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[bookmark: _Toc506316006]1.1 Introduction

Note: this introduction is reproduced from: 
“Generation, Reactivity and Uses of Sulfines in Organic Synthesis” 
Patrick G. McCaw, Naomi M. Buckley, Stuart G. Collins and Anita R. Maguire, European Journal of Organic Chemistry, 2016, 9, 1630 – 1650. 

Naomi M. Buckley and I were the primary authors of this review. Dr. Stuart Collins and Prof. Anita Maguire provided assistance in terms of proof-reading and help with the overall construction of the manuscript.  
Updates to this review article appear at the end in Section 1.6. 

The name ‘sulfine’ was first proposed by Sheppard and Dieckmann in 1964 to indicate the structural relationship with thiocarbonyl S-dioxides, known as sulfenes.1 Sulfines are the thio analogues of carbonyl oxides (the intermediates in the ozonolysis of alkenes) with the general structure XYC=SO. These thione S-oxides are short-lived and highly reactive. Many routes to these reactive intermediates are known and examples of their reactivity include Diels-Alder cycloadditions, dipolar cycloadditions, nucleophilic attack, self-reactions and rearrangements. Sulfines have also been shown to act as sulfur transfer reagents and metal complexation ligands.2,3  This review aims to highlight the broad range of routes to sulfines and their uses in organic synthesis. The chemistry of sulfines has recently been summarised by Zwanenburg.4-7 Recently developed routes are more robust and more widely applicable than earlier routes and so make the chemistry of sulfines more attractive from a synthetic perspective. Other sulfur functional groups such as sulfones and sulfoxides are widely studied in organic synthesis and have found uses as building blocks and as chiral auxiliaries. Sulfines, being sulfur functional groups also have the potential to be used in this manner. 
[bookmark: _Toc506316007]1.1.1 Sulfine characteristics.
Sulfines are sulfur-centred heterocumulenes with the C=S=O moiety. They can be described as being derived from sulfur dioxide but with an oxygen atom replaced by carbon, or by nitrogen for N-sulfinylamines. The sulfine moiety is non-linear, which is in agreement with what is to be expected for a triatomic molecule with 18 valence electrons. Although the name sulfine corresponds to the non-classical structure (i) (Figure 1)  below, sulfines are alternatively viewed in terms of charge-separated resonance structures (ii) and (iii), where (ii) can be interpreted as the oxide of a thiocarbonyl compound. Although many authors prefer the structure (i), most theoreticians do not regard the participation of sulfur d-orbitals as high, therefore the resonance structures (ii) and (iii) might actually be considered more accurate representations.8 This resonance hybrid constitutes a 1,3-dipole.


[bookmark: _Ref424232688][bookmark: _Ref424232684]Figure 1: Three representations of sulfines. 
In recent years, measurements of sulfines have proven the structure to be non-linear and have shown the predominant form to be structure (ii) in Figure 1. The studies have established this with evidence from, the dipole moment, microwave spectroscopy, proton NMR and X-ray structure determinations.9-12 A consequence of the non-linear structure of sulfines is that they exist as geometrical isomers, provided that the substituents at the sulfine carbon are different. Herein is where the potential to use sulfines in asymmetric synthesis can be found. The ability of sulfines to exist as E- and Z- isomers allows for the formation of isomerically distinct products on treatment with nucleophiles and 1,3-dienes. 13,14 
[bookmark: _Toc506316008]1.1.2 Sulfines in nature
The interesting pathways for sulfine formation and their scope for reactivity can be illustrated by examining the few known naturally occurring sulfines. In 1961, advances in the understanding of organosulfur compounds of the onion (allium cepa) allowed Virtanen et al. to demonstrate that trans-(+)-S-1-propenyl-L-cysteine S-oxide 1 is the precursor of the principal lachrymatory factor of onions (Scheme 1).15 Virtanen also showed that onion allinase was the enzyme responsible for the conversion.16 At the same time, Wilkens independently isolated and described the structure of the lachrymatory factor of onions as the sulfine (Z)-propanethial S-oxide 3 (Scheme 1).17 These compounds, through dimerisation and self-condensation reactions have been found to lead to the unusual and interesting heterocycles shown below (Scheme 2).
The discovery of the first naturally occurring sulfine 3 certainly stimulated the early development of sulfine chemistry throughout the 1960s and 1970s. The biological mechanism for its formation, was provided by Brodnitz and Pascale in 1971. The authors also spectroscopically confirmed Wilkins’ assignment by synthesising propanethial S-oxide 3 from dehydrochlorinating propanesulfinyl chloride 4 (Scheme 1).18 Finally, the Z-stereochemistry was confirmed by Block at al.19 Recent advances in DART-MS has also allowed the detection of naturally occurring butanethial S-oxide from a related plant, allium siculum. 20



[bookmark: _Ref485980371]Scheme 1

The reactivity of the labile and naturally occurring compounds 1-propenesulfenic acid 5 and (Z)-propanethial S-oxide 3 attracted the attention of Block et al. and led to the isolation of a number of unusual and interesting heterocyclic compounds by the routes shown in Scheme 2. Notably, the proposed intermediate 9 is formed via a [3,3]-sigmatropic rearrangement. 21









[bookmark: _Ref431277645]Scheme 2


More recently in 2003, Kubec et al. isolated the lachrymatory factor Z-thiobenzaldehyde S-oxide 13 from the root of Petiveria alliacea, a perennial shrub found widely in South and Central America.22 The E-isomer was not found and the mechanism for its formation remains unclear, although the authors suggest S-benzylcysteine sulfoxide (petiveriin) 12 as its precursor. Interestingly, the authors also reported moderate antimicrobial activity of the sulfine, which was tested against a panel of gram positive and gram negative bacteria (Scheme 3).22




[bookmark: _Ref491768131]Scheme 3

The lability of these compounds presumably explains the relatively few examples of naturally occurring sulfines which have been isolated to date. These reports of sulfines isolated from nature are partly responsible for the increased interest in both the synthesis and reactivity of sulfines. 
[bookmark: _Toc506316009]1.2 Preparation of sulfines


In 1923, the first synthetic route to a sulfine was published by Wedekind.23 It was synthesised via the reaction of an alkyl sulfonyl chloride 14 with a tertiary amine base. Camphor-10-sulfonyl chloride 14, in the presence of pyridine or triethylamine produced the product 15 which was tentatively assigned as a sulfine (Scheme 4). The sulfine product was confirmed years later in 1963 by King and Durst, who also confirmed the existence of sulfines as stable geometrical isomers.9 The assignment of the E and Z geometry was made by proton NMR spectroscopy, melting points and dipole moment differences. Although the mechanism for the sulfine formation has since been elucidated9,24 and yields have been increased by addition of p-toluenesulfonyl chloride,25 this method used to generate the first sulfine is not very widely used nowadays (Scheme 4).



[bookmark: _Ref485980874]Scheme 4
Instead, multiple other methods have since been established and each of these will be discussed further (Scheme 5). 












[bookmark: _Ref432086427]Scheme 5


[bookmark: _Toc506316010]1.2.1 Oxidation to sulfines
The conversion of ketones and aldehydes to thiocarbonyl compounds is a simple, one pot, one step reaction often carried out under microwave irradiation and resulting in high yields (Scheme 6).26-28 Due to this ease of access to thiocarbonyl compounds, oxidation of these is a widely used route to sulfines. 
The oxidation of thiocarbonyl compounds to sulfines has been reported using m-CPBA,6 and monoperphthalic acid.29 As well as singlet oxygen,30 ozone has been used for sterically hindered thiocarbonyl compounds, and boron trisulfide (Stelios’s reagent)31  in limited cases. 


[bookmark: _Ref433100910]Scheme 6
The first reported synthesis of a sulfine by oxidation of a thiocarbonyl compound was by Walter in 1960.32 Walter showed that oxidation of thioamides with hydrogen peroxide produced thioamide-S-oxides, but these were previously believed to have been iminosulfenic acids. The sulfines were isolable on the condition that there was an amide proton available for intramolecular stabilisation of the sulfine through hydrogen bonding. Initial investigations following these reported methods for the synthesis of sulfines proved unsuccessful. However, that changed when Zwanenburg reported that careful treatment of fused aromatic thioketones with monoperphthalic acid gave the corresponding sulfines in excellent yields.29,33 Zwanenburg found that fused, aromatic thioketones gave the best results for the synthesis of sulfines. Zwanenburg treated thioketones with dimethyldioxirane to produce the corresponding S-oxides 16-21 in high yield (Figure 2).


[bookmark: _Ref491767751]Figure 2: Zwanenburg’s sulfines by oxidation.
Significantly, this proved a departure from the previously held assumption that only sulfines derived from non-enethiolisable thiocarbonyls 16-18 and not sulfines derived from enethiolisable thiocarbonyl compounds 19-21 would yield sulfines on oxidation. 
Zwanenburg has also reported the use of ozone as an oxidising agent for this transformation. While it has been found that sterically hindered thiocarbonyl compounds successfully produce sulfines upon treatment with ozone, unhindered thiocarbonyls give the corresponding carbonyl compounds (Scheme 7).34 Zwanenburg rationalised these results by theorising that unhindered thiocarbonyls undergo cycloaddition with ozone, with subsequent loss of sulfur dioxide, to yield carbonyl compounds. However, the same cycloaddition would be much more difficult with a sterically hindered thiocarbonyl compound, instead resulting in nucleophilic attack of the thiocarbonyl sulfur on ozone, with elimination of molecular oxygen giving the sulfine (Scheme 7). 


[bookmark: _Ref425183330]Scheme 7
The oxidation of xanthates has been described by Metzner and co-workers.35 m-CPBA is used in the oxidation of the thiocarbonyl compounds to generate the exceptionally unstable sulfines, which in turn undergo a transformation. Unless the sulfine is sterically hindered it undergoes a transformation at room temperature either through the loss of elemental sulfur, or by intramolecular rearrangement. The first crystal structure of a kinetically stable sulfine was obtained using a sterically hindered xanthate oxide.  


[bookmark: _Ref433014254]Scheme 8
Espenson has described an interesting metal catalysed thiocarbonyl oxidation to sulfines36 using hydrogen peroxide and catalytic methyltrioxorhenium, CH3ReO3 (MTO) 22, to oxidise thiobenzophenones to their sulfines. The author describes this method as superior to the other methods because it is higher yielding and complete within five minutes, even on scale up. Conversions are high with peracids however, the yields are often lower, and with ozonation, a temperature of -70°C and a nitrogen blanket are needed.34,37 The chemistry of this highly effective method is summarised in Scheme 9. The sulfine is formed by nucleophilic attack of the sulfur atom on the electron deficient oxygen atom of the peroxorhenium complex that is the active intermediates in the reaction.


[bookmark: _Ref424746341]Scheme 9 
Rees et al. also found that on treatment of 1,2,3-dithiazoles with tetracyanoethylene oxide, the more nucleophilic thione sulfur was oxidised to the sulfine.38 The sulfines formed were unstable and quickly revert to the thione on heating. Interestingly, only one configuration of sulfine was detected, the Z sulfine and it is suggested the reason for this is the electronic and steric repulsions that would arise in the E sulfine are unfavourable. 
El Gokha et al. have shown that when trithiocarbonates are oxidised to the corresponding sulfine with m-CPBA, only one stable isomer is formed, the Z isomer (Scheme 10).39 On cycloaddition with diene 24, in chloroform, at 60 °C, and following analysis of the crystal structure by X-ray crystallography, it was confirmed the only product is the diastereomer 25 from the E-sulfine. This suggests thermal isomerisation of the sulfines during cycloaddition or else initial formation of the cis cycloadduct followed by diastereomerisation into the more stable trans cycloadduct via a retro-Diels-Alder reaction.39


[bookmark: _Ref491768819]Scheme 10
This research, along with others, has helped to establish that the isomeric ratio of E/Z is dependent on the unsymmetrical structure of the thiocarbonyl compound and the stability of the kinetic and thermodynamic isomers. 
An unusual class of sulfines, -disulfines were recently prepared by treating thiocamphor derived tetrathiin, with m-CPBA (Scheme 11). Spectroscopic analysis indicated the existence of the -disulfine in the E,Z-form.40 These unusual -disulfines 27 were also prepared by Schutz et al. who generated them through oxidation of 1,2-dithietes 26 and confirmed the structure using X-ray crystallography.41




[bookmark: _Ref504920480]Scheme 11

A unique method for the synthesis of a sulfine exists using singlet oxygen as the reagent. The proposed mechanism for the photo-oxidation of the thiophene system 28 is the formation of a thiazonide intermediate 29, which rearranges to an oxathiirane 30 which undergoes further rearrangement to form the sulfine 31 (Scheme 12). 42


[bookmark: _Ref431197988]Scheme 12 
The methods for the preparation of sulfines are diverse, each having its own advantages. These routes to sulfines has proven the most widely applicable and widely used in organic synthesis, having many oxidising reagents available, and having been applied to many types of compounds including ,β-unsaturated thiones,6,29,33 trithiocarbonates,6 dithiocarboxylic esters43 and thioketones.3	
[bookmark: _Toc506316011]1.2.2 Dehydrochlorination and elimination reactions of sulfinyl halides 
Some thiocarbonyl compounds are inherently unstable, and because of this, other routes to the target sulfine are required. Dehydrohalogenation is often used to access reactive intermediates such as 1,3-dipoles and in the same way, sulfines can be generated through base-induced dehydrohalogenation of 1,2-sulfinyl halides.  One of the first methods developed in the preparation of sulfines involved the elimination of hydrogen chloride from sulfinyl chlorides bearing an -hydrogen atom (Scheme 13).25 This method of accessing sulfines is usually only used for aliphatic substituted sulfines and rarely for aromatic substituted sulfines as the parent sulfinyl halide is difficult to access. 


[bookmark: _Ref434423269]Scheme 13
Notably, the first thioaldehyde S-oxide and the first thioketone S-oxide were prepared by this method. Zwanenburg and co-workers prepared the first thioaldehyde S-oxide in 1964,25 the same year in which Dieckmann and Sheppard prepared fluorenethione S-oxide, employing the same dehydrohalogenation method.1 The first stable ,β-unsaturated thioaldehyde S-oxide was isolated by Gottlieb et al. using this method,44 albeit, with the elimination of chloroform instead of HCl, from a trichloromethyl sulfoxide. Notably, this reaction resulted in the formation of both the E and Z-isomers of the sulfine and isomerisation of the sulfines was observed in the presence of triethylamine.  The authors proposed that the E-sulfine was the kinetic product and that the Z-sulfine was the thermodynamic product and that the conversion of E to Z could be explained by an addition-elimination reaction of triethylamine. 









[bookmark: _Ref504920570]Scheme 14


Scheme 14 illustrates that by elimination of good leaving groups such as HCl from 32 and 34, sulfines 33  and 35 can be generated.  This is also true for the elimination of trimethylsilanol from a sulfoxide 36 to form sulfine 37 (Scheme 15).7 Although not widely applicable it is a mild method for the synthesis of sulfines which, when in the presence of an acid scavenger, can yield sulfines up to 82%.


[bookmark: _Ref434423546]Scheme 15
 The same can be said for the elimination of a methanol anion from diarylmethanesulfinates.45 On treatment with amines or a methoxide anion at room temperature, deprotonation occurs alpha to the sulfoxide with the elimination of the methoxide leaving group. Surprisingly, the elimination is faster than the substitution reaction. Other similar routes to sulfines include the elimination of phthalimide from N-phthaloylsulfinamide.46 Also reported for the generation of sulfines via dehydrohalogenation, is the 1,3-dehydrochlorination of 1,3-chlorosulfenic acids (Scheme 16). The proposed route to the sulfines is hydrolysis of a sulfenyl chloride 38 to an intermediate sulfenic acid 39 which undergoes dehydrohalogenation in slightly basic conditions to form the sulfine product 40.47,48


[bookmark: _Ref434423592]Scheme 16 
Overall, this dehydrohalogenation method has become an important and widely used route to sulfines, aided by the publication of efficient routes to the required sulfinyl chlorides.5,7 This method has been used in the synthesis of natural products, specifically to access ethylsulfine, the lachrymatory factor in onions.18,49


[bookmark: _Toc506316012]1.2.3 Sulfenylation of activated methylene compounds 
On combination of activated methylene compounds and thionyl chloride under basic conditions, an intermediate alkyl sulfinyl halide is formed and quickly undergoes dehydrohalogenation to the -oxo sulfine. The first example of this was reported in 1981 and by trapping the sulfine 42 with diene 24 and confirming the product 43 with a crystal structure, the generation of an intermediate sulfine 42 was determined unambiguously (Scheme  17). 50 

[bookmark: _Ref434501854]Scheme  17 



This sulfenylation method towards sulfines, and trapping them to generate synthetically interesting compounds has been exploited extensively in the literature. Examples of tertiary amine bases used in this methodology include triethylamine, pyridine, and 2,6-lutidine. Interestingly, these bases can also be used in catalytic amounts.51,52 In contrast to this, oxindoles were recently found to react readily with thionyl chloride to give the respective sulfines and in excellent yield (Scheme 18). Unusually, activation of the methylene group was not required, due to the aromaticity of the system. 53


[bookmark: _Ref424579148]Scheme 18 


The fact that some reactions require only catalytic amounts of base can be explained under the premise that the enol tautomer of the ketone is partly responsible for the sulfenylation reaction. This has been proven by utilising the enol tautomer as the silyl enol ether. This efficient route towards -oxosulfines was developed by Zwanenburg using readily available methylene ketones. A variety of silyl enol ethers have been treated with thionyl chloride to give -oxosulfines and their cycloadducts in good yields (Scheme 19).54,55 











[bookmark: _Ref427173071]Scheme 19



The range of labile -oxosulfines 44-48 which were prepared by Zwanenburg using this method are illustrated in Figure 3.44,45





[bookmark: _Ref491769831]Figure 3: -oxo sulfines generated by Zwanenburg. 

Other examples of sulfines generated in this way include substituted methyl sulfones with the substituents varying from phosphonyl 49, carboxyoxazolidinone 50, carboxylate 51, 2-pyridyl 52, or 2-quinolyl 53 groups (Figure 4). These sulfonyl sulfines are trapped with dienes and the resulting cycloadducts have been isolated in yields up to 88% and d.r. up to 100%. 56

[bookmark: _Ref424576292]
[bookmark: _Ref491769879]Figure 4: Range of sulfonyl sulfines generated. 
[bookmark: _Toc506316013]1.2.4 Alkylidenation of sulfur dioxide

Sulfines can be considered as the alkylidene derivatives of sulfur dioxide. It was first reported by Peterson that alkylidenation of -silyl carbanions with sulfur dioxide is an attractive route towards sulfines.57 This route proceeds by initial reaction of an -silyl carbanion with sulfur dioxide, resulting in the formation of an -silyl sulfinate, which undergoes the loss of trimethylsilanoate to form the sulfine. This sequence can thus be referred to as a modified Peterson olefination reaction and is widely used for the synthesis of sulfines (Scheme 20). 





[bookmark: _Ref491770288]Scheme 20


The attractiveness of this route is the -silyl carbanions are easily accessible and it is a one-pot procedure which produces sulfines in moderate to high yields. Also due to differing routes to -silyl carbanions, preparation of more derivatives of sulfines have been possible which would not have been available by other methods. An example of this was reported by Van der Leij, where β-addition of nucleophiles on vinyl silanes leads to sulfines with a hydrogen atom alpha to the sulfur, which would not be accessible by other routes (Scheme 21).58


[bookmark: _Ref485985794]Scheme 21 
Reactions of phosphonium ylides with sulfur dioxide were first investigated by Staudinger in 1922, but the isolated products were not sulfines. They were established to be a diaryl ketone and sulfur; in retrospect this can be explained by decomposition of the unstable sulfine intermediate.59 Further work by Zwanenburg established that stable phosphonium ylides react with excess sulfur dioxide, in polar solvents, undergoing an elimination reaction to form sulfines, which when sterically hindered can be isolated.  The initial combination of the ylide with the sulfur dioxide results in the formation of a sulfobetaine which collapses to form triphenylphosphine oxide and the desired sulfine.60  Using this method, by treating (diarylmethylene)triphenylphosphoranes with sulfur dioxide, diarylsulfines have been prepared in moderate to good yields (Scheme 22). 


[bookmark: _Ref432619209]Scheme 22
A modified Peterson olefination reaction, involving the alkylidenation of sulfur dioxide with an α-trimethylsilylated allenic sulfone, was developed by Zwanenburg and co-workers to prepare α,β-unsaturated sulfines. The sulfine species were formed as intermediates and then rapidly cycloaromatised to form thiophene.  This cycloaromatisation took place at a rate even faster than Diels-Alder cycloaddition; when the reaction was carried out in the presence of 2,3-dimethyl-1,3-butadiene, there was no effect on the formation of thiophene (Scheme 23).61


[bookmark: _Ref425966404]Scheme 23
[bookmark: _Toc506316014]1.2.5 Rearrangement and elimination reactions from sulfoxides
Sulfides are easily oxidised to sulfoxides by many different methods and due to this variation of routes, a route to sulfines using sulfoxides as precursors would be widely applicable in organic synthesis. There are various reported methods for this type of transformation. The first example was in 1970, photolysis of sulfinylpyrazoles generated the sulfinylvinyl carbene intermediates, which formed the sulfines. The sulfines, however, were reported as quite unstable compounds and readily decomposed by desulfurisation to ketones (Scheme 24).62
[bookmark: _Ref431193633]Scheme 24 





Rosati et al. also reported a rearrangement of sulfoxides as a route to sulfines in 1980.63,64 Under photochemical conditions -diazosulfoxides undergo dediazotisation to form the carbene, which undergoes a hetero-Wolff rearrangement to give the sulfine. Again, the unstable sulfine undergoes desulfurisation resulting in formation of the ketone. Rosati showcased this reaction with the conversion of a cephalosporinate to a carbapenem product (Scheme 25).65


[bookmark: _Ref487018296]Scheme 25

Recently, Maguire et al. have demonstrated rhodium carboxylate- or carboxamide-catalysed decomposition of cyclic -diazosulfoxide precursors results in formation of both E- and Z--oxosulfines by this method of ring contraction. 66-68 The authors have also demonstrated that the Z-sulfine is the kinetically formed isomer, and the E-sulfine is the thermodynamically formed isomer. These -oxosulfines have been detected in argon matrices and in some instances can be isolated and characterised directly from transition metal catalysed decompositions (Scheme 26).66,69

 
[bookmark: _Ref435271482]Scheme 26

This route is a useful tool in the preparation of -oxosulfines.70 Efficient hetero-Wolff rearrangements of -diazosulfoxides to -oxosulfines has been reported under microwave conditions in the absence of a transition metal catalyst. The outcome of the transformation was very similar to the outcome under thermal conditions, with no evidence of specific microwave effects.67 Photochemical, metal-free conditions have also been used to generate sulfines from these -diazosulfoxides.71 

Another route to sulfines through the use of sulfoxides is the reaction of diazoalkanes, phosphonium ylides, sulfonium ylides and pyridinium ylides with sulfur monoxide.72,73 Sulfur monoxide is generated from trans-2, 3-diphenylthiirane 54 oxide in refluxing dichloromethane and reacts in situ (Scheme 27). 




[bookmark: _Ref434503138]Scheme 27 


The thermolysis of sulfoxides using flash vacuum pyrolysis has also been shown as a route to sulfines. Although the parent sulfine is unstable, with an estimated lifetime of 30 minutes at room temperature, it can be isolated in an argon matrix at 18 K and studied in this way.74 The sulfines generated by this method are often either trapped75 or readily decompose to a thermodynamically more stable product.76 Aitken and co-workers carried out flash vacuum pyrolysis of α-sulfinyl phosphorus ylides  (500 °C, 10-2 Torr) and found that triphenylphosphine, as opposed to triphenylphosphine oxide, was mainly extruded from these compounds.77 While formation of thioesters was one of the main pathways observed, ketones were also observed. Wolff rearrangement of the sulfinyl carbenes and the subsequent formation of ketones was attributed to extrusion of sulfur from the intermediate oxathiiranes which had been formed by electrocyclisation of the sulfines (Scheme 28).

 








[bookmark: _Ref487018726]Scheme 28 


The thermolysis of sulfoxides to produce sulfines has also been exploited by Morita and co-workers.78 β-Ketosulfoxides bearing heterocycles such as thiadiazole, triazole and tetrazole were heated in the presence of base and a diene trap in dioxane. On deprotonation of the activated methylene group the nitrogen containing heteroaromatic group is eliminated and the sulfine 56 generated (Scheme 29). The cycloaddition with the diene 24 occurs rapidly and the stereochemistry of the cycloadduct 57 by the hetero Diels-Alder reaction is dependent on the ratio of E/Z of the sulfine. Although these sulfines are not isolated, this is another one step route to sulfines from activated sulfoxides. 






[bookmark: _Ref505093389]Scheme 29

A unique method, published by Block et al. in 1985 generates sulfines through a thio-Claisen rearrangement.79 On oxidation of a 1-alkenyl-2-alkenyl sulfide to the corresponding sulfoxide  the rate of [3,3]-sigmatropic thio-Claisen rearrangement is considerably enhanced, leading to isolable sulfine in excellent yields and, E/Z ratios of up to 2 : 98 depending on the substitution pattern of the sulfoxides (Scheme 30).


[bookmark: _Ref434667778]Scheme 30
Interestingly, Vallée and co-workers discovered the rearrangement of a vinyl sulfoxide 58 to a sulfine 59 during an attempt to synthesise the thioketene-S-oxide 60 by retro-Diels-Alder reaction. The rearrangement did not involve a [3,3]-sigmatropic rearrangement and was proposed to proceed by homolytic cleavage of the dibenzylic C–S bond followed by recyclisation on the reverse side of the diradical 62 (Scheme 31). 80


[bookmark: _Ref425967074]Scheme 31
[bookmark: _Toc506316015]1.2.6 In situ by hetero retro-Diels-Alder
Retro-Diels-Alder reactions of appropriate precursors can afford sulfine products. Kirby and McGregor heated the anthracene cycloadduct 63  in the presence of 2,3-dimethyl-1,3-butadiene 24 (Scheme 32).81 The isolation of the cycloadduct 65 as a product of the reaction provided evidence that the sulfine 64 had been formed as an intermediate by retro-Diels-Alder reaction of the sulfoxide. 


[bookmark: _Ref427173532]Scheme 32 

As can be seen, the stereochemistry of the sulfine is retained in the cycloaddition to the sulfoxide products. Other dienes used to trap sulfines generated in this way include thebaine and cyclopentadiene.81 These hetero retro-Diels-Alder reactions are also an easy route to ,-dioxo sulfines which can be isolated through further trapping reactions (Scheme 33).82,83


[bookmark: _Ref487019534]Scheme 33 
Due to the fact that cycloadditions of sulfines are widely reported, it is understandable that some cycloadducts will quickly revert to the starting sulfine and another reagent. However, if the cycloadduct is generated in another way, as for example in Scheme 32, the cycloreversion could be an easy method of generating the sulfine. This is the case in the reaction of N-sulfinylcarboxamides and ynamines. The 1,4,3-oxathiazine 4-oxides undergo a hetero-retro-Diels-Alder reaction under mild conditions to form the sulfine which in turn can be trapped to generate a more stable cycloadduct.84 
Most recently, a series of fluorinated sulfines have been synthesised by Bouillon et al. from their corresponding anthracene cycloadducts.85 This hetero retro-Diels-Alder route to fluorinated compounds is used as a route to sulfines, which were found to be stable for about an hour and could be characterised by NMR spectroscopy (Figure 5). The sulfines also acted as hetero-dienophiles in Diels-Alder cycloadditions to be trapped with 2,3-dimethyl-1,3-butadiene.


[bookmark: _Ref487020524]Figure 5
[bookmark: _Toc506316016]1.3 Structural characteristics of sulfines

Ever since sulfines were first isolated and theorised in the 1920’s, there has been an effort to fully characterise and understand them. As detailed above the first confirmation of a sulfine structure was published by King and Durst.9 They also showed for the first time the existence of sulfines as two isomers, with differing dipole moments. The differences in the two isomers were initially observed by the difference in their dipole moments, and then by the differing signals in the proton NMR spectra.11 
 The physical characteristics of sulfines have been successfully investigated; the non-linearity of the C=S=O system has been established by X-ray crystallography (C-S, 1.62 Å; S-O, 1.46 Å;  CSO angle, 114°).86 The S=O bond length of the sulfine has been found to be closer to that of the typical S=O double bond length of 1.43 Å, rather than the sulfoxide S-O single bond length of 1.53 Å.13,14 The IR spectra of sulfines also show characteristic absorptions in the sulfoxide region 1000-1150 cm-1. The parent sulfine, CH2=S=O shows symmetric and asymmetric stretching vibrations at 1165 and 1357       cm-1 respectively.74
Most recently, sulfines have been observed in argon matrices at 10 K.69 The generation of these -oxo sulfines occurs on dediazotisation of -diazosulfoxides followed by hetero-Wolff rearrangement (Scheme 26). On irradiation at λ > 375 nm or under rhodium catalysis the thermodynamic isomer of the sulfine is predominantly seen. The asymmetric stretch of the sulfine is recorded at 1289 cm -1 and the symmetric stretch is recorded at 1084cm-1. The E-sulfine was observed under irradiation at 248 nm in the argon matrix and subsequently rearranged to further products. Sulfines usually show the characteristic absorptions in this region with both symmetric and asymmetric stretches.74,87,88 The UV absorption of sulfines has also been recorded with typical absorptions around 270 nm. 89,90
[bookmark: _Toc506316017]1.4 Reactions of sulfines
With multiple routes to sulfines, and wide variation of their structures, the synthetic uses and reactivity of sulfines have been widely studied and will be reviewed in the next section. The main important reaction pathways are carbophilic and thiophilic nucleophilic addition to sulfines, and cycloaddition reactions including Diels-Alder and 1,3-dipolar cycloadditions (Scheme 34). 


[bookmark: _Ref432086259]Scheme 34 


[bookmark: _Toc506316018]1.4.1 [4+2] Diels-Alder cycloadditions
The most widely studied reaction pathway of sulfines are Diels-Alder cycloadditions, which proceed with the retention of stereochemistry. Due to the labile nature of sulfines, they are most commonly entrapped with 2,3-dimethyl-1,3-butadiene 245,6,91 to verify a sulfine as an intermediate in a reaction mechanism.92 This diene has been found to react with even moderately dienophilic sulfines. The cycloadducts derived from these reactions, dihydro-2H-thiopyran S-oxides, are of synthetic value and can be used as precursors for the synthesis of bioactive compounds.93-96 For example, these cycloadducts have been used in Pummerer-like reactions97 and as intermediates on the way to potential anti-HIV compounds98 and cephalosporin derivatives.99
Sulfines can act as dienophiles and dipolarophiles in cycloaddition reactions with both 1,3-dienes and various 1,3-dipoles100 leading to synthetically valuable cycloadducts and heterocycles. Sulfines with electron-withdrawing groups readily undergo Diels-Alder type cycloadditions with the stereochemical relationship of the sulfine substituents being retained in the cycloadduct.101 The first report of a Diels-Alder cycloaddition of a sulfine was by Zwanenburg.55 The -oxosulfine 72 was prepared from 1-trimethylsilyloxy-1-indene 71 and treated with 1,3-dimethyl-2,3-butadiene 24 in a Diels-Alder fashion to form the dihydro-2H-thiopyran S-oxide 73 in good yield (Scheme 35). Interestingly, the formation of diastereomers was not reported. 

[bookmark: _Ref431202463][bookmark: _Ref487023466]Scheme 35

	
[bookmark: _Ref433021361]Zwanenburg et al. have also reported the application of Lewis acid catalysts, especially SnCl4, to decrease reaction times from 18 h to 1 h.54 Research by Capozzi et al. has utilised the Diels-Alder cycloaddition of sulfines on multiple occasions. 46,82,83  Their work has involved generation of the sulfine via rearrangement of a sulfoxide which in turn is generated by m-CPBA oxidation of α-oxothiophthalimides. On generation of the sulfine under basic conditions the intermediate can be trapped as an electron poor dienophile (pathway A, Scheme 36) or alternatively as an electron poor 4 acceptor using electron rich dienophiles (pathway B, Scheme 36) producing predominantly trans dihydrothiopyran S-oxides (Scheme 36). 

[bookmark: _Ref433709642]
[bookmark: _Ref435011205][bookmark: _Ref435273820]










[bookmark: _Ref505096374]Scheme 36


The first report of diastereomer formation in cycloadducts of sulfines was by Bonini102 in 1993; this was followed by further work by Braverman and Gottlieb giving a mixture of two diastereomeric cycloadducts (76/77, 1:4.5) from the conjugated vinyl Z-sulfine 75, which was generated in situ from the sulfoxide 74 (Scheme 37).103


[bookmark: _Ref487023825]Scheme 37 

The cycloadduct products 76 and 77 have been successfully deoxygenated to produce 3,6-dihydro-2H-thiopyran 78. In this way, the sulfines can be used as synthetic equivalents of thiocarbonyl compounds.7,54 
Recent research by the Maguire group has also involved the trapping of -oxo sulfines with 2,3-dimethyl-1,3-butadiene 24. The -oxo sulfines 80 E and 80 Z were generated from the -diazosulfoxide 79 (Scheme 38). On dediazotisation, the carbene undergoes a hetero-Wolff rearrangement.104 Herein, Maguire discusses the formation of two separate diastereomers as products, 81 and 82, arising from cycloaddition reactions with the isomers of the sulfine, E being the thermodynamic isomer and Z being the kinetic isomer (Scheme 38).67-69,91 Depending on the method used to generate and trap the sulfine with the diene, preferential formation of one diastereomer is possible. Any one of microwave irradiation, transition metal catalysis and thermolysis can be used for this transformation.68,69,91,105


[bookmark: _Ref425184351][bookmark: _Ref425184346]Scheme 38


The rationale for the altered stereoselectivity depending on conditions, is that with in situ diene trapping, the principal cycloadduct is derived from approach of the diene from below to the kinetic, Z-isomer of the -oxosulfine 80 Z. In the absence of a diene trap, the (Z)-oxosulfine isomerises to the thermodynamically more stable E-oxosulfine 80 E over time (<10 min). Direct evidence for this was obtained by initially forming the E-oxosulfine 80 E as a single product, from the -diazosulfoxide in the absence of diene. 80 E was subsequently reacted with 2,3-dimethyl-1,3-butadiene 24 to generate the cycloadduct 81 derived from approach of the diene from above to the E-isomer, thus confirming the -oxosulfine interconversion.67 
To date, asymmetric Diels-Alder cycloadditions of sulfines have had very limited success except for one example. A report by Zwanenburg details an asymmetric Diels Alder cycloaddition of a sulfoximino substituted sulfine, which was generated in situ by reaction of an -silylcarbanion with sulfur dioxide followed by an elimination (Scheme 39).106 Here, the chirality of the sulfoxide is responsible for the selectivity in the cycloaddition. 


[bookmark: _Ref487023942]Scheme 39
Zwanenburg and Rewinkel have described a regioselective cycloaddition of the sulfine 86. On analysis of the HOMO/LUMO energy gaps between the two  systems they suggested the substituents on the sulfine are responsible for the regiochemistry observed in the Diels-Alder cycloaddition to form the cycloadduct 89 (Scheme 40).107


[bookmark: _Ref487023966]Scheme 40 
[bookmark: _Toc506316019]1.4.2 [1+2] Cycloadditions
The only reported example of a sulfine reacting with a carbene was in 1970 by Zwanenburg et al.108 Dichlorocarbene 91 reacts with diphenyl sulfine 90 which acts as a dipolarophile to form the episulfoxide product 92 (Scheme 41). 


[bookmark: _Ref487024053]Scheme 41
[bookmark: _Toc506316020]1.4.3 [3+3] Cycloadditions
An interesting [3+3] cycloaddition reaction of diarylsulfines with a 2H-azirine has also been reported.109 Under vigorous thermal conditions, the sulfine failed to react with the azirine but when the reaction was carried out in the presence of a Lewis acid, the oxathiazine was formed via a stepwise pathway. To date, this is the only report of a sulfine undergoing a [3+3] cycloaddition. When the intermediate cycloadduct was heated in toluene under reflux for 10 h, a sulfenate-sulfoxide rearrangement was observed and the sulfoxide was isolated (Scheme 42). Desulfurisation was also possible on these cycloadducts by treatment with tributylphosphine in dichloromethane producing the desulfurized products in quantitative yield. This further highlights the potential for the use of sulfines in organic synthesis. 


[bookmark: _Ref425967688]Scheme 42
[bookmark: _Toc506316021]1.4.4 1,3-Dipolar cycloadditions
The highly polar sulfines, can act as 1,3-dipoles or indeed as dipolarophiles demonstrating excellent synthetic versatility. Sulfines have been described as acting as dipolarophiles, towards diazoalkanes, nitrile ylides, nitrile imines, nitrile oxides and nitrones.100 1,3-Dipolar cycloaddition reactions proceed with a concerted mechanism leading to the retention of stereochemistry.110,111 Due to the ability of the sulfine to isomerise between the kinetic and thermodynamic isomers, cycloaddition reactions can produce differing diastereomeric products. The stereochemistry in the cycloadduct is a result of the stereochemistry of the sulfine, suggesting a concerted cycloaddition reaction. 
Recently, sulfines have been studied theoretically using density functional theory. Furan 2,3-dione was the dipolarophile used in the theoretical study.112 This reactivity of the sulfines acting as dipoles has been established practically. The first example of sulfines as dipoles was reported in 1996,100 Huisgen reported a 1, 3-dipolar cycloaddition of a sulfine 93 with a thione where the sulfine acted as a dipole and the thione as a “superdipolarophile” (Scheme 43). The product of the dipolar reaction of a sulfine and thione is a cyclic sulfenic ester. 


[bookmark: _Ref424839127]Scheme 43
In a subsequent study rearrangement of the initial cycloadduct from reaction of an aromatic sulfine with a thione was reported.113 Cycloadducts of sulfines with aliphatic thiones are more stable, this is shown by work carried out by Huisgen who isolated spiroadamantine derived cycloadduct 94, and bis-spiroadamantane derived cycloadduct 95 in high yields from cycloaddition reactions (Figure 6).114 


[bookmark: _Ref487024562]Figure 6
Further reports by Waldemar et al. describe a sulfine acting as a dipole for a carbon carbon double bond,115 or a carbon carbon triple bond.116  For example, the cycloaddition between fluorenethione S-oxide 96 and trans-cyclooctene is a 1,3-dipolar cycloaddition with a sulfine acting as dipole (Scheme 44). Further investigation on the thermal and photochemical reactions of sulfines, with the strained triple bond of cyclooctyne established that it undergoes a 1,3-dipolar cycloaddition and subsequently rearranges from the 1,2-oxathiole 97 to more stable products, through desulfurisation.


[bookmark: _Ref504920641]Scheme 44
When sulfines act as dipolarophilles, thiadiazoline adducts have been formed in a regio- and stereospecific manner in the cycloaddition of a sulfine with 2-diazopropane 102 (Scheme 45).117 Similar adducts also form with diazomethane, however the reaction is much more sluggish and the product quickly decomposes by a cycloreversion reaction.


[bookmark: _Ref424839146]Scheme 45
Sulfines containing sterically demanding substituents react with 2-diazopropane to give episulfoxides as a mixture of diastereomers. This reaction proceeds in a non-concerted fashion and via zwitterionic intermediates. Aliphatic sulfines react in the same manner producing dihydro-1,3,4-thiadiazole-S-oxides in high yields.117 Other diazo dipoles also undergo cycloaddition with sulfines. Diazomethane 104 successfully undergoes [3+2] dipolar cycloadditions with sulfines. The cycloaddition with the arylsulfonyl substituted sulfine 103 produces an unstable cycloadduct 105, which quickly rearranges or decomposes at room temperature to the thiadiazole 106 (Scheme 46).118



[bookmark: _Ref487024638]Scheme 46

Cycloaddition reactions of sulfines occur smoothly with benzonitrile oxide 108, forming 1,4,2-oxathiazole-S-oxides in good yields and in a regiospecific manner.119 The cycloadducts are heat sensitive and lose sulfur monoxide on heating, resulting in the formation of diaryl ketones and benzonitrile.119 The only reported exception to this regiospecific addition, is the cycloaddition reaction of benzonitrile oxide 108 with the sulfine 107 in which the cycloadduct formed is the 1,2,5-oxathiazole-S-oxide 109 (Scheme 47). 119 


[bookmark: _Ref436225503]Scheme 47

It has also been reported, diphenylnitrilimine 111 undergoes a 1,3-dipolar cycloaddition with diaryl substituted sulfines in a stereospecific manner to form 1,3,4-thiadiazoline S-oxides (Scheme 48).120In the reaction of the sulfine tropothione S-oxide 112 with an enamine 113, Machiguchi and coworkers describe an unusual regiochemical outcome in the 1,3-dipolar cycloaddition with the enamine leading to the sulfoxide 114 (Scheme 49).121  Synthesis of 1,3-dithiolane-S-oxides by the dipolar addition of the sulfine 72, acting as a dipolarophile with a thiocarbonyl-S-ylide, generated by the elimination of nitrogen from a thiadiazole, occurs in a regiospecific manner (Scheme 50). 122,123




[bookmark: _Ref487025036]Scheme 48
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[bookmark: _Ref487020996]Scheme 50

There have also been reports of intramolecular cyclisations of sulfines. Block at al. reported that on oxidation of a disulfide, and on analysis of the product obtained, 117, the only explanation was a thio-Claisen rearrangement to the sulfine 116 followed by an intramolecular 1,3-dipolar cycloaddition between the sulfine and the thioaldehyde to form the product (Scheme 51).124


[bookmark: _Ref487021125]Scheme 51 
The dimerisation of sulfines to give 1,3-dithietane S-oxides was initially suggested by Wilkens,17 who reported that onion lachrymatory factor 3 dimerised to give 2,4-diethyl-1,3-dithietane-1,3-dioxide. Block subsequently investigated the dimerisation in more detail and found that the product was, in fact, a 1,2-dithietane 7 which was formed by a cycloaddition of the sulfine 3, acting both as a 1,3-dipole and dipolarophile, followed by rearrangement of the unstable cyclic sulfenyl sulfinate ester 6 (Scheme 52). 19 This highlights the properties of the sulfine to act both as dipole and dipolarophile.



	[bookmark: _Ref431203457]Scheme 52 


[bookmark: _Toc506316022]1.4.5 Nucleophilic addition to sulfines
A synthetically powerful transformation of sulfines is via nucleophilic addition. With potential for nucleophilic attack at both the carbon (carbophilic) and sulfur (thiophilic) sites, attack at the electrophilic sulfur is more common, but attack at carbon occurs when there is an appropriate leaving group attached (Scheme 53). The most common type of thiophilic reactions of sulfines are those with alkyllithium reagents, but the reaction depends both on the structure of the sulfine and the nucleophile. 




[bookmark: _Ref427174426]Scheme 53


[bookmark: _Toc506316023]1.4.6 Thiophilic nucleophilic attack
Schlessinger and Schultz first described thiophilic addition of organolithiums to sulfines in 1970.125 Soon after, Zwanenburg described thiophilic addition of alkyllithium compounds to aromatic alkylthio and arylthio sulfines.126 The reaction of these diarylsulfines with alkyllithium reagents produce sulfoxides in high yields (Scheme 54).


[bookmark: _Ref434920314]Scheme 54
Thiophilic nucleophilic attack of alkyllithiums and Grignard reagents have been reported for the aliphatic compound di-tertbutyl sulfine 118. This activity is different to that of di-arylsulfines and two equivalents of the organometallic reagents are needed to give episulfides in good yields (Scheme 55).127 This product is formed by the rearrangement and cyclisation of the intermediate carbanion generated by the nucleophilic attack.


[bookmark: _Ref487025666]Scheme 55
When sterically hindered sulfines react with 2-diazopropane they undergo a nucleophilic thiophilic addition and not the intended cycloaddition (Scheme 56).  The rearrangement of the zwitterionic species and loss of nitrogen from the intermediate 124, leads to a non-stereospecific cyclisation and formation of episulfoxides, in place of the expected five membered cycloadduct. 128


[bookmark: _Ref435640192]Scheme 56
Another example of cyclisation of an intermediate carbanion formed by nucleophilic thiophilic attack was reported by Zwanenburg.129 On having an excellent leaving group  to the newly formed sulfoxide 127, cyclisation occurs producing an episulfoxide 128 as the primary product which undergoes elimination of sulfur monoxide to form the alkene 129 in 50% yield (Scheme 57).  



[bookmark: _Ref487025816]Scheme 57
Metzner also reported thiophilic addition of alkyllithium reagents to trithiocarbonate oxides where the carbanion was stabilised by the three sulfur groups.130 On treatment of the carbanions with electrophiles, trithioorthoester oxides are formed. These trithioorthoester oxides are unstable and quickly decompose to thioesters, disulfides, thioformate with the elimination of methanesulfenic acid (Scheme 58). Low temperature conditions are vital for these reactions due to the high reactivity of sulfines towards methyl lithium. The authors also describe the 1,4 addition of the sulfine carbanion to enones, leading to intermediates which readily rearrange to β-ketene dithioacetals. The overall sequence allowed the use of an alkyl-thiocarbonyl anion synthon for Michael addition in polarity reversal reactions. The authors were interested in the umpolung aspect of this chemistry, which involved the generation of a carbanion using an addition reaction, and not a deprotonation (Scheme 58).

[bookmark: _Ref487025875]Scheme 58 

Zwanenburg has also shown that the thiophilic reaction of an -tosyl substituted stable sulfine 130 proceeds with a concurrent elimination reaction proceeds with yields up to 92% (Scheme 59).131 The reaction depends on the strength of the nucleophile, and lower pKa values lead to lower yields. Thiophilic attack of -functionalised carbanion nucleophiles (-sulfonyl, -oxo, and -cyano) produced ketene dithioacetal monoxide derivatives. 


[bookmark: _Ref487026236]Scheme 59
By taking advantage of the reactivity of sulfines a route to disulfides has also been established. Treatment of the sulfine with a thiolate anion in basic solution leads to thiophilic nucleophilic attack. 132 The proposed mechanism suggests the thiosulfinate is formed initially but reacts further with thiol forming a sulfenic acid which then forms the disulfide through loss of a sulfonate anion (Scheme 60). 

[bookmark: _Ref434830468]

[bookmark: _Ref506206739]Scheme 60
Zwanenburg et al. have also described the asymmetric addition of methyl lithium to di-p-tolylsulfine in the presence of chiral ligands with yields varying from 5% to 43% (Scheme 61).133 These additions to sulfines in an asymmetric manner have the potential to produce asymmetric sulfoxides which are of particular use as chiral auxiliaries’ in organic synthesis, but to date optical yields obtained have been low, with a maximum e.e. recorded of 55%. As the maximum enantioselectivities recorded were 55% ee it does not compete with the other methods in asymmetric synthesis.134,135


[bookmark: _Ref487026380]Scheme 61

Similar to this, Metzner at al.136  have described the diastereoselective formation of dithioacetal oxides from aliphatic sulfines by thiophilic attack. The sulfines were directly subjected to organolithium compounds at -78 °C in THF for five minutes, with thiophilic attack observed. Protonation of the intermediate carbanions gave dithioacetal oxide products exclusively with the diastereomeric ratio varying from 52 : 48 to 100 : 0 depending on the substitution pattern. Reaction of the carbanions with electrophiles led to predominantly unstable dithioacetal oxides and little diastereoselectivity was seen on alkylation (Scheme 62). 


[bookmark: _Ref424579254][bookmark: _Ref424579249][bookmark: _Ref505096626]Scheme 62


These example of thiophilic nucleophilic addition to sulfines highlight the potential use of these reactive intermediates for the synthesis of multiple functional groups including disulfides, episulfides, sulfoxides and episulfoxides. Although limited success has been achieved to date in the area of asymmetric synthesis using sulfines, the presence of a thermodynamic and kinetic isomer may lead to some selectivity.  
[bookmark: _Toc506316024]1.4.7 Carbophilic nucleophilic attack
In contrast to thiophilic nucleophilic attack, carbophilic nucleophilic attack only occurs when a suitably good leaving group is attached to the sulfine. Chlorosulfines are accessed by the oxidation of the corresponding thioketone with m-CPBA.137 In the presence of a crown ether, the sulfinate anion of sodium sulfinate displaces the chloro anion with complete inversion of stereochemistry (Scheme 63). The author is unsure whether this is because of an SN2 type reaction or if it is because the kinetic Z diastereomer quickly converts to the thermodynamic E diastereomer leading to one stereoisomer. 137


[bookmark: _Ref487021255]Scheme 63
Most recently, a unique example of carbophilic nucleophilic attack of a thiolate anion on a sulfine has been reported by Bouillon.85 An -chloro substituted sulfine 132 undergoes an addition elimination reaction with the thiolate anion forming a thio derivative of the original sulfine, 133 (Scheme 64). Both sulfines 132 and 133 acted as dienophiles in Diels-Alder cycloadditions and the structures of the resulting cycloadducts were proved unambiguously. 


[bookmark: _Ref487021274]Scheme 64 
This example of carbophilic attack can be explained by the electronegativity of the attached groups. Other examples of carbophilic attack with thiolate anions, all have excellent leaving groups attached to the carbon atom. These chlorosulfines easily undergo displacement and stereochemistry is usually retained in the product.138 A report by Baltas et al. also shows carbophilic nucleophilic attack of amine on intermediate sulfines.92 In this report the product of carbophilic nucleophilic attack on a sulfine is unstable and quickly reacts further with itself. 
Metzner at al. reported an interesting example of carbophilic nucleophilic attack on sulfines in the absence of a strong leaving group such as a chloride anion.139 The sulfines used were prepared by oxidation of dithioesters and these compounds were stable with a half life of 1 – 4 days. The dithioester sulfines reacted with amines at room temperature to produce thioamides (Scheme 65). 

[bookmark: _Ref505934917]Scheme 65


The authors also investigated the behaviour of a chiral sulfine, derived from a thioketone, with the aim of preparing new chiral sulfinamides. However, the sulfine 134, obtained from (-)-thiocamphor, when treated with primary amines, instead gave easy access to enantiopure imines with elimination of methanesulfonic acid (Scheme 66).139


[bookmark: _Ref487026521]Scheme 66
Zwanenburg et al.140 has also described carbophilic nucleophilic attack of -oxo carbanions. This was the first example of carbon nucleophiles reacting with sulfines. The anions used in this study, 2-lithiocyclohexanone 135 and -tetralone had previously been shown to not react with di-p-tolylsulfine in a thiophilic manner. This lack of thiophilic reactivity made them good reagents to choose for a carbophilic nucleophilic addition. The carbanion of 2-lithiocyclohexanone reacts in a carbophilic manner, however the newly formed sulfine 137 rearranges to a more stable disulfide 140 in the presence of the phenylthiolate anion giving the product in 57% yield (Scheme 67). The same rearrangement pathway occurs for the tetralone anion producing the analogous disulfide in 40% yield (Scheme 67).


[bookmark: _Ref487021335]Scheme 67 
[bookmark: _Toc506316025]1.5 Miscellaneous
[bookmark: _Toc506316026]1.5.1 Rearrangements of sulfines 
A characteristic behaviour of many sulfines is loss of elemental sulfur to give ketones under thermal and photolytic conditions.125,141-144 This process occurs via an electrocyclic ring closure of the sulfine to give an oxathiirane intermediate which then extrudes sulfur forming the ketone product. Sulfines can also be reduced to thiocarbonyl compounds using phosphorus pentasulfide or thiophosphoryl bromide145 and deoxygenation has also been observed with triphenylphosphine,146 Fe2(CO)9 and Mo2(CO)10.147

Deoxygenation of sulfines has also been reported in the literature.29,144 The proposed mechanism involves rearrangement to an oxathiirane intermediate 142 (Scheme 68), as reported by Metzner.144 The thiocarbamate 14 is generated by extrusion of sulfur from the oxathiirane ring, while the dithiocarbamate 143 was formed via extrusion of oxygen.



		          				    


[bookmark: _Ref431203256]Scheme 68

Oxathiiranes are unstable species which have been used as reactive intermediates in a variety of sulfine transformations. The electrocyclisation of sulfines to oxathiiranes has been well established by matrix isolation studies.5,148 Oxathiiranes have proven elusive intermediates, and the photochemical generation and matrix isolation of the first experimentally observable oxathiirane 146 from thioformaldehyde S-oxide 145 was only recently reported by Schreiner et al. (Scheme 69).149 Related reports from this team150 on the photochemical reactions of the sulfines and oxathiiranes in low temperature matrices provide very interesting insight into the mechanism of reactions of the highly strained oxathiiranes including desulfurisation. The generation of the parent sulfine has also been achieved via high vacuum flash pyrolysis with subsequent investigation of photochemical reactions. 151

[bookmark: _Ref487026703]Scheme 69



Oxathiiranes are also formed as reactive intermediates in photo-catalysed rearrangement of -diazosulfoxides in solid argon at 10 K. Characterisation by IR and UV/Vis spectroscopy by the groups of Maguire and Sander confirmed the intermediacy of the -oxosulfine.66,69 This photochemically induced hetero-Wolff rearrangement of the sulfinyl carbenes gave the -oxosulfine intermediates (Scheme 70). Irradiation at  > 320 nm resulted in decomposition of the -oxosulfines via oxathiirane intermediates. A recent laser flash photolysis study by Bucher et al. has shown that on formation of the -sufinyl carbene, the preferred reaction pathway is to form the sulfine, which in turn rearranges further. 152

[bookmark: _Ref434830472][bookmark: _Ref427175476]
[bookmark: _Ref487021548]Scheme 70 
The matrix-isolated species, 148 - 152 shown in Scheme 71 are formed by photochemically induced rearrangement of these oxathiiranes. The species were identified by the authors by comparison of experimental and calculated IR spectra, providing excellent insight into the nature of sulfine decomposition under cryogenic conditions. 66,69 

[bookmark: _Ref427175494]Scheme 71


-Oxo sulfines are also known to undergo reductive hydrolysis (Scheme 72). The CSO moiety is replaced by a methylene group via a sulfinic acid intermediate which collapses with the loss of sulfur dioxide to form the ketone.7 Differing to these reactivities again was the report of Zwanenburg153 that describes tautomerisation of a sulfine to the corresponding vinylsulfenic acid followed by an intramolecular cyclisation of the sulfenic acid to the corresponding alkene (Scheme 73). 


[bookmark: _Ref436227031]Scheme 72 


[bookmark: _Ref487026905]Scheme 73 
Notably, when Faull and Hull treated dihydrothiophene 153 with thionyl chloride in an attempt to generate the sulfine, they isolated two unexpected products, 154 and 155, caused by rearrangement of the sulfine (Scheme 74).154 The authors suspected oxidative condensation of the sulfine to give either the dioxane or the alkene dimer. Zwanenburg later confirmed that an -oxo sulfine is indeed formed as an unstable intermediate by carrying out the reaction in the presence of 2,3-dimethyl-1,3-butadiene.155 

[bookmark: _Ref425185251][bookmark: _Ref425185247]Scheme 74


This is not the only example of dimerisation of sulfines. As seen earlier the dimerisation of propanethial-S-oxide is reported whereby it acts as both the dipole and dipolarophile (Scheme 52). Another paper by Block et al. describes the generation and dimerisation of a silicon substituted sulfine 157, with slow dimerisation occurring over a period of four days (Scheme 75).156 


[bookmark: _Ref487027668]Scheme 75
Similar to this, Saalfrank and Rost formed the dimeric alkene 162 from the sulfine intermediate 159 (Scheme 76).157 The mechanism they proposed was dimerisation of the sulfine and transfer of the oxygen from one sulfur to the other to give the unstable dimer which then suffered loss of SO2 and sulfur extrusion from the episulfide to give the stable product.


[bookmark: _Ref487027704]Scheme 76
[bookmark: _Toc506316027]1.5.2 Thioepoxidation using sulfines as sulfur-atom transfer reagents
The reactivity of sulfines has been widely studied, with regards to cycloadditions and nucleophilic additions. The unusual reactivity of the sulfur-centred heterocumulene has also found some miscellaneous uses in synthetic organic chemistry. One example of this was reported by Weinkotz in 1997.158 Under photolytic conditions, in the absence of an alkene, bulky diaryl substituted sulfines are converted to ketones with the extrusion of elemental sulfur, this desulfurisation is a common decomposition reactions of unstable sulfines. In the presence of strained cyclic alkenes, diastereoselective sulfur transfer occurs to form thiiranes, in yields up to 94% (Scheme 77). The mechanism proposed is initial formation of the oxathiirane intermediate under photolytic conditions followed by sulfur transfer in a concerted mechanism. The suggestion is made that sulfines have the potential to be used in preparative methods of thioepoxides. 


[bookmark: _Ref487027895]Scheme 77


[bookmark: _Toc506316028]1.6 Additional relevant updates:

[bookmark: _Toc506316029]1.6.1 Oxidation to sulfines 

Another oxidant has recently been reported for the generation of sulfines. Shi et al.159 describe a metal free and additive free oxidation of sulfides, but also applied the methodology to thioketones producing sulfines. Mono-oxidation of the thioketones was selectively carried out with phthaloyl peroxide 166 providing the sulfine 168 in almost quantitative yields, and no evidence for the sulfene was observed (Scheme 78). The yields for oxidation to either sulfine or sulfoxide were consistently good to excellent and tolerated a wide range of functionalities. Cyclic diacyl peroxides are used for the oxygen transfer and two possible mechanisms are suggested in this report, either an ionic pathway or a radical pathway.159 


[bookmark: _Ref487027928]Scheme 78
Recently, Mloston has reported the synthesis of a range of novel heteroaryl sulfines from the corresponding hetaryl thioketones.160 Although the oxidations are carried out using m-CPBA as standard, the benefit of this work is providing access to, and identification of a range of novel, highly functionalised heterocyclic derived sulfines, albeit as mixtures of E  and  Z isomers. The pure sulfines were isolated, after chromatography on silica gel in moderate to excellent yields, between 59 and 93% (Figure 7).


[bookmark: _Ref487027955]Figure 7
[bookmark: _Toc506316030]1.6.2 Structural characteristics of sulfines

A recent study on the photochemistry of sulfines by Martinez et al. 161 has shown that photoexcitation of the sulfine thioformaldehyde S-oxide can be achieved using using wavelength 313 nm. Following photoexcitation to the first excited electronic state, it can either return to the ground state geometry or trigger the formation of the oxathiirane.161 Returning to the ground state provides a large kinetic energy which in turn can be used to form other species; this high energy ground state is described as a “rich athermal ground state”. In this example, a large diversity of 9 photoproducts are seen from one sulfine. In this manner, this report by Martinez is similar to that reported by Garcia-Fresnadillo162 who investigated the photosensitive oxidation of trimethyl[2.2.1]-bicycloheptane thioketones (Scheme 79). The investigation by Garcia-Fresnadillo established that under conditions of low substrate concentrations the ketone is the major rearrangement product from the sulfine. This differs to under conditions of high substrate concentration where the sulfines are the major photoproducts in protic conditions. However in aprotic solvents,  the ketone products are preferentially formed.


[bookmark: _Ref487027995]Scheme 79



[bookmark: _Toc506316031]1.6.3 [4+2] Diels-Alder cycloadditions
 
Recently, a series of polyfluoroalkanethial-S-oxides have been prepared by the group of Shermolovych through a dehydrochlorination reaction of 1,1-dihydropolyfluoroalkanesulfinyl chlorides.163 The sulfines are generated under basic conditions and undergo subsequent Diels-Alder [4+2] cycloaddition reactions in good yields and good diastereoselectivity, providing access to novel polyfluorinated thiopyran-S-oxides (Scheme 80).


[bookmark: _Ref487028118]Scheme 80
[bookmark: _Toc506316032][bookmark: _GoBack]1.6.4 Miscellaneous 

A recent review by Zhang et al164 focuses on non-cytochrome P450-mediated bioactivation and its toxicological relevance highlighting both the formation and reactivity of sulfines in vivo. It is reported that thioureas can undergo oxidation to sulfines, which in turn can undergo redox cycling or can undergo a further oxidation step to form a reactive sulfenic acid. The report suggests that this is an important mechanism in the lung and liver toxicity of thioureas.165 Additionally, further oxidation of the intermediate sulfine can lead to sulfenes, which have a comparable reactivity and possess the potential to covalently bond to lipids166 and cellular proteins.167 It is also reported that sulfines in vivo can rearrange to the reactive oxathiirane intermediate which has the potential to modify proteins or can undergo a desulfurisation process.164  
[bookmark: _Toc506316033]1.7 Conclusion
This review has shown that sulfines, especially -oxo sulfines, merit broader exploration in organic synthesis. The methods used until recently for generation of these highly reactive compounds has been superseded by more robust methods occurring under milder methods, such as the rearrangement of -sulfinyl carbenes.67,69 These new methods allow for the design and synthesis of a broader range of sulfines. The reactivity of these sulfines has been manipulated to generate wide libraries of compounds through either thiophilic or carbophilic nucleophilic attacks or cycloadditions such as Diels-Alder reactions and dipolar cycloadditions. Although the high reactivity associated with sulfines presents a challenge to control and exploit, there is no doubt sulfines are useful reactive intermediates with great potential. 
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