0.71 (3H, d, J 7.2, CH3), 1.17 (3H, d, J 6.2, CH3), 1.48 – 1.62 [1H, m, C(4)H], 3.64 (1H, s, CHPh), 3.92 – 3.99 (1H, m, CHO) 4.21 (1H, d, J 13.6, A of ABq, one of CH2Ph), 4.32 (1H, d, J 13.6, B of ABq, one of CH2Ph), 7.26 – 7.45 (10H, m, 10 x Aromatic CH); δC (CDCl3, 100MHz) 15.5, 20.6 (CH3, 2 x CH3), 37.3 [CH, C(4)H], 50.1 (Cq, Cspiro), 53.1 (CH, CHPh), 54.8 (CH2, CH2Ph), 81.7 (CH, CHO), 127.2 (CH, 1 x Aromatic CH), 127.5 (CH, 2 x Aromatic CH), 127.7 (CH, 1 x Aromatic CH), 128.3, 128.4, 129.1 (CH, 3 signals representing 6 x Aromatic CH), 135.4, 138.8 (Cq, 2 x Aromatic Cq). No signal was seen for the C=O; MS (ESI M+H)+ 308 (100%); HRMS (ES+) Exact mass calculated for C20H22NO2 [M+H]+, 308.1651. Found 308.1654. 

The second fraction to elute was the ring opened rearrangement product 320 as a pale yellow oil (0.029 g, 16%);  νmax/cm-1 (neat) 1681, 1593, 1229; δH (CDCl3, 400MHz) 0.64 (3H, d, J 6.5, CH3), 1.31 (3H, d, J 6.6, CH3), 2.43 – 2.50 [1H, m, C(4)H], 4.01 – 4.09 (1H, m, CHO), 4.12 (2H, dd, J 6.6, 2.1, CH2Ph), 7.10 – 7.12 (2H, m, 2 x Aromatic CH), 7.20 – 7.29 (5H, m, 5 x Aromatic CH), 7.39 – 7.41 (3H, m, 3 x Aromatic CH), 8.79 (1H, br t, OH); δC (CDCl3, 100 MHz) 20.4, 21.2 (CH3, 2 x CH3), 40.4 [CH, C(4)H], 47.7 (CH2, CH2Ph), 81.2 (CH, CHO), 94.8 (Cq, Cspiro), 126.9, 127.2, 128.6, 129.2 (CH, 4 signals representing 10 x Aromatic CH), 133.5, 139.2 (Cq, 2 x Aromatic Cq), 160.3 (Cq, C=N), 173.7 (Cq, C=O); MS (ESI+) tentative 371 M+ (10%). 


[bookmark: _Toc505089682][bookmark: _Toc506311739][bookmark: _Toc523135334]3.7.5 Nitrone and ketone derived -oxo sulfine dipolar cycloaddition reactions
Cycloaddition reaction of the -oxo sulfine derived from -diazosulfoxide 80 with the dibenzylnitrone 211


Scheme 156

The nitrone 211 (0.249 g, 1.18 mmol, 2.6 eq) was added to the -diazosulfoxide 80 (0.100 g, 0.45 mmol, 1 eq) in dichloromethane/ethyl acetate  (1 : 1, 10 mL, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a 10 minute residence time, followed by a 10 mm id Omnifit™ glass column packed with Alumina (~2 g, volume, ~ 1.2 mL). The crude material was collected as a brown solution and concentrated under reduced pressure to give the crude product as a viscous brown oil (0.359 g). Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture with no evidence of the -diazosulfoxide 80 starting material, or intermediate -oxo sulfine. Purification of the material using gradient elution with hexane - ethyl acetate (100 : 0 -  50 : 50) led to elution of the aziridine rearrangement product 329 as a yellow crystalline solid; which is formed as one diastereomer through the loss of SO2 (0.056 g, 32%).; mp 127 - 128°C; νmax/cm-1 (neat) 1698, 1277, 1048; δH (300 MHz, CDCl3) 2.20 (3H, s, 1 x ArCH3), 2.64 (1H, d, A of ABq, J 18.1, one of ArCH2), 2.94 (1H, d, B of ABq, J 18.1, one of ArCH2),  3.74 (1H, s, CHPh), 4.33 – 4.47 (2H, J 14.1, ABq, benzylic CH2), 7.13 – 7.40 (12H, m, 12 x Aromatic CH), 7.58 (1H, d, J 7.3, 1 x Aromatic CH); δC (CDCl3, 75.5 MHz) 17.8 (CH3, ArCH3), 31.1 (CH2, ArCH2), 54.0 (CH2, NCH2), 54.6 (Cq, Cspiro), 55.1 (CH, CHPh),  120.6, 126.7, 127.5, 127.6, 128.1, 128.3, 128.3, 135.1 (8 signals representing 13 x Aromatic CH), 135.4, 137.2, 137.3, 139.6, 151.4 (5 signal representing 5 x Aromatic Cq), 201.6 (Cq, C=O). (M+H)+ 340 (100%), HRMS (ESI+) Exact mass calculated for C24H22NO [M-H]+, 340.1701 Found: 340.1687.



Cycloaddition reaction of the -oxo sulfine derived from -diazosulfoxide 14 with the dibenzylnitrone 211

The nitrone 211 (0.399 g, 1.89 mmol, 2.6 eq) was added to the -diazosulfoxide 14 (0.150 g, 0.73 mmol, 1 eq) in dichloromethane/ethyl acetate  (1 : 1, 15 mL, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C, with a 10 min residence time, followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~ 1.8 mL). The crude material was collected as a brown solution and concentrated under reduced pressure to give the crude product as a viscous brown oil (0.426 g). Analysis of the mixture by 1H NMR spectroscopy showed the presence of 327 as a major component, with no evidence of the -diazosulfoxide 14 starting material or intermediate -oxo sulfine. Signals corresponding to residual nitrone 211 were apparent at 4.96 (2H, s), and 8.18 – 8.22  (2H, m). A singlet at 10.0 ppm is tentatively assigned to benzaldehyde. Purification of the crude product using gradient hexane - ethyl acetate as eluent (100 : 0 – 50 : 50) led to the elution of two products. The first fraction contained the aziridine rearrangement product 327 as a brown oil;  (0.044 g, 18%); νmax/cm-1 (neat) 1697, 1603, 1258, 726; δH (300 MHz, CDCl3) 2.77 (1H, d, A of ABq, J 18.2, one of ArCH2), 3.07 (1H, d, B of ABq, J 18.2, one of ArCH2),  3.73 (1H, s, CHPh), 4.36 – 4.48 (2H, ABq, J 14.1, benzylic CH2), 7.13 - 7.39 (12H, m, 12 x Aromatic CH), 7.49 – 7.54 (1H, t, J 7.3, 1 x Aromatic CH),  7.74 (1H, d, J 7.6, 1 x Aromatic CH);  δC (CDCl3, 75 MHz); 32.1 (CH2, ArCH2), 54.0 (CH2, NCH2), 54.5 (Cq, Cspiro), 55.2 (CH, CHPh),  123.3, 126.2, 126.7, 127.3 (CH, 4 x Aromatic CH), 127.5 (CH, 2 x Aromatic CH), 127.6  (CH, 1 x Aromatic CH), 128.0, 128.2, 128.3 (3 signals representing 6 x Aromatic CH), 134.5 (CH, 1 x Aromatic CH), 137.2, 137.5, 139.6, 152.3 (4 x Aromatic Cq), 201.3 (Cq, C=O); (M+H)+ 326 (100%); HRMS (ESI+) Exact mass calculated for C23H20NO [M+H]+, 326.1545 Found: 326.1543.

A second impure fraction was isolated as a dark brown residual oil (0.022 g, 8%). The ring opened rearrangement product 328 was the major component. Characteristic signals of the major component 328 are as follows; νmax/cm-1 (neat) 1716 (weak), 1603, 1569, 1322; δH (300 MHz, CDCl3); 3.27 (2H, s, ArCH2), 4.30 (2H, d, J 6.7, PhCH2), 7.16 – 7.52 (13H, m, 13 x Aromatic CH), 7.82 (1H, d, J 7.2, 1 x Aromatic CH), 10.97 (1H, br s, OH); δC (CDCl3, 75 MHz) 32.1 (CH2, ArCH2), 48.1 (CH2, PhCH2), 105.3 (Cq, Cspiro), 122.6, 125.2, 126.8 (3 x Aromatic CH), 126.9 (CH, 2 x Aromatic CH), 127.3 (CH, 1 x Aromatic CH), 127.8 (CH, 2 x Aromatic CH), 128.6 (CH, 2 x Aromatic CH), 128.8 (CH, 2 x Aromatic CH), 129.2 (CH, 1 x Aromatic CH), 131.1 (CH, 1 x Aromatic CH), 133.8 (Cq, 1 x Aromatic Cq), 138.8 (Cq, 1 x Aromatic Cq), 141.5 (Cq, 1 x Aromatic Cq), 147.6 (Cq, 1 x Aromatic Cq), 161.2 (Cq, C=N), 191.4 (Cq, C=O). Note: repeated attempts to find the corresponding molecular ion by mass spectrometry were unsuccessful. 
Cycloaddition reaction of the -oxo sulfine derived from -diazosulfoxide 14 with the piperidine derived nitrone 212

The nitrone 2,3,4,5-tetrahydropyridine 1-oxide 212 was freshly generated from 1-hydroxypiperidine (0.191 g, 1.89 mmol, 2.6 eq) (procedure described in section 3.6) and  added to the -diazosulfoxide 14 (0.150 g, 0.73 mmol, 1 eq) in dichloromethane/ethyl acetate  (1:1, 15 mL, 0.04 M). The solution was pumped through a 10 mL reaction coil heated to 100°C followed by a 10 mm id Omnifit™ glass column packed with Alumina (~3 g, volume ~ 1.8 mL). The crude product was collected as an brown solution and concentrated under reduced pressure to give the crude product as a viscous brown oil (0.304 g). Analysis of the mixture by 1H NMR spectroscopy showed a complex mixture including 333 and 332 with complete consumption of the -diazosulfoxide 14. Purification of the crude material using gradual hexane - ethyl acetate as eluent (100 : 0 – 50 : 50) led to elution of multiple products. The first fraction contained the rearrangement product 333 as a yellow crystalline solid (0.024 g, 12%). Mp 163 – 165°C; νmax/cm-1 (neat) 1721, 1159; (300 MHz, CDCl3) 1.78 – 1.89 (4H, m, 2 x CH2), 2.57 (2H, t, J 7.1, 1 x CH2), 3.40 – 3.48 (4H, m, ArCH2 and NCH2),  7.31 – 7.38 (1H, m, 1 x Aromatic CH),  7.40 – 7.42 (2H, m 2 x Aromatic CH), 7.76 (1H, d, J 7.3, 1 x Aromatic CH), 10.8 (1H, br s, OH); δC (CDCl3, 75 MHz) 19.3, 22.3, 26.7 (CH2, 3 x CH2), 30.6 (CH2, ArCH2), 41.4 (CH2, NCH2), 102.6 (Cq, Cspiro), 122.1, 125.1, 126.6, 130.3 (CH, 4 x Aromatic CH), 142.0, 146.1 (Cq, 2 x Aromatic Cq),  160.1 (Cq, C=N), 188.7 (Cq, C=O); MS (M)+ 277 (5%); HRMS (ESI+) Exact mass calculated for C14H16NO3S [M+H]+, 278.0862 Found: 278.0851.

A second impure fraction isolated contained the aziridine rearrangement product 332 as the major component and as a brown oil (0.057g, 36%). νmax/cm-1 (neat) 2934, 1710, 1603, 1044; (300 MHz, CDCl3) 1.24 – 1.71 (5H, complex m containing 2 x CH2, 1H of one CH2), 2.09 – 2.21 (1H, symmetrical multiplet, one of CH2), 2.65 (1H, dd, J 3.2, 7.5, CHN), 2.73 – 2.81 (1H, m, 1H, HA of CH2),  3.01 (1H, d, A of ABq, J 17.5, one of ArCH2), 3.19 (1H, d, B of ABq, J 17.5, one of ArCH2),  3.41 – 3.50 (1H, m, 1H, HB of CH2),  7.40 (1H, t, J 7.3, 1 x Aromatic CH), 7.52 – 7.63 (2H, m, 2 x Aromatic CH), 7.77 (1H, d, J 7.3, 1 x Aromatic CH);  δC (CDCl3, 75 MHz) 18.5, 19.9, 21.8, 26.9 (CH2, 4 x CH2), 41.5 (CH, CHN), 44.1 (CH2, ArCH2), 50.2 (Cq, Cspiro), 123.5, 126.3, 127.7, 134.4 (CH, 4 x Aromatic CH),  136.2, 151.2 (Cq, 2 x Aromatic Cq), 203.7 (Cq, C=O); MS (M+H)+  214 (100%); HRMS (ESI+) Exact mass calculated for C14H16NO [M+H]+, 214.1232 Found: 214.1224.
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