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Abstract 
 
The following thesis outlines work carried out during the past three years for the discovery 
and investigation of catalytic methodologies towards the synthesis and modification of 
heterocycles, namely cyclic carbamates, carbonates and their sulfur analogues. 
 
Chapter 1 summarises the current catalytic methods reported in the literature towards the 
synthesis and modification of functionalized 2-oxazolidinones. This introduction highlights 
the diverse range of methods and catalysts that have been developed and their scope and 
limitations. In addition the review highlights the importance of these structural motifs and 
suggests areas in which the following research fulfills unmet needs. 
 
Chapter 2 reports the discovery and development of a one-pot two-step copper-catalysed 
methodology towards the synthesis of N-aryl oxazolidinones from amino alcohol carbamates. 
The scope of both the N-aryl substituent as well as oxazolidinone functionalization is 
presented in addition to preliminary investigations into the mechanisms of both reactions. 
 
Chapter 3 presents the application of the previously reported one-pot process towards the 
synthesis of a number of medicinally active molecules and blockbuster pharmaceuticals. The 
one-pot two-step copper-catalysed reaction was utilized to synthesise a common intermediate 
in the synthesis of a number of oxazolidinone-based pharmaceuticals. The complete syntheses 
of Toloxatone, Linezolid, Tedizolid and Rivaroxaban are reported. 
 
Chapter 4 reports the modification of N-aryl oxazolidinones towards a diverse library of N-
aryl oxazolidinethiones. The reactivity of these structures, in addition to N-alkyl 
oxazolidinethiones, towards transition metal catalysis was investigated and revealed a 
ruthenium catalysed O- to S-alkyl migration to afford structurally diverse thiazolidinones. 
Investigations into the substrate scope and mechanism were also carried out, suggesting a 
pseudo-reversible radical pathway drawing mechanistic parallels to the classic Barton-
McCombie reaction.    
 
Chapter 5 details further development of the pseudo-reversible radical pathway for the 
regioselective rearrangement of dioxolane-2-thiones using Pd(PPh3)4 as a catalyst. The scope 
of the reaction is reported for the formation of highly selective, highly substituted sulfur-
rearrangement products. 
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The 2-oxo-1,3-oxazolidinone ring is a cyclic carbamate that occupies a privileged area within 
heterocycles. For many years oxazolidinones have been known for their use as chiral 
auxiliaries,1 since the use of enantiomerically pure 4-substituted derivatives were pioneered 
by Evans in asymmetric synthesis.2, 3 However, over the previous decades, the prevalence of 
oxazolidinones have permeated a wide and diverse range of chemical areas beyond their 
application as chiral auxiliaries. Oxazolidinones are now widely regarded as a privileged 
structural motif in chemical synthesis and pharmaceutically active compounds,4-8 where the 
5-membered cyclic carbamate is just as commonly seen in asymmetric aldol condensations as 
it is in synthetic antibacterial agents, organocatalysts2, 9, 10 and protecting groups in multi-step 
organic synthesis (figure 1).11-13 
 

 
 

Figure 1 : Selected examples of oxazolidinone-containing compounds 
 

Structurally, oxazolidinones are a class of azoles, where the nitrogen containing 5-membered 
ring contains an additional oxygen which is bridged to the nitrogen via a carbonyl (figure 2). 
The nomenclature of oxazolidinones is well standardised, especially for N-arylated 
derivatives popularised by antibacterial oxazolidinone compounds in medicinal chemistry.14    
 

 
Figure 2 : General structure of 2-oxazolidinone 

 
One of the predominant advantages of oxazolidinones is the ability to greatly diversify the 
basic core structure with almost infinite scope. Much like its sister aromatic azole 
compounds, functionalisation of the ring carbons leads to great structural diversity, however, 
the advantage of being a saturated ring means additional complexity is possible through the 
introduction of stereochemistry, one aspect which lends this core structural motif to 
asymmetric synthesis and medicinal chemistry. N-Functionalisation has also been widely 
explored to further extend the oxazolidinone scaffold. Less common, but nevertheless 
synthetically accessible, regioisomers of oxazolidinones are also possible. 
 
Historic literature comprehensively covers a number of methods towards the synthesis of 
these structurally important compounds using stoichiometric chemical reagents, however, 
catalytic methods towards the synthesis and functionalisation of these core structures is a 
relatively recent and emerging field. The ability to access functionalised oxazolidinones 
through catalytic methods has a number of advantages. Traditional synthetic methods rely on 
the close relationship between oxazolidinones and naturally occurring amino acid and amino 
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alcohol derivatives in order to install functionality and stereochemical information. These 
methods tend to be limited by the richness of the naturally available chiral pool. Catalytic 
methods have number of advantages over these routes, in particular the ability to control 
regio- and stereochemistry, the ability to access one core structure from a number of different 
synthetic routes and starting materials, the potential to achieve high levels of 
functionalisation and the possibility of generating more atom efficient and safer chemical 
processes in organic synthesis. It is for these reasons that the focus of this review is on the 
catalytic methods for the synthesis and functionalisation of oxazolidinones.  
 

Catalytic carbonylations using carbon dioxide as a carbon source 
 
Carbon dioxide as a renewable source of carbon has the desirable qualities of being cheap, 
non-toxic, highly abundant and globally available. Oxazolidinones represent an ideal class of 
molecules for the fixation of carbon dioxide, their high chemical stability favours the 
incorporation of highly oxidised substrates and their application in high value chemicals such 
as blockbuster pharmaceuticals and organocatalysts introduces an ideal opportunity to 
upgrade a cheap and readily available feedstock.  
 

Synthesis of oxazolidinones from amino alcohols 
 
Amino alcohols have been widely reported in the synthesis of oxazolidinones. Amino 
alcohols are readily accessible derivatives of naturally abundant amino acids, this is 
advantageous in accessing highly diverse and enantiomerically pure substrates simply and 
cheaply. Traditional methods towards the synthesis of oxazolidinones from amino alcohols 
involve the simple intramolecular cyclisation using a coupling reagent, such as 
carbonyldiimidazole (CDI) or phosgene. Whilst highly effective, there are a number of 
economic and environmental issues associated with these traditional methods.  
 
One of the earliest examples of an organometallic catalysed synthesis of oxazolidinones from 
amino alcohols using carbon dioxide as a carbon source was reported by Nomura et al. 
(scheme 1). Triphenylantimony oxide (Ph3SbO) was shown to be an effective catalyst 
towards the cyclocondensaton of diamines and ethanolamines and the cross urea formation of 
amines.15  
 

 
 

Scheme 1 : Antimony catalysed carbonylative synthesis of oxazolidinones    
 

It was proposed that the reaction proceeded via an antimony ethoxide intermediate, resulting 
from the reaction of triphenylantimony oxide with the terminal alcohol. It was this antimony 
ethoxide intermediate which then carboxylated under the reaction conditions, generating the 
corresponding oxazolidinone upon cyclisation. The use of molecular sieves was required due 
to the sensitivity of the catalyst towards water generated in the reaction. It was shown that no 
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observable byproducts were formed under these reaction conditions when the terminal amino 
groups were separated from the internal amine by 4 or 6 carbons.   
 
Fujita et al. investigated the effect of several ionic liquids as catalysts for the synthesis of 
oxazolidinones from amino alcohols and pressurised CO2 with the addition of alkali metal 
compounds as promoters (scheme 2).16 A number of different ionic liquids were compared 
for their catalytic performance as well as product selectivity (figure 3). The optimum 
catalytic system was BMIM-Br promoted by K2CO3, which, for 1-amino-2-propanol, 
produced the corresponding 5-methyl oxazolidinone in 40%. However, the catalytic activity 
and selectivity proved to be highly substrate dependent. In this reaction, the competitive 
oligomerisation and formation of cyclic ureas proved a hindrance  
 

 
Figure 3 : Investigated ionic liquids as catalysis for carboxylation of amino alcohols 

 
A plausible reaction mechanism was proposed. It was suggested that imidazolium salts and 
imidazolium cations can act as a Lewis acid; the coordination of the imidazoliun caion to the 
carbonyl group of the carboxylated amine would likely to occur to produce a reactive 
carboxylated intermediate. This intermediate is then proposed to undergo dehydration, 
eliminating water and the ionic liquid. The formation of the cyclic urea is proposed to occur 
via decomposition of the resulting oxazolidinone by nucleophilic attack of remaining amino 
alcohol, most likely activated through the same Lewis acidic mechanism. 

 
 

Scheme 2 : Ionic liquid catalysed carboxylations of amino alcohols 
 
Whilst selectivity and reactivity is a limiting factor under these conditions, the robustness of 
the ionic liquid catalyst means that unlike Nomura’s conditions, drying agents are not 
required. 
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The dehydrative synthesis of oxazolidinones from amino alcohols and CO2 was achieved by 
Foo et al. in the presence of cesium carbonate as a catalyst without the need for additional 
ionic liquid catalysts (scheme 3, A).17 Foo was able to achieve excellent conversion to 
product utilising low pressure (1 atm) CO2 with no special dehydrating agent required. The 
reactivity appeared to be largely substrate dependent, whereby larger 4-substituents gave 
improved conversions, this was rationalised by the Thorpe–Ingold effect, reactions with the 
unsubstituted ethanolamine only yielded 7% desired product.  
 

 
 

Scheme 3 : Catalysed carboxylations of amino alcohols 
 
Mechanistic studies showed that the terminal alcohol acts as nucleophile and the OH in the 
carbamic acid moiety intermediate is liberated during the cyclisation process, this was 
confirmed with 18O labeling studies. Retention of stereochemistry also indicated the 
carboxylation of the nitrogen occurs favourably over the oxygen. 

A synergistic combination of fluoride and organosilicon agents was shown by Takeda et al. 
to be an effective catalytic system for the reaction of CO2 with amino alcohols derived from 
natural amino acids to generate optically pure oxazolidinones in high yields (scheme 3, B).18 
Catalytic tetrabutylammonium difluorotriphenylsilicate (TBAT) was shown to trigger 
dehydrative immobilisation of CO2, where both silicone and fluoride played significant roles 
in reactive intermediates (figure 4). 

 
 

 Figure 4 : TBAT and its synergistic role in the carboxylation of amino alcohols 
 
In the presence of chlorostannoxanes as a reusable heterogenous catalyst, Pulla et al reports 
the synthesis of functionalised oxazolidinones from amino alcohols and CO2 (scheme 3, C).19 
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A number of catalyst derivatives were synthesised, varying the steric bulk around the tin 
centres (figure 5). Butyl-tin catalysts were shown to perform the most efficiently, most likely 
due to the improved Lewis-acidity and solubility properties. A number of oxazolidinones 
were synthesised in moderate yields, but with complete retention of stereochemistry.  
 

 
 

Figure 5 : Structure of chlorostannoxane catalyst 
 
In 2002 Gabriele et al. reported the highly efficient oxidative cyclocarbonylation of amino 
alcohols and aminophenols to oxazolidinones using a palladium iodide as a catalyst in 
conjunction with potassium iodide, using carbon monoxide as opposed to carbon dioxide 
(scheme 4, A).20  
 

 
 

Scheme 4 : Pd catalysed carbonylation of amino alcohols. 
 

It was shown the large excesses of both potassium iodide and oxygen were essential in order 
to obtain high yields and high catalytic efficiencies. The role of the solvent was significant in 
the regeneration of the catalyst. Reoxidation of the Pd(0) strongly depends on the acid-base 
equilibrium of the substrate and HI generated in the reaction. Due to its aprotic nature and 
low polarity the basicity of the substrate in DME was reduced relative to polar aprotic 
solvents such as MeOH, increasing the relative concentration of HI, necessary for the 
palladium reoxidation. This methodology allowed a number of functionalised oxazolidinones 
to be synthesised in excellent yields with catalytic loadings as low as 0.05 mol%.  
 
Xia et al later reported a similar method for the palladium catalysed carbonylation of amino 
alcohols to oxazolidinones using a heterogeneous palladium on carbon catalyst (scheme 4, 
B).21 It was shown that Pd/C was an ineffective catalyst for the carbonylation of amino 
alcohols, however in the presence of iodide promoters catalytic activity was greatly 
improved. Investigations into a number of iodide sources, showed that iodine was the most 
efficient. Contrary to Gabriele, potassium iodide proved to be the most ineffective promoter, 
and addition of iodine allowed the reduction in promoter loading to be decreased to 1.8 eq. 
from 10.  
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Scheme 5 : Proposed mechanism for oxidative cyclocarboxylation of aminoalcohols to 
oxazolidinones 

 
The mechanism by which carbonylation of aminoalcohols via palladium catalysis was 
proposed to occur via a key Pd-carbamoyl complex formed as an intermediate species 
(scheme 5). Initial formation of the palladium-iodide species 5 is key to catalytic efficiency, 
this active Pd-I species readily reacts with the terminal amine and CO to produce the 
carbamoyl complex 7. Intramolecular cyclisation to generate the oxazolidinone eliminates the 
palladium hydride species 8, which is oxidised in the presence of oxygen to regenerate the 
active catalytic species. It is proposed that this mechanism differs in some respects to the 
reaction reported by Gabriele. This methodology was applied to the synthesis of a number of 
functionalised oxazolidinones, and it was shown that the catalyst could retain activity after 
recycling 5 times. 
 

Synthesis of oxazolidinones from aziridines 
 
The application of aziridines as building blocks for organic synthesis has grown into a well-
developed area of chemical research. Aziridine’s key characteristic is the high strain energy 
associated with the 3-membered ring, this strain enables easy cleavage of the C-N bond 
through nucleophilic attack by a number of nucleophiles, enabling a route towards a number 
of nitrogen containing compounds. The green synthesis of oxazolidinones from the insertion 
of carbon dioxide to aziridines is a growing field in many research areas. 
 
One of the initial reports of a catalytic insertion of carbon dioxide to aziridines was reported 
by Soga et al in 1976.22 Soga used catalytic iodine under moderate pressure of CO2 to 
transform 2-methylaziridine to the corresponding oxazolidinone. Good yields for this process 
were reported (80%), however competitive polymerisation processes were also observed. 
Further developments using iodide as an inexpensive catalyst for the formation of 
oxazolidinones from aziridines was reported some years later by Hancock et al. (scheme 6).23 
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The reactivity and selectivity of the process was shown to be strongly dependent on the 
substitution on the aziridines backbone and nitrogen substituents. It was found stoichiometric 
lithium iodide was required when the reaction was performed at atmospheric pressure, 
however at elevated pressures in a sealed tube, lithium iodide loadings could be reduced to as 
low as 5 mol%. No change in the distribution of product was observed for varying the 
pressure of the reaction. Further work by Hancock in 2004 showed that these conditions were 
not only applicable to the insertion of carbon dioxide but further ring openings involving 
iminium salts to form diamines.24 
 

 
 

Scheme 6 : Insertion of carbon dioxide to aziridines using LiI as a catalyst 
 

An alternative iodide catalysed insertion of carbon dioxide to aziridines was studied by 
Phung et al. for the regioselective synthesis of 4-substituted oxazolidinones.25 A number of 
iodide catalysts were investigated, the addition of ammonium iodide showed greatly 
improved reactivity. This was rationalised by the additional coordination of the ammonium 
counter ion to the aziridines nitrogen, increasing the electrophilicity (scheme 7, A). It was 
found that pressure was important for both reactivity and selectivity, where increased 
pressures lead to increased reactivity and selectivity for 4-substituted oxazolidinones. A 
reduction in temperature was favourable for greater regioselectivity, due to the kinetically 
favourable nucleophilic attack at the least sterically hindered carbon. Stoichiometric 
ammonium iodide was used for the reaction, however a reduction to 5 mol% ammonium 
iodide could be achieved with extended reaction times. 
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Bromide sources have also shown catalytic activity for the conversion of aziridines to 
oxazolidinones. Sudo et al reported a number of active alkali bromides and ammonium 
bromides for the selective catalytic insertion of both carbon dioxide and carbon disulfide to 
give the corresponding 4-substituted oxazolidinones and thiazolidinediones (scheme 7, B).26 
Tetrabutyl ammonium halides all showed reactivity, however bromides showed the highest 
reactivity under the optimised conditions.  
 
In further work on ammonium bromide catalysed insertions, Du et al. used a polymer bound 
tetrabutylammonium bromide catalyst as an efficient, reusable catalyst for the regioselective, 
solvent-free synthesis of 4-substituted oxazolidinones from a number of functionalised 
aziridines (scheme 7, C).27 Optimal conditions showed the best regioselectivity and reactivity 
was achieved at elevated temperatures (100 oC), under the optimised conditions the polymer 
bound ammonium bromide was shown to have dramatically improved catalytic efficiencies 
over unbound ammonium bromide, allowing exceptionally low catalytic loading to be used 
(0.25 mol%). In addition, recovery of the catalyst was possible via separation using a 
centrifuge. Similar reactivity using a biopolymer derived chitosan-alkyl pyridinium halides 
was observed by Kathalikkattil et al., where either chloride or bromide was used.28 
Comparable selectivities and reactivities were observed, however the biopolymer catalyst has 
the inherent benefit of being biologically derived. Catalyst recycle tests showed the chitosan 
could be effetely recovered and reused up to 5 times, maintaining both reactivity and 
selectivity.  
 
A binary catalytic system for the carboxylation of aziridines to oxazolidinones was 
developed by Wu et al. (scheme 7, D), whereby a carbon dioxide fixing cyclic amine (DBU) 
was used in tandem with catalytic iodide for aziridine ring opening to generate a number of 
N-functionalised oxazolidinones via a proposed mechanism, scheme 8.29 The addition of 
DBU allowed for lower pressures of carbon dioxide to be used to efficiently carboxylate the 
aziridine. Considerable yields of the oxazolidinone (88%) could be achieved under relatively 
mild reaction conditions over a period of 12 hours. Unfortunately, for 2-methylaziridine 
derivatives, poor regioselectivity was observed (1:1.4 and 1:1.1 for 4:5 regioisomers 
respectively). 
 
 

 
Scheme 8 
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additives or solvent. A screen of amino acids showed many naturally occurring α-amino 
acids performed the transformation of 1-N-propyl-2-phenylaziridine to the corresponding 5-
substituted oxazolidinone in excellent yield and selectivity. Notable exceptions were aspartic 
and glutamic acids, which performed significantly more poorly.  

 

 
Scheme 9  

 
It is proposed that the aziridines ring is activated through hydrogen bonding with the amino 
acid ammonium residue 9 (scheme 9). This increases the susceptibility of the aziridines 
towards nucleophilic attack from an additional amino acid carboxylate 10. The nucleophilic 
attack was reported not to have occurred from the same amino acid activating the ring 
through hydrogen bonding as this would be unfavoured according to Baldwins rules. The 
bond dissociation energy of the aryl substituted carbon-nitrogen bond is lower than that of 
the least substituted carbon, and as such selectivity arises from this difference in energies. 
Subsequent ring opening 11, carboxylation 12 and ring closure generates the 5-substitued 
oxazolidinone 13 in good yield and selectivity.  
 

 
 

Scheme 10  
 
Similar procedures were employed by Dou et al. using proline as a recyclable catalyst for the 
carboxylation of aziridines (scheme 10, B).31 In the case of this work, proline proved to be 
the only effective amino acid catalyst under the optimised reaction conditions. A number of 
oxazolidinones were prepared, and it was shown that for aryl aziridines selectivity for 5-
substituted oxazolidinones was high, but reversal of the regioselectivty was observed when 
alkyl aziridines were employed. 
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electrochemical conditions were found to be effective in catalyzing the cycloddition of 
carbon dioxide to aziridines.32 The conditions were mild with low pressure of CO2 required, 
however the combination of electrochemical and transition metal catalysis introduces 
additional complexity, regioselectivities and substrate scope of the reaction were also 
moderate. The introduction of chromium(salen) complexes represented a significant leap 
forward for the transition metal catalysed transformation. Miller et al. developed a catalytic 
(salen)chromium(III) complex to effectively catalyse the carboxylation of a wide variety of 
functionalised aziridines with significantly improved regioselectivity.33  
 

 
Scheme 11 

 
The regioselectivity of the reaction was found to be highly selective (~40:1) for the 5-
substituted oxazolidinones over the 4-substituted isomers, which are important synthetic 
intermediates in oxazolidinone-based pharmaceuticals. The regioselectivity is also interesting 
as the majority of aziridines ring-opening methods generate 4-substituted derivatives more 
favourably, as this is consistent with ring opening occurring at the least hindered position, the 
(salen)chromium(III) catalyst is unique in its selectivity. Both selectivity and reactivity were 
shown to be dependent on the DMAP co-catalyst. Reductions in reactivity were observed for 
DMAP ratios of more and less than 2:1 DMAP:chromium, however, regioselectivity was 
reduced from 40:1 to around 8:1 with the addition of DMAP.  
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In subsequent mechanistic studies performed by Miller et al. it was calculated dissolved CO2 
can weakly bind to the highly Lewis acidic (salen)chromium(III) complex (scheme 12).34 
This increases the electrophilicity of the CO2 15 and renders it susceptible towards 
nucleophilic attack by the aziridines. The oxazolidinone is then formed through a concerted 
3-membered ring opening and five membered ring closing process 16. The high selectivity 
for the 5-substituted derivatives is rationalised by the increase in carbocationic character of 
the most substituted carbon, leading to C-N bond cleavage at the most substituted centre. The 
alternative C-N cleavage is kinetically less favoured. The addition of DMAP introduces an 
alternative mechanistic pathway, whereby the aziridines is first activated by the 
(salen)chromium for ring-opening by DMAP, which occurs at the least substituted centre, 
carboxylation of the free amine then occurs, followed by cyclisation to favourable generate 
the 4-regioisomer.  
 
Further work for the regioselective synthesis of 5-substituted oxazolidinones from aziridines 
was reported by Wu et al. (scheme 13).35 Wu’s process holds a number of advantages, a 
simple and reusable heterogenous zirconium catalyst (ZrOCl2

.8H2O) was used without 
solvent, employing mild reaction conditions to highly selectively access 5-substituted 
oxazolidinones. The selectivity of the reaction was rationalised in a similar way to Miller’s 
chromium cyclisation. In this case, the highly Lewis acidic zirconium activated the aziridines 
towards nucleophilic attack by the Lewis basic chloride species 18a,b. Nucleophilic attack 
was largely dictated by the electronic nature of the aziridines substituent.  
 

 
 

Scheme 13 
 
Aryl-substituents form a partial positive charge on the most substituted carbon, as such 
nucleophilic attack at this carbon is most favourable 19a. Carboxylation of the resulting free 
amine then results in the cyclisation to generate the 5-substituted oxazolidinone 20a. 
However, in the case of alkyl substituents, a partial positive charge is not formed, resulting in 
the nucleophilic chloride attacking the least sterically hindered carbon 19b, favouring the 
formation of the opposite regioisomer 20b.   
 
Aggarwal et al. developed a palladium catalysed ring opening cyclisation reaction of 2-
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salt, the reaction proved to be highly regio- and stereoselective, yielding a number of highly 
functionalised 5-vinyloxazolidinones in high yields. 
 
 

 
 

Scheme 14 
 
The role of the quaternary ammonium salt proved important in the stereoselectivity of the 
reaction (scheme 15). Carboxylation of the amide anion 22 proved rate limiting, due to strong 
interactions with the anionic nitrogen and cationic palladium species. Introduction of TBAC 
and TBAF neutralised the palladium species 22 increasing the reactivity of the nitrogen 
towards carboxylaion. As all steps in the reaction mechanism are reversible, including the 
interconversion between cis and trans palladium-inserted species, increasing the rate of 
carboxylation significantly improved the retention of stereochemistry. 
 

 
 

Scheme 15 
 

Synthesis of oxazolidinones from amines 
 

Carboxylative cyclisation of propagylic amines with carbon dioxide has been shown to be an 
efficient transformation under supercritical conditions in the absence of catalysts to give the 
5-alkylidene oxazolidinone.37 Studies have shown that carboxylation of the substrate 
proceeds both regio- and stereoselectively through the intramolecular addition of carbamic 
acid derivatives to the alkyne.  Despite this selectivity, there were shown to be significant 
drawbacks to these catalyst-free conditions, notably restrictions to substrate scope, reactivity 
and the requirement for highly pressurised systems. A number of transition metal catalytic 
systems have been developed to address these short comings.  
 
One of the earliest transition metal catalysed synthesis of oxazolidinones from propargyl 
amines was reported by Mitsudo et al. in 1987.38 [Ru(COD)(COT)] and tertiary phosphines 
generated oxazolidinones with high regio- and stereoselectivity, in good yields. However, 
high pressures of carbon dioxide were employed in this synthesis (50 atm). 
 
Years later, a palladium catalysed carboxylation of propargyl amines was reported by Shi et 
al. (scheme 16).39 An initial screening of transition metals showed that [RuH4(PPh3)2], 
[IrCl(CO)(PPh3)2] and [NiBr2(PPh3)2] all proved to be ineffective catalysts for this 
transformation. Fortunately both Pd(0) and Pd(II) sources showed good reactivity. Pd2dba3 
showed effective conversion of propargyl amine, however a mixture of oxazolidinone and 
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imidazolidinone were formed. The formation of imidazolidinone was shown to increased 
with elevated temperatures and prolonged reaction time, where as oxazolidinone formation 
was favoured at high pressures of carbon dioxide. It was proposed that imidazolidinone 
formation was occurring through further reaction of the oxazolidinone product with 
additional propargyl amine.  
 

  
 

Scheme 16 
 
Fortunately Pd(OAc)2 gave selectively the oxazolidinone product in combination with 
tertiary alkyl phospines. Additionally Pd(II) was an efficient catalyst for N-substituted 
propargyl amines, where as Pd(0) sources showed no reactivity. This methodology was also 
successfully applied towards the synthesis of thiazolidinediones from carbon disulfide in 
good yields.  
 
Yoshida et al. first reported the synthesis of oxazolidinone by the (DBU)-promoted reaction 
of propargylic amine by bubbling air through the reaction mixture (scheme 17). However, the 
reaction was an isolated example and extended reaction times (2 weeks) and high loadings of 
DBU were required, despite this, the reaction represented a potentially powerful method for 
the fixation of carbon dioxide from air to produce high value organic compounds. 
 

 
 

Scheme 17 
 

Further work was developed to optimise the reaction conditions through the application of a 
transition metal catalyst. Pt, Cu and Ag were tested for their catalytic activity, and Ag salts 
showed significant promise in promoting the carboxylation of propargyl amines (scheme 
18).40 Efficient fixation of atmospheric carbon dioxide was achieved using a silver 
nitrate/DBU dual-catalyst system. A diverse range of oxazolidinones were synthesised in 
good yields, where selectivity for the trans alkene was observed for alkyne substituted 
substrates. 
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Scheme 18 
 

Most importantly this reaction shows the effectiveness of DBU as a co-catalyst for the 
fixation of carbon dioxide from air. The implications of this suggest that high pressures and 
purified gas sources may not be required for the carboxylation of propargyl substrates. 
 

 
 

Scheme 19 
 
A copper catalysed in situ generation of propargyl amines followed by carboxylation from 
carbon dioxide to generate a number of oxazolidinones under solvent-free conditions was 
reported by Zhao et al. (scheme 19).41 Initially, under supercritical conditions, copper iodide 
was found to be a superior catalyst over alternative copper salts, interestingly, despite their 
prevalence in literature for activation of alkynes, silver and gold catalysts showed no ability 
to catalyse this transformation. Fortunately, reduced pressures below supercritical conditions 
could be employed to provide a range of oxazolidinones directly from commercially 
available acetylenes and primary amines. Alkyl and benzylic amines were well tolerated, 
however it was shown that alkyl acetylenes and electron deficient aryl acetylenes failed to 
furnish the desired oxazolidinones.  
 

 
 

Scheme 20 
 
A similar transformation was reported by Feng et al. whereby propiolic acids were 
decarboxylatively coupled to a number of imines formed in situ between various aldehydes 
and amines (scheme 20).42 This elegant multicomponent one-pot methodology required no 
additional carboxylative source, but instead efficiently utilises the carbon dioxide generated 
upon the decarboxylative coupling to propiolic acids, essentially incorporating a one-pot 
copper catalysed decarboxylative, carboxylation reaction to generate a number of highly 
functionalised oxazolidinones. Interestingly the reaction was tolerant of a variety of 
aldehydes, primary amines and propiolic acids.  
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Scheme 21 

 
A tentative mechanism was proposed where the initial decarboxylation of propiolic acid 
affords the copper-acetylide species 26 and CO2 (scheme 21). The in situ formed imine 32 is 
then attacked by the cuprate resulting in the formation of propargylamine 27. A copper 
catalysed addition of the CO2, generated in the previous step generates the carbamic acid 28 
which undergoes copper catalysed cyclisation of the alkene 29 to generate the oxazolidinone 
33. The copper is then regenerated upon protonation. 
 

 
 

Scheme 22 
 

Silver(I) carboxylate complexes have been shown to promote the carboxylative cyclisation of 
allenylmethylamines to afford 5-alkenyl oxazolidinones (scheme 22).43 Relatively mild 
reactions could be employed, however trace byproducts of alternative cyclisation products 
(1,3-oxazinan-2-one 34 and 2,5-dihydro-1H-pyrrole 35) were detected in a number of 
examples. 
 
The carboxylative cyclisation of propargyl amines catalysed by gold(I) complexes under an 
atmospheric pressure of CO2 was described by Hase et al. (scheme 23).44 Gold-NHC 
complexes were shown to have significantly superior reactivity over AgCl (0%) and gold 
complexes bearing phosphine and phosphite ligands (41-70%). 
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Scheme 23 
 

A number of alkyl and aryl substituted acetylenes, as well as N-functionalised amines were 
well tolerated under the optimised reaction conditions to selectively afford the corresponding 
(Z)-5-oxazolidinones. Acetylene proved least suited to the reaction conditions (16%), it was 
proposed that the formation of the catalytically inactive gold acetylide species was hindering 
the reaction. Additional investigation into the tolerance of the reaction showed that mixed gas 
systems were tolerated, (up to 50:50 CO2:air for the carboxylation of 1-methylamino-2-
butyne) however extended reaction times were required. 
 
With respect to the mechanism, the studies of Yuan et al. are noteworthy (scheme 24).45 DFT 
calculations were carried out to study the mechanisms for the carboxylative cyclisation of 
propargylamine by NHC-gold(I) complexes.  
 
The active catalytic species was determined to be the N-coordinated propargyl amide to the 
Au (I) metal centre 37, the Au-alkyne coordinated species were determined to be 
significantly higher in energy and as such determined to be an unlikely catalytic species. The 
initial step involves the isomerisation of the N-coordinated amine to the alkene coordinated 
species 38. An additional propargyl 36 readily inserts to hydrogen bond to the coordinated 
complex, displacing the chloride anion 39. Nucleophilic attack of carbon dioxide is 
facilitated by the increased nucleophilicity of the amine due to the association with the 
chloride 40. A deprotonation event generates the corresponding carbamic ion 41 and in 
addition an ammonium salt 43. Formation of the ring involves a nucleophilic attack at one of 
the alkyne carbons 42. The five membered ring 44 is favoured over the six membered species 
as the transition state for 5-membered rings exhibits good planarity, where as 6-membered 
rings deviate from this planarity. An in-plane lone pair will exhibit greater nucleophilic 
activity. Following the ring formation the final protonation step is achieved from the 
ammonium salt produced in the previous deprotonation step.  
 
Careful study of the solvent effect indicates that solvents, which are polar and capable of 
hydrogen bonding, promote the catalytic reactions through stabilising the carbamate ion 
intermediate species. In addition the ability to hydrogen bond can also stabilise rate-
determining transition states, promoting the catalytic reaction. 
 

R'
NHR''

NO

O

R'
CO2 (1 atm), MeOH, 40 oC, 15-66 h

16-91%
10 examples

N N

Au
Cl

iPr

iPriPr

iPr

(2 mol%) R''



Chapter 1 

	   18 

 
Scheme 24 

 

Catalytic ring opening of epoxides 
 
The synthesis of highly functionalised and enantiomerically pure epoxides has been the 
subject of many research groups interests for a number of decades. A wide array of elegant 
and accessible methods have been developed for the synthesis of epoxides, and as such 
epoxides have become a staple in the chemistry toolkit as vital building blocks. 
 
The insertion of isocyanates with epoxides is one of the earliest and most widely used 
methods for the synthesis of oxazolidinones. Initial investigations towards the catalyst 
promoted ring-opening of epoxides to form oxazolidinones employed the use of a wide 
variety of catalysts, such as ammonium salts,46 alkali halides,47, 48 transition group metals 
(Sn)49 (Pd),50, 51 main group metals (Sb)52 and lanthanide chlorides (scheme 25, A-F).53 
However, a number of these methods used elevated temperatures, high boiling solvents, 
extended reaction times and high catalytic loadings, additionally, few methods showed 
significant regioselectivity and byproducts were common. In addition, a number employed 
expensive and difficult to handle catalysts.  
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Scheme 25 
 
Zhang et al developed the use of an inexpensive, environmentally benign and easily handled 
Mg(II) based catalytic promoter for the insertion of isocyanates with epoxides.54 Lewis acidic 
Mg(II) catalysts have been widely used in various organic reactions, MgI2.OEt2 has been 
successfully shown to promote the insertion of isocyanates to epoxides to generate 
functionalised oxazolidinones under mild conditions (THF, reflux, 1-10 h). A number of 
electron rich and electron poor aryl isocyanates as well as alkyl functionalised epoxides were 
successfully transformed in to the corresponding 5-substituted oxazolidinones in good to 
excellent yields (66-92%). High catalytic loadings (50 mol%) were required to ensure 
significant conversion. Binary Mg-Fe oxides were later developed by Shang et al. for the 
insertion of carbamates to epoxides (scheme 26).55 A number of catalysts were prepared and 
optimum activity was achieved when an equimolar ratio of Mg and Fe was used, the total 
number of basic sites was considered to play an important role in the activity of the catalyst. 
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Scheme 26 

 
The scope of the reaction was applicable to a number of functionalised epoxides, however 
scope was not explored with substitutions on the carbamate nitrogen. Excellent selectivity for 
5-substituted oxazolidinones were achieved. The MgFe catalyst used has the additional 
benefit of magnetic separation and was shown to maintain its catalytic efficiency for five 
runs without noticeable deactivation. 
 
A nucleophilic carbene catalysed redox azidation of epoxyaldehydes was reported by Vora et 
al. in 2008 (scheme 27).56  
 

 
 

Scheme 27  
 

It was proposed that nucleophilic attack of the epoxide 49 by the carbene 46 generates an 
epoxy enol intermidate 46, which upon tautomerisation and nucleophilic displacement by the 
azide, liberates the carbene 45 forming a hydroxyl acyl azide intermediate 50 (scheme 28). 
The acyl azide intermediate under goes a Curtius rearrangement 51 followed by nucleophilic 
attack of the resulting isocyanate to generate 4,5-substituted oxazolidinones 52 with 
moderate diastereoselectivity. 
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Scheme 28 
 

The use of an enantioenriched triazolium catalyst has led to some positive initial results, 
achieving modest asymmetric induction. Alternative enzyme catalysed methods towards the 
synthesis of enantiopure oxazolidinones have also successfully been reported by Janssen et 
al..57, 58 
 
A catalytic, general and direct method for the synthesis of enantiopure 5-substituted 
oxazolidinones from racemic epoxides was devised by Bartoli et al. (scheme 29).59 
 

 
 

Figure 6 : Jacobsen (R,R)Co(III)(salen) complex 
 

A common, commercially available Co(III)(salen) catalyst was used for the catalytic 
aminolytic kinetic resolution of epoxides by the nucleophilic attack of urethanes (figure 6). 
Mild reaction conditions for the resolution were employed to selectivtly access enantiopure 
ring-opened epoxides 55 with ee’s up to 99.99%. Subsequent base mediated cyclisation 
furnished the 5-substituted oxazolidinones 56 in excellent yield. Exceptionally high 
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selectivity for the ring opening at the terminal position resulted in complete regio-selectivity 
for the 5-substituted isomer.  
 

 
 

Scheme 29 
 

Oxazolidinone synthesis via catalytic intramolecular carboxylation 
 
A particularly attractive route towards the synthesis of oxazolidinones is based on the 
annulation of acyclic precursors. Catalytic modifications to reaction conditions can allow for 
the regio- and stereoselective preparation of heterocycles with desired substitution patterns 
and chirality not determined by the initial substrate. A promising area to achieve this is in the 
inter and intra carboxylation of unsaturated substrates and carbamates. Previous methods 
reported in this review concern the intermolecular insertion of carbon dioxide to form 
oxazolidinones, the following section reports alternative intra and intermolecular processes 
which use alternative carboxylative sources. 
 

 
 

Scheme 30 
 
The gold(I) catalysed synthesis of oxazolidinones from N-boc-portected alkynylamines was 
reported by Robles-Machin et al. (scheme 30, A).60 The in situ formation of the highly 
electrophilic AuPPh3SbF6 catalytic species allowed for the use of mild reaction conditions 
with exceptionally short reaction times to generate an array of highly substituted alkylidene 
2-oxazolidinones. Complete (Z)-stereoselectivity was observed regardless of the electronic 
character of the alkyne substitution, additionally N-unsubstituted oxazolidinones were 
prepared in excellent yield by the cyclisation of the BOC derivative of primary 
propargylamines. Some limitations with substrate scope were observed, where N-pyridyl 
substrates showed no reactivity, most likely as a result of competitive coordination of the 
electrophilic gold species and the basic pyridyl nitrogen. At the same time, a similar 
procedure was reported by Buzas et al. for the gold(I) catalysed cyclisation-fragmentation 
process for the synthesis of 5-methylene-oxazolidinones from propargylic tert-butyl 
carbamates (scheme 30, B).61 Substitutions at the propargylic positions were investigated and 
it was shown that the reaction conditions were mild enough to prevent epimerisation or 
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degradation of the substrates, even for acid-sensitive substrates. 
 

 
 

Scheme 31 
 

A tentative catalytic cycle was proposed by Robles-Machin et al. whereby coordination of 
the highly electrophilic Au(I) species 57 to the alkyne 61 activates the acytlene 58 towards 
nucleophilic attack by the carbamate carbonyl 59 (scheme 31). Subsequent fragmentation of 
the tert-butyl motif releases isoprene 62 and a proton, generating the gold-oxazolidinone 
complex 60. Protonation would provide the oxazolidinone 63 to complete the catalytic cycle.  
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boc-portected alkynylamines (scheme 32).62 Here a number of N-unsubstituted, 1,1’ 
functionalised alkynylamines were cleanly reacted to afford the corresponding alkylidene 2-
oxazolidinones. Various aromatic and heteroaromatic substituents with varying electronic 
demand in the 1,1’ positions were tolerated, as well as aliphatic substrates. In the case of 
external alkynes the reaction proceeded efficiently in fast reaction times (<2 h), however 
internal acetylene substrates required significantly longer (2-12 h). Unlike Robles-Machin et 
al. a mixture of geometric isomers were formed with internal alkene substrates. 
 

 
Scheme 33 

 
It was postulated that, in the case of the N-unsubstituted substrate, a cationic vinyl-Au 
intermediate 65 would partially undergo a proton shift to form an intermediate imine 66, 
which isomerises to the E-isomer 67 to relieve allylic strain (scheme 33). This cannot occur 
for N-substituted derivatives and would explain the retention of geometric isomers observed 
in Robles-Machin’s work. Post synthetic modifications of the alkylidene 2-oxazolidinones 
formed were also performed towards the preparation of a natural cytokine modulator, 
Cytoxatone. 
 
 

 
 

Scheme 34 
 

An efficient synthesis of oxazolidinone-fused ring systems has been developed by Borsini et 
al. (scheme 34).63 The procedure is based on an oxidative Pd(II) catalysed domino 
aminocarboxylation process, performed in the presence of stoichiometric copper chloride. It 
was proposed the oxazolidinone was formed from the direct insertion of the carbamate 
oxygen after the initial palladium-promoted internal amination of the pendant alkene. Copper 
chloride was found to be vital for the favourable formation of the bicyclic product over the 
formation of the monocyclic amination product. Further studies showed that the amount of 
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copper (catalytic vs. stoichiometric) determined either a divergent route to simple amination 
products or dominio aminocarboxylation towards oxazolidinone formation. Some 
diastereoselectivity was observed for this reaction, whereby the major product was the trans 
isomer. 

 

 
Scheme 35 

 
A highly efficient and atom-economic route towards 5-(1,3,4-alkatrien-2-yl)oxazolidin-2-
ones via the palladium-catalysed reaction of 2,3-allenyl amines with propargylic carbonates 
was reported by Ye et al. (scheme 35).64 A number of substituted propargylic carbonates 
(aryl and alkyl) as well as secondary butadienyl amines containing protecting groups were 
well tolerated under the reaction conditions, providing the corresponding oxazolidinones in 
excellent yields. When 4-monosubstituted 2,3-allenyl amines were used a mixture of 
stereoisomers were observed (82:18 Z/E).  
 

 

 
 

Scheme 36 
 

A plausible mechanism was proposed (scheme 36), whereby oxidative addition of the 
propargylic carbonate 75 with Pd(0) would afford an allenylpalladium intermediate 74 upon 
generation of a molecule of CO2, the high efficiency with which the CO2

 is incorporated in 
the reaction is most likely due to coordination of the CO2 to the palladium centre after 
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decarboxylation. In the presence of base the 2,3-allenyl amine 70 is carboxylated to generate 
the carbamic anion intermediate 71. Transformation of the allenylpalladium intermediate and 
allenyl carbamic ion to the oxazolidinone may proceed through two possible pathways. 
Pathway A involves the carbopalladation of the allene moiety, generating the π-allyl 
palladium species 72a Subsequent nucleophilic attack by the carbamic anion would afford 
the oxazolidinone product 76. Pathway B involves an anti-oxypalladation 72b followed by 
reductive elimination to generate the desired product 76. 
 

 
Scheme 37 

 
The platinum catalysed addition of carbamates to allyl halides to afford 5-vinyl 
oxazolidinones was reported by Yoon et al in 2012 (scheme 37).65 A variety of substrates 
possessing tosyl, benzyl, allyl and propargyl substituted amines were found to successfully 
participate in the reaction to afford a number of N-functionalised 5-vinyl oxazolidinones. 
Unlike previous works, a number of carbamates were tolerated as oxygen nucleophiles. 
Unfortunately, no enantio- or diastereoselectivity was observed under the reaction conditions, 
at best achieving a low diastereomeric ratio of 1.7:1. The role of SnCl2 in the reaction 
mechanism was speculated as both a promoter for the cleavage of the C-O bond in the 
carbamate and as a catalyst activator towards oxidative insertion. 
 

 
 

Scheme 38 
 
The impact of the carbamate protecting group was investigated by De Sousa Fonseca et al. as 
to why N-Boc-allenylaniline undergoes cyclisation in the presence of a catalytic amount of a 
cationic gold complex to exclusively form 2-oxazolidinones, whereas the N-Moc-
allenylaniline affords dihydroquinolines (scheme 38).66 It was proposed that selectivity of the 
reaction was determined not by the electronic and steric nature of the catalyst but was instead 
controlled by the nature of the protecting group and the relative reactivates of the two 
nucleophilic sites in the gold-allene complex (scheme 39). Liberation of isobutene also 
represents a thermodynamically favoured process as well as an irreversible step in the 
catalytic cycle, and would explain the wide utility of Boc-amines in catalytic intramolecular 
carboxylation reactions. 
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Scheme 39 : Competitive reaction pathways; dihydroquinoline synthesis by intramolecular 
hydroarylation or oxazolidinone synthesis by addition of the carbonyl oxygen to the carbon–

carbon multiple bond. 
 

Oxazolidinone synthesis via catalytic amination 

Hydroamination 
 

 
 

Scheme 40 
 

Undoubtedly, Trost was one of the pioneers in intramolecular aminations, in particular 
towards the synthesis of oxazolidinones from allylic alcohol derivatives. Trost initially used 
meso allylic 1,4 diols for the palladium catalysed amination of alkenes (scheme 40).67 The 
alcohols were treated with N-tosyl isocyanates to form the corresponding N-tosylated 
carbamates. When these allyl carbamates were treated with a Pd(0) catalyst and a chiral 
phosphine ligand significant enantioselectivity could be achieved in the synthesis of chiral 
oxazolidinones. Both possible enantiomers were accessible through the choice of ligand. A 
year later Trost applied this methodology towards a general synthetic strategy for the 
synthesis of aminocyclopentitol glycosidase inhibitors, specifically allosaminzoline and 
mannostatin A.68  
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Trost further developed this work by investigating a small library of chiral bidentate 
phosphine ligands (figure 7).69 It was proposed that the amide carbonyls exhibit coordination 
to the palladium centre, and as such electron rich aromatics were investigated. The addition 
of base however was shown to more dramatically improve enantioselectivity, interestingly, 
whilst base significantly improved the enantioselectivity of the reaction it had no effect on 
conversion.   
 

 
 

Scheme 41 
 

In a base free catalysed reaction, formation of the allyl-palladium species 82b liberates the 
conjugate base of the eliminated leaving group, this is the species responsible for the 
deprotonation event resulting in the intramolecular cyclisation (scheme 41). In this case, the 
cyclisation/deprotonation step must occur faster than the reverse reaction, regenerating the 
starting material, causing an erosion in ee. This is why enantioselectivity was shown to be 
dependent of the nuleophilicitiy of the leaving group. With the addition of base the 
deprotonation step is more facile 82a, and the competitive return of intermediate to starting 
material is dramatically more disfavoured, resulting in higher enantioselectivities. A 
complete enantioselective synthesis of (-)-Swainsonine was performed using this 
methodology to access a key chiral intermediate.70  
 

 
 

Figure 8 
 
Trost also developed a polymer supported chiral ligand for the palladium catalysed 
asymmetric amination of allylic carbamates (figure 8).71 High reactivity and 
enantioselectivity of the optimised ligand system was achieved, it was found the impact of 
the solid support on enantioselectivity was significant, the use of an amide tether and 
pyrrolidine scaffold however overcame this to retain previous ees. In call cases good 
recyclability of the catalyst was observed (up to 7 recycles). 
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Scheme 42 
 

In a continuation of palladium catalysed intramolecular aminations from allylic carbamates, 
Overman et al developed a catalytic asymmetric synthesis of vinyl-substituted 
oxazolidinones (scheme 42).72 Using a ferrocene-chiral oxazoline based palladium complex 
85, high yields and enantioselectivities were achieved in the synthesis of a number of 
functionalised N-arylsulfonyloxazolidinones. The aryl substituent scope was found to be 
limited however as electron deficient aromatics were not well tolerated, it was suggested for 
the efficient transformation a highly acidic nitrogen nucleophile was required.   
 

 
 

Scheme 43 
 

An enantioselective route towards oxazolidinones via formal [3+2] cycloaddition between γ -
hydroxy-α ,β -unsaturated carbonyls and N-tosyl isocyanate in the presence of a cinchona-
alkaloid-derived aminothiourea 86 has been reported by Fukata et al. (scheme 43).73 
Interestingly, the enantioselectivity is determined not by the alteration of catalyst, but in the 
order of addition of the reaction, this is an especially useful facet, particularly in the case of 
naturally derived chiral catalysts, as often only one enantiomeric form of the catalyst is 
available. In the reaction a number of aryl γ-hydroxy-α,β-unsaturated carbonyls were 
tolerated, however in the reaction using a γ-hydroxy-α,β-unsaturated ester the same 
oxazolidinone enantiomer was obtained as the major product in both procedures. 
 

Fe

SiMe3O

N

tBu

Pd
X

2
X = OCOCF3

HN

O O

SO2Ar

OAc

Ar = 4-MeC6H4, Ph, 2-MeC6H4
4-ClC6H4, 4-FC6H4

85 [Pd]* (5 mol%)

CH2Cl2/MeNO2 (1:1), rt, 10-20 h
NO

O

H

SO2Ar 75-98%
7 examples
89-99% ee

N
O N

O

O

H

S
O

O

O

H

Ts

N

N
O

O

H

Ts

BOC

F

75%
97% ee

92%
99% ee

98%
92% ee

85
[Pd]*

N
C

O

Ts

Ar

O
OH

Toluene, 0 oC, 0.5 h
86 [cat] (5mol%)

toluene, 0 oC, 24 h

ON

O

Ts

N
C

O

Ts

Ar

O
OH

Toluene, 0 oC, 0.5 h

86 [cat] (5mol%)

toluene, 0 oC, 24 h

ON

O

Ts

Method A
8 examples
27-95%
68:32 - 91:9 (R):(S)

Method B
8 examples
19-74%
25.5:74.5 - 6.5:93.5 (R):(S)

NH
N

H
O

N

S NH

F3C CF3

86
[cat]

Ar

Ar

O

O



Chapter 1 

	   30 

 
 

Scheme 44 
 

An iridium-catalysed regiospecific and stereospecific amination reaction was developed by 
Lee et al. for the generation of α,β-unsaturated γ-amino esters (scheme 44). This 
methodology was further applied towards the synthesis of a series of 3,4 disubstituted 
oxazolidinones, using allylamine and N-propylamine.74  
 

 
 

Scheme 45 
 

The mechanism was proposed to proceed through a syn-selective conjugate addition of the 
amine with the allyl carbamate to give intermediate 89 (scheme 45). Intramolecular 
nucleophilic substitution at the carbamate carbonyl generates the corresponding 90 trans 
oxazolidinone in high stereoselectivity. 
 

 
 

Scheme 46 
 

Choi et al describe a dual base/photoredox catalyst system capable of N-H homolysis via a 
concerted proton-coupled electron transfer process (scheme 46).75 Generation of radical 
intermediates facilitates the amination of allylic carbamates to generate a number of 
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functionalised oxazolidinones and thiazolidinones. Carbamates derived from acyclic allylic 
alcohols were converted to their corresponding oxazolidinones in excellent yields and 
diastereoselectivity. Geminal and 1,2 olefin substituents were tolerated as well as a number 
of N-aryl substituents.   
 

 
 

Scheme 47 
 

Mechanistically, the combination of Bronsted base and excited-state oxidant effect proton-
coupled electron transfer hemolysis of the N-H carbamate bond (scheme 47). This is 
achieved through initial hydrogen-bonding between the substrate and the Bronsted base, 
modulating its oxidation potential to facilitate proton coupled electron transfer with the 
photoexcited redox catalyst. The generated radical intermediate 92 would then cyclise to 
form a carbon centred radical 93, which would in turn undergo an intermolecular addition to 
an acrylate 97 to form an α-carbonyl radical 94. This radical would then in turn accept an 
electron from the reduced catalyst, regenerating the catalytic species. A protonation event 
furnishes the desired oxazolidinone 98. 
 

 
 

Scheme 48 
 
One of the first reported intramolecular aminaitions of propargyl carbamates was described 
by Kimura et al. (scheme 48).76 Here primary N-carbamates act as a nucleophile to the 
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regioselective addition of internal and external alkynes to form 4-methyene oxazolidinones. 
The reaction was entirely dependent on the nature of the R1 group on the nitrogen, however 
this was overcome by varying both the catalyst and base. For N-tosylated substrates, copper 
chloride and triethylamine were sufficient to catalysed the reaction in good yield. N-amidated 
and N-aniline derivatives required the use of stronger bases (KOtBu) and either CuCl or 
AgNCO as a catalyst. The reaction was shown to be highly regioselective, generating 4-
substituted oxazolidinones, as well as highly stereoselective, whereby internal alkynes 
generate the Z-isomer.  
 
Ritter et al reported that the application of a gold catalyst (AuCl) and a base co catalyst were 
highly effective for the intramolecular hydroamination of O-propargyl carbamates, 
proceeding smoothly at room temperature to afford 4-methylene oxazolidinones in high 
yield.77 Internal alkynes were well tolerated and stereoselectively gave rise to the (Z)-4-
alkylidene oxazolidinone.  
 

 
Scheme 49 

 
A simple and efficient methods was developed by Alamsetti et al for the synthesis of 
oxazolidinones and the external sulfur analogues oxazolidinthiones from the corresponding 
propargylic carbonates and thiocarbonates respectively (scheme 49).78 Pd(OAc)2 and 
nBu4NOAc were used as a catalytic system in DCE at room temperature. Solvent was shown 
to be key in exo- endo- selectivity, whereby DCE affords the exo product favorably (>85:5 
exo-:endo-). The reaction also proved to be highly stereospecific, generating solely the (Z)-
isomer. It is believed this stereoselectivity arises from a trans-aminopalladation of the alkyne, 
followed by protodepalladation with retention of configuration. 
 

 
Scheme 50 

 
Li et al demonstrated the application of a ruthenium-tridentate ligand system for the domino 
addition/exo cyclisation of propargylic alcohols and tosyl isocyanates (scheme 50).79 
Moderate catalytic loadings (2 mol% for 1,1’ disubstituted  propargylic alcohols and 5 mol% 
for 1-monosubstituted propargylic alcohols) were required to selectively form the racemic 4-
methylene 5-substituted oxazolidinones in good to excellent yields. Mechanistic 
investigations suggest alkyne activation by the ruthenium to form an η-alkyne complex, 
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rather than a ruthenium vinylidene intermediate. Exo-cycloisomerisation followed by 
protonation regenerates the catalytic ruthenium species and the resulting oxazolidinone.  
 

 
Scheme 51 

 
Similar reactivity was observed by Jo et al. when N-heterocyclic carbenes were applied 
towards the synthesis of N-benzoylated 4-methylene 5-aryl oxazolidinones (scheme 51).80 
Few examples have been reported where 4-arylidene compounds were successfully formed 
by the intramolecular hydroamination of alkynes, however, in the domino cyclisation of 
benzoyl isocyanates and propargyl alcohols catalysed by an isopropyl-substituted NHC and 
KOtBu a number of functionalised aryl- and heteroarylidenes were accessible in high yields. 
The reaction proved to be highly regio- and stereoselective, forming exclusively the (Z)-
isomer. Interesting, during reaction screening, when DBU was used exclusively as a base the 
(E)- isomer was exclusively formed, a product of an anti addition to the alkyne. The NHC 
plays a vital role in reducing the reaction time and improving the yield of oxazolidinone, by 
acting as a Bronsted base. It was theorised that the NHC, as a more active Bro ̈nsted base, is 
indispensable for cyclisation of the benzoyl substituted carbamate. 
 

 
 

Scheme 52 
 
In some cases, the addition of catalytic transition metals was not required, and instead only 
catalytic base was need to efficiently generate oxazolidinones from propargyl carbamates. 
Chandrasekaran reported the LiOH-catalysed reaction method with DMF as a solvent 
(scheme 52).81 The reaction was tolerant of a number of aryl substituted carbamates, as well 
as a limited number of alkyl derivatives. It was found substitutions in the 3-position of the 
propargyl group tend to reduce the rate of cyclisation, where as 1-substituted alkynes 
exhibited increased rates. The reaction however did not exhibit any stereoselectivity, 
generating a 50:50 mixture of E/Z isomers for 3-substituted substrates.  
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1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) can serve as a potent catalyst for the synthesis of 
N-aryl 4-alkylidene oxazolidinones from in situ generated propargyl carbamates (scheme 
53).82 The use of DBU has significant advantages in oxazolidinone formation relative to 
previously reported basic conditions such as increased reaction scope, particularly for 3-
substituted alkynes, and increased stereoselectivity for Z/E isomers. It was conceived that 
(DBU-H)+ has a duel role where it acts as a Bronsted acid and catalyses the cyclisation as a 
π activator towards the alkyne moiety. It was hypothesised the stereoselectivity observed in 
the reaction was a result of the proximity effect, accounting for the minor (E)-isomer being 
formed. 

Aminohydroxylation 
 
The aminohydroxylation of unsaturated compounds was largely pioneered by Sharpless to 
allow for the syn-selective preparation of 1,2 amino alcohols. Traditionally N-
halosulfonamides, -amides and –carbamates were used in the presence of an osmium catalyst. 
In many cases, the use of cinchona alkaloid derived chiral ligands (DHQ 100 and DHQD 
101) enabled a level of enantioselectivity to be achieved (figure 9). 
 

 
 

Figure 9 
 

 
Scheme 54  

 
One of many applications of asymmetric Sharpless aminohydroxylation procedures is in the 
preparation of enantiomerically pure carbamate protected amino alcohols from alkenes. 
These compounds represent desired intermediates in the synthesis of enantiomerically pure 
oxazolidinones, whereby a simple base mediated intra molecular cyclisation will furnish the 
corresponding oxazolidinone from the amino alcohol derivative. Li et al reported the two-
step process for the conversion of unsubstituted styrene derivatives to chiral oxazolidinones 
using a Sharpless asymmetric aminohydroxylation reaction and a potassium carbonate 
mediated ring closure (scheme 54).83 The methodology used allowed for the synthesis of both 
enantiomers of novel chiral Evans auxiliaries. 
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Scheme 55 

 
Barta et al. presented a one-step preparation of chiral oxazolidinones from substituted 
styrenes (scheme 55).84 Sharpless asymmetric aminohydroxylation was successfully 
employed in a practical and economical procedure using 1,3-dichloro-5,5-dimethyl hydantoin 
as an inexpensive and more easily handled alternative oxidant for tert-butyl hypochlorite in 
good yields, high enantioselectivities and moderate regioselectivities. DHQ ligands were 
used to access the benzylamine regioisomers of oxazolidinones with good enantiomeric 
excesses, however, low enantiomeric excesses were observed for the benzylalcohol regio 
isomer. The procedure was shown to be effective on both small as well as multi-gram scales. 
 

 
 

Scheme 56 
 

Similarly, an intramolecular variant of amionhydroxylation was applied to carbamates 
derived from allylic alcohols by Donohoe et al. Hunigs base was used to promote the 
intramolecular cyclisaton to generate the corresponding 4-substituted hydroxy-
oxazolidinones.85 The oxazolidinones were obtained with complete regio- and diastereotopic 
control, generating solely the syn-enantiomers, however no enantioselectivity was observed, 
despite the use of (DHQ)2PHAL ligands, and only racemic forms were isolated.  
 
A significant advancement in the field of tethered carbamates for the asymmetric 
aminohydroxylation of alkenes has been made by Donohoe et al. since their initial 
observations (scheme 57, A). The major advantage of tethered carbamates is the complete 
control over regioselectivity, however, in traditional aminohydroxylation reactions, 
reoxidation is typically performed by an N-halocarbamate salt prepared in situ by the reaction 
between NaOH, tBuOCl and a primary carbamate. In many reactions this process is mitigated 
by the use of excess carbamate (3-3.5 eq), however in the case of intramolecular reactions 
this is not feasible. Competitive chlorination of alkenes by tBuOCl is also responsible for 
reduced yields, especially in the case of homoallylic carbamates.  
 

Ar
R

i. K2[OsO2(OH)4] (2 mol%)
(DHQ)2PHAL (2.5 mol%)

NaOH (3.05 eq)
1,3-Dichloro-5,5-dimethylhydantoin (1.52 eq)

nPrOH/H2O, 20 oC

ii. NaOH, 20 oC, 30 minH2N O

O

O O

OHN OHN

Ar R ArR

+ +
28-81%
4 examples
81-98% ee
2-5:1

Ar = Ph, 4-MeO-C6H4, 4-NO2-C6H4
R = Me, Ph, COOEt

i. K2OsO2(OH)4 (4 mol%)
(DHQ)2PHAL (5 mol%)

iPrNEt (5 mol%)
NaOH (1 eq), tBuOCl (1 eq)

nPrOH/H2O, 20 oC

ii. NaOH, rt
41-61%
5 examples

R = H, Ph, iPr, CH3CH=CH-

R

OH2N

O
OHN

O

OH
R

(rac)



Chapter 1 

	   36 

 
 

Scheme 57 
 
The use of N-sulfonyloxy carbamates as reoxidants for tethered aminohydroxylation 
reactions was investigated to address these issues.86 Studies showed that in the presence of N-
sulfonyloxy carbamates no chlorinating agent was required, and due to the differing pKa of 
the nitrogen proton, the reaction could also be performed in the absence of hydroxide base 
(scheme 57, B). In each case where N-sulfonyloxy carbamates were used the products were 
identical to that obtained by conventional tethered amine oxidation, but the yields were 
consistently higher. This new procedure was shown to be highly beneficial is it navigated the 
complications associated with the use of excess chlorinating agents. Additionally, the 
reaction was shown to perform well at much lower catalytic loadings (1 mol%) and still give 
acceptable yields. 
 
Despite these significant advances in producing a cleaner and more efficient method for 
tethered aminohydroxylations, the reaction sometimes proved capricious, such that some 
substrates were poorly tolerated for undetermined reasons. A wider range of leaving groups 
were investigated and pentafluorobenzoyl substrates emerged as superior reoxidation 
substrates, both for their efficiency in the aminohydroxylation reactions but also in their ease 
of synthesis (scheme 57, C).87 Again, these substrates showed even greater improvement in 
yield relative to the previous methods used, and catalytic loadings could be consistently 
reduced to 1 mol%. Importantly, the implementation of the new N-leaving group 
dramatically improved the scope and reliability of the reaction.  
 

 
 

Scheme 58 
 

This work was expanded to establish two separate oxidation reactions catalysed by osmium 
in tandem (scheme 58).88 It was found that control of the pH and oxidation state of osmium 
was crucial. The result was the synthesis of complex tetrahydrofuran rings containing an 
adjacent oxazolidinone and four stereogenic centres.  
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Scheme 59 
 

The use of Donohoe’s conditions for tethered aminohydroxylations was reported by Morales-
Serna et al in the synthesis of racemic D/L-erythro-sphingosine 109 (scheme 59).89 An 
aminohydroxylation reaction was employed as a key step in the synthesis to generate an 
intermediate oxazolidinone 108 for the preparation of chiral amino alcohols. Unfortunately, 
as reported by Donohoe, the aminohydroxylation reaction is not compatible with cinchona 
alkaloid-derived chiral ligands, and as such the methodology was applied towards the 
synthesis of the racemate. D/L-erythro-sphingosine was synthesised in eight steps (33% 
overall yield), whereby the key aminohydroxylation step occurred in excellent yield with 
absolute regioselectivity. 
 

 
 

Scheme 60 
 

Liu et al described the Fe(II) catalysed diastereoselective aminohydroxylation of alkenes to 
afford oxazolidinones from functionalised hydroxylamines (scheme 60).90 The iron catalyst 
was shown to transfer both the nitrogen and hydroxide groups on to the olefin in a anti 
arrangement, this is contrary to work performed using osmium, where the syn arrangement is 
formed. Fe(II) and Fe(III) salts were shown to be inactive catalysts for the transformation at 
room temperature, however it was found that the addition of bidentate and tridentate nitrogen 
based ligands greatly accelerated the reaction in the case of Fe(II) salts. In addition, a 
significant counterion effect was observed, where strong π acceptor counter ions proved 
superior. Trans-di- and trisubstituted olefins as well as disubstituted terminal olefins all 
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proved suitable substrates from the reaction, however para-methyl-stryenyl substrates 
suffered from significant losses in dr. Interestingly, when cis-disubstituted olefins were used 
the anti-product was still formed. Asymmetric induction was also investigated using Fe(II) 
bisoxazoline (BOX) complexes. Effective enantioinduction could be achieved (82% ee, 
>20:1 dr) using an alternative set of conditions (Fe(NTf2)2 + chiral BOX ligand). 
Interestingly the diastereoselectivty observed differed from the K4Fe(CN)6 catalysed reaction. 
 

 
Scheme 61 

 
The Fe(II) catalysed enantioselective reaction is proposed to occur through the following 
mechanism (scheme 61). The initial step involves the cleavage of the N-O σ -bond by the 
Fe(II)-ligand complex, generating iron nitrenoid complexes 110a,b. Stepwise cycloamination 
subsequently occurs, generating two radical species in fast equilibrium 112a,b. The 
intramolecular aziridination is proposed to occur much more slowly in 112b than ligand 
transfer due to unfavourable steric interactions. However, aziridination can competitively 
form from intermediate 112a as this steric interaction is absent.  It was shown that 
mechanistic intricacies are dependent on differing counterion/ligand combinations.  
 

 
 

Figure 10 
 

In 2013 Lu et al reported an iron-catalysed diastereoselective intermolecular olefin amino-
oxygenation reaction reported to proceed through a similar iron nitrenoid complex as 
described in the previous work by Liu (scheme 62).91 A number of olefins were investigated 
for the coupling with various N-carbamate protected O-benzyl functionalised 
hydroxylamines. Similar yields and regioselectivites were observed to traditional osmium 
catlaysed processes. Interestingly, in this intermolecular process, syn products were majorly 
formed as would be consistent with traditional osmium conditions, unlike the previously 
mentioned intramolecular reaction stated above.  
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Scheme 62 

 
Attempts were also made to induce enantioselectivity through the use of chiral ligands (figure 
10). The amino-oxygenation of indene was successfully performed using ligand 117 to 
deliver the corresponding amino alcohol with good asymmetric induction, excellent diastereo 
selectivity (81% ee, >20:1 dr). 
 

 
 

Scheme 63 
 

Unsworth et al. considered the intramolecular rhodium catalysed aziridination/ring opening 
process for the overall hydroxyamination formation of oxazolidinones (scheme 63).92 As 
reported previously, tethered hydroxyaminations traditionally form overall syn-specific 
products, Unsworth’s method offers an alternative catalytic pathway for the formation of an 
overall anti-specific hydroxyamination. 
 

 
 

Scheme 64 
 

A number of oxazolidinones were prepared in good to excellent yields (scheme 64). 
Acetolysis of the intermediate aziridine 119 was found to be entirely regioselective, 
proceeding via the cleavage of the exo C-N bond. Unfortunately erosion in 
diastereoselectivity was observed in many cases and was most pronounced in substrates that 
could also undergo SN1 acetolysis. 
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Scheme 65 
 

A palladium-catalysed intramolecular aminohydroxylation of alkenes was developed by Liu 
et al., using hydrogen peroxide as the oxidant, in the formation of 4-hydroxymethyl 
tosyloxazolidinones (scheme 65).93 Substrates derived from allylic alcohols and γ–substituted 
terminal alkenes all proceeded well to give the desired aminohydroxylation products. γ–
substituted terminal alkenes resulted in excellent diastereoselectivities (>20:1), giving a 
single trans isomer. Internal alkenes however were not compatible under the reaction 
conditions. Competitive aza-Wacker products were observed during optimisation, however 
only minimal byproducts were observed in the optimised system (7%). Liu applied this 
methodology towards the synthesis of a natural product, (rac)-sifingol 123, a valuable 
candidate for antineoplastic and antipsoriatic drugs.  
 

 
 

Scheme 66  
 

Mechanistic investigations suggested that the reaction initially proceeds through a cis-
aminopalladation process 125 (scheme 66). The resulting formation of the C-O bond was 
proposed to proceed via a high-valent palladium hydroxide species 126, generated by the 
hydrogen peroxide. Two products were formed following the reductive elimination of this 
intermediate, the cis 127 and trans 128 species, where trans was the major product. Isotope 
labeling studies (2D/18O) revealed that the major species (trans 128) was formed by the 
nucleophilic attack of water at the high-valent palladium intermediate, and the minor product 
(cis 127) was formed by the reductive elimination of the high-valent palladium species 
generated by the peroxide. The ratio of cis- to trans isomers were shown to vary significantly 
according to different additives.  
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Haloamination 
 
The introduction of halogens to a structural core is a highly valuable method towards 
furnishing core structures with functional handles for additional structural modification. 
Much like for hydroxyaminations, haloamination reactions can be used to synthesise 
functionalised oxazolidinones. 
 

 
 

Scheme 67 
 
2-Alkenyloxycarbonyl azides were shown to undergo an intramolecular Fe(II) catalysed 
chloroamination by Bach et al. (scheme 67).94 TMSCl as a chlorinating agent in ethanol was 
able to furnish the corresponding 4-chloromethyl-oxazolidinones in good yields. In all cases 
high stereoselectivity for the trans isomer was observed.  
 

 
 

Scheme 68 
 
Mechanistically, it was proposed that instead of forming an intermediate aziridine, radical 
pathways were most likely (scheme 68).95 Probing the reaction using internal alkenes, the 
expectation of a reaction pathway proceeding via an aziridine intermediate was that the 
product would form as a single diastereoisomer, due to the selective formation of a trans-
aziridine. However a mixture of diastereoisomers was formed. It was therefor concluded an 
Fe(II) catalysed radical intramolecular amination and chlorination occurs in a step-wise 
fashion and is not a concerted process.  
 

R

O

O

N3
O

NH

R

O

Cl

O
NH

R

O

Cl

FeCl2 (10 mol%)
TMSCl (1.5 eq)

EtOH, 0 oC - rt, 20 h

O
NH

O

Cl

O
NH

O

Ac

O
NH

O

Cl

O
NH

O

Cl
Ph 5

+

72%
91:9 dr

64%
88:12 dr

60%
88:12 dr

60%
94:6 dr

O

O

N3

R1

O

O

N

R1

FeCl2O

O

N

R1

FeCl2

R1

N
O

O

FeCl2

R1

N
O

O

FeCl

ClR1

N
O

O

Cl

FeCl

R1

N
O

O

Cl

TMS

R1

NH
O

O

Cl

FeCl2

-N2

TMSCl

-FeCl2

EtOH



Chapter 1 

	   42 

 
Scheme 69 

 
The intramolecular chloroamination of alkynes was later developed using the same catalytic 
method (scheme 69).96 Selective formation of the (Z)-isomer and high yields of the 
corresponding 5-substituted-4-chloroalkene oxazolidinone was achieved in excellent yields. 
Formation of the (Z) conformation is in accordance with the previously proposed radical type 
mechanism (scheme 68). Further scope to these reactions was later investigated, a number of 
highly functionalised 4-chloroalkyl and 4-Chloromethylidene derivatives were prepared in 
good to excellent yields. 4-chloroalkyl derivatives were prepared with good selectivity for the 
trans isomer (88:12 - >95:5 dr) whereas 4-Chloromethylidene derivatives all showed 
exceptional selectivity for the (Z) isomer (>99:1 (Z):(E)) in excellent yields (91-99%).97 
 
 

 
 

Scheme 70 
 

Christie et al. reported the palladium (II) catalysed aminohalogenation of allylic carbamates 
in the presence of a copper oxidant and chloride source (scheme 70).98 Trichloroacetly groups 
were investigated due to their comparative ease of removal relative to traditionally used 
tosylated nitrogens. Pd(OAc)2 as a catalyst, CuCl2 as an oxidant and LiCl as a chloride source 
proved successful in promoting the intramolecular amination and subsequent chlorination of 
functionalised N-unsubstituted oxazolidinones. The order of addition of reagents proved to be 
crucial, whereby initial addition of copper and lithium salts followed by addition of 
palladium was required, variation from this method shut down reactivity. The reaction 
proved highly regioselective, forming the exo-cyclised product exclusively, as well as 
stereoselectively, favouring the formation of the trans isomers with excellent (>25:1) 
trans:cis selectivity.  
 

 
Scheme 71 
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An iron (II) catalysed diastereoselective and enantioselective intramolecular chloroamination 
reaction was later reported by Zhu et al. (scheme 71).99 In the diastereoselective reaction, 
Fe(II) salts with 1,10-phenanthroline and tetrabutylammonium chloride (TBAC) as a 
chlorinating agent was able to generate 4-β-chloro-substituted oxazolidinones from a variety 
of electron rich and poor disubstituted styrenyl olefins, extended aromatics, isomeric 
eneynes, and both styrenyl and non-styrenyl tri-substituted olefins in good yields and high 
diastereoselective control. Development of an asymmetric olefin chloroamination was 
achieved for internal, non-chalconic olefins by employing a chiral Fe(II)-chiral oxazoline 
catalyst-ligand system (scheme 71). A key component of the enantioselective reaction is the 
use of a chloroacetyl activating group, which showed significant improvement in yield and 
enantioselectivty in comparison to the 3,5-(CF3)2-benzoyl activating group used in the 
diastereoselective reaction. Para and meta substituted styrenyl olefins were converted with 
high dr and ee, however ortho substitutents were shown to have a detrimental effect on ee.  
 

 
 

Scheme 72 
 

The formation of oxazolidinones via iron catalysed intramolecular aminobrominations was 
reported by Kamon et al in 2012 (scheme 72).100 An Fe(II) catalyst in conjunction with 
tetrabutylammonium bromide in tBuOH was found to catalytically transform allyl N-
tosylated oxycarbamates into β-bromonated oxazolidinones. Two possible mechanisms are 
proposed to occur simultaneously under the reaction conditions. The predominant reaction 
mechanism is determined to be a radical pathway, whereby an amidyl radical is formed by 
extrusion of the tosylate group by the iron. A competitive pathway is the intramolecular 
aziridination, followed by nucleophilic ring opening. For (E)-cinnamyl carbamates, 
reasonable diastereofacial selectivity favouring the syn- product was observed, consistent 
with expected radical product, for (E) derivatives the anti diastereoisomer was favoured, if in 
lower dr. In general, moderate diastereoselectivities were achieved, and product distributions 
and stereoselectivities appeared to be highly substrate dependent.  
 

 
 

Scheme 73 
 
Kamon later applied this methodology towards the synthesis of a key intermediate in the 
preparation of agelastatin A 132, a potent anti tumor agent (scheme 73).101 Performing this 
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transformation on a ring restricts the rotation about the carbon centred radical, generated after 
N-C bond formation. This results in a highly stereoselective transfer of the halogen from the 
coordinated metal to the carbon centre. As such the stereoselective installation of a cis-
vicinal aminobromo functional group 131 was achieved in good yield using 
substoichiometric quantities of Fe(II) salts.  
 

 
Scheme 74 

 
Fluorinated organic molecules are important in medicinal chemistry due to their unique 
lipophilic and metabolic properties. Lu et al. describe an iron-catalysed diastereoselective 
intramolecular fluoroamination of olefins, using an Fe(II) salt, pyridine-oxazoline ligand 133 
and Et3N.HF as a fluorinating source, to facilitate the synthesis of β-fluoro-4-substituted 
oxazolidinones (scheme 74).102 Experimental results showed significant competing 
hydroxyamination pathways were occurring, in order to disable this pathway a carboxylate 
trapping reagent, XtalFluor, was used to improve the efficiency of the fluoroamination 
reaction. Electron rich and poor trans-disubstituted styrenyl olefins performed well to form 
anti-fluorinated oxazolidinones, with electron poor substituted exhibiting modest erosion of 
dr. Likewise cis-disubstituted styrenyl olefins readily react with essentially the same dr as 
that observed for trans substrates. Additionally, fluoroamination proceeds well with 
trisubstituted olefins with excellent dr to afford α -fluoro oxazolidinones.  
 

Csp3-H amination 
 
Csp3-H bonds are ubiquitous in natural products, simple chemical feedstocks, pharmaceuticals 
and the vast majority of chemical structures. Traditionally Csp3-H bonds were considered too 
inert to perform chemical transformations with, in particular cross-couplings. The capacity to 
activate these ‘inert’ C-H bonds and transform them in to a more versatile and valuable 
functional is an emerging area of chemistry, and the field of oxazolidinone synthesis is no 
different. 
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Scheme 75 
 

The first Rh-catalysed amination of C(sp3)-H bonds was developed by Du Bois et al in 2001 
(scheme 75).103 The oxidative amination of carbamates afforded a number of fused-cyclic, 
spirocyclic and highly functionalised oxazolidinones using either [Rh2(OAc)4] or [Rh2(tpa)4] 
(tpa = triphenylacetate) as a catalyst and PhI(OAc)2 as an oxidant. The cis-selectivity of the 
reaction in addition to the retention of enantiopurity for chiral C-H bonds suggests direct Rh 
participation in the activation of the C-H bond as opposed to radical generation, and would 
advocate the generation of the C-N bond is stereospecific. 
 

 
 

Scheme 76 
 
Further work for the Rh-catalysed C-H amination of N-tosyloxycarbamates to form 
oxazolidinones was reported by Lebel et al in 2005 and again in 2008 (scheme 76).104 
Investigations into the optimum leaving group for this transformation showed that N-
arenesulfonyloxycarbamates, specifically tosyloxyarbonates, were optimum for this process, 
and in their application, hypervalent oxidants were not required. [Rh2(tpa)4] as a catalyst and 
K2CO3 as a base proved most effective due to the increased solubility of the rhodium-nitrene 
species in comparison to alternative rhodium species ([Rh2(OAc)4]). The C-N bond formation 
was shown to be stereospecific and proceeded well with secondary and benzylic C-H bonds. 
Furthermore, oxazolidinones that resulted from the insertion of the nitrene into a deactivated 
secondary or primary C-H bond were accessible in moderate yields (64% and 41% 
respectively). 
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Scheme 77 
 

A chiral catalyst for enantioselective C-H aminations was developed by Reddy et al. (scheme 
77).105 An adamantylglycine derived ligand was shown to effectively catalyse intra- and 
intermolecular C-H aminations with a good levels of enantioseletivity. Lebel’s conditions 
were used to form the intermediate nitrene precursors, and N-tosyloxycarbamates were 
successfully transformed to oxazolidinones in good yield. Acyclic substrates showed 
moderate enantioselectivity but C-H amination of cyclic substrates proved less successful.  
 

 
 

Scheme 78 
 
In 2007 Fraunhoffer et al. reported the palladium(II)sulfoxide catlaysed intramolecular allylic 
C-H amination for the preparation of syn-1,2 amino alcohol motifs via the synthesis of syn-
functionalised oxazolidinones (scheme 78).106 Homoallylic N-tosylated carbamates served as 
nitrogen nucleophiles for 1,2 C-H amination. In these reactions additional oxidant was 
required, phenyl benzoquinone (PhBQ) and bissulfoxide (BisSO) proved to be the optimal 
oxidant/ligand set. A small array of oxazolidinones were prepared, and it was shown that 
optimal diastereoselectivity was achieved when bulky substitutents were present, however 
reactivity and diastereoselectivity proved to be finely balanced. This methodology was 
applied to oxazolidinones as synthetic intermediates towards the synthesis of L-acosamine 
derivatives, an aminosugar used as a chemotherapeutic agent.  
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Scheme 79 
 

Mechanistic studies suggest that a Pd-allyl species 131 is formed by the Pd(II)/bis-sulfoxide 
promoted C-H cleavage of the substrate  139 (scheme 79). The acetate generated is most 
likely to act as a base, deprotonating the N-tosyl carbamate 137 which acts as a nucleophile 
to generate the oxazolidinone 138 via an intramolecular cyclisation. Elimination of the Pd 
generates an additional equivilance of acetic acid, which is required in the reoxidation of 
Pd(0) to Pd(II). The key to this reaction is the use of catalytic base which is efficiently 
regenerated via qinione mediated Pd(0) oxidation. This mechanism is consistent with later 
work investigating the intermolecular allylic C-H amination using a similar strategy.107  
 

 
 

Scheme 80 
 
Malik et al applied the White group’s methodology and catalyst for the C-H carboxylation of 
allylic substrates 141 to generate amino alcohols in the total synthesis of (−)-
Castanospermine 143 (scheme 80).108 This represents the first Pd-mediated C-H allylic 
oxidation with Cbz groups acting as a nucleophile. The reaction was shown to be promoted 
by rare-earth metal triflates Yb(OTf)3  or Sc(OTf)3. 
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Scheme 8 

 
The oxidative intramolecular amination via Csp3-H insertion has been reported to occur using 
alternative, more abundant metals.109 An “unligated” copper species (Cu(MeCN)4.PF6) in the 
presence of electron poor diimine ligands 144 and iodosylbenzene as an oxidant were found 
to provide the efficient catalysis for the intramolecular amination (scheme 81). Both benzylic 
and less reactive saturated substrates were effectively cycloaminated. 
 

 
 

Scheme 82 
 
Alternatively, Cui used a silver(I) salt with 4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’terpyridine 
(4,4’,4”-tBu3tbp) 145 as a ligand and PhI(OAc)2 as an oxidant (scheme 82).110 A number of 
fused-cyclic, spirocyclic and highly functionalised oxazolidinones were formed with total 
cis-geometry. This suggests the involvement of a silver-nitrene intermediate and direct 
participation of the silver to oxidatively add across the C-H bond. 
 

 
 

Scheme 83 
 

Cui’s silver mediated intramolecular amination methodology was applied by Uccello for the 
synthesis of C-13 functionalised pleuromutilins 147 (scheme 83).111 Higher catalytic loadings 
and equivalences of oxidant were required, however high yields were obtained and the 
reaction worked equally well on a multi-gram scale. Silver was shown to perform 
significantly better than when rhodium catalysis was used, resulting in greater 
diastereoselectivities and cleaner reaction profiles.  
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Scheme 84 
 

In a deviation from metal catalysed Csp3-H amination reactions, a highly novel enzymatic 
route towards the synthesis of oxazolidinones from carbonazidare substrates was reported by 
Singh et al. (scheme 84).112 Cytochrome P450 enzymes were shown to promote the 
activation and cyclisation of carbonazidate substrates via an intramolecular nitrene C-H 
insertion reaction. Activated benzylic and allylic substrates were readily aminated, more 
challenging secondary alkyl C-H bonds also showed some success towards functionalisation.  
 

 
 

Scheme 85 
 

Mechanistic studies suggested clear evidence of the role of a ferrous heme in catalysis 
(scheme 85). Initial binding with the carbonazidate substrate 153 with the ferrous heme 149 
to form an azido-iron complex 150, this would undergo nitrogen loss to give a reputed 
imidoiron intermediate 151. Isotope labeling studies determined the rate limiting step to be 
the C-H activation, which precedes a radical recombination to generate the oxazolidinone 
155. 
 

N-functionalisation 
 
As reported previously in this review, a number of catalytic methods have been developed 
towards the synthesis and functionalisation of 4- and 5-substituted oxazolidinones. Dramatic 
steps have been achieved in diastereo-, regio- and enantioselective routes towards highly 
decorated oxazolidinone structures. In addition to C4/C5 diversification, N-functionalisation 
is an important area of research, largely due to the prevalence of N-arylated oxazolidinones in 
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pharmaceutically active compounds, but also because oxazolidinones represent intermediate 
structures in the synthesis of N-functionalised amino alcohols.  

Intramolecular N-functionalisation 
 

 
 

Scheme 86 
 
Intramolecular N-functionalisation is an attractive method towards the synthesis of fused 
bicyclic carbamates. In their own right these fused bicyclic cores are of interest, however as 
synthetic intermediates, intramolecular amidation of oxazolidinones is an important approach 
towards the synthesis of nitrogen containing heterocycles that are predominant skeletons in 
biologically active compounds and natural products (scheme 86).  

 

 
Scheme 87 

 
Hirai et al. focused on the asymmetric construction of bicyclic oxazolidinone derivatives as a 
route towards the synthesis of piperidine alkaloids, (+)-prosopinine and a synthetic 
intermediate of (+)-palustrine (scheme 87).113 PdCl2(CH3CN)2 in THF was used to promote 
the intramolecular cyclisation of oxazolidinone 156 at room temperature as a single 
diastereoisomer. The high stereoselectivity of the allylic substitution can be explained by 
assuming a transition state 159 which minimises the non-bonding interaction between the 
oxa-allyl palladium complex and the oxazolidinone ring. Nucleophilic attack on the Pd-
coordinated alkene results in palladium elimination to give the trans-2,6-disubstituted 
piperidine system 157 stereoselectively. 
 

 
Scheme 88 

 
Oxazolidinones containing a 3-butynyl side chains in the 4- position were prepared and upon 
treatment with aryl halides and Pd(PPh3)4 as a catalyst gives rise to a coupling-cyclisation 
reaction yielding bicyclic enamides with an aryl moiety incorporated (scheme 88).114 
Interestingly, the phenyl group was transferred stereoselectively to give the cis conformation 
respective to the nitrogen nucleophile. 
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Scheme 89 
 
It is likely that the palladium complex 159 is formed initially (scheme 89). This complex can 
undergo an intramolecular ligand exchange to generate the N-chelated complex 160. This 
intermediate has two possible routes to generate the cis conformation. Path A involved the 
migration of the nitrogen into the alkyne-palladium complex, generating a 
bisorganopalladium intermediate 161a, this process may be favourable due to stabilisation of 
the intermediate by the oxazolidinone carbonyl. Carbopalladation, path B, would afford the 
6-membered palladacycle 161b following phenyl migration. In both pathways, reductive 
elimination yields the corresponding oxazolidinone 162 and regenerates the palladium 
catalyst.  
 

 
 

Scheme 90 
 

Lemen et al. described the palladium catalysed carboamination reaction between aryl 
bromides and 4-(but-3-enyl) oxazolidinones 163 (scheme 90).115 The transformation yields 
bicyclic oxazolidinone derivatives that can be easily converted to trans-2,5-disubstituted 
pyrrolidines upon hydrolysis. Several different electron neutral and electron rich aryl 
bromides were efficiently reacted under the optimised conditions, however, electron poor 
aryl iodides exhibited competing N-arylation of the substrate, addition of PCy2(o-biphenyl) 
as a ligand fortunately surpressed this side reaction. It was possible to generate products with 
up to 3 stereocentres all with high stereoselectivity (>20:1 dr), it was proposed that this high 
selectivity was due to the minimalisation of ring strain in the transition state 165.  
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Scheme 91 
 

Song et al developed an efficient route towards the synthesis of chiral tryptophan derived 
fused hexahydrooxazolopyrroloindolines 167a,b (scheme 91), the key step in this 
methodology is the copper catalysed one-pot cascade reaction of indolemethyl-
oxazolidinones 166 with a diazoester.116 Substitution on the indole nitrogen proved limited, 
with only electron donating substituents tolerated (Me/Bn), and the reaction was shown to 
only proceed in a narrow window of suitable temperature.  

 

 
 

Scheme 92 
 

The stereoselectivity of the reaction is determined by the initial formation of the 
cyclopropane intermediate (scheme 92). Steric interactions between the oxazolidinone and 
indoline moiety of transition state 168b disfavor this configuration, and as such the 
kinetically more favourable intermediate 168a is formed as the major intermediate. It is 
assumed these effects are magnified at lower temperatures. Ring opening of the 
cyclopropane, followed by the intramolecular amination generates the N-substituted 
oxazolidinone. 
 

Intermolecular N-functionalisation  
 
Catalytic cross-coupling reactions have become synonymous with the area of organic 
chemistry. The ability to achieve direct carbon-heteroatom bonds dramatically strengthened 
and broadened modern synthetic chemistry, allowing complex and highly functionalised 
molecules to be synthesised with relative ease. 
 
Carbon-nitrogen (C-N) sigma bonds are ubiquitous within organic chemistry and as such 
methods towards their synthesis is highly important. Extensive research has been made in the 
area of catalysed C-N bond formation through cross coupling of an activated species and a 
nitrogen nucleophile. 
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N-arylations 
 
N-Aryloxazolidinones have been widely popularised through their emergence as important 
structure motifs in pharmaceuticals, most significantly in antibiotics, anticoagulants and 
antipsychotics. Synthetic methods towards their synthesis have therefore been an area of 
interest. One of the predominant emerging methods is through transition metal catalysed 
cross couplings of N-unsubstituted oxazolidinones with haloarenes. 
 
In recent years copper chemistry has undergone a renaissance both in terms of its popularity 
but also in terms of its development into a more powerful synthetic tool.117-121 One of the 
defining changes has been in the introduction of supporting ligands and the development of a 
general theme for more successful and mild copper catalysed cross couplings, this is more 
generally referred to as the ‘Copper catalysis Toolbox”.  
 
This phrase was coined by Kunz as a way of determining the reaction conditions required for 
a particular copper catalysed transformation, it collaborates recent advances in copper 
catalysis to identify trends in reaction conditions. It was observed that the most significant 
aspect of copper chemistry is the choice of ligand, and not, as it is largely for palladium 
chemistry, the choice of metal salt.118  
 
The importance in the choice of ligand can be considered to be both an advantage and a 
hindrance. Due to the large scope of ligands available it means that reactions can be highly 
tuned to a particular chemical transformation, however, this also means that finding the 
correct ligand can be an arduous task. Ligands for copper catalysis tend to be bidentate 
chelators through either oxygen or nitrogen atoms (figure 11).  
 

 
Scheme 93 : Redox of CuII speices 

 
Copper, unlike palladium, which is also widely used in cross couplings, can easily access 
four oxidation states (0 to +3) (scheme 93), and whilst copper exhibits similar cross coupling 
capabilities as palladium, transformations are possible through copper catalysis that are 
inaccessible with palladium. 
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A simplified possible catalytic cycle for a copper catalysed cross-coupling is proposed above, 
omitting solvent and ligand contributions (scheme 94). Mechanistically, copper catalysis is 
significantly less well understood than palladium, as many of the intermediates are believed 
to exist as undefined complexes in a state of complex equilibria, and as such the proposed 
mechanism is an approximation.117 The role of the catalyst is generally believed to proceed 
through oxidative addition, transmetallation and reductive elimination reactions, however the 
order of oxidative addition / transmetallation is unknown and so both pathways are shown 
above. In addition to these traditional pathways, copper is capable of undergoing redox single 
electron transfer pathways, and so can participate in radical processes, a predominant 
example is in the Sandmeyer reaction.  
 

 
 

Scheme 95 
 

 
Figure 11 

 
The copper catalysed arylation of oxazolidinones has been widely investigated, the use of 
catalytic copper salts (5-10 mol%), bidentate liands, polar aprotic solvents and moderately 
elevated temperatures is common place for a number of reported procedures (scheme 95, 
figure 11).122-126 
 

 
 

Figure 12 
 
Mallesham et al reported the coupling of a variety of substituted aryl bromides with 
oxazolidinones.127 CuI (10 mol %) and (±)-trans –cyclohexanediamine (10 mol %) with 
K2CO3, in dioxane at elevated temperatures (110 oC) was highly effective for the arylation of 
4- and 5-substituted oxazolidinones, as well as electron rich and poor aryl bromides. To 
achieve exceptional yields, recrystallised CuI and freshly distilled diamine ligand was 
required. This procedure is exemplified by the synthesis of two intermediates towards the 
synthesis of medicinally important molecules, linezolid and toloxatone (figure 12). 
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Cristau developed a broadly applicable methods towards the copper-catalysed N-arlyation of 
N-heterocycles, amides, carbamates and oxazolidinones.128 Using Cu2O (5 mol%), Cs2CO3 as 
a base in the presence of molecular sieves (3A) and DMF as a solvent, phenyl iodide was 
successfully coupled to oxazolidinone in quantitative yield. Under these conditions it was 
found that generation of water from the decomposition of cesium hydrogen carbonate 
hindered the reaction and as such molecular sieves were necessary for improved conversion.  
 

 
 

Scheme 96 
 

Nandakumar et al. reported the mono- and bis- coupling of diiodobenzene with 
oxazolidinones in the presence of a CuI/ethylenediamine catalyst/ligand system (scheme 
96).129 Moderate to excellent selectivity could be achieved for the mono-substituted product. 
The mono-product which was later shown to be an effective coupling partner under the same 
reaction conditions with further oxazolidinones, enabling a number of unsymmetrical aryl-
bisoxazolidinones to be synthesised (8 examples, 65-93%) 
 
1,1,1-Tris(hydroxymethyl)ethane was presented as a new, efficient, and versatile tridentate 
O-donor ligand suitable for the copper-catalysed formation of C-N, C-S, and C-O bonds.130 
In addition to amides, thios and phenols, oxazolidinones were successfully coupled to aryl 
iodides using CuI (10 mol%), ligand (10 mol%) in a 1:9 DMF:dioxane solvent mixture. 
Interestingly, whereas for most other substrates cesium carbonate proved the optimal base, 
for oxazolidinones, K3PO4 was found to be a more effective base. 
 

 
 

Scheme 97 
 

Ghosh et al reported the intermolecular N-arylation of oxazolidinones and aryl bromides and 
iodides.131 CuI (10 mol%) and (±)-trans –cyclohexanediamine 169 (10 mol %) gave efficient 
arylation in dioxane under reflux (scheme 97). The conditions were used to prepare 
enantiopure N-aryl 4- and 5-substituted oxazolidinones derived β-amino alcohols (9 
examples, 85->95%). This methodology was then applied towards a short, scalable synthesis 
of CJ-15,161 170, a κ-opioid receptor agonist. 
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A copper-catalysed N-arylation of oxazolidinones using CsF as a base was developed by 
Phillips et al.132 Phillips discovered CsF was sufficiently basic to promote cross couplings of 
carbamates with aryl iodides in the presence of CuI (5 mol%) and N,N0-dimethylethylene 
diamine (10 mol%). Interestingly, in their substrate screen, the reaction conditions proved to 
be highly selective for N-H carbamate coupling with Ar-I. As such aryl halides (Br, Cl, F) 
were tolerated, in addition to primary amines, primary alcohols and anilines. Scope of aryl 
iodides was good, where sterically hindered ortho substituents proceeded well, as well as 
strongly electron donating and electron withdrawing aryl substituents. The use of stronger 
alkali bases such as K2CO3, K3PO4 and Cs2CO3 were less favourable as base promoted side 
reactions were observed. 
 
The CuI (5 mol%)/N,N-dimethylglycine (10 mol%) catalysed coupling of aryl bromides with 
substituted oxazolidinones in DMF (120 oC) with K2CO3 as a base, generated the 
corresponding N-aryl oxazolidinones products with good to excellent yields.133 A number of 
functional groups, such as ketone, nitrile, nitro, methoxy, and free hydroxyl were tolerated in 
addition to thiophene and pyridines to generate a diverse library of N-arlyated oxazolidinones 
(19 examples, 53-98%). Similarly to Mallesham this procedure was used in the synthesis of 
toloxatone and an intermediate of Linezolid. 
 

 
 

Scheme 98 
 

Palladium catalysed cross-couplings of amides and aryl halides (Buchwald-Hartwig 
coupling) follow significantly more defined catalytic pathways than copper (scheme 98).134 
Initial oxidative addition in to the carbon halogen bond by Pd(0) generates a Pd(II) 
intermediate 172, addition of the amide to the oxidative addition complex occurs followed by 
deprotonation to form a palladium-amido intermediate 174. This key intermediate reductively 
eliminates to produce the arylated amide 175 and regenerate the catalytic Pd-species 171.  

 
The use of palladium catalysts has been relatively under employed for the arylation of 
oxazolidinones. Commonly, strong bases are required for palladium catalysed cross 
couplings, such as tert-butyl alkoxides, and these relatively harsh conditions tend to limit 
substrate scope.  
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Scheme 99 
 

Early report by Cacchi et al. in 2001 demonstrated two procedures for the N-arylation of 
oxazolidinones with aryl bromides (scheme 99).123 It was shown the nature of the aryl 
bromide, phosphine ligand, base and solvent strongly affects the reaction outcome. Highly 
electron deficient aryl bromides with para substituents were obtained using Pd(OAc)2 as a 
palladium source, dppf and NaOtBu in toluene, where as electron-rich and moderately 
electron deficient aryl bromides required Pd2dba3 as a palladium source, xantphos and 
NaOtBu in toluene. Ortho substituents however proved poor or unreactive under these 
conditions. 
 

 
 

Scheme 100 
 

A similar procedure was developed by Madar et al. for the intramolecular cross-coupling of 
aryl bromides and oxazolidinones (scheme 100).135 A number of highly functionalised 
electron deficient aryl bromides and pyridinyl bromides were tolerated and applied to the 
synthesis of analogues of well known antibacterial agents. 

 

 
Scheme 101 

 
The first reported case of palladium-catalysed cross coupling of more demanding aryl 
chlorides was reported by Ghosh et al. using a palladium/phosphine catalytic system, Cs2CO3 
as a base in toluene (scheme 101).136 The N-arylation protocol has a reasonably large 
substrate scope and tolerance of a number of reactive and enolisable functional groups. 
Electron deficient “activated” substrates in meta or para positions were highly efficient in 
this transformation, electron neutral and electron rich systems were also tolerated and some 
tolerance was observed for ortho-substituted aromatics. Tuning of the phosphine ligand was 
required depending on the stereoelectronic nature of the aryl chloride. 
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N-alkenylations 
 
Enamides can serve as useful precursors for preparation of N-heterocycles and can be 
prepared by a number of diverse synthetic routes including the condensation of amides and 
aldehydes137 and the addition of amides to acetylenes.138 The preparation of alkenylated 
oxazolidinones has been relatively under explored, however limited examples of their 
preparation using catalytic procedures have been reported. 
 

 
 

Scheme 102 
 
Direct amidation of olefins has been reported using either palladium or copper catalysis 
(scheme 102).  
 

 
 

Figure 13 
 

Hosokawa et al developed the direct amidation of electron deficient olefins using a Pd(II) 
catalyst.139 PdCl2(MeCN)2 (5 mol%), CuCl (5 mol%) as a co catalyst in DME under an 
atmosphere of oxygen generated a number of cyclic, acyclic and oxazolidinone derived 
amidated olefins. The reaction appears to be entirely selective for anti-Markovnikov addition, 
as well as formation of the (E) alkene (figure 13). The rate of reaction for oxazolidinones was 
shown to be significantly higher than that of amides, where no induction period to reaction 
was observed. 
 
Work by Ragaini et et al. highlighted limitations with Hosokawa’s conditions and reported 
only moderate cis:trans ratios for Hosokawa’s optimised system with oxazolidinones (21:79 
cis:trans).140 Pd(acac)2, PCy3, and BF3.OEt2 in acetonitrile proved to be a more promising 
system, however selectivities for both cis:trans and anti-markovnikov were complex and 
gave mixtures of products. 
 
Timokhin et al discovered that the addition of sub stoichiometric amounts of triethylamine 
greatly increased the rate of the amidation reaction, but crucially, the selectivity of the 
reaction was switched to the Markovnikov addition product.141 In the presence of NEt3 (10 
mol %), (CH3CN)2PdCl2 and copper co-catalyst CuCl (10 mol%) nearly quantitative 
formation of the Markovnikov enecarbamate was achieved. It was postulated that the 
increased rate and altered regioselectivity arises from a Brønsted base effect. A number of 
markovnikov addition products were formed (39-99%, 7 examples) from para substituted 
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styrene derivatives, with excellent regioselectivity. 
 

 
 

Figure 14 
 

An alternative approach was reported by Bolshan et al. whereby enamides were synthesised 
via a copper catalysed cross coupling between potassium alkenyltrifluoroborate salts and 
amides or cyclic carbamates (figure 14).142, 143 Cu(OAc)2 (10 mol%) in DMSO/CH2Cl2

 with 
MS 4A under oxygen efficiently catalyses the reaction with a number of amides in addition 
to oxazolidinone. In all cases the reactions were highly stereoselective, and only the trans 
enamides were observed (>97:3). 
 

 
 

Scheme 103 
 
The anti-Markovnikov addition of oxazolidinones, secondary amides, lactams, ureas and 
bislactams to alkynes was developed using a ruthenium-phosphine cased catalyst/ligand 
system (scheme 103).144 Gooßen et al. reported the reaction of [Ru(methallyl)2(cod)] (2 
mol%), an alkyl phosphine (PnBu3, 6 mol%) and DMAP (4 mol%) as an efficient catalytic 
system for the addition of amides and oxazolidinones to terminal alkynes. In all cases the 
anti-markovnikov addition products were formed selectively, [Ru(methallyl)2(cod)] was 
initially found to be the only ruthenium source that gave stereoselectivity for the (E) isomer, 
this was enhanced further through the use of an alkyl phosphine ligand. DMAP was also 
shown to strongly enhance the catalytic performance and stereoselectivity. Oxazolidinone 
derivatives were formed in 97% (30:1 E/Z) and 84% (24:1 E/Z).  
 
Later work by Gooßen demonstrates the use of inexpensive ruthenium (III) chloride hydrate 
(3 mol%), tri-n–butylphosphine (9 mol%), DMAP (9 mol%) and K2CO3 (40 mol%) for the 
addition of secondary amides, thioamides, lactams and oxazolidinones to terminal alkynes 
under formation of (E)-anti –Markovnikov product in comparable yields to the previous 
procedure.145 
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Scheme 104 
 
The proposed catalytic cycle starts from a [P(nBu3)]n(DMAP)mRu(II) amide complex 180 
(scheme 104). Initial coordination of the alkyne 184 to the ruthenium centre displaces one of 
the ligands to form an intermediate complex 181. Attack of the alkyne by the nitrogen anion 
generates the enamide-ruthenium product 182, which upon protonolysis eliminates the 
enamide 183 and regenerates the active catalytic species. 
 
Buba et al. reported Z-selectivity could be achieved in a ruthenium-catalysed addition of 
amides to alkyne when a catalytic Lewis acid was additionally employed.146 (cod)Ru(met)2 (2 
mol%), 1,4-bis(dicyclohexylphosphino)butane (2.25 mol%) and Yb(OTf)3 (4 mol%) in 
chlorobenzene was found to promote the regio- and stereoselective addition of 
oxazolidinones and amides with the selective formation of the Z-anti-Markovnikov products. 
Oxazolidinone products were formed in 86-92% with greater than 10:1 Z:E selectivity.  
 

N-alkenylations  
 
Ynamides are highly functionalisable intermediates widely used in synthetic chemistry. 
Ynamides have been applied in pericyclic reacions,147, 148 tandem ring closing metathesis 
(RCM),149, 150 Pauson-Khand reactions,151 Ficini-Claisen152 and Saucy-Marbet 
rearrangements153 as well as the synthesis of heterocycles.154, 155 Catalytic routes towards the 
preparation of N-alkynyl oxazolidinones are of significant interest, as it is known both alkyne 
and oxazolidinone are readily transformed in to a diverse range of functional groups, 
aromatics, heterocycles and bicycles. 
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Scheme 105 

 
Known N-functionalisation of oxazolidinones towards the synthesis of N-alkynyl 
oxazolidinones generally employs the use of transition metals to catalytically form in situ 
metal-acetylides 185 (scheme 105). Early reports by Zhang et al. describe the CuSO4/1,10-
phenanthroline catalysed cross coupling of amides and oxazolidinones with alkynyl 
bromides.156  

 

 
 

Scheme 106 
 

This work was later extended to encompass a diverse library of N-functionalised 
oxazolidinones.157 CuSO4.5H2O (10 mol%), 1,10-phenanthroline (20 mol%), and K3PO4 (2 
eq) in toluene efficiently cross-coupled a number of 4-substituted oxazolidinones with aryl- 
and alkyl bromoacetylenes (16 examples, 39-98%). The importance of these products as 
intermediates in organic synthesis was highlighted by their application rhodium catalysed 
stereoselective intra- and intermolecular diels-alder cycloadditions to form a number of 
highly functionalised aromatic and bicyclic structures (scheme 106).  
 
The iron catalysed reaction of oxazolidinones with alkynyl bromides in the presence of 
FeCl3.6H20 (10 mol%) and N,N′-dimethylethane-1,2-diamine (DMEDA) (20 mol%) was 
reported by Yao et al..158 Various enantiomerically pure 4-substituted oxazolidinones were 
well tolerated under the reaction conditions (5 examples, 89-96%). Interestingly, the 
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reusability of the catalyst was explored and showed the catalyst system had high efficiency of 
reusability and could be recycled up to nine times only with a small decrease in activity (96% 
initially, 81% after 9 runs). 
 
More recent methods describe the coupling of the cheaper and more readily available 
acetylenes to oxazolidinones. Hamada (CuCl2)159, Jin (Cu(OH)2)160 and Tong (CuO)161 all 
report the successful aerobic oxidative copper catalysed cross-coupling of aryl and alkyl 
terminal alkynes to a number of 4-substituted oxazolidinones. 
 

 
Scheme 107 

 
An alternative approach towards the synthesis of ynamides was reported by Xue et al.162 2-
bromo-1-iodoalkenes were used as acetylene precursors for the coupling with oxazolidinones 
and amides (scheme 107). Copper oxide nano particles efficiently synthesised the ynamides 
in high yields. Electron deficient and electorn rich aromatic and alkyl dihaloalkenes were 
well tolerated, additionally, halogenated aromatics, in particular aryl chlorides, were also 
well tolerated. 
 

N-alkylation 
 
N-alkylation of oxazolidinones can classically be achieved simply via the formal 
deprotonation followed by addition to an alkyl halide. Despite the use of strong bases being 
required, this methodology had been widely applied towards the synthesis of N-alkyl 
oxazolidinones, and as such few catalytic examples of N-alkylation of oxazolidinones have 
been developed. One of two such methods was developed by Ménand et al. (scheme 108).163 
 

 
Scheme 108  

 
The conjugate addition of oxazolidinones to highly reactive enones was catalysed by the 
addition of tetramethylammonium fluoride. The reaction was tolerant of para and ortho 
substituted aryl chalcones, cyclohexeneone proved to be highly reactive under the optimised 
reaction conditions, yielding almost quantitative conversion, interestingly however 
cyclopenteneone remained almost unreactive. Unfortunately substituted oxazolidinones were 
not investigated and were required in significant excess (4-10 eq). 
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Scheme 109 

 
Hartwig et al. recently reported the copper-catalysed intermolecular amidation and imidation 
of unactivated alkanes (scheme 109).164 The methodology was primarily applied towards the 
alkylation of amides, sulfonamides, and imides, however it was also shown that 
oxazolidinone is a potential coupling partner. Oxazolidinone was successfully alkylated 
using cyclohexane under the optimised reaction conditions in 46%. 

 

 
 

Scheme 110 : An analogous mechanistic pathway is presented for the copper-catalysed 
intermolecular amidation of cyclohexane with phthalimide (1-phth) 

 
The mechanism with which this reaction proceeds was reported for the alkylation of 
phthalimide with cyclohexane (scheme 110). This mechanism is reported to be representative 
to all substrates investigated. The mechanism is proposed to begin with the decomposition of 
tBuOOtBu 189 initiated by 1-phth to produce a tert-butoxide radical 190 and a potential 
[(phen)Cu(phth)(OtBu)]2+ intermediate. This complex would rapidly react with an additional 
Hphth to form the intermediate 187. The tert-butoxide radical can either reform tBuOOtBu or 
abstract a proton from the cyclohexane to form an alkyl radical 191, in this case proton 
abstraction is the turn-over limiting step (TLS) of the reaction. The identity of the next 
catalytic species is less well defined. Two routes are possible, either formation of a Cu(III) 
species ligated by the cyclohexyl and amidate ligand can form 188, which would rapidly 
undergo reductive elimination to release the alkylated species 193, or it is possible the alkyl 
radical reacts directly with the ligated amidate to form the N-alkylated product 193. Potential 
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byproducts 192 from the decomposition of the tert-butoxide radical decompositions are also 
possible.  
 

Summary 
 
Over recent decades, there has been growing interest in the application of catalytic methods 
towards the synthesis and modification of oxazolidinones. A vast array of methodologies and 
catalytic systems have been developed for the synthesis of highly functionalisaed, 
structurally diverse oxazolidinone derived compounds. Alkali, alkali earth, transition metal 
and organo-based catalysts have all been shown to be effective and versatile promoters for 
the formation and functionalisation of oxazolidinones. 
 
There are still challenges to overcome in the current literature procedures. Current methods 
often treat the synthesis and modification of oxazolidinones as discrete reaction steps, with 
few examples of “one-pot” or cascade or domino reactions to incorporate both reaction steps. 
Introduction of these methodologies would allow for easier accessibility of structurally 
complex molecules from simple and abundant starting materials. The following chapter will 
address some of these issues in the synthesis and modification of oxazolidinones.  
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One-pot synthesis and “pot-economy” 
 
Traditionally, organic synthesis proceeds via the batch-wise and iterative step-by-step 
transformation of starting materials into products. This is usually achieved by the use of 
separate flasks or ‘pots’. All intermediates must be isolated and purified in order to prevent 
any incompatible reagents from interfering with subsequent transformations, and to avoid the 
formation of intractable mixtures.1 While this model has been highly successful, it can be 
time-consuming and results in a large amount of waste, in particular in the form of solvent. 
This can be seen to be reflected in the e-factors for pharmaceutical preparations. A typical e-
factor is between 25-100, representing 25-100 kg of waste produced per 1 kg of product.2 The 
use of vast amounts of solvent is a major problem as solvent waste is often incinerated and 
precursors to solvents are often petrochemically derived. 
 
A one-pot reaction is a series of chemical transformations that can be carried out in the same 
reaction vessel. One-pot reactions can be separated into two categories, the first of which 
being cascade or domino reactions. A cascade reaction can be defined as a reaction where the 
starting materials can undergo several transformations without the need for additional 
reagents and catalysts to be added, and where latter reactions take place at functionalities 
created in former bond-forming transformations.3 The second category of one-pot reactions 
encompasses reactions for which the addition of reagents and/or catalysts to a reaction 
mixture triggers subsequent transformations.4 Cascade reactions have been studied 
extensively but the second category is a newly emerging field of research. 
  
Pot economy, a concept introduced by Clarke et al, is the process of carrying out multiple 
sequential synthetic transformations in the same reaction vessel or ‘pot’ without the need for 
work-up or product isolation between the individual steps.5 Pot economic reactions are an 
efficient way of achieving multiple transformations whilst at the same time avoiding several 
isolation and purification steps. This drastically reduces the amount of time used and waste 
generated by chromatographic techniques, separations and from cleaning glassware and 
equipment.  
 
The concept of pot economy is becoming more widely adopted towards the synthesis of 
complex molecules. One such example is the synthesis for prostaglandin A1 methyl ester 194 
devised by Hayashi et al.6 Prostaglandins are physiologically active lipid compounds that 
have a number of pharmacological applications. The synthesis by Hayashi et al combines 8 
reaction steps into a three-pot synthesis (scheme 111) resulting in an overall yield of 14%. 
This is particularly impressive as the final product contains three contiguous stereocentre. 
Through this methodology, only three isolations and three chromatographic purifications are 
necessary, drastically reducing the amount of solvent used and waste generated.  
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Scheme 111 
 
As reported in the previous chapter, N-functionalised oxazolidinones are highly valued 
moieties in organic synthesis, organocatalysis and pharmaceuticals. Despite this, few 
examples have been developed for a one-pot synthesis and functionalisation of these core 
structures.  
 

 
 

Scheme 112 
 

Blechert et al devised the one-pot synthesis of N-allyl and N-acyl oxazolidinones from amino 
alcohol carbamates under strongly basic conditions (scheme 112).7 The reaction was shown to 
proceed in good yields where the carboxybenzyl carbamate 195 exhibited improved reactivity 
over the tert-butyloxycarbonyl derivatives. The reaction proceeded via a base mediated 
intramolecular cyclisation of the N-amino alcohol carbamate to generate the unfunctionalised 
oxazolidinone in situ. Deprotonation of the resulting oxazolidinone led to alkylation with allyl 
bromide in a one-pot process to from N-allyl oxazolidinone 196. The scope of this reaction, 
however, was highly limited and involved the use of strong bases. 
 

 
Scheme 113 
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One example of the one-pot synthesis of N-aryl oxazolidinone under copper-catalysed 
conditions was observed by Zhang et al when investigating the Ullmann coupling of aryl 
iodides and aliphatic alcohols (scheme 113).8 When 198a was used as a substrate under the 
reaction conditions, intramolecular cyclisation and arylation of the resulting free 
oxazolidinone occurred in excellent yield, 88%. This reaction however was not further 
investigated and the coupling of 4-iodoanisole was the only example shown.  

 

 
 

Scheme 114 : Work reported previously in the group for the copper-catalysed O-arylation of 
ethanolamides 

 
Following work reported previously in the group for the copper catalysed selective O-
arylation of ethanolamides (scheme 114), when N-carbamate functionalised ethanolamines 
were reacted under the O-arylation conditions similar results to work by Zhang were observed 
(table 1). A number of functionalised aryl iodides were explored for this transformation. 
Unfortunately the reaction conditions used had a number of undesirable qualities. Functional 
group tolerance for aryl iodides was limited, with strongly electron rich and strongly electron 
deficient aromatics performing poorly. The reaction conditions also employed elevated 
temperatures and a toxic solvent, butyronitrile.  
 
Table 1 : 
 

 
 

Entry Ar-I Conversion to N-aryl  
oxazolidinone (200)a 
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6 

 

53 (200h) 

Reactions performed under air a Conversion calculated by crude 1H NMR spectroscopy 
 
Due to the unexplored nature of this transformation and the prevalence of these structures in 
medicinal and organic synthesis, the reaction was optimised, screened and investigated to 
produce an effective and efficient method for the one-pot synthesis of chemically and 
structurally diverse N-aryl oxazolidinones from readily available starting materials under mild 
reaction conditions. 
 

Reaction optimisation 
 
As mentioned in the previous chapter, it has been observed that for copper-catalysed cross 
coupling reactions, the choice of ligand has a more significant affect on the reactivity of a 
catalytic system than the choice of copper salt. As such, copper iodide was used in the 
optimisation process due to its prevalence in copper-catalysed reactions, and the role of the 
copper counter ion was not investigated. Isolated yields of the desired N-phenyl 
oxazolidinone were used to determine improvements in reactivity to avoid errors associated 
with crude 1H NMR analysis, which are as a result of paramagnetic copper species, but also 
due to potential decomposition and alternative byproduct formation.  
 
Table 2 : Ligand screen 
 

 
 

Entry ligand Yield of N-aryl oxazolidinone (200a)a 
1 - 25 
2 1 30 
3 2 57 
4 3 62 

 

  
Reactions performed under air a Isolated yields 

 
Three ligands commonly applied in copper-catalysed cross couplings were investigated for 
the one-pot cyclisation-arylation of N-Boc-ethanolamine. A common aspect of copper 
chemistry is the ability to perform the reaction “ligand free”, in these cases the substrate or 
product is often a sufficiently good ligand to promote the reaction without the need for 
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additional ligands. In this case (table 2, entry 1), neither 198a nor the intermediate 
oxazolidinone 202 are sufficient ligands to effectively promote the copper-catalysed cross 
coupling of iodobenzene with oxazolidinone, resulting in 25% yield. Phenanthroline based 
ligand L1 showed only a moderate improvement with respect to the ligand free conditions, 
30% yield. It is noteworthy the difference in isolated yield and 1H NMR spectroscopy 
conversion reported previously in the group (table 2, entry 1), 30% yield vs. 68% conversion. 
It would suggest that under the reaction conditions potential decomposition of the product or 
starting material is occurring, which may be a result of the forcing reaction conditions. A 
significant improvement in isolated yield was observed for diketone ligands L2 and L3 (table 
2, entries 3 and 4), with 2,2,6,6-tetramethylheptane-3,5-dione L3 giving the most improved 
yield. 
 
The role of the carbamate group can have an affect on the efficiency of the cyclisation 
reaction. Consideration has also to be made with respect to the alcohol by-product of the 
cyclisation process, and potential competitive or inhibitory processes which may occur. 
 
Table 3 : Carbamate screen 
 

 
 

Entry R Yield of N-aryl oxazolidinone (200a)a 
1 tBu 70 
2 Bn 72 
3 Et 78 
4 Me 78 

Reactions performed under air a Isolated yields 
 
A screen of readily prepared carbamates was performed in the presence of L3 as a ligand. In 
addition, the reaction temperature was also reduced from 120 oC to 100 oC. Interestingly, the 
reduction in temperature alone was sufficient to increase the yield of the Boc-substrate 198a 
from 62% to 70% (table 3, entry 1), lending weight to the possibility of product/starting 
material decomposition. Good yields of the desired N-phenyl oxazolidinone 200a were 
achieved for all carbamates tested under the reaction conditions, with smaller substituents Et 
198c and Me 198d (table 3, entries 3 and 4) showing moderate improvement over traditional 
Boc 198a and Cbz 198b protecting groups. This could be rationalised by the decrease in steric 
bulk of the carbamate group, allowing for a more facile cyclisation process.  
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Table 4 : Carbamate cyclisation under reduced temperature 

 

 
 

Entry R Conversion to oxazolidinone (200a)a 
1 tBu 0 
2 Bn 0 
3 Et 100 
4 Me 100 

Reactions performed under air a Conversion calculated by crude 1H NMR spectroscopy 
 
The stability of the carbamate groups was investigated to enable a further reduction in 
temperature. Under basic conditions at 80 oC both Boc 198a and Cbz 198b groups proved too 
chemically robust and failed to undergo cyclisation at the reduce temperature. Fortunately Et 
198c and Me 198d carbamates underwent full conversion to the corresponding oxazolidinone. 
Providing the cross-coupling is tolerant of the reduced temperature, choice of carbamate is 
critical in producing milder optimised reaction conditions for the generation of N-aryl 
oxazolidinones.  
 

Solvent screen 
 
A further reduction in temperature was performed in the solvent screen. The reduction in 
temperature was beneficial in order to investigate a wider variety of solvents in addition to the 
higher boiling solvents typically used in copper-catalysed cross couplings.   
 
Table 5 : Solvent screen 
 

 
 

Entry Solvent Yield of N-aryl oxazolidinone (200a)a 
1 PrCN 30 
2 THF 78 
3 Toluene 30 
4 1,4 dioxane 12 
5 Me-THF 46 
6 MeCN 76 

Reactions performed under air a Isolated yields 
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Polar- and apolar aprotic solvents were investigated for this transformation. A reduction in 
temperature to 80 oC significantly reduced the yield of N-phenyl oxazolidinone when the 
previously investigated butyronitrile was used (table 5, entry 1), 30%. For apolar aprotic 
solvents, toluene and 1,4 dioxane (table 5, entries 3 and 4), similar poor reactivity towards 
cross-coupling was observed. Polar aprotic solvents, MeCN and THF (table 5, entries 2 and 
6), showed significant improvements relative to other solvents investigated. For these solvents 
reactivity was comparable to those observed at elevated temperatures in butyronitrile. Upon 
closer investigation of these two solvents, MeCN was seen to provide a cleaner reaction 
mixture, despite a slight reduction in yield.  
 

Base screen 
 
Table 6 : Base screen 
 

 
 

Entry Base Yield of N-aryl oxazolidinone (200a)a 
1 Cs2CO3 76 
2 K2CO3 0 
3 K3PO4 20 
4 KOtBu 0 
5 CsOH.H2O 0 
6 Et3N 0 

Reactions performed under air a Isolated yields 
 
Investigation into the significance of base in the reaction led to a screen of inorganic and 
organic bases classically used in copper-catalysed cross couplings. The reaction appeared to 
be intolerant of a number of bases with Cs2CO3 and K3PO4 the exceptions (table 6, entries 1 
and 3). Cs2CO3 appeared to be the most favourable base for this transformation, this is 
consistent with a number of reported copper-catalysed cross-couplings, and can largely be 
attributed to the increased solubility of cesium salts in organic bases due to the “soft” nature 
of the ionic species. Whilst triethylamine provided an entirely homogenous reaction medium, 
reactivity was poor under these conditions (table 6, entry 6). Neither arylated product nor 
cyclised oxazolidinone was observed when triethylamine was employed as a base, suggesting 
that the basicity of triethylamine was not sufficient to mediate the cross coupling reaction or 
intramolecular cyclisation. 
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Table 7 : Base equivalence screen 

 

 
 

Entry Base equivalence  Yield of N-aryl oxazolidinone (200a)a 
1 1 40 
2 1.5 76 
3 2 86 
4 3 72 

Reactions performed under air a Isolated yields 
 
The effects of varying the equivalence of base was then investigated. A screen of base 
equivalences indicated an excess of base was required to ensure optimum yields of the N-
phenyl oxazolidinone 200a. A significant improvement was observed when the amount of 
base was increased to 2 equivalences (table 7, entry 3) generating the desired product in 86% 
yield. A further equivalence of base however appeared to have a negative impact of the 
reaction, reducing the yield to 72%. It could be rationalised that this vast excess of base 
hindered efficient mixing of the reagents in the reaction, thus inhibiting the reaction.  
 

Further optimisation  
 
Table 8 : Aryl iodide equivalence screen 

 

 
 

Entry Aryl iodide 
equivalence 

Yield of N-aryl oxazolidinone (200a)a 

1 1 86 
2 1.5 88 
3 2 92 
4 3 96 

Reactions performed under air a Isolated yields 
 
Varying the concentration of aryl iodide gave a significant improvement in yield of the 
desired N-phenyl oxazolidinone 200a. The reaction showed greater yields for increasing 
excesses of aryl iodide. The highest yield was achieved using 3 equivalences of iodobenzene, 
resulting in 96% of N-phenyl oxazolidinone 200a. A comparably high yield using 2 
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equivalences was observed (table 8, entry 3), as in many cases the aryl iodide coupling 
partner may be the most valuable reagent, an additional equivalence of aryl iodide was not 
justifiable for an improvement in yield of 4%. As such 2 equivalences of aryl iodide was 
deemed sufficient to ensure excellent yield of the desired cross-coupled product.  
 
Table 9 : Concentration screen 
 

 
 

Entry Concentration 
(M) 

Yield of N-aryl oxazolidinone (200a)a 

1 0.5 92 
2 0.33 92 
3 0.25 95 

Reactions performed under air a Isolated yields 
 
Reaction concentration was shown to have a negligible effect on reactivity, with only slight 
improvements observed for more dilute reactions (table 9, entry 3). Lower reaction 
concentrations however generated more reliable and reproducible results, most likely due to 
improved incorporation of hetereogeneous reagents. As such lower reaction concentrations 
were deemed optimal for the efficient transformation of N-ethyl carbamate amino alcohols 
198c to N-aryl oxazolidinones 200a.  
 

 
Scheme 115 

 
Bromobenzene was also investigated as an aryl halide coupling partner under the optimised 
reaction conditions (scheme 115). After 20 hours only free oxazolidinone 202 was observed 
by 1H NMR spectrum of the crude reaction mixture, suggesting aryl bromides are not suitable 
coupling partners under these reaction conditions. 
 
An attempt was made to introduce an in situ copper catalysed iodination of aryl bromide 
following similar conditions by Buchwald et al.9 It was proposed that this investigation was 
worthwhile as aryl bromides are significantly cheaper and more abundant than the 
corresponding aryl iodides. Sodium iodide was used as an iodine source and the optimised 
conditions were employed to the system (scheme 116). 
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Scheme 116 

 
It was immediately apparent that sodium iodide had limited solubility in acetonitrile and an 
orange cake was formed, sedimenting at the base of the reaction vessel. 1H NMR analysis of 
the crude reaction mixture after 20 h showed a significant proportion of starting material 198c 
remaining, as well as trace quantities of cyclised oxazolidinone, however no arylated product 
was observed. It was concluded that the in situ iodination was unsuccessful and aryl iodides 
were to be used as coupling partners in further substrate scopes. 
 

Scope of substituted aryl- and heteroaryl iodides 
 

Table 10 : Aryl iodide substrate scope 
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8 

 

200h 85 

9 
 

200i 90 

10 
 

200j 92 

11 
 

200k 86 

12 
 

200l 84 

13 
 

200m 92 

14 
 

200n 77 

15 
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16 
 

200p Mixture of products 
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23 
 

200w 92b (42)c 

24 
 

200x 94b (9)c 

25 

 

200y 97b 

26 
 

200z 92b (26)c 

ethyl (2-hydroxyethyl)carbamate (1 mmol), aryl iodide (2 mmol), copper iodide (0.1 mmol), 2,2,6,6-
tetramethylheptane-3,5-dione (0.2 mmol), cesium carbonate (2 mmol), MeCN (4 mL), 80 oC, air, 20 h. a Yields of 

isolated products b Reaction performed at 100 oC c Reaction performed at 80 oC, conversion calculated by 1H NMR 
spectrum of crude reaction mixture. 

 
Ortho, meta and para-substituted aryl iodides were investigated for their reactivity under the 
optimised reaction conditions. A number of electron neutral and electron deficient aromatics 
proved highly effective coupling partners for the one-pot cyclisation-arylation of 
oxazolidinones. A number of synthetically useful functional handles such as enolisable 
ketones (table 10, entries 3 and 4), esters (table 10, entry 5), nitriles (table 10, entry 6) and 
halogens (table 10, entries 10 and 11) reacted well in high yields. In the case of 
polyhalogenated aryl iodides, complete iodide selectivity was observed for the cross-coupling 
with oxazolidinone, analysis of the crude reaction mixtures also indicated no proto-
dehalogenation of the product was occurring 
 
The reaction conditions were also tolerant of a number of S- and N-heteroaromatics (table 10, 
entries 2, 12, 13, 14, 15). All heteroaromtics gave excellent yields of the corresponding N-
heteroaryl oxazolidinones, with the exception of 2-iodopyrazine (table 10, entry 15), 46%, 
which showed excellent conversion by crude 1H NMR spectroscopy but poor isolated yield, 
this was largely attributed to more challenging purification due to the high polarity and 
basicity of the product. Residual contamination of copper in these strongly coordinating 
substrates was minimal except in the case of the 3-pyridyl derivative (table 10, entry 13) 
which showed significant residual coordination to copper species (figure 15).  

 

  
 

Figure 15 
 

This was clearly visible through broadening of the 1H and 13C NMR spectra. In this case 
additional purification was required to removed residual copper, this was simply performed 
through an aqueous ethylenediamine wash. 
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Reaction limitations 
 
Whilst the cross coupling with methyl 4-iodobenzoate (table 10, entry 5) proved successful, 
the reaction failed to selectively generate the desired methyl benzoate ester.  Initial attempts 
revealed a mixture of methyl and ethyl benzoate esters were generated under the reaction 
conditions that were inseparable by chromatographic techniques. 
 

 
 

Scheme 117 
 
It is believed that the ethoxide generated upon cyclisation of the ethyl carbamate 198c was 
undergoing transesterification with the methyl ester of the product and aryl iodide. 
Fortunately it was found that after the reaction was complete, dilution with methanol followed 
by heating was able to transesterify with undesired ethyl ester to the desired methyl benzoate 
ester. This is clearly a limitation of the reaction conditions, as more structurally complex 
esters may not be able to be regenerated by this method, and so transesterification would 
represent a significant yield-reducing side reaction.  
 
The substrate scope also appeared to be limited by strongly electron deficient aromatics. In 
the case of 4-nitroiodobenzene (table 10, entry 16) a mixture of products was observed under 
the optimised reaction conditions. In this case, no desired N-aryl oxazolidinone 200p was 
observed. Analysis of the crude reaction mixture by 1H NMR spectroscopy and mass 
spectrometry indicated the predominant product was the N,N,O-arylated ethanolamine 200pa.  
 

 
Scheme 118 

 
These results would suggest that electron deficient aryl iodides were highly efficient coupling 
partners for N- and O- copper-catalysed cross-couplings, however, the resulting N-aryl 
oxazolidinones are unstable under the reaction conditions, resulting in ring-opening and 
subsequent arylation. Despite this, a number of strongly electron deficient aromatics 
generated high yields of the N-aryl oxazolidinone product (table 10, entries 6-8) and so it 
would suggest it is only the extremes of the spectrum that are not tolerated. As such, no 
additional modifications were attempted to broaden the scope of electron deficient coupling 
partners.  
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Conversely, electron rich aromatics proved universally poor coupling partners under the 
reaction conditions. The effect of adding electron donating substituents on to the aryl iodide 
coupling partner was dramatic in the reduction in efficiency of the cross-coupling, this can be 
easily visualised when plotting crude reaction 1H NMR spectroscopy conversion against the 
Hammett constant (σ) for the substituted aromatic (graph 1) 
 
The Hammett equation and its extended forms has been one of the mostly highly used 
methods for the interpretation and analysis of organic reactions and their mechanisms. An 
empirical method, the Hammett constant describes the linear free-energy relationship relating 
reaction rates and equilibrium constants based on the ionisation of benzoic acid with 
substituents in the meta and para positions (figure 16).10, 11 
 

 
 

log
!
!!
  =   !" 

 
Figure 16 : Hammett equation 

 
The Hammett equation relates the equilibrium constant K for benzoic acid with a substituent 
R, with standard benzoic acid where R = H, K0, to the substituent constant σ and the reaction 
constant ρ.  

 
Graph 1 : Hammett correlation 
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Electron donating substituents are also important structural and functional motifs, and for the 
benefit of the robustness and general application of this reaction, attempts were made to 
encourage the reactivity of these substrates. It was found that increasing the temperature to 
100 oC was sufficient to overcome the cross-coupling energy barrier and a number of electron 
rich aromatics were produced in excellent yields under the elevated temperatures (table 10, 
entries 21-26).  
 
Unprotected phenols (table 10, entries 19 ad 20) were not tolerated under the reaction 
conditions. An unidentifiable complex mixture of products was formed. Phenols are often 
susceptible to copper-catalysed cross couplings, due to their increased acidity relative to 
aliphatic alcohols, they are more readily arylated. It is possible that under the reaction 
conditions, oligomerisation of the aryl iodide is occurring. Additionally, further arylation of 
the N-phenol oxazolidinone generated upon cyclisation-arylation is possible. 
 
Ortho substituted aryl iodides were also poorly tolerated. Ortho-methyl- and ortho-methoxy-
iodobenzene were subjected to the optimised reaction conditions (table 10, entries 17 and 18). 
Analysis of the crude reaction mixtures by 1H NMR spectroscopy indicated only trace 
amounts of the desired N-aryl oxazolidinones were formed. This would suggest that in 
addition to electronic effects the reaction is also subject to steric considerations. It is proposed 
that increased steric bulk in the ortho position would hinder both copper insertion to the 
carbon-iodine bond, and reductive elimination pathways. 
 

Scope of substituted N-ethyl carbamate amino alcohols 
 

Table 11 : N-ethyl carbamate amino alcohols 
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4 

 

201d 
90 

>99% ee 

5 

 

201e 
85b 

>99% ee 

6 

 

201f 
87b 

>99% ee 

7 

 

201g 
97b 

>99% ee 

8 

 

201h 84b 

9 

 

201i 79b 

10 

 

201j 98b 

11 

 

201k 84b 

12 

 

201l 88b 

13 

 

201m 87b 

14 

 

201n 58b 
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15 

 

201o 45b 

16 

 

201p 89b 

ethyl (2-hydroxyethyl)carbamate (1 mmol), aryl iodide (2 mmol), copper iodide (0.1 mmol), 2,2,6,6-
tetramethylheptane-3,5-dione (0.2 mmol), cesium carbonate (2 mmol), MeCN (4 mL), 80 oC, air, 20 h. a Yields of 
isolated products b Reaction performed at 100 oC. Where single enantiomers are shown but have no assigned ees 

retention of stereochemistry is assumed. 
 
In addition to aryl iodide coupling partners, substitution at the 4- and 5- positions of the 
oxazolidinone was investigated to their tolerance towards the optimised reaction conditions. 
4- and 5-substituted ethyl carbamate amino alcohols were derived directly from the 
corresponding amino acid or amino alcohol, as such a number of single enantiomer 
oxazolidinones were accessible. Mono- and germinal 5-substitutions (table 11, entries 1-6) 
performed well, generating the corresponding 5-substituted N-aryl oxazolidinones in excellent 
yields. The yields appeared to be independent of the nature of the substitution. Silyl protected 
primary alcohols (table 11, entry 3) remained intact under the reaction conditions, with no 
detection of unprotected alcohols. Complete retention of the stereochemistry was observed for 
5-methyl substituted derivatives (table 11, entries 4-6). This was observed through 
derivatisation to the corresponding 5-methyl N-aryl oxazolidinethione and analysis by chiral 
HPLC. 
 

 
 

Figure 17 : Thorpe-Ingold effect 
 

It is possible substitution on the ethyl carbamate amino alcohol 198c aids the reaction through 
promotion of the cyclisation step. Increasing the steric bulk of the substitution on the amino 
alcohol backbone results in angle compression, enhancing the rate of intramolecular 
cyclisation, this is known as the Thorpe-Ingold effect (figure 17).12, 13  
 
4-Substitutions were poorly tolerated under the optimised reaction conditions, it was believed 
the increased steric bulk hindered coordination to the copper centre and slowed the reductive 
elimination process. As such substrates containing 4-substitutions were subjected to elevated 
temperatures to ensure efficient arylation (table 11, entries 7-14). The increase in temperature 
proved sufficient in overcoming the limiting steric factors and a number of 4-substittuted N-
aryl oxazolidinones were isolated in excellent yield. Complete retention of stereochemistry 
was also observed for 4-substituted derivatives (table 11, entry 7) suggesting this method for 
the synthesis of 4- and 5- substituted N-aryl oxazolidinones is non-destructive.  
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Highly substituted amino alcohol derivatives were also tolerated under the elevated 
temperature reaction conditions. Arylation of a Superquat14 analogue (table 11, entry 16) 
proceeded well, generating the corresponding 4-and 5-substituted N-aryl oxazolidinone in 
89% isolated yield. A more challenging amino phenol derivative was subjected to the reaction 
conditions. In this case (table 11, entry 15) reactivity was poor, 45% yield. This could be 
attributed to a less facile cyclisation due to a more rigid amino alcohol backbone, in addition 
to arylation of a less reactive N-aryl carbamate. 
 

Reaction investigation 
 
Further reactions were performed in order to investigate the mechanistic properties of the 
cyclisation-arylation reaction of N-aryl oxazolidinones. Due to the complexity of studying a 
one-pot two-step reaction as a whole system, the separate reaction steps were investigated 
individually. 
 

Oxazolidinone formation 
 
An initial reaction profile study by 1H NMR spectroscopy (graph 2) indicated that cyclisation 
of the N-ethyl carbamate occurs prior to arylation, whereby almost complete conversion to the 
corresponding oxazolidinone is observed after one hour. The subsequent copper-catalysed 
arylation of the oxazolidinone appears to be a significantly slower process. The 
intramolecular cyclisation of N-ethyl carbamate 198c is a favoured 5-exo-trig ring closure 
according to Baldwin’s rules,15 the effect of base was investigated in order to further probe 
the cyclisation step in this one-pot process. 
 
N-ethyl carbamate 198c was reacted in the presence or absence of cesium carbonate under 
conditions mimicking the optimised one-pot cyclisation-arylation conditions (table 12). It was 
assumed that copper iodide/ligand was not pivotal in promoting the cyclisation process and as 
such was omitted from the reaction. 
 
Table 12 : Role of base in carbamate cyclisation 
 

 
 

Entry Cs2CO3 
(mol%) 

Conversion to 
oxazolidinone (202)a 

1 0 0 
2 10 65 (>95)b 
3 100 >95 

ethyl (2-hydroxyethyl)carbamate (1 mmol), MeCN (4 mL), 80 oC, air, 1 h.a Conversion calculated by 1H NMR 
spectroscopy b Conversion after 2 h 
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Graph 2 : Reaction profile 

 
In the absence of base (table 12, entry 1), no cyclisation to the corresponding oxazolidinone 
was observed, interestingly however, in the presence of catalytic base (table 12, entry 2) 65% 
conversion to the desired oxazolidinone 202 was observed after 1 hour. When the reaction 
time was extended to 2 hours, near quantitative conversion was observed by 1H NMR 
spectroscopy. In the presence of stoichiometric base (table 12, entry 3) greater than 95% 
conversion to oxazolidinone was observed after 1 hour. These results would suggest that the 
cyclisation of N-ethyl carbamate amino alcohols is base promoted. From these results the 
following mechanism is proposed. 
 

 
 

Scheme 119 : Proposed mechanism for the cyclisation of N-ethyl carbamate 198c 
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Thermodynamically, 5-exo-trig ring closure of 198c is a favourable process. Under the 
reaction conditions, 198c exists in equilibrium with the five-membered cyclised intermediate 
198ca. The pKa of a primary aliphatic alcohol is approximately 15-16 in aqueous solution16 
and as such cannot be directly deprotonated by cesium carbonate, the direct deprotonation and 
nucleophilic attack of the carbamate carbonyl was initially disregarded. This intermediate, 
under base-free conditions, favours the reformation of the linear amino alcohol over 
oxazolidinone, this is due to the favourability of the protonated ring oxygen as a leaving 
group over the ethoxide. In the presence of a base, the highly acidic oxonium proton, pKa 
approximately -2 (based on the pKa of the hydronium ion, -1.74, in aqueous solution) is 
readily removed 198cb which disrupts the existing equilibrium. Elimination of the ring 
oxygen is a reversible process, by which the resulting primary ethoxide 198cc can undergo 
nucleophilic attack of the carbamate carbonyl to regenerate the intermediate 198cb. 
Elimination of ethoxide is an irreversible process that forms the desired oxazolidinone 202. 
The generation of the ethoxide as a leaving group also serves as an efficient base for the 
deprotonation of intermediate 198ca, autocatalytically promoting the formation of 
oxazolidinone. As such only catalytic quantities of base are required for the efficient 
transformation of N-ethyl carbamates to oxazolidinones.  
 

N-arylation of oxazolidinone  
 
The copper-catalysed arylation of oxazolidinone was initially investigated through a number 
of modifications to the optimised reaction conditions. C-N Copper-catalysed cross coupling 
reactions have been relatively under explored, this is largely due to the difficulties associated 
with reaction monitoring due to paramagnetic copper species and heterogeneous bases and/or 
catalysts, but also due to the nature of ligated copper species under reaction conditions. 
Catalytic intermediates are believed to exist as undefined complexes in a state of complex 
equilibria, and as such many proposed mechanisms are approximations. Additionally, copper 
catalysed reactions can proceed via traditional oxidation-reduction pathways but also radical 
processes that have a number of additional complexities associated with them.17 

 

Reaction profile 
 
The reaction profile of the cross coupling between oxazolidinone 202 and 4-
iodobenzotrifluride 199g was monitored over time by HPLC. The reaction was analysed 
according to formation of N-arylated product and was referenced against an internal standard, 
naphthalene (5% relative to oxazolidinone) at 270 nm. The reaction was modified by 
increasing the reaction temperature to 83 oC, this was to ensure the reaction temperature 
required for sufficient cross-coupling was maintained throughout sampling over the 
monitoring period.  
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Graph 3 : N-arylation reaction profile monitored by HPLC 

 
The reaction profile does not exhibit a classical first order reaction profile, instead a sigmoidal 
reaction profile is observed, whereby the rate of the reaction increases throughout the reaction 
profile (graph 3). Sigmoidal reaction profiles are predominant in non-classical reaction 
mechanisms. Reactions that display signature sigmoidal reaction profiles include; catalyst 
activation, autocatalysis and autoinduction.18 
 
Catalyst activation reaction profiles display a delayed or slow induction period required to 
generate the active catalytic species. Autocatalytic reaction profiles are when the product 
results in self-replication of more product. The reaction profiles for autocatalytic reactions 
tend to also display an induction period followed by rapid generation of product.18 
Autoinductive reactions are where the product or a byproduct produced in the reaction 
accelerate the reaction, but cannot replicate itself in the absence of an additional catalyst. 
Representative reaction profiles are shown in figure 18.18    
 
In order to determine the cause of the sigmoidal reaction profile a number of doping reactions 
were performed (graph 4). A simple way to probe the hypothesis of autocatalytic or 
autoinductive behavior is to monitor the reaction with the addition of product.18, 19 The 
reaction was performed at pseudo- 50% conversion, whereby a fresh catalyst-ligand system is 
applied to a reaction system that resembles the ratios of starting material and product at a 
given conversion. The reaction profile is then monitored and compared to the original 
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reaction conditions. If reaction profiles at pseudo-50% conversion overlays the initial reaction 
profile from the standard conditions, it implies that the reaction is not catalysed or induced by 
the presence of starting material.  

 
Figure 18 : Representative sigmoidal reaction profiles 

 

 
 

Scheme 120 
 

The first pseudo-50% conversion conditions assumed consumption of exactly 0.5 mmol of 
aryl iodide 199g and oxazolidinone 202 to generate 0.5 mmol (50%) of the desired N-aryl 
oxazolidinone 200g (scheme 120, graph 4, labeled 50% prod). The reaction was monitored 
and showed a reaction profile consistent with the initial rate of reaction observed in the 
standard reaction. This would strongly suggest that the reaction is not accelerated by the 
presence of product and therefore eliminates autocatalytic or autoinductive processes 
resulting in the observed sigmoidal reaction profile. 
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In order to determine if the starting oxazolidinone is retarding the reaction the reaction was 
performed under alternative pseudo-50% conversion conditions. In this case, consumption of 
0.5 mmol of aryl iodide 199g and oxazolidinone 202 was assumed, however the reaction was 
performed in the absence of 50% product 200g (Scheme 121, graph 4, labeled 50% SM). If 
the reaction was hindered by the presence of starting oxazolidinone the reaction would be 
expected to have a higher rate at lower concentrations of starting material. Following the 
reaction by HPLC showed a reaction profile consistent with the original reaction conditions, 
as such it was shown that starting material does not hinder the reaction. 
 

 
 

 
Graph 4 : Substrate / product inhibition studies 
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Catalyst loading studies 

 

 
Graph 5 : Catalyst loading studies 

 
The effect of catalyst loading was also monitored using HPLC (graph 5). Due to the 
sigmoidal reaction profile it is difficult to determine order of the reaction with respect to 
catalyst quantitatively. In addition, the solubility of the copper salt and possible copper ligated 
species in the reaction solvent is suspect and as such it is assumed that the reaction is partially 
heterogeneous in nature. A qualitative correlation between catalyst loading however can be 
observed. Reaction rates for lower catalyst loadings (5 mol%) exhibit slower conversion to 
product. Interestingly, in the case of lower catalyst loadings, the accelerated secondary 
reaction rate is not observed, suggesting the accelerated secondary reaction rate is not 
dependent on the number of catalyst turn overs. Reactions performed using the increased 15 
mol% catalyst/ligand system exhibited significantly increased reaction rates with almost 
quantitative conversion after 1 hour. For higher catalyst loadings, the two-speed reaction 
profile is also observable. This would strongly suggest that the reaction rate is dependent on 
catalyst concentration, as such it is plausible that the catalyst is involved up to and including 
the rate limiting step. 
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Hammett relationship 
 
The reaction profiles for a number of substituted aryl iodides were investigated to determine 
the electronic effects of the aryl iodide on the cross coupling with oxazolidinone 202. A 
spread of electron-donating and electron-withdrawing substituents were chosen to incorporate 
the complete range of sigma (σ) Hammett values. The reactions were followed by HPLC and 
the formation of product was plotted against reaction time (graph 6). 
 

 

 
Graph 6 : Reaction profiles for substituted aryl iodides 

 
The general trend showed increased reaction rates for electron-deficient aryl iodides 
compared to electron-rich or electron-neutral aromatics. The reaction with 3-
iodoacetophenone appears to exhibit an anomalously fast reaction profile, whereby the 
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reaction is complete after 2 hours. This result is inconsistent with the trend observed for the 
other aryl iodides as 3-iodoacetophenone is reported to have a less positive Hammett σ value 
than 4-trifluoromethyliodobenzene and as such would be expected to react more slowly. 
Methyl, methoxy and trifluoromethyl substituents are all chemically benign aromatic 
substitutions, and as such the reaction profile appears to be dictated by electronic effects. A 
possible explanation for this anomalous result may be due to the reactivity of the 
acetophenone towards deprotonation or coordination to the copper metal. As acetophenones 
contain enolisable protons, enolate formation under the reaction conditions may promote the 
reactivity of the aryl iodide by altering the electronics of the coupling partner, alternatively 
copper coordination to the carbonyl may decrease the electron density of the aromatic, 
accelerating the rate. 
 
The overall increase in reactivity with increasing σ value suggests the transition-state of the 
rate-limiting step in the cross-coupling mechanism involves the generation of a negative 
charge or region of high electron density that can be stabilised by electron-withdrawing 
substituents on the aromatic ring.20 This is consistent with previous reports of copper catalysis 
where the reductive elimination is the rate-limiting step. The reductive elimination step 
involves the direct coupling of a deprotonated copper coordinated oxazolidinone nitrogen 
with a copper-aryl bond. This involves the combination of two electro-negative substituents, 
and so is favoured by electron-withdrawing aromatic substituents as these reduced the 
electron density of the copper-aryl species.  
 
Interestingly, increased secondary reaction rates can be observed for a number of the 
functionalised aryl iodides. The secondary reaction rate can be observed in the original 
trifluoromethyliodobenzene system after approximately 40% conversion or 2.5 hours. In 
substrates that achieved greater the 40% conversion, increases in rate were observable. This 
would suggest that the factor affecting the increase in rate is independent of substrate and 
product and may be due to common byproducts generated during the process of the reaction 
(scheme 122).  
 

 
 

Scheme 122 
 

Competition studies  
 
In order to determine the relative reactivity of aryl iodides towards arylation of oxazolidinone 
a competition reaction was performed. It was observed that in a direct competition reaction 
under the optimised reaction conditions between one equivalent of N-ethyl carbamate 
ethanolamine 198c, one equivalent of 4-iodoanisole 199z and one equivalent of 3,5-
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trifluromethyliodobenzene 199h, 100% conversion of intermediate oxazolidinone 202 was 
observed (scheme 123). 
 

 
 

Scheme 123 : Competition studies.  
Conversions determined by crude 1H NMR spectroscopy. 

 
Of the converted starting materials, 8% 3-(4-methoxyphenyl)oxazolidin-2-one (200z) and 
92% 3-(3,5-bis(trifluoromethyl)phenyl)oxazolidin-2-one (200h) was seen, indicating the 
greater reactivity of electron deficient aromatics relative to electron rich aromatics towards 
copper-catalysed cross coupling. This is consistent with studies mentioned previously where 
reaction rates were observed to be significantly lower for aromatics containing electron-
donating substituents relative to those with electron-withdrawing functional groups.   

Reaction mechanism 
 
Additional mechanistic studies are required to accurately propose a catalytic cycle for the 
arylation of oxazolidinones. Cu(I)/Cu(III), Cu(0)/Cu(II), electron transfer processes and 
radical based mechanisms have all been reported for copper-catalysed cross-couplings, and no 
significant body of data has yet been obtained to disregard any of these mechanisms.  

Conclusions 
 
In conclusion, an efficient and mild CuI-catalysed one-pot cyclisation and arylation method 
for the synthesis of N-aryl oxazolidinones has been reported. The reaction is applicable to a 
wide range of substrates with various substituted aryl iodides, heteroaryl iodides and amino 
alcohol derivatives in good-to-excellent yields. Electron-neutral and electron-deficient 
aromatics proved favourable coupling partners at moderate reaction temperatures (80 oC) 
whereas electron rich aryl iodides required slightly elevated temperatures (100 oC) in order to 
successfully cross-couple. The ease of synthesis of the amino alcohol precursors, the 
performance under air using mild conditions, and the utilisation of a cheap and abundant 
catalyst−ligand system for this two-step, one-pot synthesis make this process an attractive 
methodology for the preparation of important molecules. 
 
Attempts to investigate the reaction mechanism suggested an initial base-catalysed 
autocatalytic formation of oxazolidinone from amino alcohol ethyl carbamates. The resulting 
oxazolidinone then undergoes copper-catalysed cross coupling with aryl iodides, whereby the 
turnover limiting step is most likely reductive elimination. 
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Background 
 
Over recent decades, N-aryl oxazolidinones have arisen as a new and potent class of synthetic 
pharmaceutical compounds. Several 4- and 5-substituted N-aryl oxazolidinones have shown 
promising pharmacological activities in a number of therapeutic areas (figure 19).1, 2 One of 
the earliest examples of N-aryl oxazolidinones in pharmaceuticals was Toloxatone 204 
(Humoryl®), marketed as a reversible and selective monoamine oxidase inhibitor (MAOI) for 
the treatment of depression in France in 1985.3 The rigidity and planar structure was proven 
to be key towards its activity, in addition to the hydrogen-bond accepting nature of the 
carbonyl and hydrogen bond donating ability of the free hydroxyl.  
 

 
 

Figure 19 : Oxazolidinone based pharmaceutical agents 
 

In the following years, researchers at DuPont found that that the N-phenyloxazolidinone 
structure held potent antibacterial activities through a unique mechanism of action.4 These 
oxazolidinones function by selectively inhibiting protein synthesis in bacteria cells. The 
inhibition takes place by the molecule preventing the binding of aminoacyl-tRNA (fmet-
tRNA) to the 50S ribosomal unit during the translational step of bacterial DNA replication.5, 6 
However the exact mechanism of how oxazolidinone antibacterials function on a molecular 
level is not completely understood. It has however been shown that oxazolidinones bound to 
the 50S subunit distort the active site and therefore the fmet-tRNA cannot bind.7, 8 Linezolid 1 
(marketed as Zyvox) was approved by the FDA in 2000.9 
 
Due to the rise of bacterial resistance against Linezolid, the development of a second 
generation oxazolidinone was necessary. Tedizolid Phosphate (TR-701) is a prodrug of the 
active drug, Tedizolid 205 (TR-700).10 Tedizolid is a second generation antibacterial that has 
promising potency against both gram-positive bacteria and Linezolid-resistant gram-positive 
bacteria.11 Early SAR analysis by DuPont showed that using a hydroxymethyl substituent 
heavily increased the minimum inhibition concentrations (MIC) of the drug candidate, 
however, the use of a tetrazole motif brings the MIC back down to a level comparable, if not 
superior, to Linezolid.10, 12  
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One of the most recent oxazolidinone-based pharmaceuticals is Rivaroxaban 206, an oral 
anticoagulant designed and manufactured by Bayer.13, 14 It is the first available orally active 
direct factor Xa inhibitor and is used in the prevention of blood clots post surgery and in 
people suffering from non-valvular atrial fibrillation.15 Despite its structural similarities to 
Linezolid, Rivaroxaban, nor any of its metabolites, have any antibiotic effect against gram-
positive bacteria and only low risk of mitochondrial toxicity. 
 

 
 

Figure 20 : Generic structure of oxazolidinone based pharmaceutical agents and proposed 
universal synthetic intermediate towards the synthesis of oxazolidinone based pharmaceutical 

agents, representing the active moiety of all oxazolidinone-based drugs 
 
Most pharmaceutically active N-aryl oxazolidinone based molecules share strikingly similar 
structural similarities and can be represented by a single generic chemical structure (Figure 
20). The (A) ring comprises of a 5-substituted N-aryl functionalised oxazolidinone. The 5-
substitutent is predominantly the (S) enantiomer, except in the case of toloxatone where the 
racemate is used, and contains either a hydroxymethyl or N-acylmethyl functional group. The 
(B) ring is para-substituted by the (C) ring, a small substituent meta to the nitrogen is also 
predominant. The (C) ring represents the region with which the highest structural diversity is 
observed.16 As such a desired synthetic intermediate towards the synthesis of all 
oxazolidinone-based drug molecules would preinstall the (A) and (B) ring systems with 
functional handles to install various (C) rings and 5-methyl functionalities.  
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Current synthetic procedures  
 

 
 

Scheme 124 : Traditional synthesis of Linezolid 
 

A number of synthetic procedures have been reported for the synthesis of Linezolid, both on 
research laboratory and large-scale preparation. The first viable synthesis of Linezolid was 
described by Manninen and co-workers (scheme 124).17 Chirality was introduced via a chiral 
pool strategy, the insertion of (R)-(−)-glycidyl butyrate with an intermediate O-benzyl N-aryl 
carbamate 211 efficiently generates the (S)-N-aryl oxazolidinone 212. This methodology 
towards generating enantiomerically pure 5-methanol-N-aryl oxazolidinones was pioneered 
by Manninen, as such this method is generally referred to as the Manninen reaction (scheme 
125). Larger-scale preparations used similar methodologies, however (S)-α-glycerol 
chlorohydrin was employed as an alternative to the Manninen reaction.18 
 

 
 

Scheme 125 : Enantiomeric synthesis of N-aryl oxazolidinones (Manninen reaction) 
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Scheme 126 : Synthesis of organotin intermediate for the synthesis of Toloxatone 
 

The synthesis of Tedizolid follows a similar procedure to Linezolid, however due to the 
increased structural complexity of the C ring, the synthesis is less linear and is performed by 
two routes in parallel.19 The formation of the AB ring system is performed similarly to 
Linezolid via the Manninen reaction, starting via 3-fluoroaniline 220 (scheme 126). With the 
body of the AB core complete a para-selective electrophilic iodoination is then used to install 
an iodine, this is subsequently used to generate the organotin reagent 224. 

 

 
 

Scheme 127 : Synthesis of tetrazole intermediate for the synthesis of Toloxatone 
 

The C ring is generated from the corresponding 2,5-dibromopyridine 225, the intermediate 
tetrazole 226 is unselectively alkylated to form a mixture of 1- and 2- regioisomers (scheme 
127). 
 

 
Scheme 128 : Stille coupling for the synthesis of Toloxatone 

 
A palladium catalysed Stille cross-coupling of the organotin reagent and bromopyridine 
derivative furnishes Tedizolid 205 (scheme 128), is generally administered as a phosphate 
pro-drug to improve aqueous solubility. 
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Scheme 129 : Literature synthesis for Rivaroxaban 
 

Most reported methods for the synthesis of Rivaroxaban involve the construction of the 5-
aminomethyl-3-aryl oxazolidinone through the Manninen reaction, mirroring the approaches 
used in the synthesis of Linezolid and Tedizolid.20 An alternative synthetic approach 
involving the Goldberg coupling reaction of commercially available (R)-epichlorohydrin 225 
and an aryl bromide is reported for the total synthesis of Rivaroxaban 206 (scheme 129).20 As 
opposed to a linear synthetic route, the A ring and BC ring system are synthesised 
independently, generating the key tricyclic core 231 upon a Goldberg cross-coupling.  
 
In the case of all these synthetic strategies towards Linezolid, Tedizolid and Rivaroxaban, the 
(C) ring is installed in the initial steps of the synthetic strategies. As mentioned previously, 
SAR studies of all these pharmaceuticals would suggest that the (C) ring is the most highly 
variable and functionalisable site within the molecule. Whilst current strategies are sufficient 
for the synthesis of a final, defined drug molecule, following the current synthetic strategies 
for investigating SAR and developing new drug molecules would require excessively long 
synthetic routes in order to vary the (C) ring. Designing a synthetic route towards a highly 
functionalised universal intermediate in oxazolidinone-based pharmaceutical molecules 
would be highly advantageous for more efficient drug discovery.  
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Proposed forward synthesis 
 
It was envisioned that the starting material for all N-aryl oxazolidinone-based pharmaceuticals 
investigated would be derived from 3-amino-1,2-propanediol, for the purpose of proof of 
concept for the synthetic route, the racemates were to be prepared. This was primarily a result 
of cost considerations due to the dramatic difference in price between enantiomerically pure 
diol and the racemic mixture. From here, selective N-carbamate protection and primary O-
protection would generate an amino alcohol primed for cyclisation-arylation under the 
previously optimised system. 
 
The desired N-aryl oxazolidinone would be achieved via the cyclisation and arylation of a 
primary O-protected aminopropanediol with a functionalised aryl iodide. Selective mono-
amidation of the Csp2-I bond would allow for further decoration of the aryl ring through 
subsequent palladium- or copper-catalysed cross couplings. Final deprotecting and 
transformation of the protected pendant alcohol would generate either the free alcohol or 
amide as required (scheme 130).    
 

 
 

Scheme 130 : Retrosynthetic analysis of N-aryl oxazolidinone based pharmaceuticals 
 

For this proposed synthetic route a number of considerations have to be made: 
 
In the synthesis of the ethyl carbamate intermediate, a protecting group capable of achieving 
selective primary O-protection is required, in addition to chemical robustness under elevated 
temperatures and basic conditions. The protecting group itself also has to be chemically 
benign and not undergo transesterifications or other competing reaction pathways. 
 
In order to achieve further transition-metal mediated cross-couplings on the N-aryl 
oxazolidinone core motif, the aryl iodide used in the cyclisation-arylation step requires para-
substituted halogens (and additionally meta-fluoro substituents in the case of Linezolid and 
Tedizolid), and as such the methodology needs to be selective for the mono-amidation of a 
polyhalogenated aromatic.  
 
The subsequent cross-coupling of N-aryl oxazolidinones needs to be tolerant of electron rich 
aromatics and non-destructive. 
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Synthesis of Toloxatone 
 
The synthesis of Toloxatone begins with the key intermediate 198l, determined to be a 
common intermediate for the synthesis of all N-aryl oxazolidinone derived drug molecules. 
To access 198l from 3-amino-1,2-propanediol a number of chemoselective transformations 
are required. For the route to be viable these transformations need to proceed cleanly and be 
scalable.   
 

 
 

Scheme 131 
 

3-Amino-1,2-propanediol can be selectively coupled with ethyl chloroformate to form the 
corresponding ethyl carbamate 198k, under Schotten-Baumann conditions. This basic, 
aqueous biphasic mixture ensures carbamate formation over carbonate formation through 
hydrolysis of any carbonate formed. The carbamate intermediate 198k was formed in 91% 
following purification via filtration through a short silica gel plug. Additionally this reaction 
could be easily performed on a multi-gram scale, enabling access to large-scale quantities of a 
vital synthetic intermediate with relative ease. 
 
A tert-butyl dimethylsilyl protecting group was considered as an optimum O-protecting 
group. tert-Butyl dimethylsilyl ethers are robust protecting groups, stable towards 
nucleophiles, electrophiles, under basic conditions, and moderately stable towards hydrolysis 
at extreme pH values. tert-Butyl dimethylsilyl ether formation highly favours the formation of 
primary silyl ethers, tert-butyl dimethylsilyl chloride is ineffective at forming secondary silyl 
ethers, to do so requires the use of more activated silylating agents such as tert-butyl 
dimethylsilyl triflate. Selective primary-silyl ether formation of 198l was achieved in 84% 
yield. 
 

 
 

Scheme 132 
 

To determine the suitability of 198l under the cyclisation-arylation conditions, iodobenzene 
was used as a coupling partner to access the unfunctionalised N-phenyl oxazolidinone. Under 
the standard conditions a moderate yield of 95% of 201c was isolated. Analysis of the crude 
reaction mixtures showed that the reaction proceeded cleanly, no de-silylated products were 
observed, suggesting tert-butyl dimethylsilyl ethers were tolerated under the reaction.  
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Scheme 133 
 
Toloxatone intermediate 233 was synthesised according to the cyclisation-arylation procedure 
using 3-iodotoluene (scheme 133). As 3-iodotoluene is an electron rich system, elevated 
temperatures were required to ensure efficient cross-coupling. It was envisioned Toloxatone 
204 could be synthesised in a one-pot procedure. Cesium fluoride was added subsequently to 
remove the silyl protecting group, a protic workup generated the desired product, toloxatone 
204, in 74% over 2 steps.  
 

1H NMR spectrum : Toloxatone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21 : 1H NMR spectrum of Toloxatone  
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Synthesis of Linezolid 
 
The synthesis of the key N-aryl oxazolidinone intermediate was of primary concern for the 
design of an efficient method for the total synthesis of Linezolid. It was envisioned the 
preparation of a polyhalogenated N-aryl oxazolidinone could be directly synthesised from the 
corresponding commercially available 1-bromo-2-fluoro-4-iodobenzene. The rational behind 
the choice of coupling partner was a result of a number of considerations. Installation of a 
meta-aromatic fluorine post-synthetically would prove complex. In the case of electrophilic 
fluorination of a para-halogen substituted electron rich aromatic system, ortho-fluorinated 
products relative to the oxazolidinone would favourably form, as opposed to the desired meta 
products. Fluorination of a morpholine-coupled intermediate would also result in a mixture of 
2- and 3-fluoro compounds, which would likely be inseparable through simple purification 
methods. As such it was proposed that the fluorine substituent should be installed on the 
aromatic coupling partner prior to cross-coupling. A para-bromosubstituted aromatic would 
provide a key functional handle for a subsequent palladium-catalysed Buchwald-Hartwig 
amination, and as previously reported in the substrate scope of this cyclisaton-arylation 
methodology, the reaction is highly selective for C-I over C-Br cross-coupling, and as such 
this functional handle should be preserved in the arylation reaction.  
 
An initial investigation into the feasibility of this transformation was performed under the 
standardised cyclisation-arylation conditions (Table 13, entry 6). Unfortunately the isolated 
yield of the desired N-aryl oxazolidinone was poor. Analysis of the crude reaction mixture 
showed complete consumption of both the ethyl carbamate 198l and the intermediate 
unarylated oxazolidinone. 
 
Table 13 : Reaction modification for the formation of intermediate 234 
 

 
Entry Ar-I 

(equiv.) 
Temp. 

(oC) 
Additive 

 
Yield 
(%)a 

1 1.0 80 - 34 
2 1.2 80 - 34 
3 1.4 80 - 33 
4 1.6 80 - 35 
5 1.8 80 - 44 
6 2.0 80 - 40 
7 1.6 100 - 36 
8 1.8 100 - 35 
9 2.0 100 - 22 
10b 1.8 80 - 40 
11 1.8 80 tBuOHc 28 
12 1.8 80 (CF3)2CHOHc 0 

aIsolated yield bDry MeCN c1.5 equiv. 
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Further investigation in to the reaction parameters was performed to determine more bespoke 
conditions for this transformation. Upon varying the equivalence of aryl iodide (Table 13, 
entries 1-6) it was shown that the isolated yield was uniformly poor for all ranges 
investigated. Temperature was also shown not to be a limiting factor, with comparable yields 
generated at 100 oC to those performed at 80 oC (Table 13, entries 7-9). It could be concluded 
that the cross coupling of the aryl iodide was not yield-limiting. 
 

 
Figure 22 

 
Further analysis of the crude reactions showed a complex mixture of products formed under 
the reaction conditions. It was proposed that due to the cumulative effect of both electron 
withdrawing halogen substituents on the aromatic, the resulting N-aryl oxazolidinone was 
highly susceptible towards hydrolysis or saponification. The stability of carbamates towards 
hydrolysis or saponification is largely due to the ability of the nitrogen lone pair to donate in 
to the carbonyl through resonance. Highly electron deficient N-substituents limit this 
delocalisation of the nitrogen lone pair, decreasing the stability of the oxazolidinone. 

 

 
 

Scheme 134 
 
Oxazolidinone ring-opening was proposed to occur either by saponification by the ethoxide 
generated upon cyclisation, or through base mediated hydrolysis from adventitious water 
present in the reaction medium. The ring-opened product is then able to undergo subsequent 
N- and O-arylations, producing a diverse and complex mixture of arylated product 234b. In 
order to suppress this undesired reaction pathway, the reaction was performed under 
anhydrous conditions (table 13, entry 10) and in the presence of additives (table 13, entry 11-
12). tBuOH and hexafluoro-2-propanol were investigated in order to suppress saponification 
by generating either a bulky alkoxide or less nucleophilic alkoxide in situ from the ethoxide 
generated upon cyclisation. Unfortunately, neither of these approaches improved isolated 
yields, and in the case of additives, hindered the reaction. As such it was proposed that this 
was a non-viable route towards Linezolid. 
 
An alternative approach was to install a para-substituted halogen post synthetically, this 
would avoid the need for strongly electron deficient coupling partners and would reduce 
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potential decomposition reaction pathways. A similar procedure is used in the preparation of 
Tedizolid.19 Here conditions require stoichiometric silver trifluoroacetate to promote the 
electrophilic iodination of a meta-fluorosubstituted N-aryl oxazolidinone. The generation of 
an aryl iodide would have a number of advantages, most relevantly, it allows access to further 
copper catalysed cross couplings. 
 

 
Scheme 135 

 
The reaction of 198l with 3-fluoroiodobenzene 235 under the standard cyclisation-arylation 
conditions gave the corresponding meta-fluoro N-aryl oxazolidinone 236 cleanly in 91% 
(scheme 135). Subsequent electrophilic iodination was investigated. To avoid the use of 
stoichiometric silver reagents, Wijs solution was used as a cheaper and more easily performed 
method for aromatic iodination.  
 

 
Scheme 136 

 
Interestingly iodine monochloride selectively gave the para-iodinated product but also 
performed an in situ protecting group exchange (scheme 136). The iodo-acetate compound 
237 was cleanly formed in 82% yield, an excess of iodine monochloride was required to drive 
the reaction to completion, however, despite a vast excess, over-iodination was not observed 
in the crude reaction mixture and the desired product could be easily obtained following 
purification via filtration through a short silica gel plug.  
 

 
 

Scheme 137 
 
Iodination of the silyl-deprotected intermediate 222 still required an excess of iodine 
monochloride, the total yield for the two-step process was less efficient than that of the one-
pot process and as such initial deprotection was unnecessary (scheme 137).  
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As the acetate represents a relatively poor protecting group, functional group interconversion 
to the desired acetamide was performed prior to the morpholine cross coupling.  
 

 
 

Scheme 138 
 

Treatment of the acetate 237 with potassium carbonate in methanolic dichloromethane 
solution readily hydrolysed the acetate to give the unprotected alcohol 223 in 91% yield. 
From here the alcohol was cleanly nosylated using para-nitrobenzenesulfonyl chloride, to 
give the activated intermediate 238 (scheme 138).  
 

 
Scheme 139 

 
The primary amine 239 was generated by the nucleophilic substitution of the nosylate using 
aqueous ammonium hydroxide as an ammonia source. Heating in a sealed tube successfully 
displaced the nosylate. Due to the high basicity and polarity of the amine intermediate, the 
crude product was telescoped forward without chromatographic purification. Treatment with 
acetyl chloride yielded the desired acetamide product 240 in 41% over the two steps.  
 
Due to the high value of the final intermediate 240, investigations in to the cross-coupling of 
the aryl iodide with morpholine was performed using a test substrate. 4-Iodoanisole was 
deemed to be an ideal test substrate for this transformation as it is commercially available and 
inexpensive. 4-Iodoanisole also has similar electronic properties to the iodinated intermediate 
240, such that it is highly electron rich and therefore represents a challenging substrate for 
amination. The 1H NMR spectrum of the initial substrate and desired product have distinct 
diagnostic peaks in clean regions of the NMR spectrum, and the potential protodehalogenated 
product, anisole, is also relatively non-volatile and would be observable by 1H NMR analysis.  
 
The current literature for the amination of aryl iodides is largely favourable towards the cross-
coupling of neutral or electron deficient aromatics. Electron rich systems are considered to be 
more challenging substrates for this transformation, and as such, fewer highly efficient 
conditions tolerating electron donating substituents are reported. A number of relevant 
literature procedures were applied for the copper or palladium catalysed cross coupling of 4-
iodoanisole with morpholine (table 14). It is noteworthy that no literature procedures report 
the cross-coupling of similar oxazolidinone-derived aryl iodides. 
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Table 14 : Amination of aryl iodide 199z 
 

 
 

Entry Catalyst Ligand Base Solvent Temp 
(oC) 

Time 
(hr) 

Conv. 
(%)a 

1 CuI (10%) L1 (20%) Cs2CO3 MeCN 80 20 0 
221 CuI (10%) L2 (10%) K3PO4 dioxane 80 24 9 
322 CuI (10%) L3 (20%) K2CO3 DMSO 100 20 30 
4 CuI (10%) L4 (20%) Cs2CO3 toluene 100 20 0 
523 CuBr (20%) L5 (20%) K3PO4 DMF 80 4 78 
623 CuI (20%) L5 (20%) K3PO4 DMF 60 20 30b 
724 Pd(dba)2 (5%) L6 (10%) NaOtBu toluene 100 20 10b,c 

L1 = 2,2,6,6-Tetramethyl-3,5-heptanedione, L2 = ethylenediamine, L3 = proline, L4 = tetramethylphenantroline, 
L5 = rac-BINOL, L6 = Xantphos.  a Conversion calculated by 1H NMR. b Modification of literature procedure. c 

Proto-dehalogenation product observed. 
 

Of the literature procedures investigated, few gave significant conversion to the N-aryl 
morpholine product. Unfortunately, the cyclisation-arylation optimised conditions (table 14, 
entry 1) failed to show any reactivity towards the amination of 4-iodoanisole. A palladium 
catalysed Buchwald-Hartwig reaction was attempted (table 14, entry 7), however these 
conditions appeared significantly more destructive towards the aryliodide in comparison to 
copper-catalysed conditions, yielding a complex mixture with detectable proto-dehalogenated 
anisole present. Fortunately, a copper bromide catalysed amination developed by Jiang et al. 
gave good conversion to the desired cross-coupled product (table 14, entry 5). In the literature 
procedure reactions were performed at room temperature, however in order to promote 
reasonable conversion for the test substrate, elevated temperatures were required. Deviation 
from the reported catalyst (CuBr) to similar copper salts (CuI), and milder reaction conditions 
(60 oC) gave poorer conversions (table 14, entry 6).  
 

 
Scheme 140 

 
Application of this procedure to the iodinated intermediate 240 proved successful in cross-
coupling morpholine to yield the desired final product, Linezolid 1, in 77% yield. Over the 7 
reported steps in the synthesis of Linezolid a total yield of 21% was achieved for the final 
product. 
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1H NMR spectrum : Linezolid 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 23 : 1H NMR spectrum of Linezolid  
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Synthesis of Tedizolid 
 
It was envisioned that the synthesis of Tedizolid would proceed via the intermediate 237. In 
order to achieve this, an appropriate coupling partner would be required to furnish the final 
compound with the ‘C’ ring. Literature procedure was followed towards the synthesis of a 
boronic ester-pyridyl coupling partner 228a for the Suzuki–Miyaura reaction with 237.19  
 

 
Scheme 141 

 
The unfunctionalised tetrazole 226 was synthesised through a click reaction with sodium 
azide under acidic conditions in 84% yield. The tetrazole 227 was carried forward without 
further purification. Alkylation of the tetrazole with iodomethane following formal 
deprotonation of the tetrazole, resulted in a mixture of 1- and 2-regio isomers (17% 228b and 
15% 228a respectively), fortunately these regioisomers were easily separable by traditional 
chromatographic techniques. Comparison with reported 1H NMR spectrum of both isomers 
led to the assigned isomeric structure, based on the chemical shift of the N-methyl tetrazole 
methylene.  
 

 
Scheme 142 

 
Palladium catalysed Miyaura borylation conditions were employed to convert the pyridyl 
bromide 228 to the corresponding boronic ester 242. Bis(pinacolato)diboron and PdCl2(dppf) 
cleanly yielded the aryl-boronic ester 242 in 56% (scheme 142). 
 

  
Scheme 143 

 
A number of literature procedures were reported for the Suzuki–Miyaura coupling of 4-iodo-
N-aryl oxazolidinones with aryl-boronic esters, however no methods were reported for the 
coupling of 237. An amalgamation of literature procedures was used for the coupling of 242 
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with 237,25, 26 and the desired drug intermediate 243 was isolated in 50% yield (scheme 143). 
The hydrolysed final product Tedizolid 205 was also partially formed under the reaction 
condition in 29%.     

 

  
Scheme 144 

 
Hydrolysis of the acylated intermediate 243 was performed using potassium carbonate in 
methanolic dichloromethane to yield the desired final drug molecule Tedizolid 205 in 96%. A 
total combined yield of the final product was 77%. The total yield for the synthesis of 
Tedizolid 205 was 57% from ethyl carbamate 198l.  
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1H NMR spectrum : Tedizolid-Ac 
 

 
Figure 24 : 1H NMR spectrum of Tedizolid-OAc (243) 
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Synthesis of Rivaroxaban 
 
Rivaroxaban 206 contains a non-fluorinated aromatic core and as such requires a slight 
modification to the required synthetic intermediate. As fluorine is not required; a para-
substituted halogen can be incorporated in to the aryl iodide coupling partner without concern 
for hydrolysis of the oxazolidinone ring upon C-N cross coupling. 4-Bromoiodobenzene 199j 
was considered an ideal coupling partner due to the high selectivity for C-I over C-Br cross 
coupling. 
  

 
 

Scheme 145 
 
The cyclisation-arylation procedure was applied towards the synthesis of the brominated 
intermediate 244. 244 was cleanly isolated in an excellent yield, 92%, with complete 
selectivity for C-I cross coupling. Additionally, no protodehalogenation was observed. 
 

 
 

Scheme 146 
 
It was proposed that a Buchwald-Hartwig amidation reaction would then be applied to couple 
morpholine-3-one and intermediate 244 to furnish the C ring of Rivaroxaban 206. Traditional 
palladium catalysed amidation protocols were followed for the coupling of cyclic amides with 
aryl iodides, however poor reactivity was observed in all cases (scheme 146). None of the 
conditions applied represented viable synthetic procedures for the synthesis of a key 
pharmaceutical intermediate. Copper catalysed cross couplings would be significantly more 
challenging as aryl bromides and electron rich aromatics both represent less efficient 
substrates for cross-coupling under current literature procedures. 
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Scheme 147 
 

As such, the formation of a para-iodo substituted intermediate was investigated as a more 
amenable intermediate for copper-catalysed amindations. There are however disadvantages 
associated with this synthetic route. Introducing the para-aryl iodide post synthetically adds 
an additional step to the procedure, and using a polyiodinated aromatic potentially adds 
complexity to the cyclisation-arylation reaction as mono- and di- amidated products are 
possible. The reaction with 1,4-diiodobenzene was attempted under the standard cyclisation-
arylation conditions. Fortunately a high yield of the desired mono-amidated aryl iodide 247a 
(78%) was formed in preference to the di-amidated species 247b (11%) (scheme 147). It was 
rationalsied that due to the electron donating ability of the oxazolidinone, the electron rich 
mono-amidated product was a less favourable coupling partner than the diiodobenzene.  

 

 
Scheme 148 

 
As for Linezolid 1, 4-iodoanisole 199z was used as a test substrate for the investigation into 
copper catalysed amidations of electron rich aryl iodides (scheme 148). Under the cyclisation-
arylation conditions, morpholine-3-one 229 showed poor reactivity towards cross-coupling, 
resulting in only 2% conversion by 1H NMR spectrum. A literature procedure for the cross-
coupling of oxazolidinones to iodinated N-aryl oxazolidinones was attempted for the cross 
coupling of morpholine-3-one. Fortuitously, quantitative conversion of 4-iodoanisole was 
observed by 1H NMR spectroscopy utilising the literature procedure.21  
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Scheme 149 

 
The copper-ethylenediamine catalyst ligand system was applied to the cross coupling of 247a 
with morpholine-3-one. Clean conversion to the amidated product was observed and the 
intermediate 249 was isolated in 90% yield.  
 

 
 

Scheme 150 
 

Treatment of the silyl ether 249 with tetrabutyl ammonium fluoride effectively prepared the 
free alcohol 250 in 92% isolated yield. Subsequent nosylation of the terminal alcohol 250 was 
achieved via treatment with 4-nitrobenzenesulfonyl chloride yielding the desired product 251 
in 90% yield.  
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Scheme 151 

 
The primary amine 232 was generated by the nucleophilic substitution of the nosylate 251 
using aqueous ammonium hydroxide as an ammonia source in the same manner as for 
Linezolid. To prepare Rivaroxaban 206 the final step involved the preparation of 2-thiophene 
acid chloride from the parent carboxylic acid via oxalyl chloride under reflux conditions. The 
final amide bond was achieved by telescoping the crude product 232 with the freshly prepared 
acid chloride to yield the desired product, Rivaroxaban 206, in 68% over the two steps. 
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1H NMR spectrum : Rivaroxaban  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25 : 1H NMR spectrum of Rivaroxaban 
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Conclusion  
 
Various oxazolidinone-based pharmaceutical compounds used in the treatment of a number of 
infectious and non-infectious diseases were synthesised via novel synthetic strategies.  All 
synthetic routes used the one-pot copper-catalysed methodology developed in the previous 
chapter to synthesise a highly functionalised oxazolidinone-based intermediate.  
 
Toloxatone was synthesised in 74% in a one-pot three-step procedure, whereby the known 
cyclisation-arylation procedure was combined with an in situ silyl deprotection to afford the 
N-aryl hydroxylmethyloxazolidinone compound. 
 
The current synthetic route previously reported afforded Linezolid in 48%. In this synthetic 
strategy the morpholine motif in introduced in the first reaction step, dramatically increasing 
the difficulty towards synthesizing diverse structural libraries based around the modification 
of the morpholine ring. The novel synthetic route designed in this chapter introduces the 
morpholine ring in the final step through a copper-catalysed cross-coupling reaction. The 
overall yield of this process is lower than the reported synthesis, 21% overall from the silyl 
protected amino alcohol carbamate, however using this synthetic strategy ease of structural 
diversification is significantly improved. 
 
The reported synthesis of Tedizolid mentioned previously affords the final free-hydroxyl drug 
compound in 6% overall yield, starting from 3-fluoroaniline. The low yield is primarily due to 
the poor yield achieved in the Stille coupling to introduce the pyridyl (C) ring. The synthetic 
route designed in this chapter has an improved overall yield for the synthesis of Tedizolid, 
57%, from the silyl protected amino alcohol carbamate. The yield was improved dramatically 
by a more effective and higher yielding alternative Suzuki cross-coupling. 
 
The synthesis of Rivaroxaban reported previously yields the final drug compound in 39% 
from (R)-epichlorohydrin. The synthetic strategy reported in this chapter is comparable in 
overall yield to the reported literature synthesis, yielding Rivaroxaban in 40% yield from the 
silyl protected amino alcohol carbamate. 
 

Future Work 
 
Following the successful development and application of the one-pot copper-catalysed 
cyclisation-arylation developed in the synthesis of a diverse range of functionalised N-aryl 
oxazolidinones and pharmaceutical compounds an extension of this work would be to build 
further upon the one-pot multi-step nature of these reactions.  
 
In the synthesis of Rivaroxaban, 1,4-diiodobenzene was successfully coupled under the 
cyclisation-arylation conditions to selectively form the mono-amidated aryl iodide 247a in a 
7:1 ratio of 247a:277b (scheme 152). This is an interesting result as it furnishes the resulting 
product with an additional functional handle. In the synthesis of Rivaroxaban, this aryl iodide 
was later coupled in a further copper-catalysed amidation reaction with morpholin-3-one.  
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Scheme 152 

 
The one-pot cyclisation-arylation conditions proved ineffective at coupling aryl iodides with 
cyclic amides. The literature copper-catalysed literature procedure followed however, proved 
highly effective for this transformation. It would be worthwhile investigating a potential 
hybridisation of the two reaction conditions, allowing for a one-pot three-step synthesis of 
asymmetric difunctionalised aromatics, which have already been shown to be medicinally 
active compounds. Investigations in to solvent mixtures and additional ligands may prove to 
be a fruitful area of research (scheme 153). 
 

 
 

Scheme 153 
 

Further investigations in to the reaction mechanism would also be of interest to perform, to 
determine the cause of the sigmoidal reaction profile, and potentially use this information to 
develop more reactive and powerful methods for the copper-catalysed arylation of 
oxazolidinones.  
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The modification of oxazolidinones, beyond N-functionalisation via transition metal based 
cross couplings, has been relatively under explored. A possibility for this is the difficulty in 
modifying carbamates and aliphatic CHsp3 bonds over the more readily functionalisable N-H 
bond in carbamates.  
 
The application of Lawesson’s reagent in thionation reactions has been widely explored for 
the synthesis of a number of sulfur containing carbonyl compounds1, 2 and heterocycles,3-6 as 
well as thiols7-9 and thiopolymers.10-12 Its use in the thionation of oxazolidinones, however, 
has been under reported with respect to most other carbonyl containing structural motifs.13, 14 
As such a number of N-aryl oxazolidinethiones were prepared directly from N-aryl 
oxazolidinones in the presence of Lawesson’s reagent.  
 

 
 

Figure 26 : Chiral auxiliary, Goitrin, protecting group 
 
The prevalence of sulfur-containing functionality in chemical biology, pharmaceutical drugs, 
agrochemicals, and material science is of fundamental importance and dictates the 
development and application of new synthetic methods in organosulfur chemistry. 
Oxazolidinethiones have shown broad applicability in chiral induction for aldol 
condensations,15, 16 largely due to the structural resemblance to Evans oxazolidinones. Subtle 
differences in chiral induction and reactivity have been observed,17 in particular in contrast to 
oxazolidinone derivatives. N-Acyl oxazolidinethione auxiliaries can be directly reduced to the 
corresponding aldehyde and the free oxazolidinethione via reduction with DIBAL-H or 
converted into corresponding ethyl thioesters with thiols in the presence of catalytic DBU.18, 19 
Oxazolidinethiones furthermore have favourable physio-chemical properties including high 
UV-Vis sensitivity and lower polarity relative to oxazolidinones.20 In addition to chiral 
auxiliaries, oxazolidinethiones have been used as amino alcohol protecting groups 256,21 
structural motifs in natural products 25522 and investigated as potential pharmaceutically 
active moieties (figure 26).23  
 

 
 

Scheme 154 : Thionation of N-aryl oxazolidinones using Lawesson’s reagent 
 
It was fortuitous that a wide scope of N-aryl and 4-C and 5-C substituents were well tolerated 
under the thionation conditions (scheme 154). 4-C and 5-C alkyl and aryl substituents gave 
good to excellent yields of the corresponding oxazolidinethiones, with complete retention of 
stereochemistry in the case of enantiomerically pure substrates. Electron deficient and 
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electron rich aromatics were also tolerated under the reaction conditions. It was noted electron 
deficient aromatic substrates required either higher loadings of Lawesson’s reagent or 
extended reaction times in order to afford respectable conversion. This could largely be 
rationalised to the reduced nucleophilicity of the oxazolidinone carbonyl due to the electron-
withdrawing nature of the N-aryl motif. In the case of electron-poor aromatics, isolation and 
purification was also troublesome due to poor separation from the starting material in most 
chromatographic solvent systems.  
 
Limitations for this transformation included the presence of competitive thionation sites, such 
as acetophenone and benzoate ester derivatives. In these cases, addition of Lawesson’s 
reagent resulted in a complex mixture of products. Attempts to fully thionate the substrates 
through the use of excess Lawesson’s reagent failed to cleanly and selectively form the 
thionated products. Nucleophilic N-heteroaromatic substituents were also poorly tolerated in 
the presence of Lawesson’s reagent. Upon addition, N-pyridyl oxazolidinones formed 
insoluble cakes, most likely due to phosphorous-pyridine complexes, and failed to produce 
the desired N-heteroaromatic oxazolidinethiones.  

 
 

Figure 27  
 
Historically, O-thiocarbamates have proved valuable as protecting groups for the 
chemoselective reduction of alcohol functional groups to the corresponding alkane (Barton–
McCombie reaction) (scheme 156)24-26 and also in the generation of ArS compounds from 
phenols through an OAr to SAr migration (Newman–Kwart rearrangement) (scheme 155).27, 28 
Oxazolidinethiones 257 are close structural mimics to thiocarbamates 258 used in these well-
known chemical transformations (figure 27). It was of interest to determine if similar 
reactivity could be achieved for oxazolidinethiones and through this develop new methods for 
the modification of cyclic thiocarbamates. 

 
 

Scheme 155 : Mechanism for a classical Newman-Kwart rearrangement 
 

 
Scheme 156 : Mechanism for a classical Barton-McCombie deoxygenation 
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The emergence of efficient metal-mediated techniques for the construction and transformation 
of carbon–sulfur bonds provides valuable tools for contemporary organic synthesis29-32 In this 
context, Lloyd-Jones et al. have reported an elegant palladium-catalysed variant of the 
Newman–Kwart rearrangement facilitating rearrangements at lower temperatures through an 
oxidative addition/tautomerisation/reductive elimination sequence (scheme 157).33  
 

 
 

Scheme 157 : Palladium-catalysed Newman-Kwart rearrangement 
 
The rearrangement of aliphatic thiocarbamates and thiocarbonates has been less used in the 
synthesis of aliphatic thiols. This is largely due to the limited availability of methods that are 
capable of this transformation. Initial attempts by Newman to replicate the successes of 
aromatic alcohols with aliphatic alcohols resulted in the undesired conversion to olefins.34 It 
was soon discovered that in the case of aliphatic alcohols, when β-hydrogens are present, 
thermal decomposition to olefins is the predominant reaction pathway, this is commonly 
referred to as the Chugaev elimination (scheme 158).35  
 

 
 

Scheme 158 : Chugaev elimination 
 

There have been a number of modifications towards specific substrates that favour the 
generation of the aliphatic rearrangement product over olefination generation. In molecules 
where β-hydrogens are not present, thermally mediated rearrangements of xanthates to the 
corresponding dithiocarbonates is possible (scheme 159).36, 37  
 

 
 

Scheme 159 
 

Catalytic methods have been investigated towards the promotion of aliphatic xanthate 
rearrangements. Nucleophilic catalysts such as pyridine N-oxides 270 have been shown to act 
as a catalyst for the rearrangement, following a mechanism containing ion pair intermediates 
(scheme 160).38 
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Scheme 160 
 

Promosing results have also ben observed using Bronsted acids and Lewis acids.39 
Protonation of the thiocarbonyl and subsequent rearrangement has been achieved using a 
number of acids such as phenols40 and carboxylic acids (scheme 161).41 Lewis acids such as 
Et3O.BF4,42 AlCl3

43 and AlMe3
44 have all shown reactivity towards aliphatic xanthate 

rearrangement and are presumed to act similarly through ion pair intermediates. 
 

 
 

Scheme 161 : Phenol promoted rearrangement of aliphatic xanthates 
 
The conversion of xanthatess to dithiocarbonates has ben observed as a common byproduct in 
the radically promoted Barton-McCombie deoxygenation of xanthate sugars.45-47 In the 
presence of efficient hydrogen-atom donors, such as Bu3SnH, deoxygenation of sugar 
derivatives occurs efficiently, cleanly forming the desired deoxy-sugar. In the presence of 
poor hydrogen-atom donors or absence of protonating species competitive rearrangement 
species are generally observed. Zard et al. reported the reaction of xanthate sugar 278 towards 
deoxygenation or rearrangement in the presence of a number of hydrogen donors (scheme 
162).48  
 

 
 

Scheme 162 
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by Tsuda et al. when sub-stoichiometric quantities of Bu3SnH was used, whereby 
rearrangement was favoured in the absence of sufficient hydrogen-atom donor. The process 
by which this rearrangement occurs is likely to follow the mechanism proposed by Zard in 
scheme 163. 

 
 

Scheme 163 
 

The mechanism begins with the generation of an alkyl radical, generated via a radical 
promoter. In the presence of a good hydrogen-atom donor, abstraction of a proton generates 
the corresponding deoxygenated alkyl product. In the absence of an efficient hydrogen-atom 
donor, addition to another molecule of starting material generates a tertiary centred radical, 
which undergoes rearrangement to form the more stable dithiocarbonate and regeneration of 
the alkyl radical.  
 
Herein, we report a selective ruthenium-catalysed O-alkyl to S-alkyl migration that occurs 
when the O-thiocarbamate functionality is constrained in a readily available ring structure. 
Our studies suggest this catalytic transformation proceeds through a pseudoreversible radical 
pathway drawing mechanistic parallels to the classic Barton–McCombie reaction 
 

Catalyst identification 
 
In order to develop a catalytic method for the rearrangement of oxazolidinethiones a number 
of transition metal catalysts known for their participation in radical reactions49-52 and 
traditional organic-based radical promoters were investigated.53, 54 The radical promoters 
investigated were chosen for their prevalence in traditional Barton-McCombie deoxygenation 
reactions. 
 
Table 15 : Catalyst screen 
 

 
 

Entry Catalyst Conversion to 
thiazolidinone 281a 

(%)a 

Conversion to 
oxazolidinone 200a (%)a 

1 DTBPb 6 8 
2 AIBNb 2 5 
3 BPOb - 13 
4 Pd(OAc)2 7 11 
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5 Pd(PPh3)4 4 13 
6 Pd2(dba)3 5 6 
7 Cu(OAc)2 - 3 
8 NiBr2(PPh3)2 5 - 
9 FeCl2 - - 
10 [Rh(OAc)2]2 - - 
11 [Rh(cp*)Cl2]2 60 - 
12 [RuCl2(C6H6)]2 26 3 
13 Ru(CO)H2(PPh3)3 5 4 
14 [RuCl2(p-cymene)]2 82 - 

Reactions performed under air unless otherwise stated a Conversions were determined by crude 1H NMR 
spectroscopy b Reaction performed for 3 h under argon. 

 
The catalyst screening showed a range of activities. Organic-based radical promoters showed 
poor conversion to the desired thiazolidinone 281a, despite increased reaction times (table 15, 
entries 1-3). Notably, desulfurisation to the corresponding N-phenyl oxazolidinone 200a was 
observed for these catalysts, and for all cases was the major product, this was found to be the 
case even when performed under an inert atmosphere of argon. First row transition metals 
showed negligible catalytic activity towards the rearrangement of N-phenyl 
oxazolidinethione. In the case of FeCl2 (table 15, entry 9) the starting material remained in 
tact, Cu(OAc)2 (table 15, entry 7) only gave minimal desulfurised product (3%) and 
NiBr2(PPh3)2 (table 15, entry 8) gave disappointing conversion to the desired rearranged 
product (5%). Fortunately, for late row transition metals, an improvement in reactivity was 
observed. Palladium sources yielded primarily the desulfurised product when performed 
under air (table 15, entries 4-6), however rhodium and ruthenium sources displayed 
significantly higher catalytic activity (table 15, entries 10-14). [RuCl2(p-cymene)]2 showed 
the most promising catalytic efficiency showing 82% conversion after 1 h (table 15, entry 14). 
Interestingly, no desulfurised product was observed for [RuCl2(p-cymene)]2, the reaction 
proceeded cleanly to the desired rearranged product 281a.  
 

 
 

Scheme 164 : Proposed mechanism for the radical desulfurisation of oxazolidine-thiones 
 
It is proposed that the competitive desulfurisation of oxazolidinethione proceeded through a 
radical mechanism with adventitious oxygen (scheme 164). A metal mediated generation of a 
tertiary carbon centered radical 284 competitively reacts with atmospheric oxygen to 
eliminate sulfur in the form of sulfur monoxide, generating the more chemically benign 
oxazolidinone 287. 
 
Due to the high catalytic loading (10 mol% of metal equivalence, 5 mol% of ruthenium 
dimer) further investigations were carried out to reduce the catalytic loading to generate a 
more efficient catalytic system.  
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Table 16 : Metal loading screen 
 

 
 

Entry Metal 
Loading (mol%) 

Conversion to thiazolidinone 281a (%)a 

1 10 100 
2 5 95 
3 2 64 
4 1 40 
5 0.5 22 

a Conversions were determined by crude 1H NMR spectroscopy 
 
A range of metal loadings were investigated over increased reaction times to determine the 
limitations with respect to metal loading. The reaction was shown to perform well with metal 
loadings as low as 2 mol% [Ru] (1 mol% dimer) showing 64% conversion in 3 h (table 16, 
entry 3). To achieve quantitative conversion an improvement of 36% was needed, this was 
deemed more achievable than an improvement of 60% needed with 1 mol% [Ru], and so 2 
mol% [Ru] was carried forward as the minimum metal loading required to achieve acceptable 
yields.  
 

Solvent Screen  
 
A spectrum of solvents were screened for the catalytic rearrangement to oxazolidinethiones. 
Classical Barton-McCombie reactions are commonly performed in non-polar aprotic solvents 
such as benzene and toluene. In this screen, the temperature was reduced to 80 oC in order to 
be able to incorporate a wider range of lower boiling solvents within the screen. 
 
Table 17 : Solvent screen 
 

 
 

Entry Solventa Conversion to thiazolidinone 281a (%)b 
1 PhMe 17 
2 H2O - 
3 THF 12 
4 MeCN 6 
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5 MeOH - 
6 1,4 dioxane - 
7 DCE 19 

a Anhydrous solvent were used when possible b Conversions were determined by crude 1H NMR spectroscopy 
 
Overall the yields of the transformation were significantly reduced at the lower reaction 
temperature, were a lower conversion of 17% from 64% was observed for toluene. Protic 
solvents H2O and MeOH (table 17, entries 2 and 5) both completely shut down the reaction, 
with no conversion of oxazolidinethione 252a to either rearranged product 281a or 
desulfurised oxazolidinone 200a. Polar aprotic solvents MeCN and THF (table 17, entries 4 
and 3) showed reduced conversions, 6% and 12% respectively. DCE actually showed an 
improved conversion (table 17, entry 19), 19%, over toluene, however due to favourable 
physical properties such as a higher boiling point, lower cost and higher availability in 
anhydrous form, toluene was used as the optimal solvent. It is likely coordination of 
ruthenium to the oxazolidinethione is important for the catalytic activity, as such coordinating 
polar and apolar solvents would act as competitive coordinating groups and hinder reactivity. 
 

Optimisation  
 
The ligation of metal centres is known to improve physiochemical properties associated with 
favoured catalytic efficiency.55-57 Ligation of ruthenium has been reported in a number of 
catalytic transformations, as such a number of mono- and bidentate ligands were investigated 
towards improving the catalytic conversion of oxazolidinethione to thiazolidinone. A 2:1 ratio 
of phosphine to metal was chosen in order to achieve full ligation of the metal centre. 
Phosphine, diketone and phenanthroline ligands were investigated. Bidentate phosphine 
ligands XantPhos, DPPF and DPPE uniformly retarded the reaction (table 18, entries 2-4), 
DPPE in particular dramatically reduced the conversion to desired product 281a resulting in 
3% observed conversion. Diketone ligand, tBu acac (table 15, entry 5), failed to have an effect 
on conversion, this is most likely due to poor coordination of the diketone ligand. Diketone 
ligands tend to require deprotonation to form the more strongly coordinating enolate ion, 
however addition of a base is unfavourable as this potentially limits substrate scope. 
 

 
 

Figure 28 : Buchwald pseudo bidentate phosphine ligands 
 
A number of monodentate phosphine ligands were also investigated (table 15, entries 7-11). 
In addition to PPh3 a range of Buchwald pseudo bidentate phosphine ligands were trialled 
(figure 28). JohnPhos and XPhos showed only moderate improvements in conversion, 72% 
and 66% respectively, whereas DavePhos showed a reduction in activity. Fortunately, SPhos 
showed a significant improvement in conversion, 81%, an increase of 17%. 
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Figure 29 
 

Electron rich, sterically bulky Buchwald-type phosphine ligands have attracted much 
attention for their ability to effect catalytic cross couplings, and have been shown to be 
favourable ligands for challenging substrates such as sterically bulky coupling partners and 
heteroaromatics.58, 59 The biaryl functionality allows for additional coordination to a metal 
centre through its π-orbitals, and is why these ligands are often referred to as pseudo-
bidentate ligands. The additional weakly coordinating ability of this biaryl functionality may 
have favourable properties for the active catalytic species in this catalytic rearrangement 
(figure 29).  

 
Table 18 : Ligand screen 
 

 
 

Entry Ligand Ligand 
Loading (mol%)b 

Conversion to 
thiazolidinone 281a 

(%)a 
1 - - 64 
2 XantPhos 2 24 
3 DPPF 2 32 
4 DPPE 2 3 
5 tBu acac 2 68 
6 TM-Phenanthroline 2 6 
7 JohnPhos 4 72 
8 XPhos 4 66 
9 DavePhos 4 44 
10 PPh3 4 36 
11 SPhos 4 81 

a Conversions were determined by crude 1H NMR spectroscopy b Bidentate ligand loadings were chosen according 
to a 1:1 ligand:metal ratio, monodentate ligands were performed at a 2:1 ligand:metal ratio. 

 
An investigation into the required equivalence of ligand to metal was then performed. 
Varying the ratio of ligand from 1 to 3 equivalences with respect to metal concentration 
showed no significant change in conversion, an increased conversion was still observed for 1 
equivalent of ligand (2 mol%) over an absence of ligand. An excess of ligand (8 mol%, 4 
equivalence) showed a minor reduction in conversion, suggesting over ligation of the metal 
centre can hinder the reaction. As such it was realised a 1:1 ratio of phosphine to metal was 
acceptable for improved efficiency. 
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Table 19 : Ligand loading screen 
 

 
 

Entry Ligand 
Loading (mol%) 

Conversion to thiazolidinone 281a (%)a 

1 2 79 
2 4 81 
3 6 81 
4 8 75 

a Conversions were determined by crude 1H NMR spectroscopy 
 
Subsequently the effect of concentration on conversion to product was investigated (scheme 
165). Quantitative conversion was achieved when the reaction concentration was increased to 
0.2 M. For practicalities in performing the reaction, concentration above 0.2 M were not 
attempted. Lowering the concentration to 0.075 M and further to 0.05 M decreased the 
conversion to product to 65% and 53% respectively. 
 

 
 

Scheme 165 : Concentration screen 
a Conversions were determined by crude 1H NMR 

 
In order to determine the role and nature the [RuCl2(p-cymene)]2 dimer was having on the 
reaction, it was deemed that a number of control reactions were required. 
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Table 20 : Control reactions 
 

 
 

Entry Catalyst 
Loading 
(mol%) 

Ligand 
Loading 
(mol%) 

Additive Conversion to 
thiazolidinone 281a 

(%)a 
1 - - - 0 
2 - 2 - 0 
3 1 2 AgSbF6

c 59 b 
4 1 2 H2Od 88 

a Conversions were determined by crude 1H NMR spectroscopy b Average over 2 runs c 4 mol% d 10 eq 
 

The uncatalysed reaction in the absence of additional ligand (table 20, entry 1), under the 
optimised reaction conditions gave 0% conversion to product 281a, ruling out thermal 
mediated processes and the role of solvent as the sole cause of the reaction. The reaction was 
then performed in the sole presence of phosphine ligand (table 20, entry 2). Alkyl phosphites 
are known to react with thiocarbonyl compounds, a prominent example being in the Corey-
Winter olefin synthesis,60 and as such it is possible the phosphine may be playing an 
independent role in reactivity, and the additional activity observed is not due to ligation of the 
metal centre. In the presence of phosphine ligand no conversion was again observed, 
suggesting an additional phosphine mediated rearrangement process is not occurring under 
the optimised reaction conditions.  
 
It is a possibility that the reaction is proceeding via a polarised mechanism, whereby the 
chloride anions are promoting the rearrangement of oxazolidinethiones through nucleophilic 
attack. The addition of a silver salt (AgSbF6) was used in the sequestration of the chloride 
anions in the ruthenium dimer (table 20, entry 3). In the presence of AgSbF6 reactivity for the 
rearrangement of N-phenyl oxazolidinethione 252a showed a moderate reduction, but 
significant conversion to thiazolidineone 281a was still observed (table 20, entry 3). This is 
strong evidence for a ruthenium- over a chloride-catalysed process.  
 
The tolerance of the reaction towards water doping was also investigated. In the presence of 
10 equivalences of water (table 20, entry 4), 88% conversion to N-phenyl thiazolidinone was 
observed. Analysis of the crude 1H NMR spectrum indicated the absence of competitive 
desulfurisaton to N-phenyl oxazolidinone 200a. This would suggest the reaction is tolerant of 
water impurities, however optimal yields are obtained under anhydrous conditions.  
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Substrate Scope 

Scope of N-aryl substituent  
 

Table 21 : Rearrangement substrate scope  
 

 
 

Entry Product  Yield (%)a 

1 
 

281a 99 

2 
 

281b 98 

3 
 

281c 87 

4 
 

281d 98 

5 
 

281e 94 

6 
 

281f 99b 

7 
 

281g 90b 

8 
 

281h 74 

9 
 

281i 88 

10 
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13 

 

281m 96b 

N-aryl oxazolidine-2-thiones (0.25 mmol), [RuCl2(p-cymene)]2 (1 mol%), SPhos (2 mol%), Toluene (1.25 mL), 
100 oC, 3 h, air. a Yields of isolated products are given. b [RuCl2(p-cymene)]2 (2 mol%), SPhos (4 mol%) used. 

 
Para and meta substituted N-aryl oxazolidinethiones gave excellent yields of the 
thiazolidinone under the optimised reaction conditions. All substrates proceeded cleanly to 
the desired corresponding rearranged product with no desulfurised product detected in any 
case. Electron rich and neutral aromatics were effectively reacted under the optimised 
conditions. Electron deficient aromatics in some cases required elevated catalytic loadings to 
ensure sufficient conversion in 4 hours. The highly electron deficient 4-CN (table 21, entry 6), 
4-CF3 (table 21, entry 7) and 3,5-CF3 (table 21, entry 13) all required 2 mol% of [RuCl2(p-
cymene)]2 and 4 mol% SPhos, in the presence of additional catalyst all three examples gave 
excellent yields of the N-aryl thiazolidinone. Reduced initial coordination of the thiocarbonyl 
to the ruthenium when electron deficient substituents are used could be a contributing factor 
to the observed lower reactivity. Broad functional group tolerance was also observed. In the 
case of halogen substituted aromatics (table 21, entries 5 and 12) the intramolecular 
rearrangement proceeded well with no observable dehalogenation. A benzyl-protected phenol 
derivative was also tolerated under the reaction conditions (table 21, entry 8). 
 

 
 

Figure 30 
 

A thiophene analogue was also attempted under the reaction conditions (table 21, entry 11), 
however only a moderate yield was isolated, with significant starting oxazolidinethione 
remaining after 3 hours. It was proposed that the reaction was significantly hindered due to 
the strong binding of the substrate to the ruthenium centre. Incorporation of the 2-thiophene 
introduces two potential coordinating sites on the molecule, these would form a stable 6-
membered metallacycle, which may explain poorer reactivity for this substrate (figure 30).  
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Scope of Oxazolidinethione substituents   
 
Table 22 : Substrate screen of 4- and 5-substituted oxazolidinethiones 
 

 
 

Entry Product  Yield (%)a 

1 

 

281n 81 

2 

 

281o 81b 

3 

 

281p 94b 

4 

 

281q 81b 

5 

 

281r 83b 

6 

 

281s 78b 

7 

 

281t 
37c 

>99% ee 

8 

 

281u 
39c 

91% ee 

9 
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91% ee 
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10 

 

281w 4c,d 

11 

 

281x 6c,d 

12 

 

281y 0c,d 

N-aryl oxazolidine-2-thiones (0.25 mmol), [RuCl2(p-cymene)]2 (1 mol%), SPhos (2 mol%), Toluene (1.25 mL), 
100 oC, 3 h, air. a Yields of isolated products are given. b [RuCl2(p-cymene)]2 (2 mol%), SPhos (4 mol%) used. c 

[RuCl2(p-cymene)]2 (5 mol%), SPhos (10 mol%), 130 oC, 20 h used. d Conversion calculated by 1H NMR 
spectroscopy. Where single enantiomers are shown but have no assigned ees retention of stereochemistry is 

assumed. 
 
4- and 5- substitution on the oxazolidinethione ring was subsequently investigated. A number 
of 4-substituted structures were derived from the corresponding amino acid and as such 
optically active oxazolidinethiones were readily accessible. For a number of 4-substituted 
derivatives higher catalytic loadings were required (table 22, entries 2-6), of the amino acid 
derivatives only the 4-methyl substituted derivative performed well with 1 mol% dimer 
loading (table 22, entry 1). Poorer reactivity could be attributed to increased steric crowding 
around the thiocarbonyl, higher steric bulk around the substrate could hinder the approach to 
the metal centre. 
 
Single substitution in the 5-position on the oxazolidinethione was shown to have a dramatic 
effect on the reactivity (table 22, entries 7-9). Elevated temperatures, reaction time and 
catalytic loadings were required to isolate moderate yields of the rearranged product. Reduced 
reactivity was observed even for electron neutral and strongly electron rich aromatics. As the 
substitution is of consistent steric bulk as the previously reported alanine derived substrate 
(table 22, entry 1), which performed well under the optimised reaction conditions, the 
reduction in reactivity was determined to be beyond steric factors. In addition to a reduction 
in reactivity, a noticeable erosion of ee was observed for electron rich N-aryl substituted 
derivatives (table 22, entries 8 and 9). Geminal substitution in the 5-position (table 22, entries 
10 and 11) showed a further reduction in reactivity to the extent that no desired rearranged 
product could be isolated, even under the harsher conditions. A substrate that more closely 
mimics compounds used in Newman-Kwart rearrangements (table 22, entry 12) was 
completely benign towards rearrangement. 
 
Reactivity towards rearrangement showed a high correlation with substitution in the 5-
position. The greater the substitution, the poorer the reactivity and in the case of sp2 centres, 
the reaction fails to occur completely. Further explanation to the rationale of why this trend 
occurs is reported later in this chapter.  
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Scope of N-alkyl substituents   
 

 
Scheme 166 : Synthesis of N-alkyl oxazolidinethiones 

 
An alternative synthetic approach was used to access a broad range of N-alkyl functionalised 
oxazolidinethiones (scheme 166). Reductive amination of a number of ketones and aldehydes 
with ethanolamine afforded the N-alkylated amino alcohol intermediate. The high polarity, 
basicity and water solubility of the amino alcohol substrates presented a number of challenges 
towards achieving pure intermediate compounds, a such the alkylated amino alcohols were 
telescoped to the cyclisation reaction after a crude purification procedure. Cyclisation was 
achieved using thiophosgene to furnish the desired N-alkyl oxazolidinethiones 253 in 21-50 
% isolated yields. Isolated yields were lower than desired, most likely due to the complex 
reaction mixture produced post-cyclisation. The large distribution of products was likely 
caused by unreacted ethanolamine and potential polymerisation byproducts. Removal of these 
undesired byproducts was achievable through silica gel chromatography. Proline derivatives 
253k and 253l were synthesised through the direct cyclisation of commercially available D- 
and L-prolinol with thiophosgene. 

 
The rearrangement of N-alkyl substituted oxazolidinethiones required a moderately increased 
reaction time of 4 hours to promote high levels of rearrangement. In the case of alkyl 
substituents, increased reaction time was sufficient to access excellent yields of the 
corresponding thiazolidinone without the need for higher catalytic loadings.  
 

 
 

Figure 31 
 

It can be rationalised that due to the increased electron donating ability of alkyl substituents, 
there is greater donation of the nitrogen lone pair in to the thiocarbonyl bond resulting in the 
more highly polarised resonance form (figure 31). This highly polarised resonance form is 
more strongly coordinating to the metal centre, decreasing the turn over of the catalyst. 
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Table 23 : Substrate screen of N-alkyl oxazolidinethiones 
 

 
 

Entry Product  Yielda 

1 
 

282a 82 

2 
 

282b 89 

3 
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10 

 

282j 90 

11 

 

282k 
94 

>99% ee 

12 

 

282l 
96 

>99% ee 

N-aryl oxazolidine-2-thiones (0.5 mmol), [RuCl2(p-cymene)]2 (1 mol%), SPhos (2 mol%), Toluene (2.5 mL), 100 
oC, 4 h, air. a Yields of isolated products are given. 

 
A number of benzylic and aliphatic substituents were tolerated. Benzyl derived N-protecting 
groups (table 23, entries 3 and 4) performed well, however fused aromatic systems, naphthyl 
and anthrocenyl (table 23, entries 7 and 8), exhibited reduced yields, this could largely be 
attributed to significantly reduced solubility of the substrate in the reaction solvent as opposed 
to increased steric bulk. 282h (table 23, entry 8) in particular was visibly insoluble and 
remained largely in suspension even at elevated temperatures. Heterocycles are also tolerated 
under the reaction conditions, furanyl substituents 282f (table 23, entry 6) exhibited an 
excellent yield, this is in contrast to the thiophene derivative 282k (table 23, entry 11). The 
difference in reactivity can largely be ascribed to the poorer coordinating ability of the furan 
due to reduced structural rigidity and formation of a less favourable 7-membered bidentate 
coordination. Radical sensitive substrates (table 23, entries 5, 9 and 10) remained in tact under 
the reaction conditions, with only starting material and desired rearranged product visible 
after the reaction. Styrenyl derivative 282j (table 23, entry 10) showed complete retention of 
(E)-geometry as determined by 1H NMR spectroscopy. Fused bicyclic proline derived 
structures performed excellently under the optimised conditions (table 23, entries 11 and 12). 
Optical rotations of the thiazolidinone products were compared to reported literature values 
and were found to be consistent, suggesting that no erosion of the stereogenic centre occurs 
for 4-substituted oxazolidinethiones.  

 

Multigram synthesis 
 

 
 

Scheme 167 : Multigram scale rearrangement reaction 
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The rearrangement of oxazolidinethiones was performed on a multigram scale to determine 
the limits of scalability of the reaction (scheme 167). 2.00 g of substrate 252a (11.16 mmol) 
was reacted under the optimised reaction conditions. After 3 hours the desired rearranged 
thiazolidinone 282a was isolated following chromatography in 96% (1.92 g, 10.71 mmol). A 
moderate reduction in yield from 99% on 0.25 mmol scale to 96% on 11.16 mmol scale 
shows the reaction translates well from milli- to mulitgram scales whilst retaining the desired 
high reactivity. 	  
	  

Mechanistic investigations 

Cross-over studies 
 
Literature precedence for the rearrangement of N-substituted oxazolidinethiones was reported 
by Mukaiyama et al.61 Mukaiyama observed the polymerisation of N-phenyl 
oxazolidinethione via a 1,4 addition-type ring-opening process to give poly-(ethylene 
thiolcarbanilate) by heating at 140-179 oC (scheme 168). It was noted that in the presence of 
cationic catalysts, boron trifluoride etherate or ferric chloride, polymerisation was achievable 
at room temperature.   
 

 
 

Scheme 168 : Proposed polymerization-depolymerisation rearrangement mechanism 
 
A depolymerisation process via an internal nucleophilic displacement to generate the 
rearrangement product, N-phenyl thiazolidineone 281a, was observed under elevated 
temperature polymerisation processes. Thermally mediated polymerisation of N-phenyl 
oxazolidinethione 252a at 179 oC yielded a mixture of polymeric ethylene thiolcarbanilate 
252ac and thiazolidinone 281a, where conversion to the rearrangement product increased 
with increased reaction time. It was proposed that the depolymerisation process only occurs at 
elevated temperatures. Treatment of the isolated polymer at 300-310 °C for 10 minutes 
obtained N-phenyl thiazolidinone in 34% yield. 
 
In order to investigate the possibility of a ruthenium mediated poymerisation-
depolymerisation process for the rearrangement of oxazolidinethiones a cross over 
experiment was performed (scheme 169). 3-Phenyloxazolidine-2-thione (252a) (0.25 mmol) 
and (S)-4-phenyl-3-(p-tolyl)oxazolidine-2-thione (252p) (0.25 mmol) were co-reacted in the 
presence of [RuCl2(p-cymene)]2 (0.0025 mmol) and SPhos (0.01 mmol). The distribution of 
products after 3 hours were analysed by 1H NMR and mass spectrometry. Should the reaction 
proceed via a polymerisation-depolymerisation process a distribution of products would be 
formed. Indiscriminant polymerisation of the oxazolidinethiones would generate an 
intermediate random copolymer, a thermally mediated depolymerisation process would 
generate a statistical distribution of products, with scrambling of N-aryl and 4-aryl 
substitutions.  
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Scheme 169 : 3-phenyloxazolidine-2-thione (0.25 mmol) and (R)-4-phenyl-3-(p-
tolyl)oxazolidine-2-thione (0.25 mmol) were co-reacted in the presence of [RuCl2(p-

cymene)]2 (0.0025 mmol) and SPhos (0.01 mmol). 
  

Figure 32 : Stacked 1H NMR spectra. Descending : 3-phenyloxazolidine-2-thione 252a, (R)-
4-phenyl-3-(p-tolyl)oxazolidine-2-thione 252p, 3-(p-tolyl)thiazolidin-2-one (cross-over 
product) 281b, 3-phenylthiazolidin-2-one 281a, (R)-3,4-diphenylthiazolidin-2-one 281o 

(cross-over product), (R)-4-phenyl-3-(p-tolyl)thiazolidin-2-one 281p and crude cross-over 
reaction mixture. 

 
Analysis of the crude reaction mixture is presented in figure 32. An overlay of the starting 
materials, possible products and cross-over products and the crude reaction mixture was used 
to determine the product distribution. Total consumption of 3-phenyloxazolidine-2-thione 
(252a) and incomplete conversion of (R)-4-phenyl-3-(p-tolyl)oxazolidine-2-thione (252p) 
was observed (40% starting material remaining), which is consistent with previously reported 
substrate scope, where 4-substituted oxazoldinethiones proved more challenging substrates 
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towards rearrangement. The reaction appeared to proceed cleanly, with no polymerisation 
intermediate observable in the crude 1H NMR. The diagnostic peaks associated with non-
cross-over products 281a and 281p, 4.14 ppm and 2.25 ppm were clearly visible, however 
diagnostic peaks associated with the cross over products 281b and 281o, 5.45 ppm and 2.30 
ppm, were not detectable by 1H NMR.  
 

 
 

Figure 33 : ESI mass spectrometry of the crude cross-over reaction mixture. No detection of 
any mass ions associated with cross-over products 

 
In order to determine with certainty that trace cross-over products were not formed, mass 
spectrometry was used as a highly sensitive detection method. Analysis of the crude reaction 
mixture revealed detectable masses for 252a/281a (180.0482 for [M+H] and 202.0298 for 
[M+Na]) and 252p/281p (270.0936 for [M+H] and 292.0759 for [M+Na]), however masses 
for potential cross-over products 281b and 281o were not detected (figure 33). From these 
results would strongly suggest that the mechanism through which this ruthenium catalysed 
rearrangement is occurring differs from that reported by Mukaiyama, and a polymerisation-
depolymerisation process is highly unlikely.   
 

Ionic investigations 
 
The isomerisation of cyclic thiocarbonate esters in the presence of potassium iodide is known 
to selectively generate primary monothiolcarbonates through an ionic pathway (scheme 170).  
 

 
 

Scheme 170 
 

Trimnell reported certain thiocarbonate sugar derivatives isomerise to the corresponding 
monothiolcarbonates in the presence of potassium iodide.62 The reaction was shown to 
exclusively form the primary rearranged product 290, and was intolerant of substrates that do 
not include a primary carbon. Reactive unprotected alcohols were also not tolerated in the 
reaction. The reaction was proposed to occur via an ionic pathway whereby nucleophilic 
attack at the primary carbon of the cyclic thiocarbonate generates an intermediate alkyl iodide 
289, which upon recombination, favours C-S bond formation to generate the rearranged 
product 290. 
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Scheme 171  
 

Consistencies with Trimnell’s work led to investigations in to the reactivity of N-phenyl 
oxazolidine-2-thiones under ionic rearrangement conditions. Under the optimised conditions, 
[RuCl2(p-cymene)]2 may act as a nucleophilic chloride source forming a similar alkyl halide 
intermediate (scheme 171). This mechanism would be consistent with reduced reactivity 
observed for mono- and di-5-substituted oxazolidinethiones, and competitive SN1 vs SN2 for 
5-methyl substituted oxazolidinethiones (table 22, entries 7-9), may explain the observed 
erosion in ee.  
 

 
Scheme 172 

 
252a was heated in the presence of sub-stoichiometric potassium iodide (50 mol%) and the 
reaction was monitored over time (Scheme 172). Analysis of the crude reaction mixtures by 
1H NMR spectroscopy showed that even after extended reaction times (16 h) no 
rearrangement of the oxazolidinethione 281a occurred. Therefore it was concluded that it is 
unlikely that the reaction proceeds through a nucleophilic ring opening/recombination process 

 

Investigation of radical pathway 
 
It has been reported that the treatment of cyclic thiocarbonates under Barton–McCombie-
promoted conditions results in the formation of the O- to S-rearrangement product when 
catalytic amounts of the radical promoter is used. Tsuda et al. found that cyclic thiocarbonates 
derived from glycosides gave a distribution of rearrangement, deoxy, and oxo products when 
reacted under catalytic radically promoted conditions.45, 46, 63 Whilst only organic-based 
radical initiators were investigated, the choice of radical initiator and promoter were shown to 
have a significant effect on reactivity as well as selectivity. In contrast to ionic-based 
mechanisms, both secondary and primary rearrangement products were observed in addition 
to the oxo derivative produced by the reaction of atmospheric oxygen and an intermediate 
radical. 
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Scheme 173 
 

To probe consistencies with the ruthenium-catalysed O- to S-alkyl migration of oxazolidine-
2-thiones and this reported radical mechanism, [RuCl2(p-cymene)]2 and cyclic thiocarbonate 
291a were reacted using the standard conditions (Scheme 173). As with previous reported 
works, a distribution of products was observed, including the radical desulfurisation product 
(294a, 4%). Interestingly, both secondary and primary rearrangement products (292a and 
293a) were observed in a 3:1 ratio, well within the ratios observed for classical radical-
promoted rearrangements. The observed consistencies would strongly suggest that the 
presented ruthenium catalysed system is capable of proceeding through a similar radical-
promoted reaction pathway. 

 

In situ 1H NMR kinetic studies  
 
In situ 1H NMR studies were performed in order to gain additional mechanistic insight in to 
the O- to S-alkyl migration of oxazolidinethiones. Reactions were performed on half the scale 
used in the optimisation process, 0.125 mmol, and heated in situ in a sealed Youngs NMR 
tube, as the reaction was monitored over time (scheme 174). 
 
Fortunately, in toluene-d8, the starting oxazolidinethiones and rearranged thiazolidinones had 
distinct diagnostic peaks in well-defined, clean regions of the NMR spectra (figure 34). 
Integration of these CH2 peaks was used to determine the extent of the reaction. The reaction 
was performed at a lower temperature, 368 K (95 oC), than in the optimised process to 
account for variability in the NMR heating. 

Substrate studies  
 

 
Scheme 174 
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Due to a reduction in temperature and the inherent absence of turbulent mixing, in situ 
measurements indicated conversion was lower than observed for typical reaction conditions 
performed in a carousel tube. Despite this, clean and reproducible reaction profiles were 
obtained using this method.  

Figure 34 : Stacked 1H NMR spectra of in situ NMR experiment with 1 mol% [RuCl2(p-
cymene)]2 over time. 

 

 
Graph 7 

 
An integrated first order rate plot of concentration of starting material was plotted. The plot 
showed a straight-line correlation, R2 = 0.993, suggesting a first order dependency with 
respect to substrate. The rate of reaction using 1 mol% [RuCl2(p-cymene)]2 under in situ 
conditions was calculated to be 9.94 x 10-5 s-1. 
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Catalyst loading studies  
 

 
Scheme 175 

 
The reaction profiles for varying concentrations of catalyst were obtained using the same in 
situ 1H NMR measurements (scheme 175). Integrated first order rate plots were plotted for 
each catalyst concentration and first order dependency with respect to substrate was 
uniformly observed (graph 8). 

 

 
Graph 8 

 
A plot of the observed rate constants for varying concentrations of catalyst was plotted 
against catalyst concentration. A strong straight-line correlation was observed, R2 = 0.997, 
suggesting a first order rate dependency with respect to catalyst (graph 9).  
 
These kinetic experiments suggest an overall first order rate dependency with respect to both 
substrate and catalyst. This would imply that up to and including the rate-limiting step of the 
reaction mechanism involves one molecule of substrate and one molecule of catalyst.  
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Graph 9 

 

Hammett relationship 
 

 
The reaction profiles for various aromatic substitutions were obtained using the same in situ 
1H NMR measurements. Substrates were chosen to obtain a comprehensive spread of 
Hammett constant values, providing an even distribution of sigma values (scheme 176), the 
substitutions were also selected for their unreactivity under the reaction conditions. 
 
Integrated first order rate plots of substrate concentration against time for each substrate was 
plotted, and first order dependency with respect to substrate was uniformly observed (graph 
10). 
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Scheme 176 

 

 
Graph 10 

 
A plot of hammet constant vs kobs

  was used to establish a correlation between the electronic 
effects of the aromatic and the reaction rate (graph 11).64 The Hammett correlation exhibited a 
deviation from a traditional linear Hammett correlation, generating a “concave down” profile. 
Deviation from linear Hammett correlations typically occurs in two ways, “concave up” and 
“concave down”. A “concave up” profile strongly suggests a change in reaction mechanism 
depending on the substituents, a “concave down” correlation is indicative of a change in the 
rate-determining step, but the reaction mechanism is the same for all substituents.65 The 
maximum reaction rate was observed for the electron neutral proton-substituted aromatic. 
Electron rich substituents had a moderate negative effect on the reaction rate and strongly 
electron-withdrawing substituents had a more definitive negative effect on the rate.  
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The gradient (ρ) determines whether a reaction rate is accelerated or suppressed by electron-
withdrawing vs electron-donating substituents. A positive ρ is diagnostic of the transition-
state of the rate-limiting step developing a negative charge or region of high electron density, 
as such the rate is accelerated by electron-withdrawing substituents. A negative ρ is 
diagnostic of a positive charge or region of low electron density developing in the rate-
limiting step and as such is suppressed by electron-withdrawing substituents.  
 

 
Graph 11 

 
The observed Hammett correlation would suggest that for electron rich aromatics, the rate-
limiting step of the reaction is favoured by a reduction in electron density of the 
oxazolidinethione nitrogen, where as for electron poor aromatics, the rate-limiting step of the 
reaction is favoured by increasing the electron density of the nitrogen.  
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Computational Studies 
 

Computational modeling studies were kindly performed by Dr. Jesus Jover at the University 
of Barcelona. A ruthenium promoted radical O- to S- rearrangement mechanism was 
calculated in conjunction with plausible reactive intermediates. 
 

 
 

Scheme 177 
 

In the presence of SPhos, the [RuCl2(p-cymene)]2 dimer is highly likely to form a monomer 
phosphine ligated species S0. It is energetically plausible that the formation of the starting 
[RuCl2(p-cymene)(SPhos)] complex (S0) is followed by a thermoneutral loss of the p-cymene 
ligand, generating the catalytic species S1 (scheme 177).  
 

 
 

Scheme 178 
 

The reaction proceeds by the coordination of the N-aryl oxazolidine-2-thione 252a through 
the sulfur atom to give rise to the complex S2. The reaction interchanges then from the singlet 
to the triplet energy surface through the Minimum Energy Crossing Point MECP_S-T, this 
transformation requires approximately 10 kcal mol-1. Subsequently, one electron is transferred 
from the metal to the substrate (SET1), automatically provoking the cleavage of the C–O 
bond and generating the Ru(III) diradical species T1. The single electron transfer process 
requires 12 kcal mol-1.  
    
Once T1 is obtained the pendant radical rotates through the corresponding transition state 
(Rot_TS), which is less than 7 kcal mol-1 higher than the previous intermediate, to form the 
diradical complex T2. The second electron transfer process (SET2) generates the C–S bond, 
the reaction then returns to the singlet energy surface through the corresponding Minimum 
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Energy Crossing Point (MECP_T-S), giving rise to the Ru(II) intermediate S3. Finally, the 
product is liberated into the reaction mixture and the starting catalytic species is regenerated. 
 
The computed Gibbs free energy of the catalytic cycle is -14.4 kcal mol-1, indicating that the 
whole process is thermodynamically favoured. The computed overall barrier for the reaction, 
obtained as the free energy difference between S2 and SET1, is approximately 23 kcal mol-1, 
which is highly plausible for a reaction occurring at 100 °C. 

 
 

 
 

Scheme 179 
 
In addition, a classical, non-radical, oxidative addition/reductive elimination catalytic cycle 
through ruthenium C-O insertion has been also computed (scheme 179). DFT calculations 
showed the energy requirements for this pathway are much higher than those obtained for the 
radical mechanism; in this case, the massive barrier obtained for the concerted oxidative 
addition step (+52.2 kcal mol-1) would completely shut down the reaction. In addition, the 
rotational transition state barrier is also very high (+42.7 kcal mol-1 from the lowest species), 
probably due to the charge separation produced in the ligand replacement process on 
ruthenium. As such it was deemed highly unlikely that reaction is proceeding through a C-O 
insertion mechanism. 
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Proposed mechanism 
 
The following catalytic cycle proposed in scheme 180 incorporates computational modeling 
studies and experimental data and literature precedence to propose the following 
intermediates. 
  

 
 

Scheme180 : Proposed mechanism for the ruthenium catalysed O- to S- rearrangement of 
oxazolidinethiones 

 
In the presence of SPhos, the [RuCl2(p-cymene)]2 dimer forms a monomer phosphine ligated 
species S0. Thermoneutral loss of the p-cymene ligand generates the η6 coordinated catalytic 
species S1, which is believed to be the active catalytic species. The reaction then proceeds by 
the coordination of the N-aryl oxazolidine-2-thione 252a through the thiocarbonyl to give rise 
to the complex S2. Homolytic cleavage of the thiocarbonyl bond generates a ruthenium 
centred radical and tertiary oxazolidinethione radical S6. This intermediate was not calculated 
by computational modeling, but it is believed to be a plausible intermediate in the generation 
of the primary alkyl radical S7. Radical migration to form the primary alkyl radical results in 
the ruthenium coordinated radical species S7. Rotation of the thiocarbamate forms the 
pseudoreversible intermediate S8, which upon recombination of the diradicals generates the 
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thiazolidinone-ruthenium coordinated species S3. Due to the significantly reduced 
coordination ability of a carbonyl with respect to a thiocarbonyl, decordination of the 
rearrangement product 281a occurs to regenerate the active catalytic species. 
 

 
 

Scheme 181 
 

A chiral memory effect occurs when a reaction at a stereogenic centre generates a 
conformationally chiral intermediate.66 In the case where total retention of stereochemistry is 
observed, the interconversion between a conformationally chiral intermediate and its opposite 
enantiomer must be slow or have a high energy barrier associated with it, in the case of 
oxazolidinethione rearrangement, this energy barrier is associated with the rotation of the C-C 
bond with the terminal radical. Radical intermediates tend to be planar in conformation, it is 
proposed the coordination of the alkyl radical intermediate to the ruthenium centre maintains 
the stereochemistry and is responsible for the retention of stereochemistry observed in 5-
substituted oxazolidinethiones 281t-v (scheme 181). Some erosion of stereochemistry was 
observed for 281u and 281v, interestingly, these substrates have electron donating aromatic 
substitutions. The increase in electron density most likely increases the donation of the 
nitrogen lone pair in to the thiocarbonyl bond. This increased electron donation increases the 
double bond character of the thiocarbamate, increasing the energy associated with 
thiocarbamate rotation and recombination. Decreasing the rate of rotation of the 
thiocarbamate would allow rotation of the C-C radical bond, inverting the stereochemistry 
upon recombination.  

 

 
 

Figure 35 
 

It is proposed that the stability of the radical intermediate S11 strongly correlates to the 
reactivity with respect to recombination. The trend in reactivity observed showed mono-
substitution in the 5-position significantly reduces the rate of reaction, the addition of 
germinal and sp2 substitutions results in a complete loss of reactivity. One possible 
explanation for this observed reactivity can be attributed to stable ruthenium-radical species 
(figure 35). If coordination to the metal centre is too strong, the energy associated with 
rotation and recombination is too high and as such rearrangement does not occur. Visually, 
the reaction mixtures for 5-substituted derivatives would appear black as opposed to deep 
orange-red, which may be indicative of competitive ruthenium complexes forming.  
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Conclusions 
 
In summary, a robust and efficient ruthenium-catalysed O- to S-alkyl migration process for 
the practical preparation of N-substituted thiazolidine-2-thiones from readily accessible N-
substituted oxazolidine-2-thiones was developed. The scope of the reaction was investigated 
and showed N-alkyl and N-aryl substituted oxazolidinethiones were well tolerated under the 
reaction conditions. Electron deficient aromatic substituents and 4-substituted 
oxazolidinethiones proved slightly more challenging substrates that required a moderate 
increase in catalyst loading and reaction time. The reaction was shown to be significantly 
influenced by substitutions in the 5-position of the oxazolidinethione, whereby increasing 
substitution lead to dramatic reductions in reactivity. The products from the reaction are 
useful as sulfur-implanted heterocycles or as precursors to aminothiols which are significantly 
more challenging to access than amino alcohols.  
 
Initial experimental and computational investigations into the mechanism of this 
transformation suggest a pseudoreversible Barton–McCombie-type pathway is plausible, 
whereby the reaction proceeds via hemolytic cleavage of the thiocarbonyl bond upon 
coordination with a ligated phosphine-ruthenium species. A pseudo-reversible ring-opening 
process followed by a radical recombination ring-closing step is then proposed to furnish the 
rearrangement product. 
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Project aims and background 
 
1,3-Oxathiolan-2-ones are desirable intermediates towards the synthesis of β-hydroxysulfides. 
β-Hydroxysulfides are synthetically valuable starting materials for the synthesis of a number 
of highly functionalised organic molecules such as allylic alcohols,1, 2 benzoxathiepines,3 
benzotiazepines,4, 5 α-thioketones6 and α-substituted-unsaturated enones,7 in addition to 
pharmaceuticals8 and natural products.9  
 
 

 
 

Scheme 182 
 

 
 

Scheme 183 
 

The number of different methodologies that have been developed towards their synthesis is 
testament to the importance of these compounds. One of the most common routes is the 
difunctionalisation of alkenes in the presence of a sulfur nucleophile and molecular oxygen or 
an oxidising species (scheme 182, a-g),10-16 however ring opening of epoxides has also proven 
successful (scheme 182, h).17 The vast majority of routes available generate the most highly 
substituted alcohol and least substituted thiol.  
 
The aims of this work was to investigate and develop the initial lead result achieved by the 
ruthenium catalysed rearrangement of 4-phenyl-1,3-dioxolane-2-thione 291a under the 
previously optimised reaction conditions (Chapter 4). Two desirable outcomes of this 
investigation were an active catalytic system for the transformation of cyclic thiocarbonates to 
rearrangement products, in addition to regiocontrol for the most highly substituted 
rearrangement product 292a (scheme 184). 
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Scheme 184 
 
As reported previously, the rearrangement of xanthates and cyclic thiocarbonates has been 
observed previously in literature. In the vast majority of cases, rearrangement was reported as 
an unwanted byproduct of the reaction conditions. One of the earliest examples of this was 
reported by Tsuda et al. (scheme 185).18  
 

 
 

Scheme 185  
 

Following the treatment of 2-O-acetyl-3,4-O-thiocarbonyl-β-L-arabinopyranoside 295 with 
tributyltin hydride a distribution of products was observed. The distribution of the products 
was found to be entirely dependent of the reaction conditions. In benzene, at elevated 
temperatures, three distinct products were formed; the cyclic carbonate 296a, 20%, and 
rearrangement products, 296b 42% and 296c 27%. The reaction was proposed to occur 
through a Barton-McCombie type-reaction pathway, with the generation of tin radicals 
catalysing the rearrangement of thiocarbonates via sulfur and carbon based radical 
intermediates, drawing parallels to the mechanism proposed in the previous chapter.  
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Scheme 186 
 

Tsuda further investigated pyranoside 3,4-cis-thionocarbonates 297 under radical promoted 
reaction conditions to give O- to S- rearrangement products in selective cis-geometry (scheme 
186).19 Regio- control was poor, improvements in selectivity were largely dependent on the 
stereochemistry in the anomeric position of the sugar-derived substrates.  
 

 
Scheme 187 

 
In later investigations towards the radical based rearrangement of sugar-derived 
thiocarbonates 299, Tsuda replicated work by Trimnell on the isomerisation of thiocarbonates 
in the presence of a nucleophilic iodide catalyst (scheme 187).20 In these examples, the 
primary rearrangement product was selectively formed in the absence of desulfurised 
carbonates and secondary rearrangement products, suggesting an alternative polarised 
mechanism is also a viable route towards the rearrangement of thiocarbonates.  

 

 
 

Scheme 188 
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The radically induced rearrangement of 3,4-O-thionocarbonate 301 was additionally reported 
by Scharf.21 AIBN and tributyltin hydride were found to produce a distribution of 
regioisomeric thiocarbonates 302b,c and desulfurised cyclic carbonates 302a, mirroring the 
results of Tsuda (scheme 188). Hydrolysis of the corresponding rearrangement products was 
performed to yield thio-sugar derivatives.  

 

 
 

Scheme 189 
 

Ni(0) catalysed Corey-Winter olefin synthesis was attempted by Semmelhack et al. in the 
synthesis of conjugated enediynes via elimination of a thionocarbonate (scheme 189).22 In the 
presence of Ni(COD)2 the desired ene-elimination 304a product was achieved in 23%, 
interestingly Ni(COD)2 was also shown to facilitate the isomerisation of the thiocarbonate to 
the thermodynamically more stable rearrangement product 304b, 37%. Unfortunately, as this 
transformation was an isolated incident, a mechanism for the transformation was not 
proposed.   

 

 
 

Scheme 190 
 

Bu4NBr catalysed rearrangement of thiocarbonates has also been reported by Ko (scheme 
190).23 It was proposed the bromide source acts as a nucleophile in the ring-opening of 
thiocarbonates, the initial ring-opened thiocarbonate anion could then displace the newly 
formed carbon-halide bond in an intramolecular cyclisation step. In the case of 305, a mixture 
of regioisomers were observed in a 1:4 ratio of 306a : 306b.  
 
Despite the prevalence of the rearrangement of cyclic thiocarbonates in the literature, few 
attempts have been made to purposefully direct the rearrangement of 1,3-dioxolane-2-thiones 
to 1,3-oxathiolan-2-ones (scheme 191). Herein is reported the regioselective rearrangement of 
cyclic thiocarbonates in the presence of either a palladium or ruthenium catalyst. The reaction 
is proposed to strongly mimic the previously reported O- to S-alkyl migration, following a 
radical-based mechanism.  
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Scheme 191 
 

Reaction optimisation 
 

Solvent screen 
 
A number of solvents were investigated for the O- to S- rearrangement of dioxolane-2-thiones 
under ruthenium catalysed conditions. Initially a limited range of solvents were screened to 
determine the effect of solvent on both the reactivity and selectivity of the reaction (table 24, 
entries 1-6). It became apparent that the solvent has a significant effect, due to the dramatic 
influence, it was deemed prudent to thoroughly investigate a number of solvents to achieve 
the optimal conditions for this transformation. Solvents were assessed on their selectivity for 
the secondary rearranged product 292a, however the reactivity towards general rearrangement 
was also considered.  
 
It readily became apparent that the reaction, whilst strongly affected by solvent, occurs in 
most solvents with some degree of reactivity and selectivity. A number of solvents; DMF, 
tBuCN, PrCN, butanone and hexane (table 24, entries 6, 10, 11, 16 and 18) showed 
quantitative conversion to the rearranged products. With the exception of hexane, these 
solvents showed poor selectivity for the secondary rearranged product 292a with ratios of 
products ranging from 1.2-1.9:1. Hexanes showed excellent selectivity for the secondary 
product, however upon observation under the reaction conditions, the substrate and catalyst 
appeared insoluble, and was reacting as a melt below the solvent. It would appear that this is 
an undesirable property of a reaction solvent and as such was discarded from the solvent 
selection. 
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Table 24 : Solvent screen 
 

 
 

Entry Solvent Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 293 

1 toluene 35 23 8 4 2.9:1 
2 MeCN 96 78 14 4 5.6:1 
3 THF 73 34 29 6 1.2:1 
4 EtOH 10 0 0 10 - 
5 Dioxane 65 35 21 8 1.7:1 
6 DMF 100 60 31 8 1.9:1 
7 Me-THF 58 27 23 7 1.2:1 
8 THP 52 30 18 4 1.7:1 
9 DCE 95 72 19 4 3.8:1 

10 tBuCN 100 52 42 6 1.2:1 
11 PrCN 100 61 33 7 1.8:1 
12 DME 51 26 18 7 1.4:1 
13 cPentOMe 39 23 10 6 2.3:1 
14 PhCF3 71 45 21 5 2.1:1 
15 diglyme 81 46 18 17 2.6:1 
16 butanone 100 53 39 7 1.4:1 
17 PhCl 91 57 20 14 2.9:1 
18 Hexane 100 83 17 0 4.9:1 
19 tBuOMe 0 0 0 0 - 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 

 
No direct trend could be determined between the physical properties of the solvent and the 
reactivity and selectivity observed. Ethereal solvents THF, dioxane, Me-THF, THP, DME, 
cPentOMe, diglyme and tBuOMe (table 24, entries 3, 5, 7, 8, 12, 13, 15 and 19) exhibited a 
range of reactivities, with rearrangement products between 39-73% conversion. Selectivity in 
ethereal solvents however appeared uniformly low, with selectivities for the secondary 
product not exceeding 2.6:1 of 292a : 293a. tBuOMe was an outlying result, where no 
conversion of starting material was observed.  
 
Halogenated solvents DCE, PhCF3 and PhCl (table 24, entries 9, 14 and 17) gave improved 
conversions (71-95%) and improved selectivity (2.1-3.8:1) for 292a relative to ethereal 
solvents.  
 
Ethanol (table 24, entry 4) was an ineffective solvent for the O- to S- rearrangement, giving 
no conversion to the desired rearrangement products but 10% conversion to the desulfurised 
byproduct was observed.  
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Nitrile solvents MeCN, tBuCN and PrCN (table 24, entries 3, 10 and 11) uniformly showed 
excellent reactivity towards rearrangement products, 96-100% conversion. Higher boiling, 
more lipophilic nitrile solvents PrCN and tBuCN however exhibited poor selectivity for the 
secondary rearrangement product. Fortunately, MeCN showed improved selectivity for 
secondary rearrangement product 292a, generating a mixture of rearrangement products in a 
5.6:1 ratio. As such MeCN was selected as the optimal solvent for further reaction 
optimisation.  
 

Catalyst loading screen  
 
A range of catalytic loadings was investigated over an extended reaction time of two hours. 
The reaction temperature was also decreased to 80 oC to probe the efficiency of the reaction at 
lower temperatures. After two hours, 5 mol% of ruthenium dimer (table 25, entry 1) gave 
quantitative conversion to the rearrangement products with good selectivity for 292a.  
 
Table 25 : Catalyst loading screen 
 

 
 

Entry Cat loading 
(mol%) 

Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 5 100 81 15 4 5.4:1 
2 2.5 86 66 17 4 3.9:1 
3 1 36 27 8 1 3.4:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 

 
Decreasing the catalyst loading was shown to reduce conversion to both rearrangement 
products, with 2.5 mol% giving 86% conversion (table 25, entry 2) and 1 mol% 36% 
conversion (table 25, entry 3). Interestingly, the ratio of 292a : 293a decreased in accordance 
with catalyst loading, this may suggest that the formation of the primary rearrangement 
product may initially form rapidly with the formation of the secondary rearrangement more 
gradually forming over time. 1 mol% was used in subsequent optimisation procedures, 
despite the poorer selectivity, it was believed ligation of the ruthenium centre may improve 
catalyst efficiency and selectivity, whilst maintaining low catalytic loading. 

 

Ligand screen  
 
A screen of mono- and bidentate N-, O- and P-based ligands were screened to help improve 
reactivity and selectivity for the secondary rearrangement product 292a. Mono dentate 
ligands were used in a 2:1 ratio ruthenium metal and bi dentate ligands were used in a 1:1 
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ratio of ligand to metal. The reaction temperature was again increased to 100 oC to further 
encourage reactivity.  
 
Table 26 : Ligand screen  
 

 
 

Entry Ligand Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 - 66 47 16 2 2.9:1 
2 DMAP 65 52 12 1 4.3:1 
3 TMPhen 66 49 17 0 2.9:1 
4 PPh3 64 48 17 0 2.8:1 
5 DPPF 99 72 27 0 2.7:1 
6 DPPE 53 40 13 0 3.1:1 
7 SPhos 53 41 11 1 3.7:1 
8 tBu acac 52 37 12 2 3.1:1 
9 T-BINAP 58 45 13 0 3.5:1 

10 BINOL 40 31 8 1 3.9:1 
Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 

1H NMR spectroscopy 
 
The uncatalysed reaction conditions (table 26, entry 1) showed a significant improvement in 
conversion at the elevated temperature, 66%. The introduction of additional nitrogen based 
ligands (table 26, entries 2 and 3) showed little effect on both reactivity and selectivity of the 
reaction, suggesting either poor ligation to the ruthenium centre or their role in unreactive 
ruthenium-ligand complexes. Mono- and bidentate phosphine ligands failed to show 
significant improvements in reactivity or selectivity (table 26, entries 4, 6, 7, 9) with moderate 
reductions in conversion observed uniformly across the ligand set. dppf was exceptional 
(table 26, entry 5) in this case, exhibiting near quantitative conversion of 291a. O- based 
ligands (table 26, entries 8 and 10) were also shown to be ineffective ligands. As such dppf 
was used as an additional ligand for the improved catalytic efficiency of the ruthenium 
catalysed O- to S- alkyl migration of 291a. 
 

 
 

Scheme 192 : Optimised conditions for ruthenium catalysed O- to S- rearrangement 
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The finalised optimised reaction conditions for the ruthenium catalysed O- to S- alkyl 
migration of 291a are shown in scheme 192. [RuCl2(p-cymene)]2 in the presence of 
ferrocene-based bidentate phosphine ligand (dppf) was shown to effectively catalyse the 
rearrangement of 4-phenyl-1,3-dioxolane-2-thione 291a to the corresponding rearrangement 
products 4-phenyl-1,3-oxathiolan-2-one 292a and 5-phenyl-1,3-oxathiolan-2-one 293a with 
moderate selectivity for the most highly substituted rearrangement product 292a (2.7:1). The 
reaction was shown to perform well with low catalyst loadings and generate trace undesired 
desulfurised byproducts. Despite this, selectivity was deemed more desirable than catalytic 
efficiency, and as such an investigation in to alternative metal catalysts for the catalytic 
rearrangement of 4-phenyl-1,3-dioxolane-2-thione 291a was considered. 
 

Catalyst reoptimisation 
 
A number of transition metal catalysts were reinvestigated for the rearrangement of 
dioxolane-2-thiones in order to develop a more highly selective rearrangement process for the 
more highly substituted rearrangement product 292a. 4-Phenyl-1,3-dioxolane-2-thione 291a 
was reacted in the presence of 10 mol% metal catalyst in toluene under air for 3 hours, to 
mimic the initial rearrangement optmisation conditions.  
 
Table 27 : Catalyst screen 
 

 
 

Entry Catalyst Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 293 

1 - 0 0 0 0 - 
2 Pd(OAc)2 83 47 0 36 >20:1 
3 Pd(PPh3)4 69 36 1 31 >20:1 
4 [Rh(OAc)2]2 0 0 0 0 - 
5 Cu(OAc)2 18 3 0 15 >20:1 

6 
[RuCl2(p-
cymene)]2 

66 50 10 6 5:1 

7 RuCl2(phen)3.H2O 94 31 (42)b 21 0 1.5:1 
8 FeCl2 0 0 0 0 - 
9 Ni(PPh3)2Cl2 19 6 5 7 1.2:1 

Reactions performed under air in anhydrous solvent unless otherwise stated. Catalyst loading quoted with respect 
to metal a Conversion calculated by crude 1H NMR spectroscopy b Conversion to 2-phenylthiirane 

 
In the absence of transition metal catalyst (table 27, entry 1) no conversion to rearrangement 
products 292a and 293a or desulfurised product 294a was observed, suggesting the process of 
rearrangement and desulfurisation of dioxolane-2-thiones is promoted by transition metal 
catalysis and not a thermally mediated processes. [Rh(OAc)2]2 and FeCl2 (table 27, entries 4 
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and 8) both exhibited no reactivity towards rearrangement of dioxolane-2-thiones with 100% 
starting material observed in the crude reaction using 1H NMR analysis after 3 hours. Copper 
and nickel catalysts (table 27, entries 5 and 9) showed poor reactivity towards rearrangement, 
3% and 11% conversion to rearrangement products respectively, and high affinity for radical 
desulfurisation, 15% and 7% respectively. [RuCl2(p-cymene)]2 gave moderate conversion to 
the rearrangement products under the reaction conditions (table 27, entry 6), however as 
observed in the previous optimisation studies, undesirably high levels of the primary 
rearrangement product 292a was observed. An alternative ruthenium source 
RuCl2(phen)3.H2O widely used in radical photocatalytic reaction processes was investigated 
(table 27, entry 7).24, 25 RuCl2(phen)3.H2O proved highly reactive towards conversion of the 
starting dioxolane-2-thione, 94% conversion, preferentially, no desulfurisation was observed 
when RuCl2(phen)3.H2O was used as a catalyst, however, selectivity for 292a over 293a was 
poor and an additional impurity was observed. Under the reaction conditions 42% conversion 
to 2-phenylthiirane was observed by 1H NMR analysis of the crude reaction mixture. It would 
suggest that the catalyst or components of the catalyst-ligand system are promoting an 
alternative decomposition pathway of the rearrangement product, resulting in the undesired 
generation of the episulfide 307 (figure 36). 
 

 
 

Figure 36 : Structure of byproduct, 2-phenylthiirane 
 
Palladium catalysts investigated showed exceptional selectivity for the secondary 
rearrangement product 292a (table 27, entries 2 and 3) with >20:1 292a:293a. Unfortunately 
for both palladium sources, levels of radical desulfurisation were high, leading to a significant 
reduction in conversion to desired rearrangement products.  
 
Table 28 : Catalyst screen II 
 

 
 

Entry Pd catalyst Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 Pd(OAc)2 79 58 1 19 >20:1 
2 Pd2dba3 27 27 0 0 >20:1 
3 PdCl2 Complex mixture 
4 Pd(PPh3)4 99 95 1 3 >20:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 
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Additional screening was performed with palladium catalysts under an inert atmosphere in 
order to address competitive radical desulfurisation. Palladium chloride (table 28, entry 3) 
gave a complex mixture of products, as determined by 1H NMR analysis of the crude reaction 
mixture, significant broadening of the spectra was also observed. It is believed that due to the 
high electrophilicity of the Pd(II) source, strong coordination of the substrate and products is 
resulting in a more complex mixture of palladium complexed species and additional 
impurities. An alternative Pd(II) source, Pd(OAc)2 (table 28, entry 1), also showed some 
broadening of the crude reaction 1H NMR spectrum, however this was to a much lower 
degree. High selectivity for the secondary rearrangement product was observed, however 
desulfurisation was unacceptably high. Pd(0) sources, Pd2dba3 and Pd(PPh3)4 (table 28, 
entries 2 and 4), exhibited excellent selectivity and significantly reduced levels of 
desulfurisation product 294a when the reaction was performed under a rigorously oxygen free 
atmosphere of argon. Pd(PPh3)4 gave almost quantitative conversion of starting material with 
excellent regio selectivity for the secondary rearrangement product and as such was used in 
further optimisation processes. 
 

Solvent screen 
 
A number of solvents were investigated for the palladium catalysed rearrangement of 4-
phenyl-1,3-dioxolane-2-thione 291a. Of the solvents investigated, only MeCN and DCE 
(table 29, entries 2 and 6) affected the regioselectivity of the palladium-catalysed reaction, 
resulting in a significant reduction in selectivity for the secondary rearrangement product.  
 
Table 29 : Solvent screen 
 

 
 

Entry Solvent Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 PhMe 87 86 0 1 >20:1 
2 MeCN 35 28 5 2 5.6:1 
3 THF 8 5 0 3 >20:1 
4 DME 23 19 0 4 >20:1 
5 EtOH Ring opened diol 
6 DCE 65 49 16 0 3.1:1 
7 dioxane 73 53 0 20 >20:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 

 
Polar aprotic solvents (table 29, entries 2-4, 6) resulted in a significant reduction in 
conversion relative to toluene. Ethanol (table 29, entry 5) resulted in the complete degradation 
of the starting 4-phenyl-1,3-dioxolane-2-thione 291a, generating the uncyclised diol under the 
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reaction conditions. Non-polar solvents toluene and dioxane (table 29, entries 1 and 7) 
showed the most favourable conversions. 1,4-Dioxane, whilst highly regioselective, exhibited 
a high level of radical desulfurisation, despite rigorous exclusion of oxygen. Toluene was 
proven to be the best performing solvent and was used in further optimisation processes.  
 

Catalyst loading screen 
 
The effect of catalyst loading was investigated. The reaction appeared to be highly dependent 
on catalyst concentration, with higher catalytic loadings resulting in improved conversion to 
rearrangement products. 10 mol% Pd(PPh3)4 gave quantitative conversion of 4-phenyl-1,3-
dioxolane-2-thione 291a after 3 hours (table 30, entry 1), with 98% conversion to the desired 
secondary rearrangement product.  
 
Table 30 : Catalyst loading screen 
 

 
 

Entry Catalyst 
loading 
(mol%) 

Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 10 100 98 0 2 >20:1 
2 5 66 64 0 2 >20:1 
3 2 34 33 0 1 >20:1 
4 1 17 17 0 0 >20:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 

 
Further reductions in catalytic loading resulted in lower conversions (table 30, entries 2-4) 
however selectivity for 292a remained consistently high. Trace desulfurised impurities were 
observed in all cases despite rigorous exclusion of oxygen. 

Ligand screen 
 
Despite Pd(PPh3)4 being a fully ligated Pd(0) metal centre, a number of ligands were 
investigated to further improve the catalytic efficiency. Pd(PPh3)4 is well known to reversibly 
dissociate PPh3 ligands in solution, and a number of reactions attribute their catalytic 
efficiency to these dissociated species. It was believed dissociation of PPh3 would allow for 
ligation of the metal centre and influence reactivity and selectivity.   
 

 
Scheme 193 : Dissociation of Pd(PPh3)4 in solution 
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The influence of additional ligands was investigated using 2 mol% of Pd(PPh3)4. Mono 
dentate ligands were used in a 2:1 ratio palladium metal and bi dentate ligands were used in a 
1:1 ratio of ligand to metal. 
 
Table 31 : Ligand screen 
 

 
 

Entry ligand Total conv  
(%)a 

Conv to  
292a (%)a 

Conv to  
293a (%)a 

Conv to  
294a (%)a 

292 : 293 

1 - 34 33 1 0 >20:1 
2 DMAP 42 18 (12)b 5 7 3.6:1 
3 DPPF 36 32 4 0 8:1 
4 DPPE 24 13 11 0 1.2:1 
5 TMPhen 60 30 (16)b 13 1 2.3:1 
6 T-BINAP 12 6 6 0 1:1 
7 BINOL 24 24 0 0 >20:1 
8 SPhos 45 45 0 0 >20:1 
9 JohnPhos 47 44 0 3 >20:1 

10 XPhos 30 22 1 4 >20:1 
11 DavePhos 42 40 0 2 >20:1 
12 PPh3 45 44 0 0 >20:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy b Conversion to 2-phenylthiirane 

 
Bidentate phosphine ligands (table 31, entries 3, 4 and 6) showed retention or reduction in 
catalytic activity, interestingly in addition, when bidentate phosphine ligands were used 
selectivity for the secondary rearrangement product was also diminished. BINOL (table 31, 
entry 7) was shown to retard the reaction resulting in 24% conversion of 291a, in this case the 
selectivity for 292a was retained, forming exclusively the secondary rearrangement product. 
DMAP (table 31, entry 2) and 3,4,7,8-tetramethyl-1,10-phenanthroline (TMPhen, table 31, 
entry 5) were investigated as mono dentate and bidentate N- coordinating ligands. Both 
ligands appeared to increase conversion of 4-phenyl-1,3-dioxolane-2-thione 291a, 42% and 
60% respectively, however an additional byproduct, 2-phenylthiirane, was observed for both 
reactions in the crude 1H NMR spectra. These results mirror those observed when 
RuCl2(phen)3.H2O was screened for catalytic activity (table 31, entry 7), and would suggest 
that for this catalyst, it was the phenanthroline ligands which were promoting the 
decomposition of 292a to the corresponding episulfide 307.  
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Scheme 194 : Proposed mechanism for the organo-catalysed formation of 2-phenylthiirane 
 

It is proposed that in all three cases the competitive episulfide formation is occurring via a 
nucleophilic mechanism (scheme 194). Attack by the nucleophilic N-heterocycle at the 
primary carbon centre of 292a results in the formation of intermediate 292aa. 
Decarboxylation generated the highly nucleophilic thiolate which nucleophilically attacks to 
regenerate the N-heterocycle and form the corresponding episulfide. It is believed this 
mechanism only occurs through the secondary rearrangement product 292a, as nucleophilic 
attack at the sterically crowded benzylic position would be highly unfavoured. As such this 
competing reaction pathway is undesired as it represents a yield-reducing process.  
 
A number of monodentate phosphines proved successful in inducing moderate improvements 
in conversion of 291a (table 31, entries 8-12). PPh3 preformed comparatively well relative to 
the more expensive Buchwald-type phosphine ligands, resulting in 45% conversion, an 
improvement of 11%. The favourable trend for monodentate phosphines may suggest that the 
reaction is favoured by the palladium existing as the fully ligated palladium-phosphine 
complex, alternatively, the addition of phosphines may improve decoordination of the 
rearrangement product from the metal centre, regenerating the active catalytic species.  
 
The effect of ligand concentration was investigated. The addition of one equivalence of 
phosphine to metal resulted in only a slight improvement in catalytic activity (table 32, entry 
1), excesses of phosphines proved to be most effective with 2 and 3 equivalences (table 32, 
entries 2 and 3) resulting in similar improved efficiencies. Due to a negligible difference in 
conversion between 2 and 3 equivalences of phosphine, a 2:1 ratio of PPh3 to Pd(PPh3)4 was 
deemed sufficient. 
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Table 32 : Ligand loading screen 
 

 
 

Entry PPh3 loading 
(mol%) 

Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 2 38 34 0 4 >20:1 
2 4 45 45 0 0 >20:1 
3 6 48 45 0 3 >20:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 

 
Despite the moderate improvement in conversion, the addition of ligands failed to 
significantly improve the catalytic activity to an acceptable conversion. PPh3 was used in 
further optimisation studies as a favourable ligand for the catalytic rearrangement however an 
increase in catalytic loading was required. 
 
Incremental increases in catalytic loading showed that quantitative conversion could only be 
achieved when 10 mol% of Pd(PPh3)4 was used (table 33, entry 4). The addition of the PPh3 
ligand appeared to give improved conversions for all catalytic loadings compared to previous 
catalytic loading studies. As such 10 mol% was used in further optimisation studies. Despite 
quantitative conversion being possible for 10 mol% in the absence of ligand, additional PPh3 
was retained in the reaction conditions to ensure effective conversion of potentially more 
challenging substrates.  
 
Table 33 : Catalyst loading screen II 
 

 
 

Entry Catalyst 
loading 
(mol%) 

Total conv 
(%)a 

Conv to 
292a (%)a 

Conv to 
293a (%)a 

Conv to 
294a (%)a 

292 : 
293 

1 2 45 45 0 0 >20:1 
2 4 72 71 1 0 >20:1 
3 6 87 87 1 0 >20:1 
4 10 100 99 1 0 >20:1 

Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 
1H NMR spectroscopy 
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Concentration screen 
 

 
 

Scheme 195 : Reaction concentration screen 
Reactions performed under argon in anhydrous solvent unless otherwise stated a Conversion calculated by crude 

1H NMR spectroscopy 
 
Varying the concentration of the reaction was shown to have a negligible impact on the 
conversion or selectivity of the reaction (scheme 195). As such the higher reaction 
concentration, 0.2 M, was used in the final optimised reaction conditions. 
 

 
 

Scheme 196 : Optimised conditions for palladium catalysed O- to S- rearrangement 
Conversions quoted are calculated by crude 1H NMR spectroscopy 

 
The final optimised reaction conditions for the palladium catalysed O- to S- alkyl migration of 
291a are shown in scheme 196. Pd(PPh3)4 in the presence of additional PPh3 was shown to 
effectively catalyse the rearrangement of 4-phenyl-1,3-dioxolane-2-thione 291a to the 
corresponding rearrangement product 4-phenyl-1,3-oxathiolan-2-one 292a with excellent 
selectivity for the most highly substituted rearrangement product 292a (>20:1). The reaction 
was shown to proceed highly selectively, however rigorous exclusion of oxygen is required to 
ensure desulfurisation is avoided.  
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Substrate screen 
 

 
 

Scheme 197 : Synthesis of 4-methyl-4-aryl-1,3-dioxolane-2-thiones 
 
4-Methyl-4-aryl-1,3-dioxolane-2-thiones substrates were synthesised via the preparation of 
aryl Grignards (scheme 197). Aryl bromides in dry THF were reacted in the presence of 
magnesium turnings to form the corresponding aryl magnesium bromides. Hydroxyacetone 
was reacted with the freshly prepared Grignard to form the desired 1,2-diol. The crude diols 
were telescoped to the cyclisation reaction after aqueous washings. Cyclisation was achieved 
using thiophosgene to furnish the desired 4-methyl-4-aryl-1,3-dioxolane-2-thiones. Tertiary 
alkyl derivatives were prepared similarly with commercially available alkyl-Grignards. The 
remaining substrates were prepared directly from the commercially available 1,2 diols. The 
cyclisation of 1,2 diols required highly specific conditions to occur in acceptable yields; 
pyridine, DMAP in CH2Cl2 were found to be the optimum conditions, alternative bases such 
as Et3N, and alternative solvents proved to be unsuccessful.  
 
Table 34 : Rearrangement substrate scope  
 

 
 

Entry Starting Material Major Product Yield (%)a 292:293 

1 
 

292a 62 >20:1 

2 
 

292b 0b - 

3 
 

292c 71 - 

4 
 

292d 85c >20:1 

5 
 

292e 70c >20:1 

6 
 

292f 62c >20:1 

7 
 

292g (36)b,c >20:1 

8 
 

292h 73c >20:1 
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9 

 

292i 74c >20:1 

10 

 

292j 71c >20:1 

11 
 

292k 82c >20:1 

12 

 

292l 62c >20:1 

13 
 

292m 72c >20:1 

14 
 

292n 0c (38)d - 

15 
 

292o 0c (43)d  

16 
 

292p (100)b >20:1 

17 
 

292q 0 (28)d - 

18 

 

292r 0 (10)d - 

19 

 

292s 0 (31)d - 

Dioxolane-2-thione (1.0 mmol), Pd(PPh3)4 (10 mol%), PPh3 (20 mol%), toluene (10 mL), 100 oC, 3 h, Ar. a Yields 
of isolated products are given as a mixture of regioisomers. Ratio of regioisomers was determined by 1H NMR. b 
Conversion calculated by 1H NMR of the crude reaction mixture. c Reaction was performed at 120 oC for 20 h. d 

Conversion to 1,3-dioxolan-2-one calculated by crude 1H NMR. 
 

Palladium catalysed O- to S- alkyl migration of 1,3-dioxolane-2-thiones 
 
Following standard conditions B, the substrate scope of palladium-catalysed O- to S- alkyl 
migrations of 1,3-dioxolane-2-thiones was investigated. Conversion of the secondary benzylic 
substrate 291a (table 34, entry 1) proceeded well to give quantitative conversion of the 
starting material after 3 hours. Selectivity was consistent with previously reported 
regioisomer ratios for these conditions, >20:1 of 292:293.  
 
More highly substituted 4-methyl-4-aryl-1,3-dioxolane-2-thiones (table 34, entries 4-13) were 
also tolerated under palladium catalysed conditions, however for these substrates conversion 
was improved using slightly elevated reaction conditions (120 oC, 20 h). In all cases, high 
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regioselectivity was observed for the most highly substituted rearrangement products. The 
conditions were tolerant of a number of electron rich aromatics (table 34, entries 5-10), ortho, 
meta and para substitutions (table 34, entries 8-10) as well as fluorinated, naphthyl and 
biphenyl substituted aromatics. ortho- methoxy (table 34, entry 10) and naphthyl (table 34, 
entry 12) derivatives were of particular interest due to the high level of steric congestion 
around the quaternary centre, rearrangement of these substrates represents a novel method for 
the synthesis of intermediates for the preparation of highly sterically hindered thiols. 
 
Whilst conversion for all tertiary benzylic substrates, with the exception of para-tert-butyl 
(table 34, entry 7), was quantitative by 1H NMR analysis of the crude reaction mixtures, 
isolated yields were significantly lower. This can be largely attributed to difficulty in 
purification due to the low UV visibility and poor staining with standard TLC dips of the 
resulting 1,3-oxathiolan-2-ones, as such it is likely some material was lost following 
chromatography.  
 
Deviation from tertiary benzylic substrates to tertiary alkyl substrates proved largely 
unsuccessful. Tertiary alkyl substrates (table 34, entries 14 and 15) exhibited 0% conversion 
to tertiary or primary rearrangement products, however, a high level of desulfurised product 
was observed in both cases. In the case of vinyl substituted substrate 291p (table 34, entry 16) 
excellent reactivity was observed. Unlike tertiary aryl substituted derivatives, quantitative 
conversion was observed under the standard conditions after 3 hours. Due to the contrasting 
reactivity with other substrates investigated, it is likely that this vinylic substrate reacts via an 
alternative reaction mechanism. 
 

 
 

Scheme 198 : Palladium catalysed rearrangement of 4-vinyl-1,3-dioxolane-2-thione 
 
The rearrangement of 4-vinyl-1,3-dioxolane-2-thione was reported by Crich et al. in the 
preparation of a model system for the silver-mediated allylic disulfide rearrangement for 
conjugation of thiols in protic media, scheme 198.26 The palladium(0) catalysed 
rearrangement took place efficiently and in high yield in ethanol at reflux. It is likely the 
reaction is proceeding via a Tsuji-Trost type reaction pathway. Coordination of the Pd(0) 
species to the vinyl substitutent forms an η2 π-allyl complex. Following oxidative addition, 
ring opening of the dioxolane-2-thione occurs resulting in an η3 π-allyl complex and tethered 
thio-carboxylate. Recombination via the nucleophilic attack of the more highly nucleophilic 
thiolate anion at the allyl terminus regenerates the η2 π-allyl complex. Decomplexation of the 
palladium species results in the formation of the rearrangement product.  
 

 
 

Scheme 199 
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It is likely that under the optimised reaction conditions, a Tsuji-Trost type mechanism is more 
highly favourable than a palladium-promoted radical rearrangement pathway (scheme 199). 
As such the result from substrate 291p can not be considered representative of the reactivity 
in a radical O- to S- alkyl migration. 
 
Tertiary-primary, secondary-secondary and secondary-primary alkyl substituted substrates 
exhibited 0% conversion to any rearrangement products under palladium catalysed 
rearrangement conditions (table 34, entries 2, 17-19). In the case of highly substituted 
derivatives (table 34, entries 17-19) high levels of desulfurised product was observed. 
Primary-primary unsubstituted 1,3-dioxolane-2-thione 291a however exhibited good 
reactivity under the palladium-catalysed conditions with quantitative conversion of starting 
material. Relatively low yields of the corresponding rearrangement product, 71%, was 
observed largely due to high levels of desulfurised product, this was despite rigorous 
exclusion of oxygen. These results would suggest that a palladium catalysed rearrangement is 
not suitable for the transformation of entirely alkyl substituted 1,3-dioxolane-2-thiones, and 
would largely show that the reaction is selective for benzylic substrates. 
 

Conclusions 
 
In summary, a palladium-catalysed O- to S-alkyl migration process for the practical 
preparation of 1,3-oxathiolan-2-ones from readily accessible 1,3-dioxolane-2-thiones was 
developed.  
 
The scope of the reaction was investigated and showed Pd(PPh3)4 catalysed conditions were 
limited to styrenyl derivatives, with high regioselectivity for the most highly substituted 
rearrangement products. More sterically congested styrenyl derivatives were found to be less 
reactive towards rearrangement and required extended reaction times and elevated 
temperatures. Alkyl derivatives were shown to be completely unreactive under the reaction 
conditions and generally led to the formation of 1,3-dioxolan-2-ones. 
 

Future Work 
 
It has been shown that the rearrangement of cyclic thiocarbamates and cyclic thiocarbonates 
can be achieved via transition metal catalysed processes. The products from these 
rearrangements represent valuable synthetic intermediates towards the synthesis of a diverse 
range of sulfur-containing molecules and structural motifs.  
 
An extension of this work would be to investigate the catalytic rearrangement of other 
thiocarbonyl containing molecules (scheme 200). One of the most directly comparable 
structures would be thiolactones. Formation of thiolactones could be readily achieved through 
the use of Lawesson’s reagent on commercially available lactones. Transition metals could be 
screened for their activity towards the rearrangement of thiolactones to the corresponding 
dihydrothiophen-2(3H)-ones, with particular focus on palladium and ruthenium sources due 
to their previously successful implementation in these types of reactions.  
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Scheme 200 
 

An alternative extension of this work would be the application of thiocarbonyl compounds as 
directing groups in C-H activation reactions (scheme 201). It is known through the 
rearrangement studies that thiocarbonyl compounds are capable of coordination to metal 
centres. Recently, a number of related structures have been shown to act as effective C-H 
directing groups. Oxazolidinones,27, 28 thioamides29 and O-thiocarbamates30 have all been 
reported as directing groups for palladium catalysed C-H arylations of sp2 and sp3 C-H bonds.  
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General considerations 
 

All reactions used solvents and reagents as obtained from commercial sources without further 
purification. Reactions requiring anhydrous conditions were performed under nitrogen in 
oven-dried apparatus. Dry solvents were obtained from the SPS system. Solvents were 
removed under reduced pressure by Büchi-rotorvapor apparatus. All temperatures quoted are 
external.  
 
1H, 13C and 19F NMR spectra were recorded on a Bruker Advance 300.22 MHz spectrometer 
or on an Agilent Technologies spectrometer 500 MHz at 303 K. The spectra were recorded in 
CDCl3 solvent and chemical shifts are reported relative to the residual CDCl3 solvent peak as 
an internal standard. Data are reported as follows: Chemical shift multiplicity (s = singlet, d = 
doublet, t = triplet, q = quartet, m = multiplet), Chemical shifts are reported in parts per 
million (ppm) and all coupling constants, J, are reported in hertz.  
 

Infra-red spectrum were recorded on a PerkinElmer 100 FT-IR spectrometer using a 
Universal ATR accessory for sampling with only selected absorbencies quoted as  νmax in 
cm-1.  
 
Mass Spectra were recorded using an electrospray Time-of-Flight MicroTOFTM mass 
spectrometer with acetonitrile as the solvent. Masses were recorded in either positive or 
negative mode.  
 
Normal phase flash chromatography was performed under medium pressure using Fischer 60 
Å silica gel (35-70 µm). Samples were loaded as saturated solutions in an appropriate solvent 
system. Analytical thin layer chromatography (TLC) was performed using aluminium-backed 
plates coated with Alugram® SIL G/UV254 purchased from Macherey-Nagel and visualised by 
UV light (254 nm), and/or KMnO4 staining. 
 
Optical rotations were measured using an Optical Activity Ltd. AA-10 automatic polarimeter. 
Solutions were prepared in 2 mL samples of CHCl3, cell volume 1.5 mL, cell path length 1 
dm. Measurements were performed at room temperature, approx. 23 oC.  
 

Compounds derived from commercially available, enantiomerically pure starting materials, 
which do not display an optical roatation or have not been subjected to chiral HPLC analysis, 
are assumed to have retained the enantiomeric purity and configuration of the starting 
material used. Additionally, further compounds derived from these compounds, which do not 
display an optical roatation, are also assumed to have retained enantiomeric purity and 
configuration. Unknown chiral compounds subjected to chiral HPLC are assumed to have 
undergone retention or erosion of the stereogenic centre, but not inversion. 
  



Chapter 6 

	   187	  

Preparation of ethyl carbamate amino alcohols 
 

 
 

tert-Butyl (2-hydroxyethyl)carbamate (198a)1 To a solution of ethanolamine (0.604 mL, 
10.0 mmol) in dry CH2Cl2 (20 mL) at 0 oC was added triethylamine (1.67 mL, 12.0 mmol). A 
solution of di-tert-butyl dicarbonate (2.619 g, 12 mmol) in CH2Cl2 (10 mL) was added to the 
solution drop-wise. The reaction mixture was stirred at 0 oC for 30 minutes before warming to 
room temperature. The reaction was stirred overnight. After this time the contents of the flask 
were concentrated under reduced pressure, the resulting white slurry was suspended in EtOAc 
(50 mL) and filtered through a short plug of silica (eluent : 100% EtOAc). The filtrate was 
concentrated to give a colourless oil which was purified by flash silica gel chromatography 
(eluent : 100% EtOAc). The desired fractions were concentrated under reduced pressure to 
give the title compound as a colourless oil (1.49 g, 93%). I.R. (thin film) νmax (cm-1): 3320, 
2990, 1685 (C=O). 1H NMR (300 MHz, CDCl3) δ 5.00 (1H, s, NH), 3.77–3.51 (2H, t, J = 5.1 
Hz, OCH2), 3.36–3.18 (2H, app d, J = 4.8 Hz, NCH2), 2.48 (1H, s, OH), 1.43 (9H, s, 
C(CH3)3). 13C NMR (75 MHz, CDCl3) δ 156.9, 79.8, 62.6, 43.4, 28.5. HRMS (ESI): m/z 
calculated for C7H15NO3 requires 162.1130 for [M+H]+, found : 162.1127. 
 
 

 
 

Benzyl (2-hydroxyethyl)carbamate (198b)2 To a solution of ethanolamine (0.604 mL, 10.0 
mmol) in dry CH2Cl2 (20 mL) at 0 oC was added triethylamine (1.67 mL, 12.0 mmol). A 
solution of benzyl chloroformate (1.71 mL, 12 mmol) in CH2Cl2 (10 mL) was added to the 
solution drop-wise. The reaction mixture was stirred at 0 oC for 30 minutes before warming to 
room temperature. The reaction was stirred overnight. After this time the contents of the flask 
were concentrated under reduced pressure, the resulting white slurry was suspended in EtOAc 
(50 mL) and filtered through a short plug of silica (eluent : 100% EtOAc). The filtrate was 
concentrated to give a colourless oil which was purified by flash silica gel chromatography 
(eluent : 100% EtOAc). The desired fractions were concentrated under reduced pressure to 
give the title compound as a white solid (1.76 g, 90%). Mpt. 59-62 oC. (Reported literature 
value: 60 oC)3. I.R. (thin film) νmax (cm-1): 3320, 2979, 1680 (C=O). 1H NMR (300 MHz, 
CDCl3) δ 7.47–7.26 (5H, m, ArH), 5.27 (1H, br s, NH), 5.09 (2H, s, ArCH2), 3.66 (2H, t, J = 
5.0 Hz, OCH2), 3.38–3.20 (2H, m, NCH2), 2.71 (1H, br s, OH). 13C NMR (75 MHz, CDCl3) δ 
157.2, 136.4, 128.6, 128.2, 128.1, 66.9, 62.1, 43.5. HRMS (ESI): m/z calculated for 
C10H13NO3 requires 196.0973 for [M+H]+, found : 196.0965. 
 

 
 

Ethyl (2-hydroxyethyl)carbamate (198c)4 Ethanolamine (0.610 g, 10 mmol) was dissolved 
in dry CH2Cl2 (20 mL) in an oven dried round-bottomed flask. The resulting solution was 
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cooled in an ice/water bath before the addition of triethylamine (1.67 mL, 12.0 mmol). Ethyl 
chloroformate (1.15 mL, 12 mmol) was added to the solution dropwise under a continuous 
flow of nitrogen. The reaction mixture was stirred at 0 oC for 30 minutes before the ice bath 
was removed and the reaction was left to stir overnight at room temperature. After this time 
the contents of the flask were concentrated under reduced pressure, the resulting white slurry 
was suspended in EtOAc (50 mL) and filtered through a short plug of silica (Eluent : 100% 
EtOAc). The filtrate was concentrated to give a colourless oil which was purified by flash 
silica gel chromatography (Eluent : 80% EtOAc:hexanes). Colourless oil (95%, 1.26 g). I.R. 
(thin film) νmax (cm-1): 3326, 2982, 2939, 1684 (C=O), 1530. 1H NMR (300 MHz, CDCl3) δ 
5.26 (1H, s, NH), 4.10 (2H, q, J = 7.1 Hz, CH2CH3), 3.68 (2H, t, J = 5.1 Hz, CH2OH), 3.31 
(2H, d, J = 4.8 Hz, NCH2), 2.46 (1H, s, OH), 1.23 (3H, t, J = 7.1 Hz, CH2CH3). 13C NMR (75 
MHz, CDCl3) δ 157.6, 62.3, 61.2, 43.5, 14.0 HRMS (ESI): m/z calculated for C5H11NO3 

requires 134.0817 for [M+H]+, found : 134.0825. 
 

 
 

Methyl (2-hydroxyethyl)carbamate (198d) To a solution of ethanolamine (0.604 mL, 10.0 
mmol) in dry CH2Cl2 (20 mL) at 0 oC was added triethylamine (1.67 mL, 12.0 mmol). A 
solution of methyl chloroformate (0.93 mL, 12 mmol) in CH2Cl2 (10 mL) was added to the 
solution drop-wise. The reaction mixture was stirred at 0 oC for 30 minutes before warming to 
room temperature. The reaction was stirred overnight. After this time the contents of the flask 
were concentrated under reduced pressure, the resulting white slurry was suspended in EtOAc 
(50 mL) and filtered through a short plug of silica (eluent : 100% EtOAc). The filtrate was 
concentrated to give a colourless oil which was purified by flash silica gel chromatography 
(eluent : 100% EtOAc). The desired fractions were concentrated under reduced pressure to 
give the titlecompound as a colourless oil (1.04 g, 87%). I.R. (thin film) νmax (cm-1): 3324, 
2980, 1684 (C=O). 1H NMR (300 MHz, CDCl3) δ 5.49 (1H, s, NH), 3.64 (3H, s, CH3), 3.28 
(2H, s, OCH2), 3.09 (2H, s, NCH2). 13C NMR (75 MHz, CDCl3) δ 157.9, 61.9, 52.3, 43.5. 
HRMS (ESI): m/z calculated for C4H9NO3 requires 120.0660 for [M+H]+, found :	  120.0662. 
 
 

 
 

Methyl 2-((ethoxycarbonyl)amino)acetate (197a)5 Glycine methyl ester HCl (1.256 g, 10 
mmol) was dissolved in dry CH2Cl2 (20 mL) in an oven dried round-bottomed flask. The 
resulting solution was cooled in an ice/water bath before the addition of triethylamine (2.428 
g, 3.34 mL, 24.0 mmol). Ethyl chloroformate (1.15 mL, 12 mmol) was added to the solution 
dropwise under a continuous flow of nitrogen. The reaction mixture was stirred at 0 oC for 30 
minutes before the ice bath was removed and the reaction was left to stir overnight at room 
temperature. After this time the contents of the flask were concentrated under reduced 
pressure, the resulting white slurry was suspended in EtOAc (50 mL) and filtered through a 
short plug of silica (Eluent : 100% EtOAc). The filtrate was concentrated to give a colourless 
oil which was purified by flash silica gel chromatography (Eluent : 50% EtOAc:hexanes).. 
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Colourless oil (95%, 1.53 g). I.R. (thin film) νmax (cm-1): 2985, 2957, 1746 (C=O), 1697 
(C=O), 1525. 1H NMR (300 MHz, CDCl3) δ 5.30 (1H, s, NH), 4.10 (2H, q, J = 7.1 Hz, 
CH2CH3), 3.92 (2H, d, J = 5.6 Hz, NCH2), 3.72 (3H, s, CO2CH3), 1.21 (3H, t, J = 7.1 Hz, 
CH2CH3).  13C NMR (75 MHz, CDCl3) δ 170.8, 156.7, 61.4, 52.3, 42.6, 14.0. HRMS (ESI): 
m/z calculated for C6H11NO4 requires 184.0585 for [M+Na]+ : found : 184.0589.  
 

 
 

(S)-Methyl 2-((ethoxycarbonyl)amino)-3-phenylpropanoate (198b)6 Phenylalanine methyl 
ester HCl (2.157 g, 10 mmol) was dissolved in dry CH2Cl2 (20 mL) in an oven dried round-
bottomed flask. The resulting solution was cooled in an ice/water bath before the addition of 
triethylamine (3.34 mL, 24.0 mmol). Ethyl chloroformate (1.15 mL, 12 mmol) was added to 
the solution dropwise under a continuous flow of nitrogen. The reaction mixture was stirred at 
0 oC for 30 minutes before the ice bath was removed and the reaction was left to stir overnight 
at room temperature. After this time the contents of the flask were concentrated under reduced 
pressure, the resulting white slurry was suspended in EtOAc (50 mL) and filtered through a 
short plug of silica (Eluent : 100% EtOAc). The filtrate was concentrated to give a colourless 
oil which was purified by flash silica gel chromatography (Eluent : 50% EtOAc:hexanes). 
Yellow oil (93%, 2.34 g). I.R. (thin film) νmax (cm-1): 3340, 3030, 1703 (C=O), 1604 (C=O), 
1524. 1H NMR (300 MHz, CDCl3) δ 7.33–7.23 (3H, m, ArH), 7.12 (2H, dd, J = 7.7, 1.4 Hz, 
ArH), 5.11 (1H, d, J = 7.9 Hz, NH), 4.72–4.56 (1H, m, NCH), 4.10 (2H, q, J = 7.1 Hz, 
CH2CH3), 3.72 (3H, s, CO2CH3), 3.17–3.02 (2H, m, ArCH2), 1.21 (3H, app td, J = 7.1, 4.3 Hz, 
CH2CH3). 13C NMR (75 MHz, CDCl3) δ. 172.3, 135.9, 129.4, 128.7, 127.3, 61.3, 54.8, 52.4, 
38.4, 14.. HRMS (ESI): m/z calculated for C13H17NO4 requires 274.1055 for [M+Na]+ : found 
: 274.1117. 
 
 

 
 

(S)-Ethyl (1-hydroxypropan-2-yl)carbamate (198e)7 A solution of alaninol (0.225 g, 3.0 
mmol) in water (3 mL) was prepared in a round bottomed flask. NaHCO3 (0.420 g, 5 mmol) 
was added to the solution followed by CH2Cl2 (10 mL) to form a biphasic mixture. The 
mixture was vigorously stirred at room temperature before ethyl chloroformate (0.342 g, 0.30 
mL, 3.15 mmol) was added drop wise. Following complete addition, the reaction mixture was 
vigorously stirred at room temperature for 2 hours. After this time the contents of the reaction 
vessel were concentrated under reduced pressure. The crude residue was suspended in 
acetone, filtered and dried (MgSO4). The crude material was then purified by flash silica gel 
chromatography (eluent : 80% EtOAc:hexanes) to give the desired product. Pale yellow oil 
(60%, 264 mg). I.R. (thin film) νmax (cm-1): 3309, 2979, 2936, 2878, 1683 (C=O), 1532. 1H 
NMR (300 MHz, CDCl3) δ 4.94 (1H, s, NH), 4.09 (2H, q, J = 7.1 Hz, CH2CH3), 3.88–3.70 
(1H, m, NCH), 3.63 (1H, dd, J = 11.0, 3.9 Hz, CH2OH), 3.49 (1H, dd, J = 11.0, 6.0 Hz, 
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CH2OH), 2.86 (1H, s, OH), 1.23 (3H, t, J = 7.1 Hz, CH2CH3), 1.15 (3H, d, J = 6.8 Hz, 
CHCH3). 13C NMR (75 MHz, CDCl3) δ 157.1, 67.0, 61.1, 48.9, 17.4, 14.. HRMS (ESI): m/z 
calculated for C6H13NO3 requires for 148.0973 [M+H]+ : found : 148.0988 
 
 

 
 

(S)-Ethyl (1-hydroxy-3-phenylpropan-2-yl)carbamate (198e)8 A solution of phenylalaninol 
(0.454 g, 3.0 mmol) in water (3 mL) was prepared in a round bottomed flask. NaHCO3 (0.420 
g, 5 mmol) was added to the solution followed by CH2Cl2 (10 mL) to form a biphasic 
mixture. The mixture was vigorously stirred at room temperature before ethyl chloroformate 
(0.342 g, 0.3 mL, 3.15 mmol) was added drop wise. Following complete addition, the reaction 
mixture was vigorously stirred at room temperature for 2 hours. After this time the contents of 
the reaction vessel were concentrated under reduced pressure. The crude residue was 
suspended in acetone, filtered and dried (MgSO4). The crude material was then purified by 
flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to give the desired product. 
White solid (77%, 542 mg). Mpt. 66-68 oC. (Reported literature value: 66-67 oC)9. I.R. (thin 
film) νmax (cm-1): 3316, 3063, 3028, 2980, 2933, 1688 (C=O), 1532. 1H NMR (300 MHz, 
CDCl3) δ 7.38–7.15 (5H, m, ArH), 4.96 (1H, d, J = 6.3 Hz, NH), 4.08 (2H, q, J = 7.1 Hz, 
CH2CH3), 3.92 (1H, app br s,  1H, NCH), 3.67 (1H, dd, J = 11.1, 3.7 Hz, CH2OH), 3.56 (1H, 
dd, J = 11.0, 5.1 Hz, CH2OH), 2.85 (2H, d, J = 7.1 Hz, ArCH2), 2.37 (1H, s, OH), 1.21 (3H, t, 
J = 7.1 Hz, CH2CH3). 13C NMR (75 MHz, CDCl3) δ 156.9, 137.8, 129.4, 128.7, 126.7, 64.2, 
61.2, 54.1, 37.5, 14.7. HRMS (ESI): m/z calculated for C12H17NO3 requires 224.1286 for 
[M+H]+ : found : 224.1279. 
 

 
 

(R)-Ethyl (2-hydroxy-1-phenylethyl)carbamate (198f)10 A solution of phenyl glycinol 
(0.412 g, 3.0 mmol) in water (3 mL) was prepared in a round bottomed flask. NaHCO3 (0.420 
g, 5 mmol) was added to the solution followed by CH2Cl2 (10 mL) to form a biphasic 
mixture. The mixture was vigorously stirred at room temperature before ethyl chloroformate 
(0.342 g, 0.30 mL, 3.15 mmol) was added drop wise. Following complete addition, the 
reaction mixture was vigorously stirred at room temperature for 2 hours. After this time the 
contents of the reaction vessel were concentrated under reduced pressure. The crude residue 
was suspended in acetone, filtered and dried (MgSO4). The crude material was then purified 
by flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to give the desired product. 
White solid (89%, 557 mg). I.R. (thin film) νmax (cm-1): 3320, 3088, 3030, 2984, 2943, 
2882, 1686 (C=O), 1541. 1H NMR (300 MHz, CDCl3) δ 7.43–7.13 (5H, m, ArH), 5.51 (1H, 
s, NH), 4.78 (1H, app br s,  1H, NCH), 4.07 (2H, q, J = 7.0 Hz, CH2CH3), 3.79 (2H, app br s,  
2H, CH2OH), 2.56 (1H, s, OH), 1.19 (3H, t, J = 6.0 Hz, CH2CH3). 13C NMR (75 MHz, 
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CDCl3) δ 156.9, 139.4, 128.9, 127.9, 126.7, 66.6, 61.3, 57.1, 14.. HRMS (ESI): m/z 
calculated for C11H15NO3 requires 232.0949 for [M+Na]+ : found : 232.0994. 
 
 

 
 
Ethyl (2-hydroxy-2-methylpropyl)carbamate (198g)11 To a rapidly stirring solution methyl 
2-((ethoxycarbonyl)amino)acetate (806 mg, 5.0 mmol) in THF (40 mL) at -20 oC was added 
methylmagnesium chloride 3.0M in THF (6.7 mL, 20 mmol) drop wise. Following complete 
addition of grignard solution the reaction was stirred for a further 30 minutes at -20 oC before 
warming to 0 oC. The reaction mixture was stirred at 0oC for a further 2 hours before the 
reaction was quenched with 1.0 M HCl. The solution was extracted with CH2Cl2 (3 x 20 mL), 
the organics were combined, dried (MgSO4), filtered and concentrated under reduced 
pressure. The crude material was then purified by flash silica gel chromatography (eluent 50-
100% EtOAc:hexanes) to give the title compound as a pale yellow oil (73%, 588 mg). I.R. 
(thin film) νmax (cm-1): 3337, 2976, 2932, 1693 (C=O), 1531. 1H NMR (300 MHz, CDCl3) δ 
5.16 (1H, s, NH), 4.11 (2H, q, J = 7.1 Hz, CH2CH3), 3.16 (2H, d, J = 6.2 Hz, NCH2), 2.18 
(1H, s, OH), 1.32–1.07 (9H, m, C(CH3)2, CH2CH3). 13C NMR (75 MHz, CDCl3) δ 157.8, 
71.1, 61.2, 51.7, 27.1, 14.7. HRMS (ESI): m/z calculated for C7H15NO3 requires 184.0949 for 
[M+H]+ : found : 184.0982.  
 
 

 
 

Ethyl (2-hydroxy-2,2-diphenylethyl)carbamate (198h) To a rapidly stirring solution methyl 
2-((ethoxycarbonyl)amino)acetate, (806 mg, 5.0 mmol) in THF (40 mL) at -20 oC was added 
phenylmagnesium bromide 3.0M in THF, (6.7 mL, 20 mmol) drop wise. Following complete 
addition of grignard solution the reaction was stirred for a further 30 minutes at -20 oC before 
warming to 0 oC. The reaction mixture was stirred at 0oC for a further 2 hours before the 
reaction was quenched with 1.0 M HCl. The solution was extracted with CH2Cl2 (3 x 20 mL), 
the organics were combined, dried (MgSO4), filtered and concentrated under reduced 
pressure. The crude material was then purified by flash silica gel chromatography (eluent 50-
100% EtOAc:hexanes) to give the title compound as white solid (83%, 1.198 g). Mpt. 85-87 
oC. I.R. (thin film) νmax (cm-1): 3417, 3061, 3028, 2982, 2933, 1683 (C=O), 1521. 1H NMR 
(300 MHz, CDCl3) δ 7.48–7.19 (10H, m, ArH), 4.98 (1H, s, NH), 4.05 (2H, q, J = 7.1 Hz, 
CH2CH3), 3.98 (2H, d, J = 6.1 Hz, NCH2), 3.49 (1H, s, OH), 1.17 (3H, t, J = 7.1 Hz, 
CH2CH3). 13C NMR (75 MHz, CDCl3) δ 157.8, 144.6, 128.5, 127.5, 126.2, 78.4, 61.4, 50.7, 
14.. HRMS (ESI): m/z calculated for C17H19NO3 requires 308.1262 for [M+Na]+ : found : 
308.1303. 
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(S)-Ethyl (3-hydroxy-3-methyl-1-phenylbutan-2-yl)carbamate (198i) To a rapidly stirring 
solution of (S)-methyl 2-((ethoxycarbonyl)amino)-3-phenylpropanoate (1.256 g, 5.0 mmol) in 
THF (40 mL) at -20 oC was added phenylmagnesium bromide 3.0M in THF, (6.7 mL, 20 
mmol) drop wise. Following complete addition of grignard solution the reaction was stirred 
for a further 30 minutes at -20 oC before warming to 0 oC. The reaction mixture was stirred at 
0oC for a further 2 hours before the reaction was quenched with 1.0 M HCl. The solution was 
extracted with CH2Cl2 (3 x 20 mL), the organics were combined, dried (MgSO4), filtered and 
concentrated under reduced pressure. The crude material was then purified by flash silica gel 
chromatography (eluent 50-100% EtOAc:hexanes) to give the title compound as colourless 
viscous oil (85%, 1.068 g). I.R. (thin film) νmax (cm-1): 3327, 2978, 1690 (C=O), 1532. 1H 
NMR (300 MHz, CDCl3) δ 7.30–7.15 (5H, m, ArH), 4.82 (1H, d, J = 9.1 Hz, NH), 3.95 (2H, 
q, J = 7.0 Hz, CH2CH3), 3.84–3.68 (1H, m, NCH), 3.10 (1H, dd, J = 14.2, 3.2 Hz, ArCH2), 
2.58 (1H, dd, J = 14.2, 3.2 Hz, ArCH2), 2.36 (1H, s, OH), 1.30 (6H, d, J = 3.5 Hz, C(CH3)2), 
1.10 (3H, t, J = 7.0 Hz, CH2CH3). 13C NMR (75 MHz, CDCl3) δ. 157.3, 138.8, 129.2, 128.5, 
126.4, 73.2, 61.0, 60.9, 36.1, 27.7, 26.5, 14.6. HRMS (ESI): m/z calculated for C14H21NO3 
requires 274.1419 for [M+Na]+ : found : 274.1468. 

 
 

 
 

Ethyl (2,3-dihydroxypropyl)carbamate (198j)12 A solution of 3-aminopropane-1,2-diol 
(9.11 g, 100 mmol) in water (20 mL) was prepared in a round bottomed flask. NaHCO3 (12.6 
g, 150 mmol) was added to the solution followed by CH2Cl2 (200 mL) to form a biphasic 
mixture. The mixture was vigorously stirred at room temperature before ethyl chloroformate 
(11.4 g, 9.9 mL, 105 mmol) was added drop wise. Following complete addition, the reaction 
mixture was vigorously stirred at room temperature for 2 hours. After this time the contents of 
the reaction vessel were concentrated under reduced pressure. The crude residue was 
suspended in acetone, filtered and dried (MgSO4). The crude material was then purified by 
flash silica gel chromatography (eluent : 100% EtOAc) to give the desired product. Pale 
yellow oil (91%, 14.84 g). I.R. (thin film) νmax (cm-1): 3338, 2984, 2936, 1683 (C=O), 1531. 
1H NMR (300 MHz, CDCl3) δ 5.88 (1H, t, J = 5.7 Hz, NH), 4.11-4.04 (4H, m, OH, CH2CH3) 
3.80–3.68 (1H, m, CHOH), 3.54 (2H, ddd, J = 17.4, 11.7, 4.9 Hz, NHCH2), 3.35–3.03 (2H, m, 
CH2OH), 1.21 (3H, t, J = 7.1 Hz, CH2CH3). 13C NMR (75 MHz, CDCl3) δ 158.1, 71.2, 63.8, 
61.3, 43.2, 14.6. HRMS (ESI): m/z calculated for C6H13NO4 requires 186.0742 for [M+Na]+ : 
found : 186.0770.  
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Ethyl (3-((tert-butyldimethylsilyl)oxy)-2-hydroxypropyl)carbamate (198k). To a solution 
of ethyl (2,3-dihydroxypropyl)carbamate (8.159 g, 50 mmol), in CH2Cl2 was added 
triethylamine (8.40 mL, 60 mmol) and DMAP (0.239 g, 1.96 mmol). The solution was cooled 
to 0 oC in an ice-water bath before the portion wise addition of tert-butylchlorodimethylsilane 
(8.290 g, 55 mmol). The reaction mixture was stirred at 0 oC for 1 hour before warming to 40 
oC for a further 4 hours. After this time the contents of the reaction vessel were concentrated 
under reduced pressure, suspended with EtOAc (50 mL), filtered and concentrated under 
reduced pressure. The resulting crude oil was purified by flash silica gel chromatography 
(eluent : 0-40% EtOAc:hexanes) The desired fraction were concentrated under reduced 
pressure to give the title compound as a pale yellow oil (84%, 11.65 g). I.R. (thin film) νmax 
(cm-1): 3347, 2953, 2930, 2886, 2858, 1694 (C=O), 1523. 1H NMR (300 MHz, CDCl3) δ 5.13 
(1H, s, NH), 4.11 (2H, q, J = 7.1 Hz, CH2CH3), 3.80–3.69 (1H, m, (OH)CH), 3.64 (1H, dd, J 
= 10.1, 4.5 Hz, CH2OSi), 3.53 (1H, dd, J = 10.1, 6.1 Hz, CH2OSi), 3.40 (1H, ddd, J = 13.7, 
6.6, 3.5 Hz, NCH2), 3.15 (1H, ddd, J = 13.9, 6.8, 5.2 Hz, NCH2), 1.23 (3H, t, J = 7.1 Hz, 
CH2CH3), 0.89 (9H, s, SiC(CH3)3), 0.11–-0.01 (6H, s, Si(CH3)2). 13C NMR (75 MHz, CDCl3) 
δ 157.5, 71.2, 64.8, 61.1, 43.7, 25.9, 18.4, 14.7, -5.3 (d, J = 1.1 Hz). HRMS (ESI): m/z 
calculated for C12H27NO4Si requires 278.1787 for [M+H]+ : found : 278.1772.  
 
 

 
 

Ethyl (2-hydroxyphenyl)carbamate (198l)13 A solution of 2-aminophenol (0.327 g, 3.0 
mmol) in water (3 mL) was prepared in a round bottomed flask. NaHCO3 (0.420 g, 5 mmol) 
was added to the solution followed by CH2Cl2 (10 mL) to form a biphasic mixture. The 
mixture was vigorously stirred at room temperature before ethyl chloroformate (0.3 mL, 3.15 
mmol) was added drop wise. Following complete addition, the reaction mixture was 
vigorously stirred at room temperature for 2 hours. After this time the contents of the reaction 
vessel were concentrated under reduced pressure. The crude residue was suspended in 
acetone, filtered and dried (MgSO4). The crude material was then purified by flash silica gel 
chromatography (eluent : 50% EtOAc:hexanes) to give the desired product. White solid (90%, 
487 mg). Mpt. 80-85 oC. (Reported literature value: 80-82 oC).14  I.R. (thin film) νmax (cm-1): 
3299, 2982, 1692 (C=O), 1600, 1524. 1H NMR (300 MHz, CDCl3) δ 7.84 (1H, s, NH), 7.32 
(1H, d, J = 7.2 Hz, ArH), 7.06–6.83 (4H, m, ArH, OH), 4.25 (2H, q, J = 7.1 Hz, CH2CH3), 
1.32 (3H, t, J = 7.1 Hz, CH2CH3). 13C NMR (75 MHz, CDCl3) δ 155.5, 146.9, 125.5, 125.4, 
121.2, 121.0, 118.1, 62.4, 14.6 HRMS (ESI): m/z calculated for C9H11NO3 requires 204.0636 
for [M+Na]+ : found : 204.0630. 
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(R)-Ethyl (1-hydroxy-3-methylbutan-2-yl)carbamate (198m)15 A solution of valinol (0.309 
g, 3.0 mmol) in water (3 mL) was prepared in a round bottomed flask. NaHCO3 (0.420 g, 5 
mmol) was added to the solution followed by CH2Cl2 (10 mL) to form a biphasic mixture. 
The mixture was vigorously stirred at room temperature before ethyl chloroformate (0.342 g, 
0.3 mL, 3.15 mmol) was added drop wise. Following complete addition, the reaction mixture 
was vigorously stirred at room temperature for 2 hours. After this time the contents of the 
reaction vessel were concentrated under reduced pressure. The crude residue was suspended 
in acetone, filtered and dried (MgSO4). The crude material was then purified by flash silica 
gel chromatography (eluent : 50% EtOAc:hexanes) to give the desired product as a colourless 
oil (90%, 0.473 g). I.R. (thin film) νmax (cm-1): 3323, 2961, 2875, 1688 (C=O), 1533. 1H 
NMR (300 MHz, CDCl3) δ. 4.89 (1H, s, NH), 4.10 (2H, q, J = 7.1 Hz, CH2CH3), 3.65 (2H, 
ddd, J = 17.3, 11.2, 5.0 Hz, CH2OH), 3.46 (1H, app br s,  1H, NCH), 2.41 (1H, s, OH), 1.84 
(1H, dd, J = 13.5, 6.8 Hz, CH(CH3)2), 1.24 (3H, app td, J = 7.1, 2.5 Hz, CH2CH3), 0.98–0.88 
(6H, m, CH(CH3)2). 13C NMR (75 MHz, CDCl3) δ. 157.6, 64.1, 61.2, 58.5, 29.3, 19.6, 18.6, 
14.7. HRMS (ESI): m/z calculated for C8H17NO3 requires 198.1106 for [M+Na]+ : found : 
198.1169. 
 

 
 

(R)-Ethyl (1-hydroxy-4-(methylthio)butan-2-yl)carbamate (198n) A solution of (S)-2-
amino-4-(methylthio)butan-1-ol (0.406 g, 3.0 mmol) in water (3 mL) was prepared in a round 
bottomed flask. NaHCO3 (0.420 g, 5 mmol) was added to the solution followed by CH2Cl2 
(10 mL) to form a biphasic mixture. The mixture was vigorously stirred at room temperature 
before ethyl chloroformate (0.342 g, 0.3 mL, 3.15 mmol) was added drop wise. Following 
complete addition, the reaction mixture was vigorously stirred at room temperature for 2 
hours. After this time the contents of the reaction vessel were concentrated under reduced 
pressure. The crude residue was suspended in acetone, filtered and dried (MgSO4). The crude 
material was then purified by flash silica gel chromatography (eluent : 50% EtOAc:hexanes) 
to give the desired product as a yellow oil (92%, 0.572 g). I.R. (thin film) νmax (cm-1): 3312, 
2979, 2918, 1687 (C=O), 1529. 1H NMR (300 MHz, CDCl3) δ. 5.14 (1H, s, NH), 4.16–4.00 
(2H, m, CH2CH3), 3.76 (1H, dt, J = 8.2, 3.8 Hz, NCH), 3.61 (2H, ddd, J = 16.3, 11.2, 4.6 Hz, 
CH2OH), 2.71 (1H, s, OH), 2.62–2.44 (2H, m, CH2SCH3), 2.08 (3H, s, SCH3), 1.92–1.65 (2H, 
m, CH2CH2S), 1.28–1.16 (3H, m, CH2CH3). 13C NMR (75 MHz, CDCl3) δ. 157.1, 65.0, 61.1, 
52.3, 30.9, 30.7, 15.6, 14.6. HRMS (ESI): m/z calculated for C8H17NO3S requires 230.0826 
for [M+Na]+ : found : 230.0860. 
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General procedure 1 : Preparation of N-Aryl Oxazolidine-2-ones at 80 oC  
 
A carousel tube was charged with ethyl carbamate  (1.0 mmol), MeCN (4 mL), 2,2,6,6-
tetramethylheptane-3,5-dione (0.045 mL, 0.2 mmol) and appropriate aryl iodide (2 mmol). 
Into a separate glass vial was weighed cesium carbonate (0.652 g, 2.0 mmol) and copper 
iodide (0.019 g, 0.1 mmol). The solids were combined and charged directly into the carousel 
tube. The reaction mixture is vigorously stirred briefly at room temperature before the tube 
was heated to 80 oC under reflux conditions for 20 h. After this time the tube was removed 
from the heat and diluted with EtOAc (10 mL). The suspension was filtered through a short 
plug of silica (eluent : 100% EtOAc). The crude filtrate was concentrated under reduced 
pressure then purified by flash silica gel chromatography to give the title compound. 
 

General procedure 2 : Preparation of N-Aryl Oxazolidine-2-ones at 100 oC 
 
A carousel tube was charged with ethyl carbamate  (1.0 mmol), MeCN (4 mL), 2,2,6,6-
tetramethylheptane-3,5-dione (0.045 mL, 0.2 mmol) and aryl iodide (2 mmol). Into a separate 
glass vial was weighed cesium carbonate (0.652 g, 2.0 mmol) and appropriate copper iodide 
(0.019 g, 0.1 mmol). The solids were combined and charged directly into the carousel tube. 
The reaction mixture is vigorously stirred briefly at room temperature before the tube was 
heated to 100 oC under reflux conditions for 20 h. After this time the tube was removed from 
the heat and diluted with EtOAc (10 mL). The suspension was filtered through a short plug of 
silica (eluent : 100% EtOAc). The crude filtrate was concentrated under reduced pressure then 
purified by flash silica gel chromatography to give the title compound. 
 
 

 
 

3-Phenyloxazolidin-2-one (200a)16 General procedure 1 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and iodobenzene (0.22 mL, 2 mmol). The crude 
material was purified by flash silica gel chromatography (eluent : 10-100% EtOAc:hexanes). 
White solid (95%, 155 mg). Rf (1:1, hexanes: EtOAc) 0.45. Mpt. 118-120 oC. (Reported 
literature value: 120-121 oC).17 I.R. (thin film) νmax (cm-1): 3070, 3009, 2918, 1738 (C=O). 
1H NMR (300 MHz, CDCl3) δ 7.57–7.47 (2H, m, ArH), 7.42–7.30 (2H, m, ArH), 7.13 (1H, 
ddd, J = 4.6, 2.2, 1.1 Hz, ArH), 4.44 (2H, dd, J = 8.9, 7.1 Hz, OCH2), 4.02 (2H, dd, J = 8.9, 
7.1 Hz, NCH2). 13C NMR (75 MHz, CDCl3) δ 155.4, 138.3, 129.1, 124.1, 118.3, 61.4, 45.2. 
HRMS (ESI): m/z calculated for C9H9NO2 requires 164.0711 for [M+H]+ : found : 164.0719. 
 
 

 
 

3-(Thiophen-2-yl)oxazolidin-2-one (200b)18 General procedure 1 was followed using ethyl 
(2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 2-iodothiophene (0.21 mL, 2 mmol). 
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The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). Off-white solid (89%, 150 mg). Rf (1:1, hexanes: EtOAc) 0.55. Mpt. 86-88 
oC. (Reported literature value: 88 oC).19 I.R. (thin film) νmax (cm-1): 3105, 3057, 2999, 2976, 
2916, 1725 (C=O). 1H NMR (300 MHz, CDCl3) δ 6.91 (1H, dd, J = 5.5, 1.5 Hz, ArH), 6.85 
(1H, dd, J = 5.5, 3.7 Hz, ArH), 6.47 (1H, dd, J = 3.7, 1.4 Hz, ArH), 4.51 (2H, dd, J = 9.0, 7.1 
Hz, OCH2), 4.02 (2H, dd, J = 9.0, 7.1 Hz, NCH2). 13C NMR (75 MHz, CDCl3)  δ 154.7, 
140.4, 124.7, 118.1, 110.9, 62.3, 46.1. HRMS (ESI): m/z calculated for C7H7NO2S requires 
192.0095 for [M+Na]+ : found : 192.0097. 
 
 

 
 

3-(4-Acetylphenyl)oxazolidin-2-one (200c)18 General procedure 1 was followed using ethyl 
(2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-iodoacetophenone (0.492 g, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes)Off-white solid (93%, 191 mg). Rf (1:1, hexanes: EtOAc) 0.15. Mpt. 146-
149 oC. (Reported literature value: 146-147 oC).20 I.R. (thin film) νmax (cm-1): 2972, 2913, 
1745 (C=O), 1735 (C=O), 1665. 1H NMR (300 MHz, CDCl3) δ 8.03–7.88 (2H, m, ArH), 
7.70–7.57 (2H, m, ArH), 4.52 (2H, dd, J = 8.9, 7.0 Hz, OCH2), 4.10 (2H, dd, J = 8.9, 7.0 Hz, 
NCH2), 2.58 (3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 197.4, 155.4, 142.9, 133.1, 130.2, 
117.8, 61.9, 45.4, 27.0. HRMS (ESI): m/z calculated for C11H11NO3 requires 206.0817 for 
[M+H]+ : found : 206.0812. 
 
 

 
 

3-(3-Acetylphenyl)oxazolidin-2-one (200d)18 General procedure 1 was followed using ethyl 
(2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 3-iodoacetophenone (0.28 g, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). Pale orange solid (75%, 154 mg). Rf (1:1, hexanes: EtOAc) 0.28. Mpt. 74-
75 oC. (Reported literature value: 74-75 oC).20 I.R. (thin film) νmax (cm-1): 2983, 2922, 1739 
(C=O), 1679 (C=O). 1H NMR (300 MHz, CDCl3) δ 8.08–7.77 (2H, m, ArH), 7.77–7.58 (1H, 
m, ArH), 7.46 (1H, td, J = 7.7, 0.7 Hz, ArH), 4.50 (2H, dd, J = 9.0, 6.9 Hz, OCH2), 4.10 (2H, 
dd, J = 8.9, 7.1 Hz, NCH2), 2.60 (3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 197.8, 155.3, 
138.9, 137.9, 129.5, 124.1, 122.9, 117.0, 61.5, 45.2, 26.8. HRMS (ESI): m/z calculated for 
C11H11NO3 requires 206.0817 for [M+H]+ : found : 206.0810. 
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Methyl 4-(2-oxooxazolidin-3-yl)benzoate (200e)21 General procedure 1 was followed using 
ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and Methyl 4-iodobenzoate (0.524 g, 2 
mmol). The crude filtrate was concentrated under reduced pressure to give a mixture of the 
title compound and the transesterified ethyl ester. The reaction mixture was diluted with 
MeOH (5 mL) and heated under reflux for 30 minutes. The crude mixture was concentrated 
under reduced pressure to give the title compound The crude material was purified by flash 
silica gel chromatography (eluent : 100% CH2Cl2). White solid (65%, 144 mg). Rf (1:1, 
hexanes: EtOAc) 0.48. Mpt. 118-120 oC. I.R. (thin film) νmax (cm-1): 2993, 2953, 2925, 
1740 (C=O), 1708 (C=O), 1607. 1H NMR (300 MHz, CDCl3) δ 8.11–7.98 (2H, m, ArH), 
7.68–7.55 (2H, m, ArH), 4.51 (2H, dd, J = 9.0, 7.0 Hz, OCH2), 4.09 (2H, dd, J = 9.0, 7.0 Hz, 
NCH2), 3.90 (3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 166.6, 154.9, 142.3, 130.9, 125.4, 
117.2, 61.5, 52.2, 45.0. HRMS (ESI): m/z calculated for C11H11NO4 requires 244.0585 for 
[M+Na]+ : found : 244.0582. 
 
 

 
 

4-(2-Oxooxazolidin-3-yl)benzonitrile (200f)18 General procedure 1 was followed using ethyl 
(2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-iodobenzonitrile (0.458 g, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (95%, 179 mg). Rf (1:1, hexanes: EtOAc) 0.25. Mpt. 142-144 
oC. (Reported literature value: 143-144 oC).20  I.R. (thin film) νmax (cm-1): 3117, 2982, 2922, 
2222, 1761 (C=O), 1603. 1H NMR (300 MHz, CDCl3)  δ 7.75–7.59 (4H, m, ArH), 4.54 (2H, 
dd, J = 8.9, 7.1 Hz, OCH2), 4.10 (2H, dd, J = 8.9, 7.1 Hz, NCH2). 13C NMR (75 MHz, CDCl3) 
δ 154.7, 142.1, 133.3, 118.8, 117.9, 107.1, 61.5, 44.8. HRMS (ESI): m/z calculated for 
C10H8N2O2 requires 211.0483 for [M+Na]+ : found : 211.0480. 
 
 

 
 

3-(4-(Trifluoromethyl)phenyl)oxazolidin-2-one (200g) General procedure 1 was followed 
using ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 1-iodo-4-
(trifluoromethyl)benzene (0.29 mL, 2 mmol). The crude material was purified by flash silica 
gel chromatography (eluent : 10-100% EtOAc:hexanes). White solid (80%, 185 mg). Rf (1:1, 
hexanes: EtOAc) 0.57. Mpt. 97-98 oC. I.R. (thin film) νmax (cm-1): 3069, 2988, 2926, 1769, 
1751, 1732 (C=O), 1617. 1H NMR (300 MHz, CDCl3) δ 7.64 (4H, q, J = 9.0 Hz, ArH), 4.52 
(2H, dd, J = 8.9, 7.0 Hz, OCH2), 4.09 (2H, dd, J = 8.9, 7.0 Hz, NCH2). 13C NMR (75 MHz, 
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CDCl3) δ 155.0, 141.4, 126.4 (q, J = 3.8 Hz), 126.0 (d, J = 10.3 Hz), 124.0 (d, J = 248.8 Hz), 
117.8, 61.5, 45.0. 19F NMR (376 MHz, CDCl3) δ -62.08 (s). HRMS (ESI): m/z calculated for 
C10H8F3NO2 requires 254.0404 for [M+Na]+ : found : 254.0386. 
 
 

 
 

3-(3,5-Bis(trifluoromethyl)phenyl)oxazolidin-2-one (200h) General procedure 1 was 
followed using ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 1-iodo-3,5-
bis(trifluoromethyl)benzene (0.29 mL, 2 mmol). The crude material was purified by flash 
silica gel chromatography (eluent : 10-100% EtOAc:hexanes). White solid (85%, 254 mg). Rf 
(1:1, hexanes: EtOAc) 0.74. Mpt. 83-85 oC. I.R. (thin film) νmax (cm-1): 3119, 2981, 2930, 
1751 (C=O). 1H NMR (300 MHz, CDCl3)  δ 8.04 (2H, s, ArH), 7.63 (1H, s, ArH), 4.57 (2H, 
dd, J = 8.9, 7.0 Hz, OCH2), 4.14 (2H, dd, J = 8.9, 7.0 Hz, NCH2) 13C NMR (75 MHz, CDCl3) 
δ 154.8, 139.9, 132.7 (d, J = 33.6 Hz), 123.2 (d, J = 273.1 Hz), 117.6, 117.4 (d, J = 3.9 Hz), 
61.5, 45.0. 19F NMR (376 MHz, CDCl3) δ -62.95 (s). HRMS (ESI): m/z calculated for 
C11H7F6NO2 requires 322.0278 for [M+Na]+ : found : 322.0266.  
 
 

 
 

3-(3-Methoxyphenyl)oxazolidin-2-one (200i)22 General procedure 1 was followed using 
ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 3-iodoanisole (0.24 mL, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (90%, 174 mg). Rf (1:1, hexanes: EtOAc) 0.70. Mpt. 73-76 oC. 
(Reported literature value: 73-74 oC).20 I.R. (thin film) νmax (cm-1): 2921, 2837, 1738 (C=O), 
1601. 1H NMR (300 MHz, CDCl3) δ 7.25–7.16 (2H, m, ArH), 7.02–6.95 (1H, m, ArH), 6.66 
(1H, ddd, J = 8.4, 2.4, 0.7 Hz, ArH), 4.41 (2H, dd, J = 8.9, 7.1 Hz, OCH2), 4.03–3.94 (2H, dd, 
J = 8.9, 7.1 Hz, NCH2), 3.78 (3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 160.3, 155.2, 139.6, 
129.8, 110.4, 109.6, 104.5, 61.3, 55.4, 45.4. HRMS (ESI): m/z calculated for C10H11NO3 
requires 194.0817  for [M+H]+ : found : 194.0832. 
 
 

 
 

3-(4-Bromophenyl)oxazolidin-2-one (200j)23 General procedure 1 was followed using ethyl 
(2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-iodobromobenzene (0.566 g, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
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EtOAc:hexanes). White solid (93%, 223 mg). Rf (1:1, hexanes: EtOAc) 0.41. Mpt. 132-133 
oC. (Reported literature value: 139.8-140.6 oC).24 I.R. (thin film) νmax (cm-1): 3123, 3071, 
3012, 2984, 2953, 2923, 1739 (C=O), 1590. 1H NMR (300 MHz, CDCl3) δ 7.54–7.35 (4H, 
m, ArH), 4.47 (2H, dd, J = 8.9, 7.1 Hz, OCH2), 4.01 (2H, dd, J = 8.9, 7.1 Hz, NCH2). 13C 
NMR (75 MHz, CDCl3) δ 155.1, 137.5, 132.1, 119.8, 116.9, 61.4, 45.1. HRMS (ESI): m/z 
calculated for C9H881BrNO2 requires 263.9636 for [M+Na]+ : found : 263.9623. 
 
 

 
 

3-(4-Bromo-3-fluorophenyl)oxazolidin-2-one (200k)25 General procedure 1 was followed 
using ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-bromo-3-
fluoroiodobenzene (0.602 g, 2 mmol). The crude material was purified by flash silica gel 
chromatography (eluent : 10-100% EtOAc:hexanes). Off white solid (86%, 224 mg). Rf (1:1, 
hexanes: EtOAc) 0.71. Mpt. 135-137 oC. I.R. (thin film) νmax (cm-1): 1750 (C=O), 1493. 1H 
NMR (300 MHz, CDCl3) δ 7.52 (2H, dt, J = 16.6, 5.7 Hz, ArH), 7.15 (1H, dd, J = 8.8, 2.5 
Hz,ArH), 4.51 (1H, dd, J = 8.9, 7.1 Hz, OCH2), 4.03 (1H, dd, J = 8.9, 7.1 Hz, NCH2). 13C 
NMR (75 MHz, CDCl3) δ 160.9, 157.6, 154.9, 139.2, 133.6 (d, J = 1.6 Hz), 114.4 (d, J = 3.5 
Hz), 106.8 (d, J = 27.9 Hz), 103.3 (d, J = 21.2 Hz), 61.4, 45.1. 19F NMR (376 MHz, CDCl3) δ 
-104.75 (dd, J = 10.5, 7.9 Hz). HRMS (ESI): m/z calculated for C9H781BrFNO2 requires 
281.9541 for [M+Na]+ : found : 281.9523. 
 
 

 
 

3-(Pyridin-2-yl)oxazolidin-2-one (200l)18 General procedure 1 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 2-iodopyridine (0.21 mL, 2 mmol). The 
crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (84%, 138 mg). Rf (1:1, hexanes: EtOAc) 0.43. Mpt. 93-94 oC. 
(Reported literature value: 93-94 oC).26 I.R. (thin film) νmax (cm-1): 3128, 3074, 3017, 2990, 
2929, 1739 (C=O), 1591. 1H NMR (300 MHz, CDCl3)  δ 8.34–8.24 (1H, m, ArH), 8.19 (1H, 
d, J = 8.5 Hz, ArH), 7.75–7.62 (1H, m, ArH), 7.01 (1H, ddd, J = 7.2, 5.0, 0.7 Hz, ArH), 4.51–
4.43 (2H, m, OCH2), 4.29–4.21 (2H, m, NCH2). 13C NMR (75 MHz, CDCl3) δ 155.1, 151.0, 
147.6, 137.9, 119.2, 113.0, 62.1, 44.1. HRMS (ESI): m/z calculated for C8H8N2O2 requires 
187.0483 for [M+Na]+ : found : 187.0483. 
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3-(Pyridin-3-yl)oxazolidin-2-one (200m)16 General procedure 1 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 3-iodopyridine (0.410 g, 2 mmol). The 
crude filtrate was concentrated under reduced pressure. The crude material was purified by 
flash silica gel chromatography (eluent : 10-100% EtOAc:hexanes) the crude solid was 
diluted with CH2Cl2 (10 mL) and washed with 1% ethylenediamine/water solution (10 mL), 
the organics were separated, dried (MgSO4), filtered and concentrated under reduced pressure 
to give the title compound. White solid (92%, 151 mg). Rf (1:1, hexanes: EtOAc) 0.25. Mpt. 
92-94 oC. I.R. (thin film) νmax (cm-1): 3084, 3013, 2980, 2923, 1747 (C=O), 1587. 1H NMR 
(300 MHz, CDCl3) δ 8.59 (1H, s, ArH), 8.39 (1H, d, J = 4.1 Hz, ArH), 8.18 (1H, ddd, J = 8.5, 
2.8, 1.4 Hz, ArH), 7.31 (1H, dd, J = 8.5, 4.7 Hz, ArH), 4.57–4.50 (2H, m, OCH2), 4.10 (2H, 
dd, J = 8.9, 7.1 Hz, NCH2). 13C NMR (75 MHz, CDCl3) δ 155.3, 145.3, 139.1, 135.1, 125.6, 
123.7, 61.8, 44.5. HRMS (ESI): m/z calculated for C8H8N2O2 requires 165.0664 for [M+H]+ : 
found : 165.0669. 
 
 

 
 

3-(Pyridin-4-yl)oxazolidin-2-one (200n)16 General procedure 1 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-iodopyridiine (0.410 g, 2 mmol). The 
crude material was purified by flash silica gel chromatography (eluent : 0-5% 
MeOH:CH2Cl2). White solid (77%, 126 mg). Rf (1:1, hexanes: EtOAc) 0.05. Mpt. 104-106 
oC.  I.R. (thin film) νmax (cm-1): 3115, 3025, 2990, 2909, 1743 (C=O), 1592. 1H NMR (300 
MHz, CDCl3) δ 8.48 (2H, app s,  2H, ArH), 7.43 (1H, d, J = 6.3 Hz, ArH), 4.55–4.39 (2H, dd, 
J = 8.9, 7.1 Hz, OCH2), 4.01 (2H, dd, J = 8.9, 7.1 Hz, NCH2). 13C NMR (75 MHz, CDCl3) δ 
154.5, 150.6, 145.0, 111.7, 61.6, 44.0. HRMS (ESI): m/z calculated for C8H8N2O2 requires 
165.0664 for [M+H]+ : found : 165.0679. 
 
 

 
 

3-(Pyrazin-2-yl)oxazolidin-2-one (200o) General procedure 1 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 2-iodopyrazine (0.20 mL, 2 mmol). The 
crude material was purified by flash silica gel chromatography (eluent : 0-5% 
MeOH/CH2Cl2). White solid (46%, 76 mg). Rf (1:1, hexanes: EtOAc) 0.43. Mpt. 122-123 oC. 
I.R. (thin film) νmax (cm-1): 2983, 2922, 1747 (C=O), 1476. 1H NMR (300 MHz, CDCl3) δ 
9.53 (1H, app s,  1H, ArH), 8.29 (1H, app s,  1H, ArH), 8.26 (1H, app s,  1H, ArH), 4.60–4.50 
(2H, m, OCH2), 4.28–4.16 (2H, m, NCH2). 13C NMR (75 MHz, CDCl3) δ 154.6, 147.7, 
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141.6, 139.2, 136.3, 62.8, 43.5. HRMS (ESI): m/z calculated for C7H7N3O2 requires 188.0435 
for [M+Na]+ : found : 188.0437. 
 

 
 

3-(p-Tolyl)oxazolidin-2-one (200u)23 General procedure 2 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-iodotoluene ( 0.426 g, 2 mmol). The 
crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (94%, 167 mg). Rf (1:1, hexanes: EtOAc) 0.55. Mpt. 93-94 oC. 
(Reported literature value: 91-92 oC).27 I.R. (thin film) νmax (cm-1): 3034, 2925, 1728 (C=O), 
1515. 1H NMR (300 MHz, CDCl3) δ 7.48–7.32 (2H, d, J = 8.3 Hz, ArH), 7.17 (2H, d, J = 8.3 
Hz, ArH), 4.45 (2H, dd, J = 8.8, 7.1 Hz, OCH2), 4.02 (2H, dd, J = 9.0, 7.0 Hz, NCH2), 2.32 
(3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 155.5, 135.9, 133.9, 129.7, 118.5, 61.4, 45.5, 
20.9. HRMS (ESI): m/z calculated for C10H11NO2 requires 178.0868 for [M+H]+ : found : 
178.0872. 
 

 
 

3-(Naphthalen-1-yl)oxazolidin-2-one (200v)23 General procedure 2 was followed using ethyl 
(2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 1-iodonaphthalene (0.29 mL, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). Pale brown solid (93%, 198 mg). Rf (1:1, hexanes: EtOAc) 0.32. Mpt. 126-
130 oC. (Reported literature value: 125-126 oC).28 I.R. (thin film) νmax (cm-1): 3052, 2980, 
2916, 1744 (C=O), 1414. 1H NMR (300 MHz, CDCl3) δ 7.97–7.76 (3H, m, ArH), 7.65–7.37 
(4H, m, ArH), 4.62 (2H, dd, J = 8.6, 7.2 Hz, OCH2), 4.07 (2H, dd, J = 8.6, 7.2 Hz, NCH2). 13C 
NMR (75 MHz, CDCl3) δ 157.6, 134.7, 134.1, 130.0, 128.8, 128.8, 127.1, 126.6, 125.7, 
124.7, 122.4, 62.6, 49.2. HRMS (ESI): m/z calculated for C13H11NO2 requires 214.0868 for 
[M+H]+ : found : 214.0869. 

 
 

 
 

3-(m-Tolyl)oxazolidin-2-one (200w)18 General procedure 2 was followed using ethyl (2-
hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 3-iodotoluene (0.26 mL, 2 mmol). The 
crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (92%, 163 mg). Rf (1:1, hexanes: EtOAc) 0.57. Mpt. 94-96 oC. 
(Reported literature value: 94-96 oC).29 I.R. (thin film) νmax (cm-1): 3108, 2982, 2926, 2908, 
1732 (C=O). 1H NMR (300 MHz, CDCl3) δ 7.38 (1H, s, ArH), 7.27 (1H, dt, J = 12.0, 8.3 Hz, 
ArH), 6.97 (1H, t, J = 10.5 Hz, ArH), 4.55–4.34 (2H, m, OCH2), 4.12–3.89 (2H, m, NCH2), 
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2.36 (3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 155.4, 139.1, 138.3, 128.9, 125.0, 119.1, 
115.5, 61.4, 45.4, 21.7. HRMS (ESI): m/z calculated for C10H11NO2 requires 178.0868 for 
[M+H]+ : found : 178.0872. 
 
 

 
 

3-(4-(tert-Butyl)phenyl)oxazolidin-2-one (200x)20 General procedure 2 was followed using 
ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 1-(tert-butyl)-4-iodobenzene (0.35 
mL, 2 mmol). The crude material was purified by flash silica gel chromatography (eluent : 
10-100% EtOAc:hexanes). White solid (92%, 206 mg). Rf (1:1, hexanes: EtOAc) 0.66. Mpt. 
85-86 oC. (Reported literature value: 85-86 oC).20 I.R. (thin film) νmax (cm-1): 2961, 2903, 
2867, 1729 (C=O), 1518. 1H NMR (300 MHz, CDCl3)  δ 7.52–7.29 (4H, m, ArH), 4.46 (2H, 
dd, J = 8.9, 7.1 Hz, OCH2), 4.11–3.96 (2H, dd, J = 8.9, 7.1 Hz, NCH2), 1.32 (9H, s, CH3). 13C 
NMR (75 MHz, CDCl3) δ 155.5, 147.2, 135.8, 126.0, 118.3, 61.4, 45.4, 34.4, 31.4. HRMS 
(ESI): m/z calculated for C13H17NO2 requires 242.1156 for [M+Na]+ : found : 242.1153. 
 
 

 
 

3-(3,5-Dimethylphenyl)oxazolidin-2-one (200y) General procedure 2 was followed using 
ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 1-iodo-3,5-dimethylbenzene (0.29 
mL, 2 mmol). The crude material was purified by flash silica gel chromatography (eluent : 
10-100% EtOAc:hexanes). White solid (97%, 187 mg). Rf (1:1, hexanes: EtOAc) 0.74. Mpt. 
107-108 oC. I.R. (thin film) νmax (cm-1): 2981, 2907, 1733 (C=O), 1606. 1H NMR (300 
MHz, CDCl3)  δ 7.15 (2H, s, ArH), 6.78 (1H, s, ArH), 4.43 (2H, dd, J = 8.9, 7.1 Hz, OCH2), 
4.00 (2H, dd, J = 8.9, 7.0 Hz, NCH2), 2.32 (6H, s, CH3). 13C NMR (75 MHz, CDCl3) δ 155.4, 
138.8, 138.2, 126.0, 116.3, 61.4, 45.5, 21.6. HRMS (ESI): m/z calculated for C11H13NO2 
requires 192.1024 for [M+H]+ : found : 192.1023. 
 
 

 
 

3-(4-Methoxyphenyl)oxazolidin-2-one (200z)23 General procedure 2 was followed using 
ethyl (2-hydroxyethyl)carbamate  (0.133 g, 1.0 mmol) and 4-iodoanisole (0.468 g, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). Off white solid (92%, 178 mg). Rf (1:1, hexanes: EtOAc) 0.51. Mpt. 108-
110 oC. (Reported literature value: 106-109 oC).30 I.R. (thin film) νmax (cm-1): 2981, 2972, 
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2890, 2839, 1723 (C=O), 1513. 1H NMR (300 MHz, CDCl3) δ 7.53–7.34 (2H, m, ArH), 
6.96–6.87 (2H, m, ArH), 4.56–4.33 (2H, m, OCH2), 4.06–3.89 (2H, m, NCH2), 3.79 (3H, s, 
CH3). 13C NMR (75 MHz, CDCl3) δ 156.5, 155.7, 131.6, 120.4, 114.4, 61.4, 55.6, 45.8. 
HRMS (ESI): m/z calculated for C10H11NO3 requires 194.0817 for [M+H]+ : found : 
194.0808. 

 
 

 
 

5,5-Dimethyl-3-phenyloxazolidin-2-one (201a)31 General procedure 1 was followed using 
ethyl (2-hydroxy-2-methylpropyl)carbamate (0.161 g, 1 mmol) and iodobenzene (.22 mL, 2 
mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). Pale yellow solid (88%, 168 mg). Mpt. 94-99 oC. (Reported literature value: 
94-95 oC).31 I.R. (thin film) νmax (cm-1): 2980, 2890, 1734 (C=O), 1600. 1H NMR (300 
MHz, CDCl3) δ 7.59–7.46 (2H, m, ArH), 7.37 (2H, t, J = 7.8 Hz, ArH), 7.19–7.06 (1H, m, 
ArH), 3.77 (2H, s, NCH2), 1.55 (6H, s, CH3).13C NMR (75 MHz, CDCl3) δ 154.6, 138.7, 
129.2, 124.0, 118.2, 77.0, 57.2, 27.6. HRMS (ESI): m/z calculated for C11H13NO2 requires 
192.1024 for [M+H]+ : found : 192.1025. 

 
 

 
 

3,5,5-Triphenyloxazolidin-2-one (201b) General procedure 1 was followed using ethyl (2-
hydroxy-2,2-diphenylethyl)carbamate (0.285 g, 1 mmol) and iodobenzene (0.22 mL, 2 
mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (85%, 267 mg). Rf (1:1, hexanes: EtOAc) 0.90. Mpt. 166-168 
oC. I.R. (thin film) νmax (cm-1): 2981, 2972, 2889, 1740 (C=O). 1H NMR (300 MHz, CDCl3) 
δ 7.56 (2H, dt, J = 9.0, 1.7 Hz, ArH), 7.52–7.44 (4H, m, ArH), 7.44–7.28 (8H, m, ArH), 7.13 
(1H, tt, J = 15.6, 7.8 Hz, ArH), 4.62 (2H, s, NCH2). 13C NMR (75 MHz, CDCl3) δ 154.1, 
142.3, 138.2, 129.2, 128.9, 128.5, 125.6, 124.4, 118.6, 82.7, 58.0. HRMS (ESI): m/z 
calculated for C21H17NO2 requires 338.1156 for [M+Na]+ : found : 338.1147. 
 
 

 
 

5-(((tert-Butyldimethylsilyl)oxy)methyl)-3-phenyloxazolidin-2-one (201c) General 
procedure 1 was followed using ethyl (3-((tert-butyldimethylsilyl)oxy)-2-
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hydroxypropyl)carbamate (0.277 g, 1 mmol) and iodobenzene (0.22 mL, 2 mmol). The crude 
material was purified by flash silica gel chromatography (eluent : 10-100% EtOAc:hexanes). 
White solid (95%, 292 mg). Mpt. 71-72 oC. I.R. (thin film) νmax (cm-1): 2981, 2971, 2952, 
2931, 2888, 2858, 1737 (C=O), 1600. 1H NMR (300 MHz, CDCl3) δ 7.62–7.49 (2H, m, 
ArH), 7.44–7.31 (2H, m, ArH), 7.19–7.06 (1H, m, ArH), 4.67 (1H, dddd, J = 9.1, 5.8, 4.3, 3.6 
Hz, OCH), 4.10–3.93 (2H, m, NCH2), 3.85 (2H, ddd, J = 14.7, 11.2, 3.9 Hz, (TBSO)CH2), 
0.85 (9H, s, SiC(CH3)3), 0.08 (6H, s, Si(CH3)). 13C NMR (75 MHz, CDCl3) δ 154.9, 138.5, 
129.1, 124.0, 118.3, 72.5, 63.6, 46.9, 25.8, 18.3, -5.2, -5.3. HRMS (ESI): m/z calculated for 
C16H25NO3Si requires 308.1681 for [M+H]+ : found : 308.1674. 
 
 

 
 

(R)-5-Methyl-3-phenyloxazolidin-2-one (201d)32 General procedure 1 was followed using 
(R)-ethyl (2-hydroxypropyl)carbamate (0.147 g, 1 mmol) and iodobenzene (0.22 mL, 2 
mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (90%, 160 mg). Mpt. 78-81 oC. (Reported literature value: 78-
80 oC).33  I.R. (thin film) νmax (cm-1): 3044, 2992, 1724 (C=O). 1H NMR (500 MHz, CDCl3) 
δ 7.53 (2H, d, J = 8.1 Hz, ArH), 7.37 (2H, t, J = 7.8 Hz, ArH), 7.13 (1H, t, J = 7.3 Hz, ArH), 
4.85–4.69 (1H, m, OCH), 4.10 (1H, t, J = 8.4 Hz, NCH), 3.61 (1H, t, J = 7.8 Hz, 1H), 1.52 
(3H, d, J = 6.2 Hz, CH3). 13C NMR (126 MHz, CDCl3) δ 154.9, 138.5, 129.1, 124.0, 118.2, 
69.6, 51.9, 20.8. HRMS (ESI): m/z calculated for requires 200.0687 for [M+Na]+ : found : 
200.0700 
 
 

 
 

(R)-5-Methyl-3-(p-tolyl)oxazolidin-2-one (201e)34 General procedure 2 was followed using 
(R)-ethyl (2-hydroxypropyl)carbamate (0.147 g, 1 mmol) and 4-iodotoluene (436 mg, 2 
mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (85%, 163 mg). Mpt. 65-66 oC. (Reported literature value: 67.5 
oC).35  I.R. (thin film) νmax (cm-1):  2980, 2928, 1739 (C=O). 1H NMR (500 MHz, CDCl3) δ 
7.40 (2H, d, J = 8.5 Hz, ArH), 7.16 (2H, d, J = 8.3 Hz, ArH), 4.83–4.70 (1H, m, OCH), 4.08 
(1H, t, J = 8.4 Hz, NCH), 3.59 (1H, dd, J = 8.6, 7.1 Hz, NCH2), 2.32 (3H, s, ArCH3), 1.51 
(3H, d, J = 6.3 Hz, CH3).13C NMR (126 MHz, CDCl3) δ 155.0, 136.0, 133.7, 129.6, 118.4, 
69.5, 52.1, 20.8, 20.8. HRMS (ESI): m/z calculated for requires 214.0843 for [M+Na]+ : 
found : 214.0877 
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(R)-3-(4-Methoxyphenyl)-5-methyloxazolidin-2-one (201f)34 General procedure 2 was 
followed using (R)-ethyl (2-hydroxypropyl)carbamate (0.147 g, 1 mmol) and iodobenzene 
(468 mg, 2 mmol). The crude material was purified by flash silica gel chromatography (eluent 
: 10-100% EtOAc:hexanes). White solid (87%, 180 mg). Mpt. 93-95 oC. (Reported literature 
value: 92-94 oC).36 I.R. (thin film) νmax (cm-1): 2988, 2945, 1730 (C=O). 1H NMR (500 
MHz, CDCl3) δ 7.48–7.35 (2H, m, ArH), 6.98–6.82 (2H, m, ArH), 4.82–4.68 (1H, m, OCH), 
4.07 (1H, t, J = 8.4 Hz, NCH), 3.79 (3H, s, ArOCH3), 3.58 (1H, dd, J = 8.5, 7.1 Hz, NCH2), 
1.51 (3H, d, J = 6.3 Hz, CH3).13C NMR (126 MHz, CDCl3) δ 156.4, 155.2, 131.7, 120.3, 
114.3, 69.5, 55.6, 52.5, 20.8.HRMS (ESI): m/z calculated for requires 230.0793 for [M+Na]+ 
: found : 230.0795 
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(S)-4-Methyl-3-phenyloxazolidin-2-one (201g)37 General procedure 2 was followed using 
(S)-ethyl (1-hydroxypropan-2-yl)carbamate (0.147 g, 1 mmol) and iodobenzene (0.22 mL, 2 
mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). Pale yellow oil (97%, 172 mg). [α]D -76.5 (c 1.085, CHCl3). I.R. (thin film) 
νmax (cm-1): 2981, 2890, 1741 (C=O), 1598. 1H NMR (300 MHz, CDCl3) δ 7.50–7.32 (4H, 
m, ArH), 7.19 (1H, ddt, J = 8.5, 6.7, 2.0 Hz, ArH), 4.66–4.45 (2H, m, OCH2), 4.02 (1H, app 
dd, J = 7.5, 5.0 Hz, NCH), 1.33 (3H, d, J = 6.0 Hz, CH3). 13C NMR (75 MHz, CDCl3) δ 
155.8, 136.5, 129.2, 125.3, 122.0, 68.7, 52.4, 18.5. HRMS (ESI): m/z calculated for 
C10H11NO2 requires 178.0868 for [M+H]+ : found : 178.0869. Chiral HPLC Racemic and 
enantiomerically pure alaninol were reacted under the optimised reaction conditions. The 
resulting racemic and single enantiomer N-aryl oxazolidinones were isolated and subjected to 
chiral HPLC analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 10% isopropyl alcohol, 90% hexanes. 
25 µL injection of 15 mg/mL solution of product in HPLC grade methanol. 
 
Chiral HPLC analysis showed no racemisation occurring under the reaction conditions.  
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(R)-3,4-Diphenyloxazolidin-2-one (201h)37 General procedure 2 was followed using (R)-
ethyl (2-hydroxy-1-phenylethyl)carbamate (0.209g, 1 mmol) and iodobenzene (0.22 mL, 2 
mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (84%, 226 mg). [α]D +75.4 (c 1.21, CHCl3). Mpt. 128-131 oC. 
(Reported literature value: 128-129 oC).33 I.R. (thin film) νmax (cm-1): 2981, 2907, 1746 
(C=O), 1598. 1H NMR (300 MHz, CDCl3) δ 7.48–7.17 (9H, m, ArH), 7.06 (1H, t, J = 7.3 Hz, 
ArH), 5.40 (1H, dd, J = 8.7, 6.1 Hz, NCH2), 4.78 (1H, t, J = 8.7 Hz, OCH2), 4.20 (1H, dd, J = 
8.6, 6.0 Hz, OCH2). 13C NMR (75 MHz, CDCl3) δ 156.1, 138.3, 137.1, 129.5, 129.0, 128.9, 
126.4, 124.8, 120.9, 69.9, 60.8. HRMS (ESI): m/z calculated for C15H13NO2 requires 
262.0843 for [M+Na]+ : found : 262.0837. 

 
 

 
 

(R)-4-Phenyl-3-(p-tolyl)oxazolidin-2-one (201i)32 General procedure 2 was followed using 
(R)-ethyl (2-hydroxy-1-phenylethyl)carbamate (0.209g, 1 mmol) and 4-iodotoluene (436 mg, 
2 mmol). The crude material was purified by flash silica gel chromatography (eluent : 10-
100% EtOAc:hexanes). White solid (84%, 226 mg). Mpt. 104-107 oC. I.R. (thin film) νmax 
(cm-1): 1750 (C=O). 1H NMR (300 MHz, CDCl3) δ 7.48–7.15 (7H, m, ArH), 7.05 (2H, d, J = 
8.3 Hz, ArH), 5.37 (1H, dd, J = 8.7, 6.2 Hz, NCH), 4.77 (1H, t, J = 8.7 Hz, OCH2), 4.20 (1H, 
dd, J = 8.6, 6.2 Hz, OCH2), 2.24 (3H, s, ArCH3).13C NMR (75 MHz, CDCl3) δ 156.2, 138.4, 
134.6, 134.4, 129.6, 129.4, 128.9, 126.4, 121.1, 69.9, 60.9, 20.91. HRMS (ESI): m/z 
calculated for requires 254.1181 for [M+H]+ : found : 254.1189 

 
 

 
 

(S)-4-Benzyl-3-phenyloxazolidin-2-one (201j) General procedure 2 was followed using (S)-
ethyl (1-hydroxy-3-phenylpropan-2-yl)carbamate (0.223 g, 1 mmol) and iodobenzene (0.22 
mL, 2 mmol). The crude material was purified by flash silica gel chromatography (eluent : 
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10-100% EtOAc:hexanes). White solid (98%, 248 mg). [α]D +30.6 (c 1.21, CHCl3). I.R. (thin 
film) νmax (cm-1): 3062, 3029, 2981, 2914, 1744 (C=O), 1597.1H NMR (300 MHz, CDCl3) δ 
7.56 (2H, dt, J = 8.7, 1.7 Hz, ArH), 7.50–7.38 (2H, m, ArH), 7.37–7.18 (4H, m, ArH), 7.17–
7.07 (2H, m, ArH), 4.76–4.56 (1H, m, NCH), 4.35 (1H, t, J = 8.5 Hz, OCH2), 4.21 (1H, dd, J 
= 8.8, 4.9 Hz, OCH2), 3.15 (1H, dd, J = 13.8, 3.4 Hz, ArCH2), 2.77 (1H, dd, J = 13.8, 9.5 Hz, 
ArCH2). 13C NMR (75 MHz, CDCl3) δ 155.7, 136.7, 135.3, 129.5, 129.3, 129.1, 127.4, 125.4, 
121.7, 66.2, 57.4, 37.9. HRMS (ESI): m/z calculated for C16H15NO2 requires 254.1181 for 
[M+H]+ : found : 254.1171. 
 
 

 
 

(R)-4-(2-(Methylthio)ethyl)-3-phenyloxazolidin-2-one (201k) General procedure 2 was 
followed using (R)-ethyl (1-hydroxy-4-(methylthio)butan-2-yl)carbamate (0.207 g, 1 mmol) 
and iodobenzene (0.22 mL, 2 mmol). The crude material was purified by flash silica gel 
chromatography (eluent : 10-100% EtOAc:hexanes). Yellow oil (84%, 198 mg). [α]D -81.5 (c 
1.055, CHCl3). I.R. (thin film) νmax (cm-1): 3362, 2916, 1743 (C=O), 1501. 1H NMR (300 
MHz, CDCl3) δ. 7.51–7.33 (4H, m, ArH), 7.24–7.13 (1H, m, ArH), 4.66–4.52 (2H, m, OCH2), 
4.22–4.11 (1H, m, NCH), 2.47 (2H, app d, J = 6.3 Hz, SCH2), 2.15–1.95 (4H, m, SCH2CH2, 
SCH3), 1.94–1.78 (1H, m, SCH2CH2). 13C NMR (75 MHz, CDCl3) δ. 155.7, 136.6, 129.4, 
125.5, 121.8, 66.9, 55.3, 31.1, 29.2, 15.7. HRMS (ESI): m/z calculated for C12H15NO2S 
requires 260.0721 for [M+Na]+ : found : 260.0741. 
 
 

 
 

(R)-4-Isopropyl-3-phenyloxazolidin-2-one (201l) General procedure 2 was followed using 
(R)-ethyl (1-hydroxy-3-methylbutan-2-yl)carbamate (0.175 g, 1 mmol) and iodobenzene (0.22 
mL, 2 mmol). The crude material was purified by flash silica gel chromatography (eluent : 
10-100% EtOAc:hexanes). White solid (88%, 181 mg). [α]D -53.3 (c 1.05, CHCl3). I.R. (thin 
film) νmax (cm-1): 2963, 2923, 1745 (C=O), 1598. 1H NMR (300 MHz, CDCl3) δ. 7.42 (4H, 
app dddd, J = 15.9, 8.5, 5.1, 1.7 Hz, ArH), 7.24–7.11 (1H, m, ArH), 4.49–4.36 (2H, m, 
OCH2), 4.31–4.17 (1H, m, NCH), 2.12 (1H, dtd, J = 13.9, 6.9, 3.3 Hz, CH(CH3)2), 0.87 (6H, 
dd, J = 16.9, 7.0 Hz, CH(CH3)2). 13C NMR (75 MHz, CDCl3) δ. 156.1, 136.8, 129.3, 125.4, 
122.3, 62.6, 60.6, 27.7, 17.8, 14.3. HRMS (ESI): m/z calculated for C12H15NO2 requires 
228.1000 for [M+Na]+ : found : 228.1034.  
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(R)-3-(4-Acetylphenyl)-4-isopropyloxazolidin-2-one (201m)38 General procedure 2 was 
followed using (R)-ethyl (1-hydroxy-3-methylbutan-2-yl)carbamate (0.175 g, 1 mmol) 4-
iodoacetophenone (0.492 g, 2 mmol). The crude material was purified by flash silica gel 
chromatography (eluent : 10-100% EtOAc:hexanes). Pale yellow solid (87%, 216 mg). [α]D 

+42.7 (c 1.055, CHCl3). Mpt. 92-93 oC. I.R. (thin film) νmax (cm-1): 2964, 2930, 1750 
(C=O), 1678 (C=O), 1601. 1H NMR (300 MHz, CDCl3) δ. 8.07–7.93 (2H, m, ArH), 7.68–
7.53 (2H, m, ArH), 4.56–4.39 (2H, m, OCH2), 4.28 (1H, app dd, J = 8.5, 3.9 Hz, NCH), 2.59 
(3H, s, C(O)CH3), 2.21 (1H, dtd, J = 13.8, 6.9, 3.4 Hz, CH(CH3)2), 0.89 (6H, dd, J = 31.9, 6.9 
Hz, CH(CH3)2). 13C NMR (75 MHz, CDCl3) δ 197.1, 155.5, 141.3, 133.3, 129.7, 120.5, 62.5, 
60.0, 27.6, 26.7, 17.9, 14.2. HRMS (ESI): m/z calculated for C14H17NO3 requires 248.1286 
for [M+H]+ : found : 248.1278.  
 
 

 
 

(R)-3-(4-(tert-Butyl)phenyl)-4-isopropyloxazolidin-2-one (201n) General procedure 2 was 
followed using (R)-ethyl (1-hydroxy-3-methylbutan-2-yl)carbamate (0.175 g, 1 mmol) and 1-
(tert-butyl)-4-iodobenzene (0.35 mL, 2 mmol). The crude material was purified by flash silica 
gel chromatography (eluent : 10-100% EtOAc:hexanes). White solid (58%, 151 mg). [α]D -
35.0 (c 1, CHCl3). Mpt. 92-94 oC. I.R. (thin film) νmax (cm-1): 2961, 2873, 1747 (C=O), 
1518. 1H NMR (300 MHz, CDCl3) δ. 7.44–7.29 (4H, m, ArH), 4.45–4.34 (2H, m, OCH2), 
4.28–4.18 (1H, m, NCH), 2.20–2.03 (1H, m, CH(CH3)2), 1.31 (9H, s, C(CH3)3), 0.87 (6H, dd, 
J = 11.2, 6.9 Hz, CH(CH3)2).13C NMR (75 MHz, CDCl3) δ. 156.4, 148.5, 134.0, 126.2, 122.2, 
62.6, 60.8, 34.6, 31.4, 27.6, 17.9, 14.3. HRMS (ESI): m/z calculated for C16H23NO2 requires 
262.1807 for [M+H]+ : found : 262.1804.  
 
 

 
 

 3-Phenylbenzo[d]oxazol-2(3H)-one (201o) General procedure 2 was followed using ethyl 
(2-hydroxyphenyl)carbamate (3g) (0.181 g, 1 mmol) and iodobenzene (0.22 mL, 2 mmol). 
The crude material was purified by flash silica gel chromatography (eluent : 10-100% 
EtOAc:hexanes). White solid (45%, 95 mg). Mpt. 103-105 oC. (Reported literature value: 99 
oC).39 I.R. (thin film) νmax (cm-1): 3069, 2981, 2888, 1769 (C=O), 1595. 1H NMR (300 
MHz, CDCl3) δ 7.59 (4H, d, J = 4.3 Hz, ArH), 7.47 (1H, dq, J = 8.7, 4.5 Hz, ArH), 7.34–7.26 
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(1H, m, ArH), 7.24–7.16 (2H, m, ArH), 7.15–7.06 (1H, m, ArH). 13C NMR (75 MHz, CDCl3) 
δ 153.3, 142.8, 133.6, 131.3, 129.9, 128.5, 125.2, 124.1, 123.3, 110.4, 109.5. HRMS (ESI): 
m/z calculated for C13H9NO2 requires 234.0530 for [M+Na]+ : found : 234.0514. 
 
 

 
 

(S)-4-Benzyl-5,5-dimethyl-3-phenyloxazolidin-2-one (201p) General procedure 2 was 
followed using (S)-ethyl (3-hydroxy-3-methyl-1-phenylbutan-2-yl)carbamate (0.251 g, 1 
mmol), and iodobenzene (0.22 mL, 2 mmol). The crude material was purified by flash silica 
gel chromatography (eluent : 10-100% EtOAc:hexanes). Orange oil (89%, 251 mg). [α]D -
73.7 (c 1.33, CHCl3). I.R. (thin film) νmax (cm-1): 3062, 3029, 2981, 1742 (C=O), 1598. 1H 
NMR (300 MHz, CDCl3) δ. 7.41–7.26 (4H, m, ArH), 7.23–7.04 (6H, m, ArH), 4.35 (1H, dd, 
J = 10.0, 4.3 Hz, NCH), 3.02 (1H, dd, J = 14.7, 4.2 Hz, ArCH2), 2.69 (1H, dd, J = 14.7, 10.0 
Hz, ArCH2), 1.37 (3H, s, CH3), 1.25 (3H, s, CH3). 13C NMR (75 MHz, CDCl3) δ. 155.3, 
137.0, 136.7, 129.3, 128.9, 128.83, 126.9, 125.9, 123.5, 81.0, 66.7, 34.8, 28.4, 22.54. HRMS 
(ESI): m/z calculated for C18H19NO2 requires 282.1494 for [M+H]+ : found : 282.1488.  
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5-(Hydroxymethyl)-3-(m-tolyl)oxazolidin-2-one (Toloxatone) (204)18  
 
A carousel tube was charged with MeCN (4 mL), 2,2,6,6-tetramethylheptane-3,5-dione 
(0.045 mL, 0.2 mmol), ethyl (3-((tert-butyldimethylsilyl)oxy)-2-hydroxypropyl)carbamate 
(3c) (0.277 g, 1 mmol) and 3-iodotoluene (0.26 mL, 2 mmol). Into a separate glass vial was 
weighed cesium carbonate (0.652 g, 2.0 mmol) and copper iodide (0.019 g, 0.1 mmol). The 
solids were combined and charged directly into the carousel tube. The reaction mixture is 
vigorously stirred briefly at room temperature before the tube was heated to 100 oC under 
reflux conditions for 20 h. The reaction mixture was cooled to room temperature before 
cesium fluoride (0.182 g, 1.2 mmol) was added. The reaction was heated to 80 oC for further 
6 hours. Upon cooling to room temperature the reaction mixture was acidified with 3 M HCl 
solution and extracted with EtOAc (3 x 20 mL). The organics were combined, dried (MgSO4), 
filtered and concentrated under reduced pressure. The title compound was isolated following 
column chromatography (eluent : 10-80% EtOAc:hexanes). White solid (74%, 153 mg). Mpt. 
75-76 oC. (Reported literature value: 75-76 oC).29 I.R. (thin film) νmax (cm-1): 3401, 2980, 
2917, 1722 (C=O), 1607, 1588. 1H NMR (300 MHz, CDCl3) δ 7.36 (1H, s, ArH), 7.33–7.19 
(2H, m, ArH), 6.95 (1H, d, J = 7.3 Hz, ArH), 4.70 (1H, ddd, J = 11.6, 7.5, 3.7 Hz, OCH), 
4.05–3.87 (3H, m, NCH2, (HO)CH2), 3.79–3.65 (1H, m, NCH2), 3.16 (1H, t, J = 6.0 Hz, OH), 
2.35 (3H, s, ArCH3). 13C NMR (75 MHz, CDCl3) δ 155., 139., 138., 129., 125., 119., 115., 
73., 62., 46., 21.7. HRMS (ESI): m/z calculated for C11H13NO3 requires 208.0973 for [M+H]+ 
: found : 208.0958. 
 

 
 

5-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(3-fluorophenyl)oxazolidin-2-one (236) 
 
To a solution of ethyl (3-((tert-butyldimethylsilyl)oxy)-2-hydroxypropyl)carbamate (2.77 g, 
10 mmol), 3-fluoroiodobenzene (1.76 mL, 15 mmol) and 2,2,6,6-tetramethylheptane-3,5-
dione (0.44 mL, 2 mmol) in MeCN (40 mL) was added cesium carbonate (6.52 g, 20 mmol) 
and copper iodide (0.190 g, 1 mmol). The reaction was heated to 80 oC for 20 h. After this 
time the reaction was allowed to cool to room temperature /and was diluted with EtOAc (50 
mL). The resulting suspension was filtered through a short plug of silica (eluent : 100% 
EtOAc). The crude filtrate was concentrated under vacuum and the resulting oil was purified 
by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound 
as a white solid (2.66 g, 91%). Mpt. 95-96 oC.  I.R. (thin film) νmax (cm-1): 2953, 2928, 
2856, 1747 (C=O), 1132, 834  1H NMR (500 MHz, CDCl3) δ 7.44 (1H, dt, J = 11.3, 2.3 Hz, 
ArH), 7.31 (1H, td, J = 8.2, 6.5 Hz, ArH), 7.24 (1H, ddd, J = 8.3, 2.2, 0.9 Hz, ArH), 6.81 (1H, 
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tdd, J = 8.2, 2.5, 0.9 Hz, ArH), 4.67 (1H, dddd, J = 8.9, 5.6, 4.1, 3.3 Hz, OCH), 4.02 (1H, t, J 
= 8.7 Hz, NCH2), 3.93 (1H, dd, J = 8.5, 5.6 Hz, CH2OSi), 3.90 (1H, dd, J = 11.4, 4.1 Hz, 
NCH2), 3.79 (1H, dd, J = 11.3, 3.3 Hz, CH2OSi), 0.84 (9H, s, SiC(CH3)3), 0.07 (6H, s, 
Si(CH3)2).13C NMR (126 MHz, CDCl3) δ 163.1 (d, J = 244.7 Hz), 154.6, 140.0 (d, J = 10.7 
Hz), 130.2 (d, J = 9.3 Hz), 113.2 (d, J = 2.9 Hz), 110.6 (d, J = 21.3 Hz), 105.7 (d, J = 27.0 
Hz), 72.5, 63.5, 46.7, 25.8, 18.2, -5.3 (d, J = 7.8 Hz). 19F NMR (470 MHz, CDCl3) δ -111.21 
(ddd, J = 11.4, 8.2, 6.6 Hz). HRMS (ESI): m/z calculated for C16H24NO3SiF requires 
326.1587 for [M+H]+ : found : 326.1565. 
 
 

 
 
(3-(3-Fluoro-4-iodophenyl)-2-oxooxazolidin-5-yl)methyl acetate (237) 
 
To a solution of 5-(((tert-butyldimethylsilyl)oxy)methyl)-3-(3-fluorophenyl)oxazolidin-2-one 
(3.95 g, 12.14 mmol) in acetic acid (50 mL) was added iodine monochloride (1.82 mL, 36.42 
mmol). The reaction was stirred at room temperature for 5 h. After this time the reaction 
mixture was concentrated under reduced pressure. The crude oil was quenched with sat. 
NaHCO3 solution (30 mL) and extracted with CH2Cl2 (200 mL). The organics were washed 
with sat. sodium thiosulfate solution (2 x 50 mL), and the organics were dried (MgSO4), 
filtered and concentrated under reduced pressure. The resulting crude solid was purified by 
flash silica gel chromatography (eluent : 50% EtOAc : hexanes) to give the title compound as 
a white solid (3.76 g, 82%). Mpt. 118-120 oC. I.R. (thin film) νmax (cm-1): 2970, 1742 
(C=O), 1481, 1224  1H NMR (500 MHz, CDCl3) δ 7.70 (1H, dd, J = 8.7, 7.1 Hz, ArH), 7.47 
(1H, dd, J = 10.2, 2.6 Hz, ArH), 7.06 (1H, dd, J = 8.7, 2.5 Hz, ArH), 4.88 (1H, dddd, J = 8.9, 
6.2, 4.8, 4.0 Hz, OCH), 4.37 (1H, dd, J = 12.3, 3.9 Hz, AcCH2), 4.30 (1H, dd, J = 12.3, 4.9 
Hz, AcCH2), 4.10 (1H, t, J = 9.0 Hz, NCH2), 3.80 (1H, dd, J = 8.9, 6.3 Hz, NCH2), 2.09 (3H, 
s, CO2CH3). 13C NMR (126 MHz, CDCl3) δ 170.6, 162.0 (d, J = 244.6 Hz), 153.7, 139.9 (d, J 
= 9.9 Hz), 139.4 (d, J = 3.0 Hz), 115.0 (d, J = 3.3 Hz), 106.0 (d, J = 29.7 Hz), 74.4 (d, J = 
25.8 Hz), 70.2, 64.0, 46.9, 20.7. 19F NMR (470 MHz, CDCl3) δ -91.44 (dd, J = 10.1, 7.2 Hz). 
HRMS (ESI): m/z calculated for C12H11NO4FI requires 379.9795 for [M+H]+ : found : 
379.9774. 
 
 

 
 
3-(3-Fluoro-4-iodophenyl)-5-(hydroxymethyl)oxazolidin-2-one (223)40 
 
To a suspension of potassium carbonate (0.829 g, 6 mmol) in 3:1 MeOH : CH2Cl2 (45 mL) 
was added (3-(3-fluoro-4-iodophenyl)-2-oxooxazolidin-5-yl)methyl acetate (1.504 g, 4 
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mmol). The reaction was stirred at room temperature for 25 minutes. The reaction mixture 
was neutralised with AcOH (0.5 mL) and water (26 mL). MeOH was removed under reduced 
pressure and the aqueous solution was extracted with CH2Cl2 (2 x 100 mL). The organics 
were combined, dried (MgSO4), filtered and concentrated to give a crude glassy product. The 
crude material was purified by flash silica gel chromatography (eluent : 100% EtOAc) to give 
the title compound as a white solid following trituration with 1:1 CHCl3/Hexane (10 mL). 
(1.23 g, 91%). Mpt. 116-117 oC. (Reported literature value: 116-117 oC).41 I.R. (thin film) 
νmax (cm-1): 3439, 2971, 1740 (C=O), 1480, 1228 1H NMR (500 MHz, dmso) δ 7.82 (1H, 
dd, J = 8.6, 7.6 Hz, ArH), 7.58 (1H, dd, J = 11.0, 2.5 Hz, ArH), 7.22 (1H, dd, J = 8.7, 2.4 Hz, 
ArH), 5.21 (1H, t, J = 5.5 Hz, OH), 4.72 (1H, dq, J = 6.3, 3.7 Hz, OCH), 4.07 (1H, t, J = 9.0 
Hz, NCH2), 3.82 (1H, dd, J = 8.9, 6.2 Hz, NCH2), 3.67 (1H, ddd, J = 12.3, 5.2, 3.4 Hz, 
CH2OH), 3.55 (1H, ddd, J = 12.3, 5.4, 4.2 Hz, CH2OH). 13C NMR (126 MHz, dmso) δ 161.1 
(d, J = 240.2 Hz), 154.2, 140.5 (d, J = 10.3 Hz), 139.0 (d, J = 3.4 Hz), 115.4 (d, J = 3.0 Hz), 
105.1 (d, J = 29.8 Hz), 73.8 (d, J = 26.1 Hz), 73.3, 61.5, 45.9. 19F NMR (470 MHz, dmso) δ -
93.88 (dd, J = 10.9, 7.5 Hz). HRMS (ESI): m/z calculated for C10H9NO3FI requires 337.9689 
for [M+H]+ : found : 337.9671. 
 
 

 
 
(3-(3-Fluoro-4-iodophenyl)-2-oxooxazolidin-5-yl)methyl 4-nitrobenzenesulfonate (238) 
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To a solution of 3-(3-fluoro-4-iodophenyl)-5-(hydroxymethyl)oxazolidin-2-one (1.14 g, 3.4 
mmol) in triethylamine (0.95 mL, 6.8 mmol) and CH2Cl2 (50 mL) was added 4-
nitrobenzenesulfonyl chloride (0.909 g, 4.1 mmol) portion-wise at room temperature. The 
reaction was stirred for 5 hours. The reaction mixture was then quenched with water (50 mL) 
and diluted with CH2Cl2 (150 mL). The organics were then washed with water (2 x 20 mL). 
The organics were then dried (MgSO4), filtered and concentrated to give a crude yellow solid. 
The yellow solid was then triturated with Et2O:Hexane (20 mL) to give the title compound as 
a pale yellow solid (1.73 g, 97%). Mpt. 149-151 oC. I.R. (thin film) νmax (cm-1): 1743 
(C=O), 1527, 1417, 123 1H NMR (500 MHz, dmso) δ 8.44 (2H, d, J = 8.8 Hz, ArH), 8.19 
(2H, d, J = 8.8 Hz, ArH), 7.85–7.76 (1H, m, ArH), 7.48 (1H, dd, J = 10.8, 2.3 Hz, ArH), 7.12 
(1H, dd, J = 8.7, 2.3 Hz, ArH), 4.96 (1H, td, J = 9.1, 5.5 Hz, OCH), 4.56–4.44 (2H, m, 
NsOCH2), 4.11 (1H, t, J = 9.4 Hz, NCH2), 3.70 (1H, dd, J = 9.3, 6.1 Hz, NCH2) 13C NMR 
(126 MHz, dmso) δ 161.1 (d, J = 240.4 Hz), 154.3, 153.2, 150.7, 139.9 (d, J = 10.3 Hz), 
139.0 (d, J = 3.4 Hz), 129.4, 124.9, 115.5 (d, J = 3.1 Hz), 105.3 (d, J = 29.9 Hz), 74.4 (d, J = 
26.1 Hz), 71.3, 69.9, 45.6. 19F NMR (470 MHz, dmso) δ -93.39 (dd, J = 10.7, 7.5 Hz). 
HRMS (ESI): m/z calculated for C16H12N2O7SFI requires 544.9291 for [M+Na]+ : found : 
544.9305. 

 
 
N-((3-(3-Fluoro-4-iodophenyl)-2-oxooxazolidin-5-yl)methyl)acetamide (240) 
 
(3-(3-fluoro-4-iodophenyl)-2-oxooxazolidin-5-yl)methyl 4-nitrobenzenesulfonate (1.73 g, 
3.31 mmol) was partially dissolved in MeCN (15 mL) in a 100 mL pear-shaped schlenk flask. 
NH4OH (30 wt% NH3) solution (20 mL) was added and the vessel was sealed and heated to 
80 oC for 5 h. The reaction was cooled to room temperature and the pressure from the vessel 
was released. The contents of the flask were then concentrated under reduced pressure to 
dryness to give a crude yellow solid.  
 
The crude amine was dissolved in dry CH2Cl2 (50 mL) and cooled in an ice-water bath to 0 
oC. Triethylamine (1.38 mL, 9.93 mmol) was added followed by the portion wise addition of 
acetyl chloride (0.47 mL, 6.62 mmol). The reaction was warmed to room temperature and left 
to stir overnight. After this time the reaction was concentrated under reduced pressure and 
dissolved in 1:1 MeOH:CH2Cl2 and absorbed on to silica. The crude reaction mixture was 
purified by flash silica gel chromatography (eluent : 90:10 EtOAc:MeOH) to give the title 
compound as a white solid (0.507 g, 41%). Mpt. 153-154 oC. I.R. (thin film) νmax (cm-1): 
3326, 2971, 1741 (C=O), 1655 (C=O), 1374, 1217. 1H NMR (500 MHz, CDCl3) δ 7.67 (1H, 
dd, J = 8.7, 7.1 Hz, ArH), 7.45 (1H, dd, J = 10.2, 2.5 Hz, ArH), 6.98 (1H, dd, J = 8.7, 2.5 Hz, 
ArH), 6.40 (1H, t, J = 5.7 Hz, NH), 4.79 (1H, ddt, J = 8.8, 6.7, 4.4 Hz, OCH), 4.02 (1H, t, J = 
9.0 Hz, CH2N(O)), 3.77 (1H, dd, J = 9.1, 6.8 Hz, CH2N(O)), 3.65 (2H, dd, J = 7.7, 3.6 Hz, 
NCH2), 2.01 (3H, s, N(O)CH3). 13C NMR (126 MHz, CDCl3) δ 171.3, 162.0 (d, J = 244.6 
Hz), 154.1, 139.8 (d, J = 9.9 Hz), 139.4 (d, J = 2.9 Hz), 115.1 (d, J = 3.3 Hz), 106.1 (d, J = 
29.7 Hz), 74.5 (d, J = 26.0 Hz), 72.2, 47.4, 41.9, 23.1. 19F NMR (470 MHz, CDCl3) δ -91.43 

N
O

O
F

NH

I

O



Chapter 6 

	   215	  

(dd, J = 10.2, 7.2 Hz). HRMS (ESI): m/z calculated for C12H12N2O3FI requires 378.9954 for 
[M+H]+ : found : 378.9936. 
 
 

 
 

N-((3-(3-Fluoro-4-morpholinophenyl)-2-oxooxazolidin-5-yl)methyl)acetamide 
(Linezolid) (1)42  
 
A carousel tube was charged with N-((3-(3-fluoro-4-iodophenyl)-2-oxooxazolidin-5-
yl)methyl)acetamide (0.378 g, 1 mmol), CuBr (0.029 g, 0.2 mmol), BINOL (0.057 g, 0.2 
mmol) and K3PO4 (0.425 g, 2.0 mmol). The tube was flushed with argon before DMF (1 mL) 
and morpholine (0.131 g, 0.13 mL, 1.5 mmol) was charged in to the tube via syringe. The 
reaction mixture was heated to 80 oC for 4 h. After this time the reaction was cooled to room 
temperature and diluted with CH2Cl2 (200 mL). The organics were washed with brine (2 x 50 
mL) and water (50 mL). The aqueous washes were combined with washed with EtOAc (150 
mL). The organics were combined, dried (MgSO4), filtered and concentrated to give a crude 
oil. The oil was purified by flash silica gel chromatography (eluent : 5-30% acetone : CH2Cl2) 
to give the title compound as a white solid (0.260 g, 77%). Mpt. 187-189 oC. (Reported 
literature value: 180-182 oC).43 I.R. (thin film) νmax (cm-1): 3280, 2855, 1739 (C=O), 1732 
(C=O), 1516, 1231 1H NMR (500 MHz, CDCl3) δ 7.43 (1H, dd, J = 14.3, 2.6 Hz, ArH), 7.07 
(1H, ddd, J = 8.8, 2.6, 1.1 Hz, ArH), 6.91 (1H, t, J = 9.1 Hz, ArH), 6.27 (1H, t, J = 6.1 Hz, 
NH), 4.76 (1H, dddd, J = 8.9, 6.7, 5.8, 3.3 Hz, OCH), 4.01 (1H, t, J = 9.0 Hz, 1H, NHCH2), 
3.89–3.84 (4H, m, 4H, OCH2), 3.75 (1H, dd, J = 9.1, 6.7 Hz, 1H, NHCH2), 3.68 (1H, ddd, J = 
14.7, 6.1, 3.3 Hz, 1H, ArNCH2), 3.64–3.57 (1H, m, 1H, ArNCH2), 3.07–3.01 (4H, m, 4H, 
NCH2), 2.01 (3H, s, N(O)CH3). 13C NMR (126 MHz, CDCl3) δ 171.2, 155.6 (d, J = 246.7 
Hz), 154.4, 136.7 (d, J = 8.8 Hz), 133.0 (d, J = 10.4 Hz), 118.9 (d, J = 4.2 Hz), 114.0 (d, J = 
3.4 Hz), 107.6 (d, J = 26.4 Hz), 72.0, 67.0, 51.1 (d, J = 3.2 Hz), 47.8, 42.1, 23.2. 19F NMR 
(470 MHz, CDCl3) δ -120.13 (dd, J = 14.3, 9.5 Hz). HRMS (ESI): m/z calculated for 
C16H70N3O4F requires 338.1516 for [M+H]+ : found : 338.1493. 
 
 

 
 

5-Bromo-2-(2H-tetrazol-5-yl)pyridine (227) 
 
A mixture of 5-bromopicolinonitrile (0.366 g, 2.0 mmol), sodium azide (0.156 g, 2.4 mmol) 
and ammonium chloride (0.106 g, 2.0 mmol) was heated in DMF (4 mL) at 120 oC for 1 h. 
The reaction mixture was allowed to cool to room temperature before being diluted with 
EtOAc (20 mL). The resulting suspension was filtered under reduced pressure, the solids were 
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washed with EtOAc and dried to give the title compound as a brown solid (0.380 g, 84%). 1H 
NMR (500 MHz, dmso) δ 8.69 (1H, d, J = 2.1 Hz, ArH), 8.09 (1H, dd, J = 8.5, 2.4 Hz, ArH), 
7.99 (1H, d, J = 8.5 Hz, ArH), 7.30 (1H, s, NH). 
 
Crude material was used in later steps without further purification. 
 

 

 
 

5-Bromo-2-(1-methyl-1H-tetrazol-5-yl)pyridine (228b)44 
5-Bromo-2-(2-methyl-2H-tetrazol-5-yl)pyridine (228a)44 
 
A solution of 5-bromo-2-(2H-tetrazol-5-yl)pyridine (1.71 g, 7.6 mmol) and NaOH (1.36 g, 34 
mmol) in dry DMF (15 mL) were stirred at room temperature for 3 h. The reaction mixture 
was concentrated to dryness and the solids were re-dissolved in dry DMF (12 mL). The 
suspension was treated with MeI (0.811 mL, 13 mmol) drop-wise at 0 oC. The reaction was 
warmed to room temperature for 2 h. The reaction was then partitioned between water and 
EtOAc. The organics were washed with water (2x 20 mL), dried (MgSO4), filtered and 
concentrated under reduced pressure. The residue was then purified by flash silica gel 
chromatography (eluent 40% EtOAc : hexanes) to give the two regio-isomers as white solids:  
 
5-Bromo-2-(1-methyl-1H-tetrazol-5-yl)pyridine (228b), white solid (0.294 g, 17%) 
Mpt. 168-170 oC. I.R. (thin film) νmax (cm-1): 2970, 1446, 1379 1H NMR (500 MHz, 
CDCl3) δ 8.79 (1H, d, J = 2.3 Hz, ArH), 8.26 (1H, dd, J = 8.5, 0.6 Hz, ArH), 8.05 (1H, dd, J = 
8.4, 2.3 Hz, ArH), 4.48 (3H, s, NCH3). 13C NMR (126 MHz, CDCl3) δ 151.6, 150.8, 143.4, 
140.3, 125.6, 123.1, 37.1. HRMS (ESI): m/z calculated for C7H6BrN5 requires 239.9884 for 
[M+H]+ : found : 239.9863. 
 
5-Bromo-2-(2-methyl-2H-tetrazol-5-yl)pyridine (228a), white solid (0.282 g, 15 %) 
Mpt. 163-165 oC. I.R. (thin film) νmax (cm-1): 2991, 1454, 1380 1H NMR (500 MHz, 
CDCl3) δ 8.82 (1H, s, ArH), 8.13 (1H, d, J = 8.4 Hz, ArH), 7.99 (1H, dd, J = 8.4, 2.3 Hz, 
ArH), 4.44 (3H, s, NCH3). 13C NMR (126 MHz, CDCl3) δ 164.3, 151.5, 145.2, 139.9, 123.5, 
122.3, 39.8. HRMS (ESI): m/z calculated for C7H6BrN5requires 261.9704 for [M+Na]+ : 
found : 261.9685. 
 
 

 
 

2-(2-Methyl-2H-tetrazol-5-yl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine 
(242) 
 
To an oven dried carousel tube was added 5-bromo-2-(2-methyl-2H-tetrazol-5-yl)pyridine 
(0.240 g, 1 mmol),	  bis(pinacolato)diboron (0.508 g, 2.0 mmol), KOAc (0.294 g, 3.0 mmol) 
and PdCl2(dppf) (0.073 g, 0.1 mmol). The solids were purged with argon before DMSO was 
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added via septum. The solution was further purged with argon before heating at 80 oC for 2 h. 
The reaction was diluted with CH2Cl2 (50 mL) and washed with brine (2 x 50 mL), dried 
(Na2SO4), filterd and concentrated under reduced pressure to give a brown solid. The solid 
was triturated with Et2O, decanted and the residual solid dried under reduced pressure to give 
the title compound as a grey solid (160 mg, 56%). I.R. (thin film) νmax (cm-1): 2978, 1600, 
1356, 1224, 1097 1H NMR (500 MHz, CDCl3) δ 9.08 (1H, s, ArH), 8.23 (2H, s, ArH), 4.46 
(3H, s, NCH3), 1.38 (12H, s, 12H, C(CH3)2). 11B NMR (160 MHz, CDCl3) δ -5.5. HRMS 
(ESI): m/z calculated for C13H17N5O2B requires 288.1631 for [M+H]+ : found : 288.1601. 
 
 
 
 
 
 
 

 
 

(3-(3-Fluoro-4-(6-(2-methyl-2H-tetrazol-5-yl)pyridin-3-yl)phenyl)-2-oxooxazolidin-5-
yl)methyl acetate (243) 
 
An oven-dried schlenk tube was charged with 2-(2-methyl-2H-tetrazol-5-yl)-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (0.160 g, 0.56 mmol),  (3-(3-fluoro-4-
iodophenyl)-2-oxooxazolidin-5-yl)methyl acetate (0.193 g, 0.51 mmol), K2CO3 (0.155 g, 1.12 
mmol) and PdCl2(dppf) (0.037 g, 0.0504 mmol). The solids were degassed with argon before 
the addition of dioxane:water (7:1) (8 mL). The reaction mixture was degassed a further time 
before heating to 80 oC overnight. The reaction was cooled to room temperature, diluted with 
CH2Cl2 (200 mL) and washed with water (2 x 20 mL). The organics were dried (Na2SO4), 
filtered and concentrated under reduced pressure. The crude material was purified by flash 
silica gel chromatography (100% EtOAc) to give the title compound as a white solid (0.105 g, 
50 %). I.R. (thin film) νmax (cm-1): 1745, 1730. 1H NMR (500 MHz, CDCl3) δ 8.93 (1H, s, 
ArH), 8.31 (1H, d, J = 8.2 Hz, ArH), 8.05 (1H, d, J = 8.2 Hz, ArH), 7.62 (1H, dd, J = 12.8, 
2.2 Hz, ArH), 7.53 (1H, t, J = 8.6 Hz, ArH), 7.39 (1H, dd, J = 8.5, 2.2 Hz, ArH), 4.97–4.88 
(1H, m, OCH), 4.47 (3H, s, NCH3), 4.41 (1H, dd, J = 12.3, 3.9 Hz, AcCH2), 4.34 (1H, dd, J = 
12.3, 4.9 Hz, AcCH2), 4.18 (1H, t, J = 9.0 Hz, NCH2), 3.88 (1H, dd, J = 8.9, 6.3 Hz, NCH2), 
2.12 (3H, s, CO2CH3). 13C NMR (126 MHz, CDCl3) δ 170.6, 164.8, 160.2 (d, J = 249.1 Hz), 
153.8, 149.9 (d, J = 3.5 Hz), 145.6, 139.9 (d, J = 10.9 Hz), 137.2 (d, J = 3.8 Hz), 132.3, 130.7 
(d, J = 4.4 Hz), 122.1, 120.5 (d, J = 13.9 Hz), 113.9 (d, J = 3.3 Hz), 106.5 (d, J = 28.5 Hz), 
70.2, 64.0, 47.0, 39.8, 20.7. 19F NMR (470 MHz, CDCl3) δ -114.37 (dd, J = 12.5, 8.7 Hz). 
HRMS (ESI): m/z calculated for C19H17N6O4F requires 435.1193 for [M+Na]+ : found : 
435.1242. 
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3-(3-Fluoro-4-(6-(2-methyl-2H-tetrazol-5-yl)pyridin-3-yl)phenyl)-5-
(hydroxymethyl)oxazolidin-2-one (Tedizolid) (205)44 
 
To  solution of (3-(3-fluoro-4-(6-(2-methyl-2H-tetrazol-5-yl)pyridin-3-yl)phenyl)-2-
oxooxazolidin-5-yl)methyl acetate (105 mg, 0.28 mmol) in CH2Cl2 (1 mL) and MeOH (4 mL) 
was added K2CO3 (0.057 g, 0.42 mmol). The reaction was stirred at room temperature for 1 h. 
After this time the reaction was diluted with CH2Cl2 (200 mL) and washed with water (2 x 20 
mL). The organics were separated and diluted with MeOH (15 mL), dried (MgSO4), filtered 
and concentrated to give the title compound as a white solid, (0.090 g, 96%). Mpt. Decomp 
>180 oC. (Reported literature value: 201 oC).44 I.R. (thin film) νmax (cm-1): 3371, 1741 
(C=O), 1625, 1409  1H NMR (500 MHz, dmso) δ 8.82 (1H, s, ArH), 8.19 (1H, d, J = 8.1 Hz, 
ArH), 8.00 (1H, d, J = 8.4 Hz, ArH), 7.65–7.60 (1H, m, ArH), 7.47 (1H, t, J = 8.6 Hz, ArH), 
7.33 (1H, dd, J = 8.6, 2.0 Hz, ArH), 4.68 (1H, td, J = 9.8, 3.7 Hz, OCH), 4.39 (3H, s, NCH3), 
4.04 (1H, t, J = 8.9 Hz, (HO)CH2), 3.94 (1H, dd, J = 8.6, 6.4 Hz, (HO)CH2), 3.77 (1H, dd, J = 
12.4, 3.6 Hz, NCH2), 3.62 (1H, dd, J = 12.4, 3.7 Hz, NCH2). 13C NMR (126 MHz, dmso) δ 
163.8, 159.3 (d, J = 245.6 Hz), 154.3, 149.4 (d, J = 3.9 Hz), 145.0, 140.5 (d, J = 11.4 Hz), 
137.1 (d, J = 3.4 Hz), 131.6 (d, J = 1.8 Hz), 130.9 (d, J = 4.3 Hz), 122.0, 118.5 (d, J = 13.4 
Hz), 114.0 (d, J = 2.2 Hz), 105.3 (d, J = 28.5 Hz), 73.4, 61.5, 45.9, 39.3. 19F NMR (470 MHz, 
dmso) δ -115.49 (dd, J = 12.9, 9.0 Hz). HRMS (ESI): m/z calculated for C17H15N6O3F 
requires 371.1267 for [M+H]+ : found : 371.1254. 
 
 

 
 

5-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(4-iodophenyl)oxazolidin-2-one (247a) 
 
To a solution of ethyl (3-((tert-butyldimethylsilyl)oxy)-2-hydroxypropyl)carbamate (2.77 g, 
10 mmol), 1,4-diiodobenzene (4.95 g, 15 mmol) and 2,2,6,6-tetramethylheptane-3,5-dione 
(0.44 mL, 2 mmol) in MeCN (40 mL) was added cesium carbonate (6.52 g, 20 mmol) and 
copper iodide (0.190 g, 1 mmol). The reaction was heated to 80 oC for 20 h. After this time 
the reaction was allowed to cool to room temperature and was diluted with EtOAc (50 mL). 
Analysis of the crude reaction mixture by 1H NMR showed total consumption of the free-N 
oxazolidinone, where a 13:1 mixture of mono:di arylated species were present. The resulting 
suspension was filtered through a short plug of silica (eluent : 100% EtOAc). The crude 
filtrate was concentrated under vacuum and the resulting oil was purified by flash silica gel 
chromatography (eluent : 30% EtOAc:hexanes) to give the title compound as an off white 
solid (3.043 g, 78%). Mpt. 84-86 oC. I.R. (thin film) νmax (cm-1): 1504 (C=O), 1460 1H 
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NMR (500 MHz, CDCl3) δ 7.67–7.63 (2H, m, ArH), 7.36–7.30 (2H, m, ArH), 4.69–4.64 (1H, 
m, OCH), 4.00 (1H, t, J = 8.7 Hz, (TBSO)CH2), 3.91 (2H, ddd, J = 15.5, 8.5, 3.9 Hz, NCH2), 
3.78 (1H, dd, J = 11.3, 3.2 Hz, (TBSO)CH2), 0.84 (9H, s, SiC(CH3)3), 0.07 (6H, s, Si(CH3)2). 
13C NMR (126 MHz, CDCl3) δ 154.6, 138.3, 138.0, 119.9, 87.3, 72.5, 63.5, 46.5, 25.83 (d, J 
= 3.1 Hz), 18.2, -5.30 (d, J = 6.9 Hz). HRMS (ESI): m/z calculated for C16H24NO3ISi requires 
434.0648 for [M+H]+ : found : 434.0660. 
 
 
 
 

 
 

4-(4-(5-(((tert-Butyldimethylsilyl)oxy)methyl)-2-oxooxazolidin-3-yl)phenyl)morpholin-3-
one (249) 
 
To a solution of 5-(((tert-butyldimethylsilyl)oxy)methyl)-3-(4-iodophenyl)oxazolidin-2-one 
(0.433 g, 1 mmol), morpholine-3-one (0.121 g, 1.2 mmol) and ethylenediamine (6 mg, 0.1 
mmol) in dioxane (3 mL) was added potassium phosphate tribasic (0.424 g, 2 mmol) and 
copper iodide (19 mg, 0.1 mmol). The reaction was heated to 100 oC for 16 h. After this time 
the reaction was cooled to room temperature and filtered through a short plug of celite (eluent 
: 100% EtOAc). The filtrate was concentrated under vacuum and the crude reaction mixture 
was purified by flash silica gel chromatography (eluent : 60% EtOAc:hexanes) to give the 
title compound as a white solid (364 mg, 90%). Mpt. 141-143 oC. I.R. (thin film) νmax (cm-

1): 2953, 2929, 2857, 1744 (C=O), 1662 (C=O), 1515, 1226, 1127 1H NMR (500 MHz, 
CDCl3) δ 7.60 (2H, d, J = 8.8 Hz, ArH), 7.34 (2H, d, J = 8.8 Hz, ArH), 4.67 (1H, dq, J = 5.6, 
4.0 Hz, OCH), 4.34 (2H, s, OCH2C(O)), 4.04 (3H, dd, J = 9.6, 6.0 Hz, 3H, CH2OSi, OCH2), 
3.96 (1H, dd, J = 8.5, 5.8 Hz, CH2OSi), 3.90 (1H, dd, J = 11.3, 4.2 Hz, NCH2), 3.80 (1H, dd, 
J = 11.3, 3.3 Hz, NCH2), 3.77–3.73 (2H, m, NCH2), 0.85 (9H, s, SiC(CH3)3), 0.08 (6H, d, J = 
1.8 Hz, Si(CH3)2). 13C NMR (126 MHz, CDCl3) δ 166.9, 154.8, 137.2, 137.0, 126.2, 119.0, 
72.5, 68.7, 64.2, 63.5, 49.8, 46.8, 25.8, 18.3, -5.28 (d, J = 8.4 Hz). HRMS (ESI): m/z 
calculated for C20H30N2O5Si requires 407.2002 for [M+H]+ : found : 407.2001. 
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4-(4-(5-(Hydroxymethyl)-2-oxooxazolidin-3-yl)phenyl)morpholin-3-one (250) 
 
A solution of 4-(4-(5-(((tert-butyldimethylsilyl)oxy)methyl)-2-oxooxazolidin-3-
yl)phenyl)morpholin-3-one (2.39 g, 5.9 mmol) in THF (55 mL) was treated with tetra-N-
butylammonium fluoride 1.0 M solution in THF (7.1 mL, 7.1 mmol). The reaction was stirred 
at room temperature overnight. The reaction was then concentrated and the crude mixture was 
purified by flash silica gel chromatography (eluent : 6% MeOH:CH2Cl2) to give the title 
compound as a white solid (1.582 g, 92%). Mpt. 159-161 oC. I.R. (thin film) νmax (cm-1): 
3377, 1737 (C=O), 1644 (C=O), 1228 1H NMR (500 MHz, CDCl3) δ 7.60 (2H, d, J = 9.0 Hz, 
ArH), 7.35 (2H, d, J = 8.9 Hz, ArH), 4.74 (1H, ddd, J = 12.5, 7.1, 3.7 Hz, OCH), 4.34 (2H, s, 
OCH2C(O)), 4.06–3.92 (6H, m, 6H), 3.79–3.71 (3H, m, 3H), 1.81 (1H, s, 1H). 13C NMR (126 
MHz, CDCl3) δ 167.0, 154.7, 137.2, 137.0, 126.3, 119.1, 72.9, 68.7, 64.2, 62.9, 49.8, 46.5. 
HRMS (ESI): m/z calculated for C14H16N2O5 requires 293.1137 for [M+H]+ : found : 
293.1110. 
 
 

 
 

(2-Oxo-3-(4-(3-oxomorpholino)phenyl)oxazolidin-5-yl)methyl 4-nitrobenzenesulfonate 
(251) 
 
To a suspension of 4-(4-(5-(hydroxymethyl)-2-oxooxazolidin-3-yl)phenyl)morpholin-3-one 
(1.582 g, 5.4 mmol) and triethylamine (1.51 mL, 10.8 mmol) in dry CH2Cl2 (50 mL) was 
added portion wise at room temperature 4-nitrobenzenesulfonylchloride (1.44 g, 6.5 mmol). 
The reaction was left to stir at room temperature overnight. After this time the reaction was 
concentrated under reduced pressure and diluted in the minimum volume of 50:50 
MeOH:CH2Cl2. The crude reaction mixture was then absorbed on to silica and concentrated to 
dryness. The reaction mixture was then purified by flash silica gel chromatography (eluent : 
10% MeOH:CH2Cl2). The desired fractions were combined, concentrated and the resulting 
crude solid was washed with water. The solids were then dried in a 80 oC oven overnight to 
give the title compound as a white solid (2.33 g, 90%). Mpt. decomp 197 oC. I.R. (thin film) 
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νmax (cm-1): 3101, 2970, 1735 (C=O), 1654 (C=O), 1518, 1368, 1189 1H NMR (500 MHz, 
dmso) δ 8.49–8.41 (2H, m, ArH), 8.23–8.15 (2H, m, ArH), 7.56–7.46 (2H, m, ArH), 7.43–
7.37 (2H, m, ArH), 4.95 (1H, dtd, J = 9.0, 5.8, 2.9 Hz, OCH), 4.50 (2H, qd, J = 11.4, 4.1 Hz, 
2H), 4.19 (2H, s, OCH2C(O)), 4.14 (1H, t, J = 9.4 Hz, 1H), 3.97 (2H, dd, J = 5.8, 4.3 Hz, 2H), 
3.78–3.67 (3H, m, 3H). 13C NMR (126 MHz, dmso) δ 165.9, 153.5, 150.7, 140.1, 137.1, 
136.1, 129.4, 125.9, 124.9, 118.3, 71.4, 69.6, 67.7, 63.4, 48.9, 45.7. HRMS (ESI): m/z 
calculated for C20H19N3O9S requires 478.0920 for [M+H]+ : found : 478.0927. 
 
 

 
 
5-Chloro-N-((2-oxo-3-(4-(3-oxomorpholino)phenyl)oxazolidin-5-yl)methyl)thiophene-2-
carboxamide (Rivaroxaban) (206)45 
 
(2-Oxo-3-(4-(3-oxomorpholino)phenyl)oxazolidin-5-yl)methyl 4-nitrobenzenesulfonate (2.31 
g, 4.84 mmol) was partially dissolved in 2:1 MeCN:iPrOH (30 mL) in a 100 mL pear-shaped 
schlenk flask. NH4OH (30 wt% NH3) solution (25 mL) was added and the vessel was sealed 
and heated to 80 oC overnight. The reaction was cooled to room temperature and the pressure 
from the vessel was released. The contents of the flask were then concentrated under reduced 
pressure to dryness to give a crude yellow solid.  
 
In a separate vial 5-chlorothiophene-2-carboxylic acid (1.63 g, 10 mmol), oxalyl chloride 
(1.72 mL, 20 mmol), DMF (0.25 mL) and dry CH2Cl2 (70 mL) were heated to reflux 
overnight. The reaction was concentrated under reduced pressure and dissolved in dry CH2Cl2 
(30 mL). 
 
The crude amine was dissolved in dry CH2Cl2 (50 mL) and cooled in an ice-water bath to 0 
oC. Triethylamine (1.53 mL, 9.68 mmol) was added followed by the portion wise addition of 
the acid chloride solution. The reaction was warmed to reflux for 4 h. After this time the 
reaction was concentrated under reduced pressure and dissolved in 1:1 MeOH:CH2Cl2 and 
absorbed on to silica. The crude reaction mixture was purified by flash silica gel 
chromatography (eluent : 80:10:10 EtOAc:MeOH:CH2Cl2) to give the title compound as an 
off white solid (1,43 g, 68%). Mpt. 227-228 oC. I.R. (thin film) νmax (cm-1): 2970, br 1738,  
1H NMR 1H NMR (500 MHz, dmso) δ 8.97 (1H, t, J = 5.8 Hz, NH), 7.69 (1H, d, J = 4.1 Hz, 
ArH), 7.56 (2H, d, J = 9.1 Hz, ArH), 7.40 (2H, d, J = 9.0 Hz, ArH), 7.19 (1H, d, J = 4.0 Hz, 
ArH), 4.84 (1H, dq, J = 8.9, 5.6 Hz, OCH), 4.22–4.14 (3H, m, O(CH2)C(O), 
thiopheneC(O)NHCH2), 3.97 (2H, dd, J = 5.8, 4.3 Hz, ArNCH2), 3.85 (1H, dd, J = 9.2, 6.1 

N

O

O

N

NH

O

O

O

S

Cl



Chapter 6 

	   222	  

Hz, thiopheneC(O)NHCH2), 3.71 (2H, dd, J = 5.7, 4.4 Hz, NCH2), 3.60 (2H, t, J = 5.7 Hz, 
OCH2).13C NMR (126 MHz, dmso) δ 165.9, 160.7, 154.0, 138.4, 137.0, 136.4, 133.2, 128.4, 
128.1, 125.9, 118.3, 71.3, 67.7, 63.4, 49.0, 47.4, 42.2. HRMS (ESI): m/z calculated for 
C19H18N3O5SCl requires 436.0733 for [M+H]+ : found : 436.0719. 
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General procedure 3 : Preparation of N-Aryl Oxazolidine-2-thiones 
 
To a solution of appropriate oxazolidine-2-one (1 eq) in dry toluene (2.0 M) was added 
portion-wise Lawesson’s reagent (0.5 eq). The resulting suspension was stirred at room 
temperature briefly before heating under reflux for 24 h. After this time the crude reaction 
was cooled to room temperature, loaded directly onto silica and then purified by flash silica 
gel chromatography (eluent : 100% CH2Cl2) to give the title compound. 
 
 

 
 

3-Phenyloxazolidine-2-thione (252a)46 To a solution of 3-phenyloxazolidine-2-one (2.284 g, 
14 mmol) in dry toluene (70 mL) was added portion-wise Lawesson’s reagent (3.236 g, 8 
mmol). The resulting suspension was stirred at room temperature briefly before heating under 
reflux for 24 h. After this time the crude reaction was cooled to room temperature, loaded 
directly onto silica and the crude material was purified by flash silica gel chromatography 
(eluent : 100% CH2Cl2) to give the title compound. White solid (83%, 2.08 g). Mpt. 96-98 oC. 
(Reported literature value: 95.5 oC).47 I.R. (thin film) νmax (cm-1): 1495 (C=S). 1H NMR 
(300 MHz, CDCl3) δ 7.61–7.54 (2H, m, ArH), 7.49–7.40 (2H, m, ArH), 7.36–7.28 (1H, m, 
ArH), 4.67 (2H, dd, J = 9.3, 7.9 Hz, OCH2), 4.24 (2H, dd, J = 9.4, 8.0 Hz, NCH2). 13C NMR 
(75 MHz, CDCl3) δ 187.1, 138.6, 129.3, 127.6, 124.4, 66.2, 51.6. HRMS (ESI): m/z 
calculated for C9H9NOS requires 180.0483 for [M+H]+ : found : 180.0482. 
 

 

 
 

3-(p-Tolyl)oxazolidine-2-thione (252b) General procedure 3 was followed using 3-(p-
tolyl)oxazolidine-2-one (133 mg, 0.75 mmol), the crude material was purified by flash silica 
gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White solid (63%, 92 
mg). Mpt. 87-88 oC. I.R. (thin film) νmax (cm-1): 1514, 1484 (C=S), 1474, 1434 1H NMR 
(400 MHz, CDCl3) δ 7.43 (2H, d, J = 8.4 Hz, ArH), 7.24 (2H, d, J = 8.1 Hz, ArH), 4.69–4.62 
(2H, m, OCH2), 4.25–4.16 (2H, m, NCH2), 2.37 (3H, s, CH3). 13C NMR (101 MHz, CDCl3) δ 
187.3, 137.7, 136.1, 129.9, 124.5, 66.2, 51.8, 21.2. HRMS (ESI): m/z calculated for 
C10H11NOS requires 194.0639 for [M+H]+ : found : 194.0622. 
 
 

 
 

3-(4-(tert-Butyl)phenyl)oxazolidine-2-thione (252c) General procedure 3 was followed 
using 3-(4-(tert-butyl)phenyl)oxazolidine-2-one (164 mg, 0.75 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (76%, 129 mg). Mpt. 162-163 oC. I.R. (thin film) νmax (cm-1): 1512, 
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1474 (C=S), 1435 1H NMR (300 MHz, CDCl3) δ 7.53–7.41 (4H, m, ArH), 4.66 (2H, dd, J = 
9.3, 8.0 Hz, OCH2), 4.28–4.18 (2H, m, NCH2), 1.32 (9H, s, C(CH3)3). 13C NMR (75 MHz, 
CDCl3) δ 187.0, 150.6, 135.9, 126.2, 123.9, 66.2, 51.8, 34.7, 31.3. HRMS (ESI): m/z 
calculated for C13H17NOS requires 236.1109 for [M+H]+ : found : 236.1111. 
 
 

 
 

3-(4-methoxyphenyl)oxazolidine-2-thione (252d) General procedure 3 was followed using 
3-(4-methoxyphenyl)oxazolidine-2-one (145 mg, 0.75 mmol), the crude material was purified 
by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White 
solid (55%, 87 mg).  I.R. (thin film) νmax (cm-1): 1510, 1474 (C=S), 1441 1H NMR (400 
MHz, CDCl3) δ 7.44 (2H, d, J = 9.0 Hz, ArH), 6.96 (2H, d, J = 9.0 Hz, ArH), 4.66 (2H, t, J = 
8.6 Hz, OCH2), 4.19 (2H, t, J = 8.6 Hz, NCH2), 3.82 (3H, s, CH3). 13C NMR (101 MHz, 
CDCl3) δ 187.6, 158.9, 131.4, 126.3, 114.6, 66.2, 55.6, 52.1. HRMS (ESI): m/z calculated for 
C10H11NO2S requires 232.0408 for [M+Na]+ : found : 232.0390. 
 
 

 
 

3- (4-Bromophenyl)oxazolidine-2-thione (252e) General procedure 3 was followed using 3- 
(4-bromophenyl)oxazolidine-2-one (242 mg, 1.0 mmol), the crude material was purified by 
flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White 
solid (42%, 108 mg). Mpt. 126-127 oC.  I.R. (thin film) νmax (cm-1): 1488, 1472 (C=S), 1431 
1H NMR (300 MHz, CDCl3) δ 7.60–7.53 (2H, m, ArH), 7.52–7.47 (2H, m, ArH), 4.68 (2H, 
dd, J = 9.3, 7.8 Hz, OCH2), 4.23 (2H, dd, J = 9.3, 7.8 Hz, NCH2). 13C NMR (75 MHz, 
CDCl3) δ 187.0, 137.6, 132.4, 125.8, 120.9, 66.2, 51.3. HRMS (ESI): m/z calculated for 
C9H8

81BrNOS requires 279.9407 for [M+Na]+ : found : 279.9391. 
 
 

 
 

4-(2-Thioxooxazolidin-3-yl)benzonitrile (252f) General procedure 3 was followed using 4-
(2-oxazolidin-3-yl)benzonitrile (141 mg, 0.75 mmol), the crude material was purified by flash 
silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White solid 
(66%, 101 mg). Mpt. 161-163 oC. I.R. (thin film) νmax (cm-1): 2233, 1511, 1482 (C=S). 1H 
NMR (300 MHz, CDCl3) δ 7.92–7.84 (2H, m, ArH), 7.77–7.68 (2H, m, ArH), 4.75–4.64 (2H, 
m, OCH2), 4.31 (2H, dd, J = 9.3, 7.7 Hz, NCH2). 13C NMR (75 MHz, CDCl3) δ 186.4, 142.4, 
133.0, 123.4, 118.3, 110.1, 66.2. 50.6. HRMS (ESI): m/z calculated for C10H8N2OS requires 
205.0435 for [M+H]+ : found : 205.0376. 
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3-(4-(Trifluoromethyl)phenyl)oxazolidine-2-thione (252g) General procedure 3 was 
followed using 3-(4-(trifluoromethyl)phenyl)oxazolidine-2-one (172 mg, 0.75 mmol), the 
crude material was purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give 
the title compound. White solid (42%, 79 mg). Mpt. 71-72 oC. I.R. (thin film) νmax (cm-1): 
1520, 1474 (C=S), 1436, 1403 1H NMR (500 MHz, CDCl3) δ 7.80 (2H, d, J = 8.2 Hz, ArH), 
7.68 (2H, d, J = 8.2 Hz, ArH), 4.68 (2H, t, J = 8.5 Hz, OCH2), 4.29 (2H, t, J = 8.5 Hz, NCH2). 
13C NMR (126 MHz, CDCl3) δ 186.8, 141.6, 128.9 (q, J = 33.0 Hz), 126.3 (q, J = 3.7 Hz), 
123.8, 123.7 (q, J = 272.1 Hz), 66.2, 51.0. 19F NMR (470 MHz, CDCl3) δ -62.57 (s) HRMS 
(ESI): m/z calculated for C10H8F3NOS requires 248.0356 for [M+H]+ : found : 248.0332. 
 
 

 
 

3-(4-(Benzyloxy)phenyl)oxazolidine-2-thione (252h) General procedure 3 was followed 
using 3-(4-(benzyloxy)phenyl)oxazolidin-2-one (269 mg, 1.0 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (23%, 66 mg). I.R. (thin film) νmax (cm-1): 1508, 1489 (C=S), 1444 
1H NMR (500 MHz, CDCl3) δ 7.42 (6H, dt, J = 14.9, 8.2 Hz, ArH), 7.34 (1H, t, J = 6.9 Hz, 
ArH), 7.03 (2H, d, J = 8.9 Hz, ArH), 5.08 (2H, s, ArCH2), 4.66 (2H, t, J = 8.6 Hz, OCH2), 
4.19 (2H, t, J = 8.6 Hz, NCH2). 13C NMR (126 MHz, CDCl3) δ 187.5, 158.1, 136.6, 131.7, 
128.8, 128.2, 127.6, 126.3, 115.5, 70.4, 66.2, 52.1. HRMS (ESI): m/z calculated for 
C16H15NO2S requires 308.0721 for [M+Na]+ : found : 308.0699.   
 
 

 
 

3-(m-Tolyl)oxazolidine-2-thione (252i) General procedure 3 was followed using 3-(m-
tolyl)oxazolidine-2-one (133 mg, 0.75 mmol), the crude material was purified by flash silica 
gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White solid (43%, 63 
mg). Mpt. 91-93 oC. I.R. (thin film) νmax (cm-1): 1474 (C=S), 1420 1H NMR (400 MHz, 
CDCl3) δ 7.33 (3H, app dd, J = 16.0, 8.3 Hz, ArH), 7.13 (1H, d, J = 6.9 Hz, ArH), 4.66 (2H, t, 
J = 8.6 Hz, OCH2), 4.22 (2H, t, J = 8.6 Hz, NCH2), 2.39 (3H, s, CH3). 13C NMR (101 MHz, 
CDCl3) δ 187.2, 139.4, 138.6, 129.1, 128.5, 125.1, 121.7, 66.2, 51.8, 21.5. HRMS (ESI): m/z 
calculated for C10H11NOS requires 216.0459 for [M+Na]+ : found : 216.0438. 
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3-(3,5-Dimethylphenyl)oxazolidine-2-thione (252j) General procedure 3 was followed 
using 3-(3,5-dimethylphenyl)oxazolidine-2-one (143 mg, 0.74 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (57%, 89 mg). Mpt. 158-160 oC.  I.R. (thin film) νmax (cm-1): 1490 
(C=S), 1455 1H NMR (300 MHz, CDCl3) δ 7.14 (2H, s, ArH), 6.96 (1H, s, ArH), 4.65 (2H, t, 
J = 8.6 Hz, OCH2), 4.19 (2H, t, J = 8.6 Hz, NCH2), 2.34 (3H, s, CH3). 13C NMR (75 MHz, 
CDCl3) δ 187.2, 139.2, 138.5, 129.5, 122.4, 66.2, 52.0, 21.4. HRMS (ESI): m/z calculated for 
C11H13NOS requires 208.0796 for [M+H]+ : found : 208.0789. 
 
 

 
 

3-(Thiophen-2-yl)oxazolidine-2-thione (252k) General procedure 3 was followed using 3-
(thiophen-2-yl)oxazolidine-2-one (127 mg, 0.75 mmol), the crude material was purified by 
flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White 
solid (64%, 90 mg). Mpt. 114-116 oC. I.R. (thin film) νmax (cm-1): 1530, 1471 (C=S), 1455, 
1426 1H NMR (500 MHz, CDCl3) δ 7.02 (1H, d, J = 5.5 Hz, ArH), 6.93 (1H, dd, J = 5.4, 3.9 
Hz, ArH), 6.74–6.70 (1H, m, ArH), 4.72–4.65 (2H, m, OCH2), 4.33–4.27 (2H, m, NCH2). 13C 
NMR (126 MHz, CDCl3) δ 183.1, 140.3, 125.3, 121.9, 115.5, 67.5, 51.1. HRMS (ESI): m/z 
calculated for C7H7NOS2 requires 207.9866 for [M+Na]+ : found : 207.9846. 
 
 

 
 

3-(4-Bromo-3-fluorophenyl)oxazolidine-2-thione (252l) General procedure 3 was followed 
using 3-(4-bromo-3-fluorophenyl)oxazolidine-2-one (195 mg, 0.75 mmol), the crude material 
was purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (41%, 85 mg). I.R. (thin film) νmax (cm-1): 1483 (C=S), 1440 1H 
NMR (500 MHz, CDCl3) δ 7.66–7.56 (2H, m, ArH), 7.32 (1H, dd, J = 8.7, 1.4 Hz, ArH), 
4.67 (2H, t, J = 8.5 Hz, OCH2), 4.24 (2H, t, J = 8.5 Hz, NCH2). 13C NMR (126 MHz, CDCl3) 
δ 186.6, 158.9 (d, J = 248.2 Hz), 139.1 (d, J = 9.1 Hz), 133.7 (d, J = 1.3 Hz), 120.3 (d, J = 3.7 
Hz), 112.4 (d, J = 26.2 Hz), 107.3 (d, J = 21.1 Hz), 66.1, 51.0. 19F NMR (470 MHz, CDCl3) δ 
-104.01–-104.11 (m). HRMS (ESI): m/z calculated for C9H7

81BrFNOS requires 275.9494 for 
[M+H]+ : found : 275.9470. 
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3-(3,5-Bis(trifluoromethyl)phenyl)oxazolidine-2-thione (252m) General procedure 3 was 
followed using 3-(3,5-bis(trifluoromethyl)phenyl)oxazolidine-2-one (224 mg, 0.75 mmol), the 
crude material was purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give 
the title compound. White solid (60%, 142 mg). Mpt. 113-114 oC. I.R. (thin film) νmax (cm-

1): 1475 (C=S), 1409  1H NMR (500 MHz, CDCl3) δ 8.20 (2H, s, ArH), 7.78 (1H, s, ArH), 
4.73 (2H, t, J = 8.4 Hz, OCH2), 4.35 (2H, t, J = 8.4 Hz, NCH2). 13C NMR (126 MHz, CDCl3) 
δ 186.9, 140.1, 135.4–131.6 (m), 123.7 (d, J = 3.2 Hz), 122.9 (q, J = 273.0 Hz), 120.4 (dt, J = 
7.5, 3.8 Hz), 66.3, 50.7. 19F NMR (470 MHz, CDCl3) δ -63.01 (s). HRMS (ESI): m/z 
calculated for C11H7F6NOS requires 316.0230 for [M+H]+ : found : 316.0172. 
 
 

 
 

(S)-4-Methyl-3-phenyloxazolidine-2-thione (252n)48 General procedure 3 was followed 
using (S)-4-methyl-3-phenyloxazolidine-2-one (133 mg, 0.75 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (73%, 106 mg). [α]D -79.7 (c 0.740, CHCl3). Mpt. 76-77 oC. I.R. (thin 
film) νmax (cm-1): 1495 (C=S), 1461, 1428 1H NMR (300 MHz, CDCl3) δ 7.57–7.42 (2H, m, 
ArH), 7.42–7.30 (3H, m, ArH), 4.83 (1H, t, J = 8.7 Hz, OCH2), 4.52 (1H, app ddq, J = 8.6, 
7.8, 6.3 Hz, OCH2), 4.23 (1H, dd, J = 8.7, 7.8 Hz, NCH), 1.27 (3H, d, J = 6.3 Hz, CH3). 13C 
NMR (75 MHz, CDCl3) δ 187.8, 137.1, 129.6, 128.4, 127.1, 73.5, 58.8, 18.4. HRMS (ESI): 
m/z calculated for C10H11NOS requires 194.0639 for [M+H]+ : found : 194.0635.  
 
 

 
 

(R)-3,4-Diphenyloxazolidine-2-thione (252o)48 General procedure 3 was followed using (R)-
3,4-diphenyloxazolidine-2-one (179 mg, 0.75 mmol), the crude material was purified by flash 
silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White solid 
(78%, 149 mg). [α]D -157.5 (c 1.20, CHCl3). Mpt. 113-115 oC.  I.R. (thin film) νmax (cm-1): 
1493 (C=S), 1459, 1419 1H NMR (500 MHz, CDCl3) δ 7.46–7.26 (9H, m, ArH), 7.24 (1H, d, 
J = 5.6 Hz, ArH), 5.49–5.40 (1H, m, OCH2), 5.05 (1H, t, J = 9.1 Hz, OCH2), 4.60–4.52 (1H, 
m, NCH). 13C NMR (126 MHz, CDCl3) δ 187.8, 137.5, 136.9, 129.3, 129.3, 129.1, 127.9, 
127.2, 126.4, 74.3, 67.2.HRMS (ESI): m/z calculated for C15H13NOS requires 256.0796 for 
[M+H]+ : found : 256.0774.  
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(R)-4-Phenyl-3-(p-tolyl)oxazolidine-2-thione (252p) General procedure 3 was followed 
using (R)-4-phenyl-3-(p-tolyl)oxazolidine-2-one (190 mg, 0.75 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (83%, 168 mg). [α]D -139.3 (c 0.84, CHCl3). Mpt. 115-116 oC. I.R. 
(thin film) νmax (cm-1): 1513 (C=S), 1432  1H NMR (400 MHz, CDCl3) δ 7.39–7.25 (5H, m, 
ArH), 7.15–7.05 (4H, m, ArH), 5.35 (1H, dd, J = 9.2, 6.9 Hz, OCH2), 5.02 (1H, t, J = 9.2 Hz, 
OCH2), 4.55 (1H, dd, J = 9.1, 6.9 Hz, NCH), 2.27 (3H, s, CH3). 13C NMR (101 MHz, CDCl3) 
δ 188.1, 138.0, 137.1, 134.9, 129.9, 129.4, 127.3, 126.4, 74.3, 67.3, 21.2. HRMS (ESI): m/z 
calculated for C16H15NOS requires 270.0952 for [M+H]+ : found : 270.0923.  
 
 

 
 

(S)-4-Benzyl-3-phenyloxazolidine-2-thione (252q) General procedure 3 was followed using 
(S)-4-benzyl-3-phenyloxazolidine-2-one (190 mg, 0.75 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (71%, 143 mg). [α]D +116.2 (c 0.68, CHCl3). Mpt. 123-124 oC.  I.R. 
(thin film) νmax (cm-1): 1495 (C=S), 1459, 1428 1H NMR (400 MHz, CDCl3) δ 7.55–7.45 
(4H, m, ArH), 7.44–7.37 (1H, m, ArH), 7.33–7.20 (3H, m, ArH), 7.07 (2H, dd, J = 5.1, 3.1 
Hz, ArH), 4.67 (1H, dddd, J = 10.3, 8.7, 6.6, 3.9 Hz, OCH2), 4.58 (1H, t, J = 8.8 Hz, OCH2), 
4.40 (1H, dd, J = 9.0, 6.7 Hz, NCH), 3.05 (1H, dd, J = 13.6, 3.9 Hz, ArCH2), 2.75 (1H, dd, J 
= 13.6, 10.1 Hz, ArCH2). 13C NMR (101 MHz, CDCl3) δ 137.2, 134.9, 129.7, 129.1, 129.0, 
128.5, 127.5, 127.0, 71.5, 63.8, 38.5. HRMS (ESI): m/z calculated for C16H15NOS requires 
270.0952 for [M+H]+ : found : 270.0925.  
 
 

 
 

(R)-4-(2-(Methylthio)ethyl)-3-phenyloxazolidine-2-thione (252r) General procedure 3 was 
followed using (R)-4-(2-(methylthio)ethyl)-3-phenyloxazolidine-2-one (176 mg, 0.75 mmol), 
the crude material was purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to 
give the title compound. Pale yellow oil (63%, 120 mg). [α]D -102.0 (c 0.755, CHCl3). I.R. 
(thin film) νmax (cm-1): 1495 (C=S), 1459, 1430 1H NMR (500 MHz, CDCl3) δ 7.51–7.44 
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(2H, m, ArH), 7.39 (3H, m, ArH), 4.85 (1H, td, J = 8.9, 1.7 Hz, OCH2), 4.61 (1H, ddt, J = 
10.7, 8.8, 5.4 Hz, OCH2), 4.42–4.35 (1H, m, NCH), 2.41 (2H, t, J = 7.2 Hz, SCH2CH2), 2.02–
1.90 (4H, m, SCH2, SCH3), 1.90–1.80 (1H, m, SCH2). 13C NMR (126 MHz, CDCl3) δ 187.8, 
137.2, 129.6, 128.5, 126.9, 71.9, 61.8, 31.6, 29.3, 15.6. HRMS (ESI): m/z calculated for 
C12H15NOS2 requires 254.0673 for [M+H]+ : found : 254.0603.  
 
 

 
 

(R)-4-Isopropyl-3-phenyloxazolidine-2-thione (252s) General procedure 3 was followed 
using (R)-4-isopropyl-3-phenyloxazolidine-2-one (154 mg, 0.75 mmol), the crude material 
was purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (70%, 116 mg). [α]D -136.8 (c 1.045, CHCl3). Mpt. 140-142 oC. I.R. 
(thin film) νmax (cm-1): 1485 (C=S), 1461, 1429 1H NMR (500 MHz, CDCl3) δ 7.45 (4H, 
app dd, J = 7.6, 6.1 Hz, ArH), 7.38–7.32 (1H, m, ArH), 4.69–4.62 (1H, m, OCH2), 4.48–4.41 
(2H, m, OCH2, NCH), 1.92 (1H, dtd, J = 13.8, 6.9, 2.8 Hz, CH(CH3)2), 0.88 (6H, dd, J = 20.3, 
6.9 Hz, CH(CH3)2). 13C NMR (126 MHz, CDCl3) δ 187.8, 137.5, 129.4, 128.2, 126.7, 67.6, 
67.2, 28.3, 18.1, 14.5. HRMS (ESI): m/z calculated for C12H15NOS requires 222.0952 for 
[M+H]+ : found : 222.0934.  
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(R)-5-Methyl-3-phenyloxazolidine-2-thione (252t) General procedure 3 was followed using 
(R)-5-methyl-3-phenyloxazolidin-2-one (281 mg, 1.59 mmol), the crude material was purified 
by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White 
solid (72%, 220 mg). [α]D +13.7 (c 0.875, CHCl3). Mpt. 91-93 oC.  I.R. (thin film) νmax (cm-

1): 1496 (C=S), 1479, 1445 1H NMR (500 MHz, CDCl3) δ 7.60–7.54 (2H, m, ArH), 7.46–
7.39 (2H, m, ArH), 7.33–7.27 (1H, m, ArH), 5.03–4.95 (1H, m, OCH), 4.30–4.23 (1H, m, 
NCH2), 3.82 (1H, dd, J = 9.4, 8.2 Hz, NCH2), 1.58 (3H, d, J = 6.3 Hz, CH3). 13C NMR (126 
MHz, CDCl3) δ 186.7, 138.7, 129.2, 127.4, 124.3, 75.2, 57.9, 20.1. HRMS (ESI): m/z 
calculated for C10H11NOS requires 194.0639 for [M+H]+ : found : 194.0595. Chiral HPLC 
Racemic and enantiomerically pure 5-methyl-3-phenyloxazolidin-2-one were reacted under 
the optimised reaction conditions. The resulting racemic and single enantiomer N-aryl 
oxazolidinone-2-thiones were isolated and subjected to chiral HPLC analysis. 
 

 

 
 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 50% dichloromethane, 50% hexanes. 
7.5 µL injection of 8.75 mg/mL solution of product in dichloromethane (enantiopure sample). 
7.5 µL injection of 12 mg/mL solution of product in dichloromethane (racemic sample). 
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(R)-5-Methyl-3-(p-tolyl)oxazolidine-2-thione (252u) General procedure 3 was followed 
using (R)-5-methyl-3-(p-tolyl)oxazolidin-2-one (306 mg, 1.6 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (72%, 240 mg). [α]D +17.5 (c 0.285, CHCl3). Mpt. 133-134 oC.  I.R. 
(thin film) νmax (cm-1): 1513, 1480 (C=S), 1432 1H NMR (500 MHz, CDCl3) δ 7.42 (2H, d, 
J = 8.3 Hz, ArH), 7.23 (2H, d, J = 8.1 Hz, ArH), 5.03–4.94 (1H, m, OCH), 4.24 (1H, t, J = 9.1 
Hz, NCH2), 3.79 (1H, dd, J = 9.3, 8.3 Hz, NCH2), 2.36 (3H, s, ArCH3), 1.58 (3H, d, J = 6.3 
Hz, CH3). 13C NMR (126 MHz, CDCl3) δ 186.8, 137.6, 136.2, 129.8, 124.4, 75.2, 58.1, 21.2, 
20.1. HRMS (ESI): m/z calculated for C11H13NOS requires 208.0796 for [M+H]+ : found : 
208.0766. Chiral HPLC Racemic and enantiomerically pure 5-methyl-3-(p-tolyl)oxazolidin-
2-one were reacted under the optimised reaction conditions. The resulting racemic and single 
enantiomer N-aryl oxazolidinone-2-thiones were isolated and subjected to chiral HPLC 
analysis. 
 

 
 

 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 50% dichloromethane, 50% hexanes. 
7.5 µL injection of 3 mg/mL solution of product in dichloromethane (enantiopure sample). 
7.5 µL injection of 10.5 mg/mL solution of product in dichloromethane (racemic sample). 
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(R)-3-(4-Methoxyphenyl)-5-methylthiazolidin-2-one (252v) General procedure 3 was 
followed using (R)-3-(4-methoxyphenyl)-5-methyloxazolidin-2-one (341 mg, 1.65 mmol), the 
crude material was purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give 
the title compound. White solid (82%, 300 mg).[α]D +18.0 (c 0.5, CHCl3). Mpt. 133-134 oC. 
I.R. (thin film) νmax (cm-1): 1510, 1481 (C=S), 1444 1H NMR (500 MHz, CDCl3) δ 7.45–
7.39 (2H, m, ArH), 6.96–6.91 (2H, m, ArH), 5.03–4.94 (1H, m, OCH), 4.25–4.18 (1H, m, 
NCH2), 3.81 (3H, s, ArOCH3), 3.79–3.73 (1H, m, NCH2), 1.61–1.55 (3H, m, CH3). 13C NMR 
(126 MHz, CDCl3) δ 187.1, 158.7, 131.5, 126.2, 114.5, 75.2, 58.4, 55.6, 20.2. HRMS (ESI): 
m/z calculated for C11H13NO2S requires 224.0745 for [M+H]+ : found : 224.0711. Chiral 
HPLC Racemic and enantiomerically pure 3-(4-methoxyphenyl)-5-methyloxazolidin-2-one 
were reacted under the optimised reaction conditions. The resulting racemic and single 
enantiomer N-aryl oxazolidinone-2-thiones were isolated and subjected to chiral HPLC 
analysis. 
 
 

 
 

 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 50% dichloromethane, 50% hexanes. 
7.5 µL injection of 9.4 mg/mL solution of product in dichloromethane (enantiopure sample). 
7.5 µL injection of 9.4 mg/mL solution of product in dichloromethane (racemic sample). 
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5,5-Dimethyl-3-phenyloxazolidine-2-thione (252w) General procedure 3 was followed 
using 5,5-dimethyl-3-phenyloxazolidine-2-one (191 mg, 1.0 mmol), the crude material was 
purified by flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title 
compound. White solid (78%, 162 mg). Mpt. 122-124 oC. I.R. (thin film) νmax (cm-1): 1497, 
1480 (C=S), 1421 1H NMR (300 MHz, CDCl3) δ 7.61–7.51 (2H, m, ArH), 7.49–7.37 (2H, m, 
ArH), 7.35–7.27 (1H, m, ArH), 3.94 (2H, s, NCH2), 1.62 (6H, s, CH3). 13C NMR (75 MHz, 
CDCl3) δ 186.1, 138.8, 129.2, 127.4, 124.4, 83.3, 62.8, 26.8. HRMS (ESI): m/z calculated for 
C11H13NOS requires 208.0796 for [M+H]+ : found : 208.0778. 
 
 

 
 

3,5,5-Triphenyloxazolidine-2-thione (252x) General procedure 3 was followed using 3,5,5-
triphenyloxazolidine-2-one (315 mg, 1.0 mmol), the crude material was purified by flash 
silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White solid 
(50%, 165 mg). Mpt. 144-146 oC.  I.R. (thin film) νmax (cm-1): 1496, 1475 (C=S), 1414 1H 
NMR (500 MHz, CDCl3) δ 7.53 (2H, d, J = 7.5 Hz, ArH), 7.48 (4H, d, J = 7.1 Hz, ArH), 
7.44–7.34 (8H, m, ArH), 7.30 (1H, t, J = 7.4 Hz, ArH), 4.76 (2H, s, NCH2). 13C NMR (126 
MHz, CDCl3) δ 185.6, 141.3, 138.6, 129.2, 128.9, 128.7, 127.6, 125.8, 124.4, 88.7, 63.5. 
HRMS (ESI): m/z calculated for C21H17NOS requires 332.1109 for [M+H]+ : found : 
332.1093. 
 
 

 
 

3-Phenylbenzo[d]oxazole-2(3H)-thione (252y) General procedure 3 was followed using 3-
phenylbenzo[d]oxazole-2(3H)-one (210 mg, 1.0 mmol), the crude material was purified by 
flash silica gel chromatography (eluent : 100% CH2Cl2) to give the title compound. White 
solid (96%, 218 mg). Mpt. 112-113 oC.  I.R. (thin film) νmax (cm-1): 1498, 1474 (C=S). 1H 
NMR (500 MHz, CDCl3) δ 7.62 (2H, dd, J = 8.1, 7.5 Hz, ArH), 7.59–7.52 (3H, m, ArH), 
7.41 (1H, d, J = 8.0 Hz, ArH), 7.33–7.21 (2H, m, ArH), 6.95 (1H, d, J = 7.8 Hz, ArH). 13C 
NMR (126 MHz, CDCl3) δ 180.5, 147.5, 134.6, 133.3, 130.0, 129.7, 127.0, 125.1, 124.7, 
110.5, 110.2. HRMS (ESI): m/z calculated for C13H9NOS requires 228.0483 for [M+H]+ : 
found : 228.0468. 
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General procedure 4 : Preparation of N-Alkyl Oxazolidine-2-thiones 
 
To a solution of ethanolamine (0.242 mL, 4.0 mmol) and appropriate aldehyde/ketone (4 
mmol) in DCE (25 mL) was added NaHB(OAc)3 (1.19 g, 5.6 mmol) portion wise at room 
temperature. The reaction mixture was then stirred for 16 h at room temperature. 5 M NaOH 
in methanol (5 mL) was subsequently added. The reaction mixture was then concentrated 
under reduced pressure to afford a crude oil. The oil was diluted with acetone (20 mL), dried 
(Na2SO4), filtered and concentrated under reduced pressure. A solution of the crude 
intermediate and triethylamine (1.11 mL, 4 mmol) in CH2Cl2 (12 mL) was charged in to a 
carousel tube. A solution of thiophosgene (0.31 mL, 4 mmol) in CH2Cl2 (4 mL) was added 
drop wise under a continuous flow of nitrogen. The reaction was stirred at room temperature 
for 5 h before the reaction was quenched with 1 M NaOH(aq) (10 mL). The organics were 
separated, dried (MgSO4) and concentrated under reduced pressure. The crude material was 
purified by flash silica gel chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give 
the title compound. 
 

 

 
 

3-Isopropyloxazolidine-2-thione (253a) General procedure 4 was followed using acetone 
(0.29 mL, 4 mmol). The crude material was purified by flash silica gel chromatography gel 
(eluent : 10-50 % EtOAc : hexanes) to give the title compound. White solid (39%, 227 mg). 
Mpt. 70-71 oC. I.R. (thin film) νmax (cm-1): 1496 (C=S), 1466, 1453 1H NMR (500 MHz, 
CDCl3) δ 4.70 (1H, hept, J = 6.7 Hz, CH(CH3)2), 4.51–4.46 (2H, m, OCH2), 3.70–3.65 (2H, 
m, NCH2), 1.21 (6H, d, J = 6.8 Hz, CH(CH3)2). 13C NMR (126 MHz, CDCl3) δ 186.5, 66.1, 
49.0, 42.8, 19.2. HRMS (ESI): m/z calculated for C6H11NOS requires 146.0639 for [M+H]+ : 
found : 146.0649. 

 
 

 
 

3-Cyclohexyloxazolidine-2-thione (253b) General procedure 4 was followed using 
cyclohexanone (0.41 mL, 4 mmol) The crude material was purified by flash silica gel 
chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. White 
solid (50%, 370 mg). Mpt. 109-111  oC. I.R. (thin film) νmax (cm-1): 1495 (C=S), 1480, 1453 
1H NMR (500 MHz, CDCl3) δ 4.47 (2H, t, J = 8.8 Hz, OCH2), 4.27 (1H, tt, J = 11.6, 3.5 Hz, 
NCH(CH2)2), 3.68 (2H, t, J = 8.8 Hz, NCH2), 1.84 (4H, dd, J = 29.6, 12.4 Hz, CH(CH2)2), 
1.68 (1H, d, J = 13.2 Hz, CH2), 1.46–1.23 (4H, m, CH2), 1.15–1.03 (1H, m, CH2). 13C NMR 
(126 MHz, CDCl3) δ 186.4, 66.2, 56.6, 43.9, 29.6, 25.3, 25.2. HRMS (ESI): m/z calculated 
for C9H15NOS requires 186.0952 for [M+H]+ : found : 186.0937. 
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3-Benzyloxazolidine-2-thione (253c)46 General procedure 4 was followed using 
benzaldehyde (0.41 mL, 4 mmol). The crude material was purified by flash silica gel 
chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. White 
solid (37%, 286 mg). Mpt. 90-91 oC. I.R. (thin film) νmax (cm-1): 1504 (C=S), 1452 1H 
NMR (500 MHz, CDCl3) δ 7.34 (5H, m, ArH), 4.86 (2H, s, ArCH2), 4.48 (2H, t, J = 8.8 Hz, 
OCH2), 3.63 (2H, t, J = 8.8 Hz, NCH2). 13C NMR (126 MHz, CDCl3) δ 188.3, 134.7, 129.0, 
128.5, 128.3, 66.0, 52.2, 47.4. HRMS (ESI): m/z calculated for 194.0639 requires 
C10H11NOS for [M+H]+ : found : 194.0624. 
 
 

 
 

3-(4-Methoxybenzyl)oxazolidine-2-thione (253d) General procedure 4 was followed using 
4-methoxybenzaldehyde (0.49 mL, 4 mmol). The crude material was purified by flash silica 
gel chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. 
White solid (36%, 321 mg). Mpt. 63-64 oC. I.R. (thin film) νmax (cm-1): 1507 (C=S), 1460, 
1240 1H NMR (500 MHz, CDCl3) δ 7.27 (2H, d, J = 8.0 Hz, ArH), 6.86 (2H, d, J = 8.1 Hz, 
ArH), 4.77 (2H, s, ArCH2), 4.45 (2H, t, J = 8.8 Hz, OCH2), 3.78 (3H, s, OCH3), 3.60 (2H, t, J 
= 8.8 Hz, NCH2). 13C NMR (126 MHz, CDCl3) δ 187.8, 159.7, 129.7, 126.6, 114.3, 66.0, 
55.3, 51.6, 47.2. HRMS (ESI): m/z calculated for C11H13NO2S requires 224.0745 for [M+H]+ 
: found : 224.0723. 
 
 

 
 

3-(4-Isopropylbenzyl)oxazolidine-2-thione (253e) General procedure 4 was followed using 
4-isopropylbenzaldehyde (0.60 mL, 4 mmol). The crude material was purified by flash silica 
gel chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. 
Yellow oil (26%, 245 mg). I.R. (thin film) νmax (cm-1): 1504 (C=S), 1460 1H NMR (500 
MHz, CDCl3) δ 7.27 (2H, d, J = 8.3 Hz, ArH), 7.22 (2H, d, J = 8.1 Hz, ArH), 4.82 (2H, s, 
ArCH2), 4.51–4.44 (2H, m, OCH2), 3.67–3.60 (2H, m, NCH2), 2.96–2.85 (1H, m, CH(CH3)2), 
1.24 (6H, d, J = 6.9 Hz, CH(CH3)2). 13C NMR (126 MHz, CDCl3) δ 188.1, 149.3, 132.0, 
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128.4, 127.1, 65.9, 52.0, 47.4, 33.9, 24.0. HRMS (ESI): m/z calculated for C13H17NOS 
requires 236.1109 for [M+H]+ : found : 236.1094. 
 
 

 
 

3-(Furan-2-ylmethyl)oxazolidine-2-thione (253f) General procedure 4 was followed using 
furan-2-carbaldehyde (384 mg, 4 mmol, 0.33 mL). The crude material was purified by flash 
silica gel chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. 
White solid (21%, 154 mg). I.R. (thin film) νmax (cm-1): 1503 (C=S), 1458, 1319 1H NMR 
(500 MHz, CDCl3) δ 7.39 (1H, app s,  1H, ArH), 6.42–6.31 (2H, m, ArH), 4.83 (2H, s, 
ArCH2), 4.48 (2H, t, J = 8.8 Hz, OCH2), 3.74 (2H, t, J = 8.8 Hz, NCH2). 13C NMR (126 
MHz, CDCl3) δ 187.9, 148.2, 143.1, 110.7, 109.9, 66.1, 47.8, 44.8. HRMS (ESI): m/z 
calculated for C8H9NO2S requires 184.0432 for [M+H]+ : found : 184.0420 
 
 

 
 

3-(Naphthalen-1-ylmethyl)oxazolidine-2-thione (253g) General procedure 4 was followed 
using 1-naphthaldehyde (625 mg, 4 mmol). The crude material was purified by flash silica gel 
chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. White 
solid (33%, 321 mg). Mpt. 120-121 oC.  I.R. (thin film) νmax (cm-1): 1500 (C=S), 1456, 1373 
1H NMR (500 MHz, CDCl3) δ 8.17 (1H, d, J = 8.3 Hz, ArH), 7.92–7.85 (2H, m, ArH), 7.61–
7.51 (2H, m, ArH), 7.48–7.42 (2H, m, ArH), 5.27 (2H, s, ArCH2), 4.43–4.36 (2H, m, OCH2), 
3.48–3.41 (2H, m, NCH2). 13C NMR (126 MHz, CDCl3) δ 187.6, 134.0, 131.7, 130.5, 129.7, 
128.8, 127.9, 127.3, 126.5, 125.3, 123.9, 66.1, 51.0, 47.4. HRMS (ESI): m/z calculated for 
C14H13NOS requires 244.0796 for [M+H]+ : found : 244.0761. 
 
 

 
 

3-(Anthracen-9-ylmethyl)oxazolidine-2-thione (253h) General procedure 4 was followed 
using anthracene-9-carbaldehyde (825 mg, 4 mmol). The crude material was purified by flash 
silica gel chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. 
Pale yellow solid (37%, 434 mg). Mpt. >210 oC. I.R. (thin film) νmax (cm-1): 1502 (C=S), 
1471, 1450 1H NMR (500 MHz, CDCl3) δ 8.53 (1H, s, ArH), 8.35 (2H, d, J = 8.9 Hz, ArH), 
8.06 (2H, d, J = 8.4 Hz, ArH), 7.65–7.56 (2H, m, ArH), 7.56–7.48 (2H, m, ArH), 5.83 (2H, s, 
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ArCH2), 4.33–4.24 (2H, m, OCH2), 3.29–3.21 (2H, m, NCH2). 13C NMR (126 MHz, CDCl3) 
δ 187.3, 131.4, 131.1, 129.5, 129.3, 127.3, 125.5, 124.9, 123.7, 66.2, 47.0, 44.4. HRMS 
(ESI): m/z calculated for C18H15NOS requires 316.0772 for [M+Na]+ : found : 316.0759. 

 
 

 
 

3-(Ferrocene)oxazolidine-2-thione (253i) General procedure 4 was followed using ferrocene 
carboxaldehyde (856 mg, 4 mmol). The crude material was purified by flash silica gel 
chromatography gel (eluent : 10-50 % EtOAc : hexanes) to give the title compound. 
Orange/red solid (40%, 361 mg). Mpt. 117-119 oC. I.R. (thin film) νmax (cm-1): 1505 (C=S), 
1479, 1460 1H NMR (500 MHz, CDCl3) δ 4.61 (2H, s, FcCH2), 4.40 (2H, dd, J = 9.3, 8.3 Hz, 
FcH), 4.28 (2H, t, J = 1.8 Hz, OCH2), 4.19 (5H, s, FcH), 4.17 (2H, t, J = 1.8 Hz, FcH), 3.63–
3.57 (2H, m, NCH2). 13C NMR (126 MHz, CDCl3) δ 187.1, 80.3, 69.5, 68.9, 68.9, 65.8, 48.0, 
47.3. HRMS (ESI): m/z calculated for C14H15FeNOS requires 324.0121 for [M+Na]+ : found : 
324.0103. 
 

 

 
 

(E)-3-(3-(4-Methoxyphenyl)allyl)oxazolidine-2-thione (253j) General procedure 4 was 
followed using (E)-3-(4-methoxyphenyl)acrylaldehyde (0.50 mL, 4 mmol). The crude 
material was purified by flash silica gel chromatography gel (eluent : 10-50 % EtOAc : 
hexanes) to give the title compound. White solid (31%, 309 mg). Mpt. 123-125 oC. I.R. (thin 
film) νmax (cm-1): 3038, 3007, 2972, 2838, 2839, 1509 (C=S). 1H NMR (500 MHz, CDCl3) δ 
7.32 (2H, d, J = 8.6 Hz, ArH), 6.86 (2H, d, J = 8.5 Hz, ArH), 6.57 (1H, d, J = 15.8 Hz, 
ArCH=CH), 6.04 (1H, dt, J = 15.2, 6.9 Hz, ArCH=CH), 4.51 (2H, t, J = 8.8 Hz, 
CH=CHCH2), 4.40 (2H, d, J = 6.9 Hz, OCH2), 3.80 (3H, s, CH3), 3.77 (2H, t, J = 8.8 Hz, 
NCH2). 13C NMR (126 MHz, CDCl3) δ 187.7, 159.8, 134.7, 128.6, 127.9, 119.1, 114.2, 66.0, 
55.4, 50.6, 47.6. HRMS (ESI): m/z calculated for C13H15NO2S requires 250.0901 for [M+H]+ 
: found : 250.0868. 
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(S)-Tetrahydropyrrolo[1,2-c]oxazole-3(1H)-thione (253k) A solution of thiophosgene 
(0.757 mL, 9.88 mmol) in chloroform (25 mL) was added drop-wise under a flow of nitrogen 
to a solution of L-Prolinol (1.00 g, 9.88 mmol) and triethylamine (2.754 mL, 19.79 mmol) in 
chloroform (75 mL). The reaction was stirred at room temperature overnight. After this time 
the reaction mixture was concentrated under reduced pressure, diluted with conc. NaHCO3(aq) 
(70 mL) and extracted with EtOAc (3 x 50 mL). The organics were combined, dried 
(MgSO4), filtered and concentrated under reduced pressure. The resulting crude yellow solid 
was triturated in 50:50 Et2O:hexanes to give the title compound as a pale yellow solid (94%, 
1.33 g). [α]D +55.3 (c 1.0, CHCl3). Mpt. 52-53 oC. I.R. (thin film) νmax (cm-1): 1484 (C=S), 
1436, 1348 1H NMR (300 MHz, CDCl3) δ 4.80–4.67 (1H, m, OCH2), 4.37–4.14 (2H, m, 
OCH2, NCH2), 3.92–3.79 (1H, m, NCH), 3.53–3.39 (1H, m, NCH2), 2.33–2.19 (1H, m, CH2), 
2.19–2.01 (2H, m, CH2), 1.65–1.51 (1H, m, CH2). 13C NMR (75 MHz, CDCl3) δ 189.8, 73.0, 
63.1, 47.6, 30.9, 26.7. HRMS (ESI): m/z calculated for C6H9NOS requires 166.0302 for 
[M+Na]+ : found : 166.0302.  
 
 

 
 

(R)-Tetrahydropyrrolo[1,2-c]oxazole-3(1H)-thione (253l) A solution of thiophosgene 
(0.757 mL, 9.88 mmol) in chloroform (25 mL) was added drop-wise under a flow of nitrogen 
to a solution of D-Prolinol (1.00 g, 9.88 mmol) and triethylamine (2.754 mL, 19.79 mmol) in 
chloroform (75 mL). The reaction was stirred at room temperature overnight. After this time 
the reaction mixture was concentrated under reduced pressure, diluted with conc. NaHCO3(aq) 
(70 mL) and extracted with EtOAc (3 x 50 mL). The organics were combined, dried 
(MgSO4), filtered and concentrated under reduced pressure. The resulting crude yellow solid 
was triturated in 50:50 Et2O:hexanes to give the title compound as a pale yellow solid (93%, 
1.315 g). [α]D -55.3 (c 0.995, CHCl3). Mpt.  55-56 oC. I.R. (thin film) νmax (cm-1): 1484 
(C=S), 1436, 1348 1H NMR (300 MHz, CDCl3) δ 4.80–4.67 (1H, m, OCH2), 4.37–4.14 (2H, 
m, OCH2, NCH2), 3.92–3.79 (1H, m, NCH), 3.53–3.39 (1H, m, NCH2), 2.33–2.19 (1H, m, 
CH2), 2.19–2.01 (2H, m, CH2), 1.65–1.51 (1H, m, CH2). 13C NMR (75 MHz, CDCl3) δ 189.8, 
73.0, 63.1, 47.6, 30.9, 26.7. HRMS (ESI): m/z calculated for C6H9NOS requires 166.0302 for 
[M+Na]+ : found : 166.0304.  
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General procedure 5 : Preparation of N-Aryl thiazolidin-2-ones  
 
To a solution of [RuCl2(p-cymene)]2 (1.5 mg, 0.0025 mmol) and SPhos (2.1 mg, 0.005 mmol) 
in toluene (1.25 mL) was added oxazolidine-2-thione (0.25 mmol). The resulting suspension 
was then stirred at room temperature briefly before heating to 100 oC for 3 h. After this time 
the crude reaction was cooled to room temperature, loaded directly onto silica and, the crude 
material was purified by flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to 
give the title compound. 

 

General procedure 6 : Preparation of N-Aryl thiazolidin-2-ones  
 
To a solution of [RuCl2(p-cymene)]2 (3.1 mg, 0.005 mmol) and SPhos (4.2 mg, 0.01 mmol) in 
toluene (1.25 mL) was added oxazolidine-2-thione (0.25 mmol). The resulting suspension 
was then stirred at room temperature briefly before heating to 100 oC for 3 h. After this time 
the crude reaction was cooled to room temperature, loaded directly onto silica and, the crude 
material was purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to 
give the title compound.  
 

General procedure 7 : Preparation of N-Aryl thiazolidin-2-ones  
 
To a solution of [RuCl2(p-cymene)]2 (30.6 mg, 0.05 mmol) and SPhos (41.1 mg, 0.1 mmol) in 
toluene (2.5 mL) was added oxazolidine-2-thione (1.0 mmol). The resulting suspension was 
then stirred at room temperature briefly before heating to 130 oC for 24 h. After this time the 
crude reaction was cooled to room temperature, loaded directly onto silica and, the crude 
material was purified by flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to 
give the title compound.  
 
 

 
 

3-Phenylthiazolidin-2-one (281a)49 General procedure 5 was followed using 3-
phenyloxazolidine-2-thione (45 mg, 0.25 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 50% EtOAc:hexanes) to give the title compound. White 
solid (99%, 45 mg). Mpt. 76-79 oC. (Reported literature value: 74-76 oC).47 I.R. (thin film) 
νmax (cm-1): 1668 (C=O), 1491 1H NMR (500 MHz, CDCl3) δ 7.44–7.31 (4H, m, ArH), 7.19 
(1H, t, J = 6.4 Hz, ArH), 4.12 (2H, t, J = 7.1 Hz, NCH2), 3.38 (2H, t, J = 7.1 Hz, SCH2). 13C 
NMR (126 MHz, CDCl3) δ 171.2, 139.1, 129.1, 125.5, 121.9, 50.8, 25.7. HRMS (ESI): m/z 
calculated for  C9H9NOS requires 180.0483 for [M+H]+ : found 180.0475:. 
 
 
Preparation of 3-phenylthiazolidin-2-one (281) on multigram scale 
A 250 mL oven-dried round bottomed flask was charged with dry toluene (55.8 mL), 
[RuCl2(p-cymene)]2 (68.3 mg, 0.112 mmol) and SPhos (91.6 mg, 0.223 mmol). The solution 
was stirred at room temperature briefly before the addition of 3-phenyloxazolidine-2-thione 
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(2.00 g, 11.16 mmol). The flask was fitted with a reflux condenser and the reaction was 
heated in a 250 mL drysyn to 100 oC for 3 h. After this time the reaction was cooled to room 
temperature and concentrated under reduced pressure. The crude brown oil was purified by 
flash silica gel chromatography (eluent 5-30 % EtOAc:hexanes) to give the title compound as 
a white solid, 96%, 1.92 g). 
 
 

 
 

3-(p-Tolyl)thiazolidin-2-one (281b)49 General procedure 5 was followed using 3-(p-
tolyl)oxazolidine-2-thione (48 mg, 0.25 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title compound. White 
solid (98%, 47 mg). Mpt. 93-94 oC. I.R. (thin film) νmax (cm-1): 1671 (C=O), 1511 1H NMR 
(500 MHz, CDCl3) δ 7.27 (2H, d, J = 8.3 Hz, ArH), 7.18 (2H, d, J = 8.3 Hz, ArH), 4.09 (2H, 
t, J = 7.2 Hz, NCH2), 3.38 (2H, t, J = 7.2 Hz, SCH2), 2.33 (3H, s, CH3). 13C NMR (126 MHz, 
CDCl3) δ 171.1, 136.6, 135.4, 129.7, 122.1, 51.0, 25.7, 21.0. HRMS (ESI): m/z calculated for 
C10H11NOS  requires 194.0639 for [M+H]+ : found : 194.0620. 
 
 

 
 

3-(4-(tert-Butyl)phenyl)thiazolidin-2-one (281c) General procedure 5 was followed using 3-
(4-(tert-butyl)phenyl)oxazolidine-2-thione (59 mg, 0.25 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title 
compound. White solid (87%, 51 mg). Mpt. 94-95 oC. I.R. (thin film) νmax (cm-1): 1670 
(C=O), 1516 1H NMR (500 MHz, CDCl3) δ 7.40 (2H, d, J = 7.2 Hz, ArH), 7.31 (2H, d, J = 
7.2 Hz, ArH), 4.11 (2H, t, J = 6.5 Hz, NCH2), 3.38 (2H, t, J = 6.5 Hz, SCH2), 1.31 (9H, s, 
C(CH3)3). 13C NMR (126 MHz, CDCl3) δ 171.1, 148.6, 136.5, 126.0, 121.7, 51.0, 34.5, 31.4, 
25.8. HRMS (ESI): m/z calculated for C13H17NOS requires 236.1109 for [M+H]+ : found : 
236.1096. 
 
 

 
 

3-(4-Methoxyphenyl)thiazolidin-2-one (281d)49 General procedure 5 was followed using 3-
(4-methoxyphenyl)oxazolidine-2-thione (52 mg, 0.25 mmol)., the crude material was purified 
by flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to give the title compound. 
White solid (98%, 51 mg). Mpt. 102-103 oC. I.R. (thin film) νmax (cm-1): 1649 (C=O), 1513 
1H NMR (500 MHz, CDCl3) δ 7.29 (2H, d, J = 9.0 Hz, ArH), 6.90 (2H, d, J = 8.9 Hz, ArH), 
4.07 (2H, t, J = 7.2 Hz, NCH2), 3.80 (3H, s, CH3), 3.38 (2H, t, J = 7.2 Hz, SCH2). 13C NMR 
(126 MHz, CDCl3) δ 171.2, 157.5, 132.1, 124.1, 114.4, 55.6, 51.3, 25.7. HRMS (ESI): m/z 
calculated for C10H11NO2S requires 232.0408 for [M+Na]+ : found : 232.0398. 
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3-(4-Bromophenyl)thiazolidin-2-one (281e) General procedure 5 was followed using 3-(4-
bromophenyl)oxazolidine-2-thione (64 mg, 0.25 mmol)., the crude material was purified by 
flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title compound. 
White solid (94%, 60 mg). Mpt. 110-112 oC. I.R. (thin film) νmax (cm-1): 1659 (C=O), 1487 
1H NMR (500 MHz, CDCl3) δ 7.48 (2H, d, J = 8.7 Hz, ArH), 7.29 (2H, d, J = 8.8 Hz, ArH), 
4.09 (2H, t, J = 7.1 Hz, NCH2), 3.39 (2H, t, J = 7.1 Hz, SCH2). 13C NMR (126 MHz, CDCl3) 
δ 171.2, 138.1, 132.1, 123.2, 118.4, 50.5, 25.5. HRMS (ESI): m/z calculated for  
C9H8

79BrNOS requires 279.9407 for [M+Na]+ : found : 279.9386. 
 
 

 
 

4-(2-Oxothiazolidin-3-yl)benzonitrile (281f) General procedure 6 was followed using 4-(2-
thioxooxazolidin-3-yl)benzonitrile (51 mg, 0.25 mmol)., the crude material was purified by 
flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to give the title compound. 
White solid (99%, 51 mg). Mpt. 119-120 oC. I.R. (thin film) νmax (cm-1): 2222, 1664, 1599 
(C=O), 1508 1H NMR (500 MHz, CDCl3) δ 7.65 (2H, d, J = 8.6 Hz, ArH), 7.56 (2H, d, J = 
8.6 Hz, ArH), 4.16 (2H, t, J = 7.1 Hz, NCH2), 3.43 (2H, t, J = 7.0 Hz, SCH2). 13C NMR (126 
MHz, CDCl3) δ 171.6, 142.8, 133.1, 120.9, 118.6, 108.0, 50.0, 25.4. HRMS (ESI): m/z 
calculated for C10H8N2OS requires 227.0255 for [M+Na]+ : found : 227.0222. 
 
 

 
 

3-(4-(Trifluoromethyl)phenyl)thiazolidin-2-one (281g) General procedure 6 was followed 
using 3-(4-(trifluoromethyl)phenyl)oxazolidine-2-thione (62 mg, 0.25 mmol)., the crude 
material was purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to 
give the title compound. Colourless oil (90%, 56 mg). Mpt. 88-89 oC. I.R. (thin film) νmax 
(cm-1): 1653 (C=O), 1613, 1520 1H NMR (500 MHz, CDCl3) δ 7.62 (2H, d, J = 8.4 Hz, ArH), 
7.54 (2H, d, J = 8.4 Hz, ArH), 4.16 (2H, t, J = 7.1 Hz, NCH2), 3.42 (2H, t, J = 7.1 Hz, SCH2). 
13C NMR (126 MHz, CDCl3) δ 171.5, 142.0, 126.9 (q, J = 32.8 Hz), 126.2 (q, J = 3.7 Hz), 
124.0 (dd, J = 544.9, 273.2 Hz), 121.0, 50.3, 25.5. 19F NMR (470 MHz, CDCl3) δ -62.25 (s). 
HRMS (ESI): m/z calculated for C10H8F3NOS requires 248.0356 for [M+H]+ : found : 
248.0316. 
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3-(4-(Benzyloxy)phenyl)thiazolidin-2-one (281h) General procedure 5 was followed using 
3-(4-(benzyloxy)phenyl)oxazolidine-2-thione (71 mg, 0.25 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 25% EtOAc:hexanes) to give the title 
compound. White solid (74%, 53 mg). Mpt. 125-126 oC. I.R. (thin film) νmax (cm-1): 1669 
(C=O), 1509, 1385 1H NMR (500 MHz, CDCl3) δ 7.46–7.35 (4H, m, ArH), 7.35–7.25 (3H, 
m, ArH), 6.98 (2H, d, J = 8.9 Hz, ArH), 5.06 (2H, s, ArCH2), 4.06 (2H, t, J = 7.2 Hz, NCH2), 
3.38 (2H, t, J = 7.2 Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 171.1, 156.7, 136.9, 132.4, 
128.7, 128.1, 127.5, 124.0, 115.4, 70.4, 51.3, 25.7. HRMS (ESI): m/z calculated for 
C16H15NO2S requires 308.0721 for [M+Na]+ : found : 308.0691. 
 
 

 
 

3-(m-Tolyl)thiazolidin-2-one (281i) General procedure 5 was followed using 3-(m-
tolyl)oxazolidine-2-thione (48 mg, 0.25 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title compound. 
Colourless oil (88%, 42 mg). I.R. (thin film) νmax (cm-1): 1663 (C=O), 1490 1H NMR (500 
MHz, CDCl3) δ 7.26 (1H, t, J = 7.8 Hz, ArH), 7.22 (1H, s, ArH), 7.17 (1H, d, J = 8.1 Hz, 
ArH), 7.01 (1H, d, J = 7.5 Hz, ArH), 4.10 (2H, t, J = 7.2 Hz, NCH2), 3.37 (2H, t, J = 7.2 Hz, 
SCH2), 2.36 (3H, s, CH3). 13C NMR  (126 MHz, CDCl3) δ 171.1, 139.0, 128.9, 126.4, 122.8, 
119.1, 51.0, 25.7, 21.6. HRMS (ESI): m/z calculated for C10H11NOS requires 194.0639 for 
[M+H]+ : found : 194.0627. 
 
 

 
 

3-(3,5-Dimethylphenyl)thiazolidin-2-one (281j) General procedure 5 was followed using 3-
(3,5-dimethylphenyl)oxazolidine-2-thione (59 mg, 0.25 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title 
compound. Colourless oil (96%, 51 mg). I.R. (thin film) νmax (cm-1): 1671 (C=O), 1594, 
1470 1H NMR (500 MHz, CDCl3) δ 7.00 (2H, s, ArH), 6.84 (1H, s, ArH), 4.09 (2H, t, J = 7.1 
Hz, NCH2), 3.37 (2H, t, J = 7.1 Hz, SCH2), 2.31 (6H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 
171.1, 138.8, 127.5, 120.1, 51.2, 25.8, 21.5. HRMS (ESI): m/z calculated for C11H13NOS 
requires 208.0796  for [M+H]+ : found : 208.0784 
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3-(Thiophen-2-yl)thiazolidin-2-one (281k) General procedure 5 was followed using 3-
(thiophen-2-yl)oxazolidine-2-thione (46 mg, 0.25 mmol)., the crude material was purified by 
flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title compound. 
White solid (56%, 26 mg). Mpt. 118-120 oC. I.R. (thin film) νmax (cm-1): 1647 (C=O), 1527, 
1450 1H NMR (500 MHz, CDCl3) δ 6.93 (1H, d, J = 5.2 Hz, ArH), 6.91–6.84 (1H, m, ArH), 
6.55 (1H, d, J = 2.9 Hz, ArH), 4.15 (2H, t, J = 7.4 Hz, NCH2), 3.47 (2H, t, J = 7.4 Hz, SCH2). 
13C NMR (126 MHz, CDCl3) δ 169.4, 140.8, 124.1, 118.4, 112.1, 50.1, 25.4. HRMS (ESI): 
m/z calculated for C7H7NOS2 requires 186.0047 for [M+H]+ : found : 186.0030. 
 
 

 
 

3-(4-Bromo-3-fluorophenyl)thiazolidin-2-one (281l) General procedure 5 was followed 
using 3-(4-bromo-3-fluorophenyl)oxazolidine-2-thione (69 mg, 0.25 mmol)., the crude 
material was purified by flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to 
give the title compound. White solid (90%, 62 mg). Mpt. 87-88 oC. I.R. (thin film) νmax (cm-

1): 1657 (C=O), 1489 1H NMR (500 MHz, CDCl3) δ 7.50 (1H, t, J = 8.2 Hz, ArH), 7.34 (1H, 
d, J = 10.5 Hz, ArH), 7.07 (1H, d, J = 8.8 Hz, ArH), 4.09 (2H, t, J = 7.2 Hz, NCH2), 3.40 (2H, 
t, J = 7.2 Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 171.3, 159.0 (d, J = 246.7 Hz), 139.6 (d, 
J = 9.5 Hz), 133.4 (d, J = 1.3 Hz), 117.5 (d, J = 3.5 Hz), 109.8 (d, J = 26.6 Hz), 104.5 (d, J = 
21.1 Hz), 50.3, 25.3. 19F NMR (470 MHz, CDCl3) δ -104.95–-105.03 (m). HRMS (ESI): m/z 
calculated for C9H7

79BrFNOS requires 297.9313 for [M+Na]+ : found : 297.9294. 
 
 

 
 

3-(3,5-Bis(trifluoromethyl)phenyl)thiazolidin-2-one (281m) General procedure 6 was 
followed using 3-(3,5-bis(trifluoromethyl)phenyl)oxazolidine-2-thione (79 mg, 0.25 mmol)., 
the crude material was purified by flash silica gel chromatography (eluent : 30% 
EtOAc:hexanes) to give the title compound. White solid (96%, 76 mg). Mpt. 181-183 oC. 
I.R. (thin film) νmax (cm-1): 1681 (C=O), 1470 1H NMR (500 MHz, CDCl3) δ 7.91 (2H, s, 
ArH), 7.66 (1H, s, ArH), 4.21 (2H, t, J = 7.1 Hz, NCH2), 3.46 (2H, t, J = 7.1 Hz, SCH2). 13C 
NMR (126 MHz, CDCl3) δ 171.7, 140.4, 132.4 (q, J = 33.6 Hz), 123.1 (q, J = 273.0 Hz), 
120.8 (d, J = 3.1 Hz), 118.4 (dt, J = 7.6, 3.8 Hz), 50.1, 25.4. 19F NMR  (470 MHz, CDCl3) δ -
62.99 (s). HRMS (ESI): m/z calculated for C11H7F6NOS requires 338.0050 for [M+Na]+ : 
found : 338.0026. 
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(S)-4-Methyl-3-phenylthiazolidin-2-one (281n) General procedure 5 was followed using 
(S)-4-methyl-3-phenyloxazolidine-2-thione (48 mg, 0.25 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title 
compound. Pale yellow oil (81%, 39 mg). [α]D -68.2 (c 1.055, CHCl3). I.R. (thin film) νmax 
(cm-1): 1664 (C=O), 1493, 1374 1H NMR (500 MHz, CDCl3) δ 7.41 (2H, t, J = 7.7 Hz, ArH), 
7.27 (3H, t, J = 7.6 Hz, ArH), 4.48–4.37 (1H, m, NCH), 3.59 (1H, dd, J = 10.8, 7.3 Hz, 
SCH2), 3.04 (1H, dd, J = 10.9, 6.3 Hz, SCH2), 1.30 (3H, d, J = 6.2 Hz, CH3). 13C NMR (126 
MHz, CDCl3) δ 171.3, 138.0, 129.4, 127.0, 125.9, 57.7, 33.3, 19.3. HRMS (ESI): m/z 
calculated for C10H11NOS requires 194.0639 for [M+H]+ : found : 194.0631.  
 
 

 
 

(R)-3,4-Diphenylthiazolidin-2-one (281o) General procedure 6 was followed using (R)-4-
methyl-3-phenyloxazolidine-2-thione (64 mg, 0.25 mmol)., the crude material was purified by 
flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. 
White solid (81%, 52 mg). [α]D -165.3 (c 0.865, CHCl3). Mpt. 159-160 oC. I.R. (thin film) 
νmax (cm-1): 1672 (C=O), 1493 1H NMR (500 MHz, CDCl3) δ 7.38–7.17 (9H, m, ArH), 7.10 
(1H, t, J = 6.7 Hz, ArH), 5.39 (1H, t, J = 6.6 Hz, NCH), 3.84 (1H, dd, J = 10.9, 7.8 Hz, 
SCH2), 3.25 (1H, dd, J = 11.0, 5.7 Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 171.8, 139.3, 
138.4, 129.1, 128.9, 128.6, 126.6, 126.0, 124.1, 65.5, 34.8. HRMS (ESI): m/z calculated for 
C15H13NOS requires 278.0615 for [M+Na]+ : found : 278.0586.  
 
 

 
 

(R)-4-Phenyl-3-(p-tolyl)thiazolidin-2-one (281p) General procedure 6 was followed using 
(R)-4-phenyl-3-(p-tolyl)oxazolidine-2-thione (67 mg, 0.25 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title 
compound. White solid (94%, 63 mg). [α]D -168.8 (c 1.025, CHCl3) Mpt. 118-120 oC. I.R. 
(thin film) νmax (cm-1): 1673 (C=O), 1511 1H NMR (500 MHz, CDCl3) δ 7.39–7.22 (5H, m, 
ArH), 7.10 (2H, dd, J = 8.4, 2.0 Hz, ArH), 7.07–7.00 (2H, m, ArH), 5.39–5.30 (1H, m, NCH), 
3.88–3.76 (1H, m, SCH2), 3.24 (1H, app ddd, J = 10.9, 5.8, 2.3 Hz, SCH2), 2.24 (3H, s, CH3). 
13C NMR (126 MHz, CDCl3) δ 171.7, 139.4, 135.9, 135.7, 129.6, 129.0, 128.6, 126.6, 124.3, 
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65.6, 34.7, 21.0. HRMS (ESI): m/z calculated for C16H15NOS requires 270.0952 for [M+H]+ : 
found : 270.0942.  
 
 

 
 

(S)-4-Benzyl-3-phenylthiazolidin-2-one (281q) General procedure 6 was followed using (S)-
4-benzyl-3-phenyloxazolidine-2-thione (67 mg, 0.25 mmol)., the crude material was purified 
by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. 
Pale yellow oil (81%, 54 mg). [α]D +28.8 (c 0.66, CHCl3). I.R. (thin film) νmax (cm-1): 1670 
(C=O), 1492, 1377 1H NMR (300 MHz, CDCl3) δ 7.43–7.29 (4H, m, ArH), 7.27–7.12 (4H, 
m, ArH), 7.09–7.00 (2H, m, ArH), 4.49–4.37 (1H, m, NCH), 3.30 (1H, dd, J = 11.3, 7.3 Hz, 
SCH2), 3.01 (1H, dd, J = 11.3, 4.5 Hz, SCH2), 2.94 (1H, dd, J = 13.5, 3.7 Hz, ArCH2), 2.78 
(1H, dd, J = 13.5, 10.4 Hz, ArCH2). 13C NMR (126 MHz, CDCl3) δ 171.1, 137.9, 136.3, 
129.5, 129.2, 128.9, 127.2, 127.0, 125.7, 63.3, 38.0, 30.1. HRMS (ESI): m/z calculated for 
C16H15NOS requires 256.0796 for [M+H]+ : found : 256.0767.  
 
 

 
 

(R)-4-(2-(Methylthio)ethyl)-3-phenylthiazolidin-2-one (281r) General procedure 6 was 
followed using (R)-4-(2-(methylthio)ethyl)-3-phenyloxazolidine-2-thione (63 mg, 0.25 
mmol)., the crude material was purified by flash silica gel chromatography (eluent : 30% 
EtOAc:hexanes) to give the title compound. Pale yellow oil (83%, 52 mg). [α]D -97.5 (c 1.22, 
CHCl3). I.R. (thin film) νmax (cm-1): 1663 (C=O), 1492, 1377, 1267 1H NMR (500 MHz, 
CDCl3) δ 7.41 (2H, t, J = 7.7 Hz, ArH), 7.34 (2H, d, J = 7.7 Hz, ArH), 7.27 (1H, t, J = 7.3 Hz, 
ArH), 4.58–4.51 (1H, m, NCH), 3.63 (1H, dd, J = 11.1, 7.5 Hz, SCH2), 3.14 (1H, dd, J = 
11.1, 5.3 Hz, SCH2), 2.56–2.39 (2H, m, SCH2CH2), 2.02–1.88 (5H, m, SCH3, SCH2CH2). 13C 
NMR (126 MHz, CDCl3) δ 171.1, 137.8, 129.4, 126.9, 125.6, 60.4, 31.3, 30.6, 29.5, 15.5. 
HRMS (ESI): m/z calculated for C12H15NOS2 requires 276.0492 for [M+Na]+ : found : 
276.0461.  
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(R)-4-Isopropyl-3-phenylthiazolidin-2-one (281s) General procedure 6 was followed using 
(R)-4-isopropyl-3-phenyloxazolidine-2-thione (55 mg, 0.25 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title 
compound. Colourless oil (78%, 43 mg). [α]D -86.8 (c 0.645, CHCl3). I.R. (thin film) νmax 
(cm-1): 1660 (C=O), 1493, 1296 1H NMR (500 MHz, CDCl3) δ 7.41 (2H, t, J = 7.8 Hz, ArH), 
7.29 (2H, d, J = 7.6 Hz, ArH), 7.26 (1H, d, J = 7.3 Hz, ArH), 4.38 (1H, ddd, J = 8.5, 7.0, 3.7 
Hz, NCH), 3.37 (1H, dd, J = 11.1, 8.6 Hz, SCH2), 3.21 (1H, dd, J = 11.2, 6.7 Hz, SCH2), 2.02 
(1H, qd, J = 10.6, 6.9 Hz, CH(CH3)2), 0.91 (6H, app t, J = 6.7 Hz, CH(CH3)2). 13C NMR (126 
MHz, CDCl3) δ 172.0, 138.2, 129.3, 127.0, 126.1, 65.6, 28.9, 25.2, 18.3, 14.7. HRMS (ESI): 
m/z calculated for C12H15NOS requires 244.0772 for [M+Na]+ : found : 244.0759.  
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(R)-5-Methyl-3-phenylthiazolidin-2-one (281t) General procedure 7 was followed using 
(R)-5-methyl-3-phenyloxazolidine-2-thione (193 mg, 1.0 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title 
compound. White solid (37%, 71 mg). Mpt.  57-53 oC. I.R. (thin film) νmax (cm-1): 1674 
(C=O), 1594, 1491 1H NMR (500 MHz, CDCl3) δ 7.37 (4H, m, ArH), 7.18 (1H, t, J = 6.3 Hz, 
ArH), 4.18 (1H, dd, J = 9.6, 7.0 Hz, NCH2), 3.88 (1H, dd, J = 13.2, 6.6 Hz, NCH2), 3.73 (1H, 
dd, J = 9.5, 6.6 Hz, SCH), 1.54 (3H, d, J = 6.7 Hz, CH3). 13C NMR (126 MHz, CDCl3) δ 
170.9, 139.2, 129.0, 125.4, 121.9, 58.0, 36.7, 20.9. HRMS (ESI): m/z calculated for 
C10H11NOS requires 194.0639 for [M+H]+ : found : 194.0632. Chiral HPLC Racemic and 
enantiomerically pure 5-methyl-3-phenylthiazolidin-2-one were reacted under the optimised 
reaction conditions. The resulting racemic and single enantiomer N-aryl thiazolidinones were 
isolated and subjected to chiral HPLC analysis. Calculated enantiomeric excess : >99%. 
 
 

 

 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 15% dichloromethane, 85% hexanes. 
Column temperature : 0 oC 
2.5 µL injection of 12.1 mg/mL solution of product in dichloromethane (enantiopure sample). 
2.5 µL injection of 8.6 mg/mL solution of product in dichloromethane (racemic sample). 
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(R)-5-Methyl-3-(p-tolyl)thiazolidin-2-one (281u) General procedure 7 was followed using 
(R)-5-methyl-3-(p-tolyl)oxazolidine-2-thione (207 mg, 1.0 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title 
compound. White solid (39%, 81 mg). Mpt. 53-54 oC. I.R. (thin film) νmax (cm-1):  1674 
(C=O), 1511, 1388 1H NMR (500 MHz, CDCl3) δ 7.27 (2H, d, J = 8.4 Hz, ArH), 7.18 (2H, d, 
J = 8.3 Hz, ArH), 4.15 (1H, dd, J = 9.9, 6.8 Hz, NCH2), 3.92–3.82 (1H, m, NCH2), 3.69 (1H, 
dd, J = 9.9, 6.4 Hz, SCH), 2.35 (3H, d, J = 18.4 Hz, ArCH3), 1.54 (3H, d, J = 6.7 Hz, CH3). 
13C NMR (126 MHz, CDCl3) δ 170.7, 136.6, 135.3, 129.6, 122.1, 58.2, 36.7, 20.9. HRMS 
(ESI): m/z calculated for C11H13NOS requires 230.0615 for [M+Na]+ : found : 230.0610. 
Chiral HPLC Racemic and enantiomerically pure 5-methyl-3-(p-tolyl)thiazolidin-2-one were 
reacted under the optimised reaction conditions. The resulting racemic and single enantiomer 
N-aryl thiazolidinones were isolated and subjected to chiral HPLC analysis. Calculated 
enantiomeric excess : 91%.  
 

 
 

 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 50% dichloromethane, 50% hexanes. 
7.5 µL injection of 12.2 mg/mL solution of product in dichloromethane (enantiopure sample). 
7.5 µL injection of 11.4 mg/mL solution of product in dichloromethane (racemic sample). 
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(R)-3-(4-Methoxyphenyl)-5-methylthiazolidin-2-one (281v) General procedure 7 was 
followed using (R)-3-(4-methoxyphenyl)-5-methyloxazolidine-2-thione (223 mg, 1.0 mmol)., 
the crude material was purified by flash silica gel chromatography (eluent : 40% 
EtOAc:hexanes) to give the title compound. White solid (35%, 78 mg). Mpt. 43-35 oC. I.R. 
(thin film) νmax (cm-1): 1664 (C=O), 1508, 1244 1H NMR (500 MHz, CDCl3) δ 7.28 (2H, d, 
J = 8.9 Hz, ArH), 6.90 (2H, d, J = 8.9 Hz, ArH), 4.12 (1H, dd, J = 9.9, 6.9 Hz, NCH2), 3.91–
3.83 (1H, m, NCH2), 3.79 (3H, s, ArCH3), 3.67 (1H, dd, J = 9.9, 6.4 Hz, SCH), 1.54 (3H, d, J 
= 6.7 Hz, CH3). 13C NMR (126 MHz, CDCl3) δ 170.9, 157.4, 132.2, 124.1, 114.4, 58.5, 55.6, 
36.8, 21.0. HRMS (ESI): m/z calculated for C11H13NO2S requires 224.0745 for [M+H]+ : 
found : 224.0723. Chiral HPLC Racemic and enantiomerically pure 3-(4-methoxyphenyl)-5-
methylthiazolidin-2-one were reacted under the optimised reaction conditions. The resulting 
racemic and single enantiomer N-aryl thiazolidinones were isolated and subjected to chiral 
HPLC analysis. Calculated enantiomeric excess : 91%. 
 

 
 

 
 
Column : Chiralpak IA, Diacel corporation, Particle size 5 µm, Dimensions 4.6 mm x 250 
mm. 
Flow rate : 1.5 mL/min, 50% dichloromethane, 50% hexanes. 
7.5 µL injection of 12.1 mg/mL solution of product in dichloromethane (enantiopure sample). 
7.5 µL injection of 11.4 mg/mL solution of product in dichloromethane (racemic sample). 
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General procedure 8 : Preparation of N-Alkyl thiazolidin-2-ones 
 
To a solution of [RuCl2(p-cymene)]2 (3.1 mg, 0.005 mmol) and SPhos (4.1 mg, 0.01 mmol) in 
toluene (2.5 mL) was added oxazolidine-2-thione (0.5 mmol). The resulting suspension was 
then stirred at room temperature briefly before heating to 100 oC for 4 h. After this time the 
crude reaction was cooled to room temperature, loaded directly onto silica and, the crude 
material was purified by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to 
give the title compound. 

 
 

 
 

3-Isopropylthiazolidin-2-one (282a) General procedure 8 was followed using 3-
isopropyloxazolidine-2-thione (73 mg, 0.5 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. White 
solid (82%, 60 mg). I.R. (thin film) νmax (cm-1): 1656 (C=O), 1405 1H NMR (500 MHz, 
CDCl3) δ 4.38–4.24 (1H, m, CH(CH3)2), 3.55 (2H, t, J = 7.2 Hz, NCH2), 3.21 (2H, t, J = 7.2 
Hz, SCH2), 1.15 (6H, d, J = 6.8 Hz, CH(CH3)2). 13C NMR (126 MHz, CDCl3) δ 171.3, 45.4, 
43.5, 25.9, 19.9. HRMS (ESI): m/z calculated for C6H11NOS requires 146.0639 for [M+H]+ : 
found : 146.0631. 
 

 
 

3-Cyclohexylthiazolidin-2-one (282b) General procedure 8 was followed using 3-
cyclohexyloxazolidine-2-thione (93 mg, 0.5 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. White 
solid (89%, 82 mg). Mpt.  54-56 oC. I.R. (thin film) νmax (cm-1): 1655 (C=O), 1403 1H 
NMR (500 MHz, CDCl3) δ 3.96–3.85 (1H, m, NCH(CH2)2), 3.57 (2H, t, J = 7.3 Hz, NCH2), 
3.20 (2H, t, J = 7.2 Hz, SCH2), 1.75 (4H, dt, J = 19.5, 9.0 Hz, NCH(CH2)2), 1.65 (1H, d, J = 
12.3 Hz, CH2), 1.40–1.27 (4H, m, CH2), 1.07 (1H, dtd, J = 12.7, 9.1, 3.7 Hz, CH2). 13C NMR 
(126 MHz, CDCl3) δ 171.3, 53.4, 44.6, 30.5, 26.1, 25.6, 25.4. HRMS (ESI): m/z calculated 
for C9H15NOS requires 186.0952 for [M+H]+ : found : 186.0941. 
 

 
 

3-Benzylthiazolidin-2-one (282c)50 General procedure 8 was followed using 3-
benzyloxazolidine-2-thione (97 mg, 0.5 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. White 
solid (85%, 82 mg). Mpt.  50-51 oC. I.R. (thin film) νmax (cm-1): 1662 (C=O), 1406 1H 
NMR (500 MHz, CDCl3) δ 7.41–7.22 (5H, m, ArH), 4.49 (2H, s, ArCH2), 3.51 (2H, t, J = 7.3 
Hz, NCH2), 3.23 (2H, t, J = 7.3 Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 172.2, 136.1, 
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128.8, 128.2, 127.9, 48.7, 48.0, 25.5. HRMS (ESI): m/z calculated for C10H11NOS requires 
194.0639 for [M+H]+ : found : 194.0617. 
 
 

 
 

3-(4-Methoxybenzyl)thiazolidin-2-one (282d) General procedure 8 was followed using 3-
(4-methoxybenzyl)oxazolidine-2-thione (112 mg, 0.5 mmol)., the crude material was purified 
by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. 
White solid (83%, 93 mg). Mpt.  85-86 oC. I.R. (thin film) νmax (cm-1): 1652 (C=O), 1414 
1H NMR (500 MHz, CDCl3) δ 7.19 (2H, d, J = 8.4 Hz, ArH), 6.86 (2H, d, J = 8.5 Hz, ArH), 
4.41 (2H, s, ArCH2), 3.80 (3H, s, CH3), 3.48 (2H, t, J = 7.3 Hz, NCH2), 3.20 (2H, t, J = 7.3 
Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 172.1, 159.3, 129.6, 128.2, 114.2, 55.4, 48.2, 
47.9, 25.5. HRMS (ESI): m/z calculated for C11H13NO2S requires 224.0745 for [M+H]+ : 
found : 224.0719. 
 
 

 
 

3-(4-Isopropylbenzyl)thiazolidin-2-one (282e) General procedure 8 was followed using 3-
(4-isopropylbenzyl)oxazolidine-2-thione (118 mg, 0.5 mmol)., the crude material was purified 
by flash silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. 
White solid (97%, 114 mg). Mpt. 58-60 oC. I.R. (thin film) νmax (cm-1): 1654 (C=O), 1411 
1H NMR (500 MHz, CDCl3) δ 7.23–7.11 (4H, m, ArH), 4.45 (2H, s, ArCH2), 3.50 (2H, t, J = 
7.3 Hz, NCH2), 3.22 (2H, t, J = 7.3 Hz, SCH2), 2.90 (1H, dt, J = 13.8, 6.9 Hz, CH(CH3)2), 
1.24 (6H, d, J = 6.9 Hz, CH(CH3)2). 13C NMR (126 MHz, CDCl3) δ 172.1, 148.7, 133.4, 
128.3, 126.9, 48.5, 48.0, 33.9, 25.6, 24.0.HRMS (ESI): m/z calculated for C13H17NOS 
requires 258.0928 for [M+Na]+ : found : 258.0896. 
 
 

 
 

3-(Furan-2-ylmethyl)thiazolidin-2-one (282f) General procedure 8 was followed using 3-
(furan-2-ylmethyl)oxazolidine-2-thione (92 mg, 0.5 mmol)., the crude material was purified 
by flash silica gel chromatography (eluent : 40% EtOAc:hexanes) to give the title compound. 
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White solid (89%, 82 mg). Mpt.  56-57 oC. I.R. (thin film) νmax (cm-1): 1662 (C=O), 1406 
1H NMR (500 MHz, CDCl3) δ 7.36 (1H, app s,  1H, ArH), 6.32 (1H, app s,  1H, ArH), 6.27 
(1H, d, J = 2.6 Hz, ArH), 4.46 (2H, s, ArCH2), 3.59 (2H, t, J = 7.3 Hz, NCH2), 3.23 (2H, t, J = 
7.3 Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 172.1, 149.7, 142.7, 110.5, 108.9, 48.3, 41.2, 
25.6.HRMS (ESI): m/z calculated for C8H9NO2S requires 206.0251 for [M+Na]+ : found : 
206.0240. 
 
 

 
 

3-(Naphthalen-1-ylmethyl)thiazolidin-2-one (282g) General procedure 8 was followed 
using 3-(naphthalen-1-ylmethyl)oxazolidine-2-thione (122 mg, 0.5 mmol)., the crude material 
was purified by flash silica gel chromatography (eluent : 20% EtOAc:hexanes) to give the 
title compound. White solid (65%, 79 mg). Mpt. 103-105 oC.  I.R. (thin film) νmax (cm-1): 
1659 (C=O), 1407 1H NMR (500 MHz, CDCl3) δ 8.11 (1H, d, J = 8.3 Hz, ArH), 7.88 (1H, d, 
J = 8.0 Hz, ArH), 7.84 (1H, d, J = 8.0 Hz, ArH), 7.55 (2H, dt, J = 14.7, 7.1 Hz, ArH), 7.46–
7.36 (2H, m, ArH), 4.92 (2H, s, ArCH2), 3.41 (2H, t, J = 7.3 Hz, NCH2), 3.12 (2H, t, J = 7.3 
Hz, SCH2). 13C NMR (126 MHz, CDCl3) δ 171.9, 133.9, 131.7, 131.6, 129.1, 128.7, 127.5, 
127.0, 126.3, 125.2, 123.7, 47.9, 47.1, 25.4. HRMS (ESI): m/z calculated for C14H13NOS 
requires 266.0615 for [M+Na]+ : found : 266.0595. 
 
 

 
 

3-(Anthracen-9-ylmethyl)thiazolidin-2-one (282h) General procedure 8 was followed using 
3-(anthracen-9-ylmethyl)oxazolidine-2-thione (147 mg, 0.5 mmol)., the crude material was 
purified by flash silica gel chromatography (eluent : 5% EtOAc:hexanes) to give the title 
compound. White solid (48%, 70 mg). Mpt. 185-186 oC. I.R. (thin film) νmax (cm-1): 1663 
(C=O), 1224, 1190 1H NMR (300 MHz, CDCl3) δ 8.50 (1H, s, ArH), 8.40–8.29 (2H, m, 
ArH), 8.05 (2H, d, J = 8.3 Hz, ArH), 7.63–7.55 (2H, m, ArH), 7.55–7.45 (2H, m, ArH), 5.51 
(2H, s, ArCH2), 3.28 (2H, t, J = 7.3 Hz, NCH2), 2.99 (2H, t, J = 7.3 Hz, SCH2). 13C NMR (75 
MHz, CDCl3) δ 172.0, 131.4, 131.0, 129.4, 128.8, 127.0, 126.5, 125.3, 123.8, 47.7, 40.6, 
25.6. HRMS (ESI): m/z calculated for C18H15NOS requires 294.0952 for [M+H]+ : found : 
294.0949. 
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3-(Ferrocene)thiazolidin-2-one (282i) General procedure 8 was followed using 3-
(ferrocene)oxazolidine-2-thione (151 mg, 0.5 mmol)., the crude material was purified by flash 
silica gel chromatography (eluent : 30% EtOAc:hexanes) to give the title compound. Orange 
solid (73%, 110 mg). Mpt.  143-144 oC. I.R. (thin film) νmax (cm-1): 1660 (C=O), 1444, 
1412 1H NMR (500 MHz, CDCl3) δ 4.24 (2H, s, ArCH2), 4.19 (2H, s, FcH), 4.16 (5H, s, 
FcH), 4.14 (2H, s, FcH), 3.48 (2H, t, J = 7.3 Hz, NCH2), 3.15 (2H, t, J = 7.3 Hz, SCH2). 13C 
NMR (126 MHz, CDCl3) δ 171.6, 81.9, 69.4, 68.8, 68.6, 47.9, 44.4, 25.4. HRMS (ESI): m/z 
calculated for C14H15FeNOS requires 324.0121 for [M+Na]+ : found : 324.0088. 
 
 

 
 

(E)-3-(3-(4-Methoxyphenyl)allyl)thiazolidin-2-one (282j) General procedure 8 was 
followed using (E)-3-(3-(4-methoxyphenyl)allyl)oxazolidine-2-thione (125 mg, 0.5 mmol)., 
the crude material was purified by flash silica gel chromatography (eluent : 30% 
EtOAc:hexanes) to give the title compound. White solid (90%, 112 mg). Mpt. 93-95 oC.  I.R. 
(thin film) νmax (cm-1): 1655 (C=O), 1652, 1510 1H NMR (500 MHz, CDCl3) δ 7.30 (2H, d, 
J = 8.5 Hz, ArH), 6.85 (2H, d, J = 8.6 Hz, ArH), 6.49 (1H, d, J = 15.8 Hz, ArCH=CH), 5.98 
(1H, dt, J = 15.6, 6.7 Hz, ArCH=CH), 4.04 (2H, d, J = 6.7 Hz, CH=CHCH2), 3.80 (3H, s, 
CH3), 3.62 (2H, t, J = 7.3 Hz, NCH2), 3.25 (2H, t, J = 7.3 Hz, SCH2). 13C NMR (126 MHz, 
CDCl3) δ 171.9, 159.6, 133.5, 129.0, 127.7, 121.1, 114.1, 55.4, 48.2, 47.1, 25.6. HRMS 
(ESI): m/z calculated for C13H15NO2S requires 272.0721 for [M+Na]+ : found : 272.0647 
 
 

 
 

(S)-Tetrahydropyrrolo[1,2-c]thiazol-3(1H)-one (282k)51 General procedure 8 was followed 
using (S)-tetrahydropyrrolo[1,2-c]oxazole-3(1H)-thione (72 mg, 0.5 mmol)., the crude 
material was purified by flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to 
give the title compound. White solid (94%, 68 mg). [α]D -35.4 (c 1.0, CH2Cl2). (Reported 
literature value: [α]D -35.4 (c 1.0, CH2Cl2)).51 Mpt. 70-71 oC. (Reported literature value: 70-
71 oC).51 I.R. (thin film) νmax (cm-1): 1690 (C=O), 1667, 1387. 1H NMR (300 MHz, CDCl3) 
δ 4.32–4.10 (1H, m, NCH), 3.56 (1H, dt, J = 11.5, 7.7 Hz, NCH2), 3.34 (1H, dd, J = 10.7, 7.2 
Hz, NCH2), 3.27–3.07 (2H, m, SCH2), 2.32–1.90 (3H, m, CH2), 1.71–1.47 (1H, m, CH2). 13C 
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NMR (75 MHz, CDCl3) δ 170.1, 63.0, 43.3, 33.3, 31.0, 27.3. HRMS (ESI): m/z calculated 
for C6H9NOS requires 166.0302 for [M+Na]+ : found : 166.0309.  
 
 

 
 

(R)-Tetrahydropyrrolo[1,2-c]thiazol-3(1H)-one (282l) General procedure 8 was followed 
using (R)-tetrahydropyrrolo[1,2-c]oxazole-3(1H)-thione (72 mg, 0.5 mmol)., the crude 
material was purified by flash silica gel chromatography (eluent : 50% EtOAc:hexanes) to 
give the title compound. White solid (96%, 69 mg). [α]D +35.4 (c 1.0, CH2Cl2). Mpt. 68-70 
oC.  I.R. (thin film) νmax (cm-1): 1690 (C=O), 1667, 1387 1H NMR (300 MHz, CDCl3) δ 
4.28–4.10 (1H, m, NCH), 3.55 (1H, dt, J = 11.5, 7.7 Hz, NCH2), 3.33 (1H, dd, J = 10.7, 7.2 
Hz, NCH2), 3.25–3.06 (2H, m, SCH2), 2.31–1.92 (3H, m, CH2), 1.68–1.48 (1H, m, CH2). 13C 
NMR (75 MHz, CDCl3) δ 170.0, 63.0, 43.3, 33.2, 30.9, 27.3. HRMS (ESI): m/z calculated 
for C6H9NOS requires 144.0483 for [M+H]+ : found : 144.0483.  
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General procedure 9 : Synthesis of 1,3-dioxolane-2-thiones 
 
Magnesium turnings (33 mmol, 0.802 g) was charged in to an oven-dried round bottomed 
flask. Dry THF (12 mL) was added and then was heated under reflux under nitrogen for 20 
minutes. A solution of aryl bromide (30 mmol,) in dry THF (10 mL) was added to the 
refluxing magnesium. The reaction was maintained at reflux for 1 hour. After this time the 
reaction mixture was cooled to room temperature then cooled in an ice-water bath. To the 
cooled Grignard solution, hydroxyacetone (0.68 mL, 10 mmol) in THF (10 mL) was added 
drop-wise. After complete addition the reaction was warmed to room temperature and stirred 
for a further 1 hour. The reaction mixture was then cooled in an ice-water bath and sat. NH4Cl 
aq. solution (40 mL) was added portion-wise. The suspension was then diluted with EtOAc 
(150 mL). The organics were separated and the aqueous was extracted a further two times (2 
x 50 mL EtOAc). The organics were combined, dried (MgSO4), filtered and concentrated 
under reduced pressure. The crude diol was dissolved in CH2Cl2 (15 mL) and transferred to a 
carousel tube. The solution was charged with DMAP (1 mmol, 0.122 g) and pyridine (1.61 
mL, 20 mmol) before the drop-wise addition of a solution of thiophosgene (0.77 mL, 10 
mmol) in CH2Cl2 (7 mL) under vigorous stirring. The reaction was stirred at room 
temperature overnight. The reaction was then concentrated under reduced pressure, diluted 
with sat. brine solution (50 mL) and extracted with EtOAc (3 x 70 mL). The organics were 
combined, dried (MgSO4), filtered and concentrated under reduced pressure. The crude oil 
was purified by flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the 
title compound. 
 

General procedure 10 : Synthesis of 1,3-dioxolane-2-thiones  
 
Grignard solution in THF (30 mmol) was added to an oven dried round bottomed flask and 
cooled in an ice-water bath. Hydroxyacetone (0.68 mL, 10 mmol) in THF (10 mL) was added 
drop-wise. After complete addition the reaction was warmed to room temperature and stirred 
for a further 1 hour. The reaction mixture was then cooled in an ice-water bath and sat. NH4Cl 
aq. solution (40 mL) was added portion-wise. The suspension was then diluted with EtOAc 
(150 mL). The organics were separated and the aqueous was extracted a further two times (2 
x 50 mL EtOAc). The organics were combined, dried (MgSO4), filtered and concentrated 
under reduced pressure. The crude diol was dissolved in CH2Cl2 (15 mL) and transferred to a 
carousel tube. The solution was charged with DMAP (1 mmol, 0.122 g) and pyridine (1.61 
mL, 20 mmol) before the drop-wise addition of a solution of thiophosgene (0.77 mL, 10 
mmol) in CH2Cl2 (7 mL) under vigorous stirring. The reaction was stirred at room 
temperature overnight. The reaction was then concentrated under reduced pressure, diluted 
with sat. brine solution (50 mL) and extracted with EtOAc (3 x 70 mL). The organics were 
combined, dried (MgSO4), filtered and concentrated under reduced pressure. The crude oil 
was purified by flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the 
title compound. 
 

 
 
4-Phenyl-1,3-dioxolane-2-thione (291a) To a stirred solution of 1-phenylethane-1,2-diol 
(5.00 g, 36.19 mmol) in CH2Cl2 (65 mL) under nitrogen was added pyridine (5.8 mL, 72.38 
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mmol) followed by DMAP (0.442 g, 3.62 mmol) at room temperature. A solution of 
thiophosgene (3.1 mL, 40.0 mmol) in CH2Cl2 (35 mL) was added drop wise over a period of 
30 minutes. The reaction was stirred at room temperature for 3 hours. After this time the 
reaction was concentrated under reduced pressure. The resulting slurry was diluted with 
EtOAc, the solids were removed via filtration and the remaining red solution was 
concentrated to give a crude oil. The crude oil was purified by flash silica gel chromatography 
(50% EtOAc:hexanes) to give the title compound as a colourless oil, crystallising on standing 
to give a white solid (85%, 5.54 g). Mpt. 42-44 oC. I.R. (thin film) νmax (cm-1): 1313 (C=S), 
1291, 1270, 1156  1H NMR (500 MHz, CDCl3) δ 7.48–7.41 (3H, m, ArH), 7.36 (2H, m, 
ArH), 5.87 (1H, t, J = 8.2 Hz, OCH), 4.98 (1H, dd, J = 8.9, 8.4 Hz, OCH2), 4.55 (1H, dd, J = 
8.9, 8.1 Hz, OCH2). 13C NMR (126 MHz, CDCl3) δ 191.6, 134.7, 130.1, 129.4, 126.3, 83.2, 
75.0. HRMS (ESI): m/z calculated for C9H8O2S requires 203.0142 for [M+Na]+ : found : 
203.0135. 
 
 

 
 
(R)-4-Methyl-1,3-dioxolane-2-thione (291b) To a solution of (R)-propane-1,2-diol (0.380 g, 
5 mmol), pyridine (0.79 mL, 10 mmol) and DMAP (0.061 g, 0.5 mmol) in CH2Cl2 (10 mL) at 
0 oC was added a solution of thiophosgene (0.42 mL, 5.5 mmol) in CH2Cl2 (5 mL) drop wise. 
The reaction mixture was allowed to warm to room temperature and was stirred overnight. 
The resulting red solution was concentrated under reduced pressure, suspended in EtOAc and 
filtered. The filtrate was concentrated under reduced pressure and purified by flash silica gel 
chromatography (eluent : 30% EtOAc:Hexane) to give the title compound as a yellow oil 
(477 mg, 81%). I.R. (thin film) νmax (cm-1): 2980, 1307 (C=S), 1280, 1190 1H NMR (500 
MHz, CDCl3) δ 5.07 (1H, tq, J = 7.8, 6.3 Hz, OCH), 4.74 (1H, dd, J = 8.7, 7.8 Hz, OCH2), 
4.21 (1H, dd, J = 8.7, 7.8 Hz, OCH2), 1.54 (3H, d, J = 6.3 Hz, CH3).13C NMR (126 MHz, 
CDCl3) δ 191.9, 78.9, 74.6, 19.0.HRMS (ESI): m/z calculated for C4H6O2S requires 119.0166 
for [M+H]+ : found : 119.0174. 
 
 

 
 
1,3-Dioxolane-2-thione (291c) To a solution of ethylene glycol (0.28 mL, 5 mmol), pyridine 
(0.79 mL, 10 mmol) and DMAP (0.061 g, 0.5 mmol) in CH2Cl2 (10 mL) at 0 oC was added a 
solution of thiophosgene (0.42 mL, 5.5 mmol) in CH2Cl2 (5 mL) drop wise. The reaction 
mixture was allowed to warm to room temperature and was stirred overnight. The resulting 
red solution was concentrated under reduced pressure, suspended in EtOAc and filtered. The 
filtrate was concentrated under reduced pressure and purified by flash silica gel 
chromatography (eluent : 30% EtOAc:Hexane) to give the title compound as a pale yellow 
solid (290 mg, 56%). Mpt. 51-52 oC. (Reported literature value: 51-52 oC).52 I.R. (thin film) 
νmax (cm-1): 2947, 2833, 1687 (C=S), 1112, 1023 1H NMR (500 MHz, CDCl3) δ 4.71 (4H, s, 
OCH2).13C NMR (126 MHz, CDCl3) δ 192.2, 69.1.HRMS (ESI): m/z calculated for C3H4O2S 
requires 105.0010 for [M+H]+ : found : 105.0123. 
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4-Methyl-4-phenyl-1,3-dioxolane-2-thione (291d) To a solution of 2-phenylpropane-1,2-
diol (0.740 g, 5 mmol), pyridine (0.79 mL, 10 mmol) and DMAP (0.061 g, 0.5 mmol) in 
CH2Cl2 (10 mL) at 0 oC was added a solution of thiophosgene (0.42 mL, 5.5 mmol) in CH2Cl2 
(5 mL) drop wise. The reaction mixture was allowed to warm to room temperature and was 
stirred overnight. The resulting red solution was concentrated under reduced pressure, 
suspended in EtOAc and filtered. The filtrate was concentrated under reduced pressure and 
purified by flash silica gel chromatography (eluent : 30% EtOAc:Hexane) to give the title 
compound as a yellow oil (785 mg, 81%). I.R. (thin film) νmax (cm-1): 2981, 1307 (C=S), 
1277, 984 1H NMR (500 MHz, CDCl3) δ 7.45–7.40 (1H, m, ArH), 7.38 (1H, dt, J = 5.2, 2.1 
Hz, ArH), 7.37–7.33 (1H, m, ArH), 4.66 (1H, d, J = 12.0 Hz, OCH2), 4.64 (1H, d, J = 12.0 
Hz, OCH2), 1.89 (3H, s, CH3).13C NMR (126 MHz, CDCl3) δ 191.2, 140.1, 129.2, 129.0, 
124.1, 90.2, 80.0, 26.7.HRMS (ESI): m/z calculated for C10H10O2S requires 195.0479 for 
[M+H]+ : found : 195.0561. 
 
 

 
 

4-Methyl-4-(p-tolyl)-1,3-dioxolane-2-thione (291e) General procedure 9 was followed using 
4-bromotoluene (3.69 mL, 30 mmol) The crude oil was purified by flash silica gel 
chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound as a pale orange 
oil (1.35 g, 65%). I.R. (thin film) νmax (cm-1): 2979, 1310 (C=S), 1279 1H NMR (500 MHz, 
CDCl3) δ 7.26–7.20 (4H, m, ArH), 4.64 (1H, d, J = 8.6 Hz, OCH2), 4.61 (1H, d, J = 8.6 Hz, 
OCH2), 2.36 (3H, s, ArCH3), 1.88 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 191.3, 139.0, 
137.0, 129.8, 124.1, 90.3, 80.1, 26.5, 21.1.HRMS (ESI): m/z calculated for C11H12O2S 
requires 209.0636 for [M+H]+ : found : 209.0635 

 
 

 
 
4-(4-Ethylphenyl)-4-methyl-1,3-dioxolane-2-thione (291f) General procedure 9 was 
followed using 1-bromo-4-ethylbenzene (4.13 mL, 30 mmol). The crude oil was purified by 
flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound 
as a pale orange oil (1.56 g, 70%). I.R. (thin film) νmax (cm-1): 2966, 2931, 1308 (C=S), 
1277 1H NMR (500 MHz, CDCl3) δ 7.29–7.24 (4H, m, ArH), 4.66 (1H, d, J = 8.6 Hz, 
OCH2), 4.62 (1H, d, J = 8.6 Hz, OCH2), 2.67 (2H, q, J = 7.6 Hz, CH2CH3), 1.89 (3H, s, CH3), 
1.24 (3H, t, J = 7.6 Hz, CH2CH3). 13C NMR (126 MHz, CDCl3) δ 191.3, 145.3, 137.2, 128.6, 
124.2, 90.3, 80.1, 28.5, 26.5, 15.5.HRMS (ESI): m/z calculated for C12H14O2S requires 
223.0792 for [M+H]+ : found : 223.0776 
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4-(4-(tert-Butyl)phenyl)-4-methyl-1,3-dioxolane-2-thione (291g) General procedure 9 was 
followed using 1-bromo-4-(tert-butyl)benzene (5.20 mL, 30 mmol). The crude oil was 
purified by flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title 
compound as an off-white solid (1.60 g, 64%). Mpt. 56-61 oC. I.R. (thin film) νmax (cm-1): 
2962, 2905, 2868, 1308 (C=S), 1277, 983 1H NMR (500 MHz, CDCl3) δ 7.46–7.41 (2H, m, 
ArH), 7.31–7.27 (2H, m, ArH), 4.66 (1H, d, J = 8.6 Hz, OCH2), 4.62 (1H, d, J = 8.6 Hz, 
OCH2), 1.88 (3H, s, CH3), 1.31 (9H, s, C(CH3)3).13C NMR (126 MHz, CDCl3) δ 191.3, 152.1, 
136.9, 126.0, 123.9, 90.3, 80.0, 34.7, 31.2, 26.5.HRMS (ESI): m/z calculated for C14H18O2S 
requires 251.1105 for [M+H]+ : found : 251.1079 
 
 

 
 
4-(4-Methoxyphenyl)-4-methyl-1,3-dioxolane-2-thione (291h) General procedure 9 was 
followed using 4-bromoanisole (3.76 mL, 30 mmol). The crude oil was purified by flash silica 
gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound as an orange 
oil (1.06 g, 47%). I.R. (thin film) νmax (cm-1): 2970, 2837, 1714, 1512, 1313 (C=S), 1251, 
1108 1H NMR (500 MHz, CDCl3) δ 7.30–7.27 (2H, m, ArH), 6.96–6.91 (2H, m, ArH), 4.64 
(1H, d, J = 8.6 Hz, OCH2), 4.59 (1H, d, J = 8.6 Hz, OCH2), 3.82 (3H, s, ArCH3), 1.88 (3H, s, 
CH3).13C NMR (126 MHz, CDCl3) δ 191.3, 160.1, 131.8, 125.8, 114.5, 90.3, 80.1, 55.5, 
26.4.HRMS (ESI): m/z calculated for C11H12O3S requires 247.0404 for [M+Na]+ : found : 
247.0377 
 
 

 
 
4-(3-Methoxyphenyl)-4-methyl-1,3-dioxolane-2-thione (291i) General procedure 9 was 
followed using 3-bromoanisole (3.80 mL, 30 mmol). The crude oil was purified by flash silica 
gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound as pale 
orange oil (1.12 g, 50%). I.R. (thin film) νmax (cm-1): 2971, 2837, 1308 (C=S), 1282, 1229, 
983 1H NMR (500 MHz, CDCl3) δ 7.36–7.30 (1H, m, ArH), 6.93–6.85 (3H, m, ArH), 4.64 
(1H, d, J = 8.6 Hz, OCH2), 4.62 (1H, d, J = 8.6 Hz, OCH2), 3.82 (3H, s, ArCH3), 1.87 (3H, s, 
CH3).13C NMR (126 MHz, CDCl3) δ 191.1, 160.1, 141.7, 130.4, 116.2, 114.1, 110.2, 90.1, 
80.0, 55.5, 26.7.HRMS (ESI): m/z calculated for C11H12O3S requires 225.0585 for [M+H]+ : 
found : 225.0585 
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4-(2-Methoxyphenyl)-4-methyl-1,3-dioxolane-2-thione (291j) General procedure 9 was 
followed using 2-bromoanisole (3.74 mL, 30 mmol). The crude oil was purified by flash silica 
gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound as a yellow 
solid (1.32 g mg, 59%). Mpt. 85-87 oC. I.R. (thin film) νmax (cm-1): 2971, 2838, 1738, 1311 
(C=S), 1292, 1237 1H NMR (500 MHz, CDCl3) δ 7.52 (1H, dd, J = 7.7, 1.7 Hz, ArH), 7.34 
(1H, ddd, J = 8.2, 7.6, 1.7 Hz, ArH), 7.01 (1H, td, J = 7.6, 1.0 Hz, ArH), 6.93 (1H, d, J = 8.2 
Hz, ArH), 4.76 (1H, d, J = 9.1 Hz, OCH2), 4.64 (1H, d, J = 9.1 Hz, OCH2), 3.85 (3H, s, 
ArCH3), 1.82 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 191.2, 154.4, 130.1, 128.6, 125.3, 
121.2, 111.1, 89.8, 79.8, 55.5, 26.0.HRMS (ESI): m/z calculated for C11H12O3S requires 
225.0585 for [M+H]+ : found : 225.0585 
 
 

 
 
4-(4-Fluorophenyl)-4-methyl-1,3-dioxolane-2-thione (291k) General procedure 9 was 
followed using 1-bromo-4-fluorobenzene (3.30 mL, 30 mmol). The crude oil was purified by 
flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound 
as a pale orange oil (1.22 g, 58%). I.R. (thin film) νmax (cm-1): 2983, 1310 (C=S), 1278, 
1232 1H NMR (500 MHz, CDCl3) δ 7.37–7.31 (2H, m, ArH), 7.15–7.08 (2H, m, ArH), 4.63 
(2H, s, OCH2), 1.88 (3H, s, CH3).13C NMR (126 MHz, CDCl3) δ 190.9, 162.8 (d, J = 249.0 
Hz), 135.9 (d, J = 3.4 Hz), 126.2 (d, J = 8.4 Hz), 116.2 (d, J = 21.9 Hz), 89.7, 80.0, 26.6. 19F 
NMR (470 MHz, CDCl3) δ -112.32 (tt, J = 8.3, 5.0 Hz). HRMS (ESI): m/z calculated for 
C10H9O2SF requires 213.0385 for [M+H]+ : found : 213.0363. 
 
 

 
 
4-Methyl-4-(naphthalen-1-yl)-1,3-dioxolane-2-thione (291l) General procedure 9 was 
followed using 1-bromonaphthalene (4.20 mL, 30 mmol). The crude oil was purified by flash 
silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound as an 
orange oil (1.01 g, 41%). I.R. (thin film) νmax (cm-1): 3052, 2979, 1307 (C=S), 1280 1H 
NMR (300 MHz, CDCl3) δ 7.94 (1H, dd, J = 5.5, 3.4 Hz, ArH), 7.88 (1H, d, J = 8.2 Hz, 
ArH), 7.77 (1H, dd, J = 7.3, 0.9 Hz, ArH), 7.59–7.46 (4H, m, ArH), 5.07 (1H, d, J = 8.6 Hz, 
OCH2), 4.93 (1H, d, J = 8.6 Hz, OCH2), 2.11 (3H, s, CH3, CH3). 13C NMR (75 MHz, CDCl3) 
δ 190.3, 136.0, 134.5, 130.0, 129.9, 128.0, 127.0, 126.0, 125.4, 123.0, 122.6, 91.2, 79.5, 
27.9.HRMS (ESI): m/z calculated for C14H12O2S requires 245.0636 for [M+H]+ : found : 
245.0636 
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4-([1,1'-Biphenyl]-4-yl)-4-methyl-1,3-dioxolane-2-thione (291m) General procedure 9 was 
followed using 4-bromo-1,1'-biphenyl (6.993 g, 30 mmol). The crude oil was purified by 
flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound 
as a white solid (1.10 g, 41%). Mpt. 68-70 oC. I.R. (thin film) νmax (cm-1): 3030, 2979, 1715, 
1310 (C=S), 1279, 1070 1H NMR (500 MHz, CDCl3) δ 7.67–7.62 (2H, m, ArH), 7.58 (2H, 
dq, J = 2.4, 1.7 Hz, ArH), 7.48–7.41 (4H, m, ArH), 7.41–7.36 (1H, m, ArH), 4.70 (1H, d, J = 
8.7 Hz, OCH2), 4.67 (1H, d, J = 8.7 Hz, OCH2), 1.93 (3H, s, CH3). 13C NMR (126 MHz, 
CDCl3) δ 191.1, 142.0, 139.9, 138.8, 129.0, 127.9, 127.8, 127.1, 124.6, 90.1, 80.0, 
26.5.HRMS (ESI): m/z calculated for C16H11O2S requires 271.0792 for [M+H]+ : found : 
271.0764 
 
 

 
 

4,4-dimethyl-1,3-dioxolane-2-thione (291n) General procedure 10 was followed using 3.0 
M Methylmagnesium bromide in THF (10 mL, 30 mmol). The crude oil was purified by flash 
silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound as a 
pale yellow oil (430 mg, 33%). I.R. (thin film) νmax (cm-1): 1308 (C=S), 978.  1H NMR (500 
MHz, CDCl3) δ 4.33 (2H, s, OCH2), 1.58 (6H, s, CH3) 13C NMR (126 MHz, CDCl3) δ 
191.61, 88.09, 79.06, 25.71.  HRMS (ESI): m/z calculated for C5H8O2S requires 133.0323 for 
[M+H]+ : found : 133.0336 
 
 

 
 
4-Allyl-4-methyl-1,3-dioxolane-2-thione (291o) General procedure 10 was followed using 
2.0 M Allylmagnesium bromide in THF (15 mL, 30 mmol). The crude oil was purified by 
flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound 
as a pale orange oil (740 mg, 47%). I.R. (thin film) νmax (cm-1): 1304 (C=S), 985. 1H NMR 
(500 MHz, CDCl3) δ 5.74 (1H, ddt, J = 17.4, 10.2, 7.3 Hz, CH2=CH), 5.31–5.21 (2H, m, 
CH2=CH), 4.44 (1H, d, J = 8.7 Hz, OCH2), 4.25 (1H, d, J = 8.7 Hz, OCH2), 2.58 (1H, dd, J = 
14.3, 7.3 Hz, CH2=CHCH2), 2.50 (1H, dd, J = 14.3, 7.3 Hz, CH2=CHCH2), 1.56 (3H, s, 
CH3).13C NMR (126 MHz, CDCl3) δ 191.5, 129.8, 121.8, 89.3, 77.0, 43.1, 24.2.HRMS 
(ESI): m/z calculated for C7H10O2S requires 181.0299 for [M+Na]+ : found : 181.0308 
 
 

 
 
4-Methyl-4-vinyl-1,3-dioxolane-2-thione (291p) General procedure 10 was followed using 
0.7 M Vinylmagnesium bromide in THF (47 mL, 30 mmol). The crude oil was purified by 
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flash silica gel chromatography (eluent 0-10% EtOAc:PET ether) to give the title compound 
as a yellow oil (153 mg, 11%). I.R. (thin film) νmax (cm-1):  2978, 1798, 1709, 1302 (C=S). 
1H NMR (500 MHz, CDCl3) δ 5.96 (1H, dd, J = 17.3, 10.9 Hz, CH2=CH), 5.47 (1H, d, J = 
17.3 Hz, CH2=CH), 5.38 (1H, d, J = 10.9 Hz, CH2=CH), 4.46 (1H, d, J = 8.7 Hz, OCH2), 4.36 
(1H, d, J = 8.7 Hz, OCH2), 1.66 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 191.4, 135.8, 
117.7, 88.6, 78.0, 23.5. HRMS (ESI): m/z calculated for C6H8O2S requires 145.0323 for 
[M+H]+ : found : 145.0369 
 
 

 
 
(4R,5R)-4,5-Dimethyl-1,3-dioxolane-2-thione (291q) To a solution of (2R,3R)-butane-2,3-
diol (0.451 g, 5 mmol), pyridine (0.79 mL, 10 mmol) and DMAP (0.061 g, 0.5 mmol) in 
CH2Cl2 (10 mL) at 0 oC was added a solution of thiophosgene (0.42 mL, 5.5 mmol) in CH2Cl2 
(5 mL) drop wise. The reaction mixture was allowed to warm to room temperature and was 
stirred overnight. The resulting red solution was concentrated under reduced pressure, 
suspended in EtOAc and filtered. The filtrate was concentrated under reduced pressure and 
purified by flash silica gel chromatography (eluent : 30% EtOAc:Hexane) to give the title 
compound as a yellow oil (482 mg, 73%). I.R. (thin film) νmax (cm-1): 2979, 2933, 1345 
(C=S), 1266  1H NMR (500 MHz, CDCl3) δ 4.57–4.49 (2H, m, OCH), 1.54–1.48 (6H, m, 
CH3). 13C NMR (126 MHz, CDCl3) δ 191.6, 84.6, 17.9.HRMS (ESI): m/z calculated for 
C5H8O2S requires 133.0323 for [M+H]+ : found : 133.0331. 
 
 

 
 
(3aR,7aS)-Hexahydrobenzo[d][1,3]dioxole-2-thione (291r) To a solution of (1R,2S)-
cyclohexane-1,2-diol (0.581 g, 5 mmol), pyridine (0.79 mL, 10 mmol) and DMAP (0.061 g, 
0.5 mmol) in CH2Cl2 (10 mL) at 0 oC was added a solution of thiophosgene (0.42 mL, 5.5 
mmol) in CH2Cl2 (5 mL) drop wise. The reaction mixture was allowed to warm to room 
temperature and was stirred overnight. The resulting red solution was concentrated under 
reduced pressure, suspended in EtOAc and filtered. The filtrate was concentrated under 
reduced pressure and purified by flash silica gel chromatography (eluent : 30% 
EtOAc:Hexane) to give the title compound as a yellow oil (617 mg, 78%). I.R. (thin film) 
νmax (cm-1): 2945, 2967, 1309 (C=S), 1277  1H NMR (500 MHz, CDCl3) δ 4.90–4.84 (2H, 
m, OCH), 1.93 (4H, ddd, J = 5.3, 4.3, 1.5 Hz, CH2), 1.69–1.56 (2H, m, CH2), 1.53–1.36 (2H, 
m, CH2).13C NMR (126 MHz, CDCl3) δ 192.6, 80.2, 26.2, 19.1.HRMS (ESI): m/z calculated 
for C7H10O2S requires 159.0479 for [M+H]+ : found : 159.0488. 
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(3aR,4R,6R,7aS)-5,5,7a-Trimethylhexahydro-4,6-methanobenzo[d][1,3]dioxole-2-thione 
(291s) To a solution of (1R,2R,3S,5R)-3,6,6-trimethylbicyclo[3.1.1]heptane-2,3-diol (0.740 g, 
5 mmol), pyridine (0.79 mL, 10 mmol) and DMAP (0.061 g, 0.5 mmol) in CH2Cl2 (10 mL) at 
0 oC was added a solution of thiophosgene (0.42 mL, 5.5 mmol) in CH2Cl2 (5 mL) drop wise. 
The reaction mixture was allowed to warm to room temperature and was stirred overnight. 
The resulting red solution was concentrated under reduced pressure, suspended in EtOAc and 
filtered. The filtrate was concentrated under reduced pressure and purified by flash silica gel 
chromatography (eluent : 30% EtOAc:Hexane) to give the title compound as a white solid 
(785 mg, 81%). Mpt. 151-153 oC. I.R. (thin film) νmax (cm-1): 3003, 2971, 2948, 2930, 1308 
(C=S), 1210 1H NMR (500 MHz, CDCl3) δ 4.78 (1H, dd, J = 8.3, 1.6 Hz, OCH), 2.38 (2H, 
ddq, J = 8.6, 6.8, 2.3 Hz, CH), 2.29–2.23 (1H, m, CH), 2.13 (1H, ddd, J = 15.3, 3.5, 1.5 Hz, 
CH), 2.02 (1H, ddd, J = 8.8, 5.9, 3.0 Hz, CH), 1.60 (3H, s, C(CH3)2), 1.33 (3H, s, C(CH3)2), 
1.22 (1H, d, J = 11.6 Hz, CH), 0.84 (3H, s, CH3).13C NMR (126 MHz, CDCl3) δ 190.8, 94.1, 
82.0, 50.1, 38.6, 38.4, 32.7, 26.7, 26.5, 26.1, 23.8.HRMS (ESI): m/z calculated for C11H16O2S 
requires 213.0949 for [M+H]+ : found : 213.0938. 
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General procedure 11 : Palladium catalysed rearrangement of 1,3-dioxolane-2-
thiones (I) 
 
Pd(PPh3)4 (0.1 mmol, 116 mg) and PPh3 (0.2 mmol, 52 mg) was charged into an oven-dried 
carousel tube. The contents of the reaction vessel were purged with argon before a solution of 
appropriate [1,3]dioxole-2-thione (1.0 mmol) in dry degassed toluene (5 mL) was added via 
septum. The reaction vial was purged with argon, sealed and heated to 100 oC for 3 h. After 
this time the reaction was cooled to room temperature and concentrated under reduced 
pressure. The crude material was purified by flash silica gel chromatography (eluent 10% 
Et2O:PET ether), the desired fractions were combined and concentrated under reduced 
pressure to give the title compound. 
 
 

General procedure 12 : Palladium catalysed rearrangement of 1,3-dioxolane-2-
thiones (II) 
 
Pd(PPh3)4 (0.1 mmol, 116 mg) and PPh3 (0.2 mmol, 52 mg) was charged into an oven-dried 
carousel tube. The contents of the reaction vessel were purged with argon before a solution of 
appropriate [1,3]dioxole-2-thione (1.0 mmol) in dry degassed toluene (5 mL) was added via 
septum. The reaction vial was purged with argon, sealed and heated to 120 oC for 20 h. After 
this time the reaction was cooled to room temperature and concentrated under reduced 
pressure. The crude material was purified by flash silica gel chromatography (eluent 10% 
Et2O:PET ether), the desired fractions were combined and concentrated under reduced 
pressure to give the title compound. 
 

 
 
4-Phenyl-1,3-oxathiolan-2-one (292a) General procedure 11 was followed using 4-phenyl-
1,3-dioxolane-2-thione (1.0 mmol, 180 mg). The crude material was purified by flash silica 
gel chromatography (eluent 10% EtOAc:PET ether), the desired fractions were combined and 
concentrated under reduced pressure to give the title compound as a pale yellow oil (112 mg, 
62 %). I.R. (thin film) νmax (cm-1): 1730 (C=O), 1455, 1071, 1024 1H NMR (500 MHz, 
CDCl3) δ 7.44–7.35 (5H, m, ArH), 5.15 (1H, t, J = 7.4 Hz, OCH2), 4.74 (1H, dd, J = 9.6, 7.0 
Hz, OCH2), 4.42 (1H, dd, J = 9.6, 7.7 Hz, SCH). 13C NMR (126 MHz, CDCl3) δ 172.7, 
136.4, 129.4, 129.2, 127.5, 74.7, 52.4. HRMS (ESI): m/z calculated for C9H8O2S requires 
203.0142 for [M+Na]+ : found : 203.0129. 
 

 

 
 
1,3-Oxathiolan-2-one (292c) General procedure 11 was followed using 1,3-dioxolane-2-
thione (1.0 mmol, 104 mg). The crude material was purified by flash silica gel 
chromatography (eluent 10% EtOAc:PET ether), the desired fractions were combined and 
concentrated under reduced pressure to give the title compound as a pale yellow oil (74 mg, 
71 %). Mpt.  oC. I.R. (thin film) νmax (cm-1): 2969, 1724 (C=O), 1075, 1033 1H NMR (500 
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MHz, CDCl3) δ 4.51 (2H, t, J = 7.0 Hz, OCH2), 3.57 (2H, t, J = 7.0 Hz, SCH2). 13C NMR 
(126 MHz, CDCl3) δ 173.48, 68.56, 32.13. HRMS (ESI): m/z calculated for C3H4O2S 
requires 126.9829 for [M+Na]+ : found : 126.9540. 
 
 

 
 
4-Methyl-4-phenyl-1,3-oxathiolan-2-one (292d) General procedure 12 was followed using 
4-methyl-4-phenyl-1,3-dioxolane-2-thione (1.0 mmol, 194 mg). The crude material was 
purified by flash silica gel chromatography (eluent 10% EtOAc:PET ether), the desired 
fractions were combined and concentrated under reduced pressure to give the title compound 
as a yellow oil (165 mg, 85 %). I.R. (thin film) νmax (cm-1): 2971, 1732 (C=O), 1024 1H 
NMR (500 MHz, CDCl3) δ 7.46–7.38 (4H, m, ArH), 7.37–7.32 (1H, m, ArH), 4.59 (1H, d, J 
= 9.5 Hz, OCH2), 4.44 (1H, d, J = 9.5 Hz, OCH2), 2.00 (3H, s, CH3).  13C NMR (126 MHz, 
CDCl3) δ 172.38, 140.60, 129.19, 128.50, 79.58, 61.06, 29.08. HRMS (ESI): m/z calculated 
for C10H10O2S requires 217.0299 for [M+Na]+ : found : 217.0279 
 
 

 
 
4-Methyl-4-(p-tolyl)-1,3-oxathiolan-2-one (292e) General procedure 12 was followed using 
4-methyl-4-(p-tolyl)-1,3-dioxolane-2-thione (1.0 mmol, 208 mg). The crude material was 
purified by flash silica gel chromatography (eluent 10% EtOAc:PET ether), the desired 
fractions were combined and concentrated under reduced pressure to give the title compound 
as a pale yellow oil (146 mg, 70 %). I.R. (thin film) νmax (cm-1): 2970, 1736 (C=O), 1061, 
1027 1H NMR (500 MHz, CDCl3) δ 7.35–7.31 (2H, m, ArH), 7.21 (2H, app dd, J = 8.5, 0.7 
Hz, ArH), 4.56 (1H, d, J = 9.5 Hz, OCH2), 4.41 (1H, d, J = 9.4 Hz, OCH2), 2.36 (3H, s, 
ArCH3), 1.98 (3H, s, CH3).13C NMR (126 MHz, CDCl3) δ 172.53, 138.41, 137.51, 129.78, 
125.99, 79.69, 60.89, 28.98, 21.09. HRMS (ESI): m/z calculated for C11H12O2S requires 
209.0636 for [M+H]+ : found : 209.0621 
 
 

 
 
4-(4-Ethylphenyl)-4-methyl-1,3-oxathiolan-2-one (292f) General procedure 12 was 
followed using 4-(4-ethylphenyl)-4-methyl-1,3-dioxolane-2-thione (1.0 mmol, 222 mg). The 
crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
the title compound as a pale yellow oil (138 mg, 62 %). I.R. (thin film) νmax (cm-1): 2966, 
2931, 1737 (C=O), 1061, 1028 1H NMR (500 MHz, CDCl3) δ 7.38–7.33 (2H, m, ArH), 7.25–
7.21 (2H, m, ArH), 4.57 (1H, d, J = 9.5 Hz, OCH2), 4.41 (1H, d, J = 9.4 Hz, OCH2), 2.66 (2H, 
q, J = 7.6 Hz, CH2CH3), 1.99 (3H, s, CH3), 1.24 (3H, t, J = 7.6 Hz, CH2CH3). 13C NMR (126 
MHz, CDCl3) δ 172.56, 144.71, 137.69, 128.60, 126.09, 79.72, 60.92, 28.98, 28.49, 15.52. 
HRMS (ESI): m/z calculated for C12H14O2S requires 223.0792 for [M+H]+ : found : 223.0771 
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4-(4-Methoxyphenyl)-4-methyl-1,3-oxathiolan-2-one (292h) General procedure 12 was 
followed using 4-(4-methoxyphenyl)-4-methyl-1,3-dioxolane-2-thione (1.0 mmol, 224 mg). 
The crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
the title compound as a yellow oil (164 mg, 73 %). I.R. (thin film) νmax (cm-1): 2970, 2838, 
1731 (C=O), 1512, 1252, 1022  1H NMR (500 MHz, CDCl3) δ 7.40–7.36 (2H, m, ArH), 
6.93–6.88 (2H, m, ArH), 4.55 (1H, d, J = 9.5 Hz, OCH2), 4.38 (1H, d, J = 9.5 Hz, OCH2), 
3.82 (3H, s, 3H), 1.98 (3H, s, 3H). 13C NMR (126 MHz, CDCl3) δ 172.5, 159.5, 132.2, 127.4, 
114.4, 79.9, 60.6, 55.5, 28.79 HRMS (ESI): m/z calculated for C11H12O3S requires 225.0585 
for [M+H]+ : found : 225.0563 
 
 

 
 
4-(3-Methoxyphenyl)-4-methyl-1,3-oxathiolan-2-one (292i) General procedure 12 was 
followed using 4-(3-methoxyphenyl)-4-methyl-1,3-dioxolane-2-thione (1.0 mmol, 224 mg). 
The crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
the title compound as a pale yellow oil (166 mg, 74 %). I.R. (thin film) νmax (cm-1): 2970, 
2837, 1734 (C=O), 1600, 1583, 1026 1H NMR (500 MHz, CDCl3) δ 7.32 (1H, t, J = 8.0 Hz, 
ArH), 7.00 (1H, ddd, J = 7.8, 1.9, 0.8 Hz, ArH), 6.96 (1H, t, J = 2.2 Hz, ArH), 6.87 (1H, ddd, 
J = 8.3, 2.5, 0.8 Hz, ArH), 4.57 (1H, d, J = 9.5 Hz, OCH2), 4.42 (1H, d, J = 9.4 Hz, OCH2), 
3.83 (3H, s, ArCH3), 1.98 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 172.3, 160.0, 142.1, 
130.2, 118.2, 79.5, 60.9, 55.5, 29.07 HRMS (ESI): m/z calculated for C11H12O3S requires 
225.0585 for [M+H]+ : found : 225.0569 
 
 

 
 
4-(2-Methoxyphenyl)-4-methyl-1,3-oxathiolan-2-one (292j) General procedure 12 was 
followed using 4-(2-methoxyphenyl)-4-methyl-1,3-dioxolane-2-thione (1.0 mmol, 224 mg). 
The crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
the title compound as a pale yellow solid (159 mg, 71 %). Mpt. 72-74 oC. I.R. (thin film) 
νmax (cm-1): 2970, 2839, 1732 (C=O), 1252, 1024 1H NMR (500 MHz, CDCl3) δ 7.32 (1H, 
ddd, J = 8.2, 7.5, 1.6 Hz, ArH), 7.10 (1H, dd, J = 7.7, 1.6 Hz, ArH), 6.98 (1H, dd, J = 7.6, 1.1 
Hz, ArH), 6.95 (1H, dd, J = 8.4, 0.8 Hz, ArH), 4.72 (1H, d, J = 9.4 Hz, OCH2), 4.67 (1H, d, J 
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= 9.5 Hz, OCH2), 3.88 (3H, s, ArCH3), 1.91 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 
173.60, 156.40, 129.70, 129.62, 126.04, 121.11, 111.78, 59.84, 55.57, 29.05. HRMS (ESI): 
m/z calculated for C11H12O3S requires 225.0585 for [M+H]+ : found : 225.0570 
 
 

 
 
4-(4-Fluorophenyl)-4-methyl-1,3-oxathiolan-2-one (292k) General procedure 12 was 
followed using 4-(4-fluorophenyl)-4-methyl-1,3-dioxolane-2-thione (1.0 mmol, 212 mg). The 
crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
the title compound as a pale yellow oil (174 mg, 82 %). I.R. (thin film) νmax (cm-1): 2971, 
1735 (C=O), 1510, 1232, 1028  1H NMR (500 MHz, CDCl3) δ 7.47–7.41 (2H, m, ArH), 
7.12–7.05 (2H, m, ArH), 4.55 (1H, d, J = 9.5 Hz, OCH2), 4.41 (1H, d, J = 9.5 Hz, OCH2), 
1.99 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 172.0, 162.4 (d, J = 248.9 Hz), 136.4 (d, J 
= 3.5 Hz), 128.0 (d, J = 8.3 Hz), 116.0 (d, J = 21.7 Hz), 79.6, 60.4, 28.8.19F NMR (470 MHz, 
CDCl3) δ -113.31 (tt, J = 8.3, 5.0 Hz). HRMS (ESI): m/z calculated for C10H9O2SF requires 
235.0205 for [M+Na]+ : found : 235.0186 
 
 

 
 
4-Methyl-4-(naphthalen-1-yl)-1,3-oxathiolan-2-one (292l) General procedure 12 was 
followed using 4-methyl-4-(naphthalen-1-yl)-1,3-dioxolane-2-thione (1.0 mmol, 244 mg). 
The crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
the title compound as a white solid (151 mg, 62 %). Mpt. 83-85 oC. I.R. (thin film) νmax 
(cm-1): 3050, 2969, 1733 (C=O), 1035 1H NMR (500 MHz, CDCl3) δ 8.08 (1H, dd, J = 8.6, 
0.6 Hz, ArH), 7.96–7.89 (1H, m, ArH), 7.85 (1H, d, J = 8.2 Hz, ArH), 7.60 (1H, ddd, J = 8.5, 
6.8, 1.5 Hz, ArH), 7.55 (1H, ddd, J = 8.0, 6.9, 1.1 Hz, ArH), 7.44 (1H, dd, J = 8.1, 7.4 Hz, 
ArH), 7.25 (1H, dd, J = 7.3, 0.9 Hz, ArH), 5.00 (1H, d, J = 9.2 Hz, OCH2), 4.80 (1H, d, J = 
9.2 Hz, OCH2), 2.17 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 172.31, 136.83, 134.78, 
130.56, 129.95, 129.80, 126.79, 126.19, 125.06, 124.39, 122.07, 78.69. HRMS (ESI): m/z 
calculated for C14H12O2S requires 245.0636 for [M+H]+ : found : 245.0611 
 
 

 
 
4-([1,1'-Biphenyl]-4-yl)-4-methyl-1,3-oxathiolan-2-one (292m) General procedure 12 was 
followed using 4-([1,1'-biphenyl]-4-yl)-4-methyl-1,3-dioxolane-2-thione (1.0 mmol, 270 mg). 
The crude material was purified by flash silica gel chromatography (eluent 10% EtOAc:PET 
ether), the desired fractions were combined and concentrated under reduced pressure to give 
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the title compound as a white solid (194 mg, 72 %). Mpt. 103-104 oC. I.R. (thin film) νmax 
(cm-1): 3030, 2970, 1733 (C=O), 1486, 1060, 1027 1H NMR (500 MHz, CDCl3) δ 7.65–7.61 
(2H, m, ArH), 7.61–7.56 (2H, m, ArH), 7.55–7.50 (2H, m, ArH), 7.49–7.43 (2H, m, ArH), 
7.41–7.36 (1H, m, ArH), 4.64 (1H, d, J = 9.5 Hz, OCH2), 4.47 (1H, d, J = 9.5 Hz, OCH2), 
2.04 (3H, s, CH3). 13C NMR (126 MHz, CDCl3) δ 172.35, 141.47, 140.09, 139.45, 129.05, 
127.90, 127.80, 127.20, 126.59, 79.60, 60.84, 28.89. HRMS (ESI): m/z calculated for 
C16H14O2S requires 271.0792 for [M+H]+ : found : 271.0769 
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Computational details 
 

All the structures have been optimised without restrictions in toluene using the B3LYP 
density functional as implemented in the Gaussian09 package. The standard 6-31G* basis set 
was used for all H, C, N, O, P, S and Cl atoms; the Stuttgart triple zeta basis set (SDD), along 
with the associated ECP describing the core electrons, was employed for Ru. The empirical 
dispersion terms, included in the optimisation process, were computed using the DFT-D3 
method developed by Grimme for the B3LYP functional. Solvation energies are computed 
with the (IEF-PCM) method, including the radii and non-electrostatic terms for Truhlar and 
coworkers’ SMD model. These computational settings are named BS1.  
All the transition states but the ones related to rotational processes were sought with the 
default procedure implemented in Gaussian09, which employs the Berny algorithm. The 
rotational transition states were modelled by using a potential energy surface scan following 
the reaction coordinate of interest i.e. the torsion angle. In this process the geometry is 
optimised keeping frozen the reaction coordinate at different values and the highest energy 
point along the scan is considered to be a good approximation to the transition state. 
The Minimum Energy Crossing Points (MECP) between potential energy surfaces with 
different spin states have been located with the method developed by Harvey and coworkers 
using the same basis sets as above.  
Analytical vibrational frequencies at the optimised structures have been computed to check 
the nature of the stationary points and transition states, with none and one negative value, 
respectively. Together with the molecular masses and the rotational constants, the harmonic 
frequencies have been used in order to apply corrections for zero-point energy, thermal 
energy, and entropy. In the case of MECPs, where the analytical frequencies cannot be 
calculated properly, the thermochemistry parameters have been calculated as the average 
value between the analogous species in the singlet and triplet states. The output from 
Gaussian09 is employed to carry out the thermal analysis at T = 373.15 K and p = 1 atm. All 
the free energies have been corrected by a cratic term !"#$ ! !′ , where V is the volume 
occupied by one mole of ideal gas for p = 1 atm at 373.15 K (30.61 dm3) and V’ is 1 dm3. 
This enables the obtention of values corresponding to a standard state of concentration 1 M.  
Additional single point calculations on the optimised geometries were employed to obtain 
improved solvated energy values with larger basis sets. The aug-cc-pVTZ basis set including 
polarisation and the associated electron core potential was employed for Ru whereas all the 
other atoms were described with the 6-311+G** all-electron basis set. Dispersion corrections 
and solvation energies are also included in these calculations using the methodology 
described above. This combination of parameters is named BS2. 
 
The final solvation free energies at 100°C (∆!!"!!° ) are obtained using the following formula: 
 

∆!!"!!° =   ∆!!"! + !"# + !!"# + !!"# + !!"#$% !"! + !" − !∆!!"! + !"#$(! !′) 
 
where ∆!!"!  is the total electronic energy obtained with BS2. ZPE is the zero-point 
correction. Evib, Erot and Etrans are the vibrational, rotational and translational energies, 
respectively. The RT term is added as the enthalpy thermal correction while the entropy is 
added by the term T∆SBS1. The final term RTln(V/V’) is the standard state correction energy. 
Unless otherwise stated, all the free energy values reported in the text correspond to those 
obtained with formula above. 
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Computed free energies 
 
Table 35: Free energies (in Hartrees) for all the species. 
 

Species Free Energy 
1 -876.60571 
2 -876.62867 
S0 -2908.28491 
S1 -2518.81391 
p-cymene -389.47540 
S2 -3395.42273 
MECP_S-T -3395.40570 
SET1 -3395.38238 
T1 -3395.40062 
Rot_TS -3395.39008 
T2 -3395.40746 
SET2 -3395.40646 
MECP_T-S -3395.42330 
S3 -3395.43912 
OATS -3395.33961 
S4 -3395.39096 
Rot_TS2 -3395.35464 
S5 -3395.40907 
RETS -3395.37301 

 
 
  



Chapter 6 

	   270	  

NMR reaction profile and kinetic studies 
 
The general conditions were employed as described above. A youngs NMR tube was charged 
with 3-phenyloxazolidine-2-thione (0.125 mmol), [RuCl2(p-cymene)]2 and SPhos (1:1) and 
deuterated toluene (0.625 mL). The tube was sealed and 1H NMR analysis was performed at 
368 oK in situ. Initial concentration of 3-phenyloxazolidine-2-thione = 0.2 M. Concentrations 
of [RuCl2(p-cymene)]2 used = 0–0.005 M. Data from the kinetic runs are shown below: 
 

 
 

Scheme 202 
 

Table 36 : [[RuCl2(p-cymene)]2] = 0 M 
Time / s [a] / M -ln([a]/[a]0) 

180 0.20 0 
436 0.20 0 
948 0.20 0 

1460 0.20 0 
1972 0.20 0 
2356 0.20 0 
2868 0.20 0 
3380 0.20 0 
3892 0.20 0 
4276 0.20 0 
4788 0.20 0 
5300 0.20 0 
5812 0.20 0 
6196 0.20 0 
6708 0.20 0 
7220 0.20 0 
7732 0.20 0 
8116 0.20 0 
8628 0.20 0 
9140 0.20 0 
9652 0.20 0 

10036 0.20 0 
10548 0.20 0 
11060 0.20 0 
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O0-0.005 mmol [RuCl2(p-cymene)]2

0-0.01 mmol SPhos, Toluene-d8
368 oK, 0.2 M in substrate
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Table 37 : [[RuCl2(p-cymene)]2] = 0.0005 M 

Time / s [a] / M -ln([a]/[a]0) 
180 0.2 0 
308 0.197490412 0.012627328 
820 0.192390896 0.038788147 

1332 0.186593073 0.069387203 
1844 0.182737626 0.090265979 
2228 0.177646763 0.118520265 
2740 0.173319448 0.143180957 
3252 0.169959887 0.162754916 
3764 0.165370305 0.190130134 
4148 0.162211982 0.209413359 
4660 0.158918599 0.229925249 
5172 0.155434563 0.252092538 
5684 0.153472058 0.264798851 
6068 0.150538036 0.284101581 
6580 0.147738508 0.30287349 
7092 0.145923797 0.315232821 
7604 0.143230055 0.333865253 
7988 0.141821378 0.343748999 
8500 0.139610642 0.359459945 
9012 0.137333159 0.375907574 
9524 0.13691331 0.378969412 
9908 0.134198721 0.398995673 

10420 0.133086758 0.407316136 
10932 0.131235587 0.421323286 

 
Table 38 : [[RuCl2(p-cymene)]2] = 0.001 M 

Time / s [a] / M -ln([a]/[a]0) 
180 0.196102349 0.019680657 
436 0.189153372 0.055759189 
948 0.176665378 0.12405994 

1460 0.165309248 0.190499417 
1972 0.155942296 0.248831324 
2356 0.147253509 0.306161716 
2868 0.13752905 0.374482199 
3380 0.13228972 0.413323003 
3892 0.124999602 0.470006817 
4276 0.118680369 0.52188346 
4788 0.113551358 0.566062141 
5300 0.108579979 0.610830329 
5812 0.103190689 0.661738744 
6196 0.099006855 0.703128274 
6708 0.095582861 0.738323844 
7220 0.090799343 0.789665317 
7732 0.087673159 0.824701571 
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8116 0.082874527 0.880989622 
8628 0.08045855 0.910575221 
9140 0.07571444 0.971348473 
9652 0.073820114 0.996686123 

10036 0.069396386 1.058482575 
10548 0.069022032 1.063891605 
11060 0.065918515 1.109898002 

 
 
Table 39 : [[RuCl2(p-cymene)]2] = 0.002 M 

Time / s [a] / M -ln([a]/[a]0) 
180 0.2 0 
308 0.195803609 0.021205204 
820 0.185856399 0.073343039 

1332 0.174877045 0.134234242 
1844 0.164657189 0.194451697 
2228 0.154960444 0.255147481 
2740 0.144530747 0.324825099 
3252 0.133750111 0.402344149 
3764 0.124956759 0.470349614 
4148 0.116047264 0.544319809 
4660 0.106119808 0.633748649 
5172 0.09930941 0.700077041 
5684 0.088651398 0.813605565 
6068 0.08237431 0.887043753 
6580 0.074999251 0.980839245 
7092 0.067835268 1.081235135 
7604 0.063163951 1.152583624 
7988 0.057385735 1.248521613 
8500 0.053291476 1.322540976 
9012 0.047448877 1.438664514 
9524 0.044925502 1.493311753 
9908 0.042226713 1.555264338 

10420 0.037060657 1.685761407 
10932 0.035539576 1.72767048 

 
Table 40 : [[RuCl2(p-cymene)]2] = 0.003 M 

Time / s [a] / M -ln([a]/[a]0) 
180 0.2 0 
436 0.196002366 0.020190637 
948 0.182408204 0.092070312 

1460 0.16987726 0.163241189 
1972 0.156265531 0.246760686 
2356 0.143018937 0.335340317 
2868 0.129041562 0.438182828 
3380 0.117007475 0.536079545 
3892 0.104842184 0.645861152 
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4276 0.092807885 0.767785765 
4788 0.083001136 0.879463071 
5300 0.072245508 1.018247214 
5812 0.063259152 1.151077546 
6196 0.056369448 1.266390057 
6708 0.047887302 1.429466992 
7220 0.042067892 1.559032568 
7732 0.038448082 1.649008565 
8116 0.031723949 1.841245496 
8628 0.025742282 2.050182522 
9140 0.022613279 2.17978007 
9652 0.019979769 2.303597136 

10036 0.016331096 2.505246334 
10548 0.012851464 2.744859598 
11060 0.011576897 2.8493059 

 
 
Table 41 : [[RuCl2(p-cymene)]2] = 0.005 M 

Time / s [a] / M -ln([a]/[a]0) 
180 0.199017975 0.004922217 
436 0.191387347 0.044017997 
820 0.169249106 0.166945736 

1332 0.144776165 0.323128507 
1844 0.120161028 0.509484623 
2356 0.097340051 0.720106834 
2740 0.074584336 0.986386851 
3252 0.055652323 1.279193554 
3764 0.042251507 1.554677337 
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1H NMR Hammett kinetic studies  
 
The general conditions were employed as described above. A youngs NMR tube was charged 
with 3-phenyloxazolidine-2-thione (0.125 mmol), [RuCl2(p-cymene)]2 and SPhos (1:1) and 
deuterated toluene (0.625 mL). The tube was sealed and 1H NMR analysis was performed at 
368 oK in situ. Initial concentration of N-aryloxazolidine-2-thione = 0.2 M. Concentrations of 
[RuCl2(p-cymene)]2 used = 0.002 M. Data from the kinetic runs are shown below: 
 

 
 

Scheme 203  
 

Table 42 : R = 4-OMe 
Time / s [a] / M -ln([a]/[a]0) 

180 0.192727776 0.037038662 
436 0.184181182 0.082397409 
948 0.16841272 0.171899733 

1460 0.155819449 0.249619405 
1972 0.144823716 0.322800115 
2356 0.135595918 0.388638097 
2868 0.134085219 0.399841807 
3380 0.123371648 0.483116042 
3892 0.115176486 0.551851757 
4276 0.111803233 0.581576885 
4788 0.108345276 0.612994239 
5300 0.103592708 0.657850427 
5812 0.096708482 0.726616249 
6196 0.093407071 0.761350319 
6708 0.095341971 0.740847242 
7220 0.085576679 0.848904564 
7732 0.084575647 0.860671001 
8116 0.083044972 0.878935076 
8628 0.078783531 0.931613383 
9140 0.076658055 0.958962682 
9652 0.076227911 0.964589689 

10036 0.073338726 1.003228574 
10548 0.074668056 0.985264997 
11060 0.069283539 1.060110028 

 
 
Table 43 : R= 4-Me 

Time / s [a] / M -ln([a]/[a]0) 
180 0.190213817 0.050168573 
436 0.183478095 0.086222082 

N

O

S N

S

O0.001 M [RuCl2(p-cymene)]2

0.002 M SPhos, Toluene-d8
368 oK, 0.2 M in substrate

R R
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948 0.170741184 0.158168503 
1332 0.159647917 0.225346496 
1844 0.149872786 0.288530523 
2356 0.140709554 0.351619504 
2868 0.132624367 0.410796539 
3252 0.12586815 0.463082436 
3764 0.119417266 0.515693568 
4276 0.114218392 0.56020503 
4788 0.107914469 0.616978403 
5172 0.104243589 0.651587003 
5684 0.100189231 0.691256664 
6196 0.096584323 0.727900929 
6708 0.090956593 0.787934969 
7092 0.089276078 0.806583798 
7604 0.085751521 0.846863542 
8116 0.081714045 0.895091475 
8628 0.079168871 0.926734186 
9012 0.076172742 0.96531368 
9524 0.07560695 0.972769153 

10036 0.071540746 1.028050207 
10548 0.068527438 1.071083141 
10932 0.068173674 1.076258882 

 
Table 44 : R= 4-H 

Time / s [a] / M -ln([a]/[a]0) 
180 0.196102349 0.019680657 
436 0.189153372 0.055759189 
948 0.176665378 0.12405994 

1460 0.165309248 0.190499417 
1972 0.155942296 0.248831324 
2356 0.147253509 0.306161716 
2868 0.13752905 0.374482199 
3380 0.13228972 0.413323003 
3892 0.124999602 0.470006817 
4276 0.118680369 0.52188346 
4788 0.113551358 0.566062141 
5300 0.108579979 0.610830329 
5812 0.103190689 0.661738744 
6196 0.099006855 0.703128274 
6708 0.095582861 0.738323844 
7220 0.090799343 0.789665317 
7732 0.087673159 0.824701571 
8116 0.082874527 0.880989622 
8628 0.08045855 0.910575221 
9140 0.07571444 0.971348473 
9652 0.073820114 0.996686123 

10036 0.069396386 1.058482575 
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10548 0.069022032 1.063891605 
11060 0.065918515 1.109898002 

 
Table 45 : R = 4-Br 

Time / s [a] / M -ln([a]/[a]0) 
180 0.187738856 0.063265433 
436 0.181385875 0.0976907 
948 0.169238412 0.167008922 

1332 0.158656992 0.23157278 
1844 0.149173067 0.293210211 
2356 0.140145663 0.355635038 
2868 0.132138223 0.414468851 
3252 0.125440548 0.466485439 
3764 0.119028749 0.518952311 
4276 0.113815997 0.563734283 
4788 0.10754383 0.620418883 
5172 0.10391935 0.654702253 
5684 0.09974976 0.695652717 
6196 0.09624462 0.73142429 
6708 0.09052259 0.792717931 
7092 0.088868049 0.811164698 
7604 0.085370753 0.85131379 
8116 0.08124756 0.900816579 
8628 0.078679606 0.93293338 
9012 0.075701203 0.971523312 
9524 0.075041596 0.980274792 

10036 0.071007032 1.035538456 
10548 0.067984156 1.079042683 
10932 0.067557623 1.085336454 

 
Table 46 : R = 4-CF3 

Time / s [a] / M -ln([a]/[a]0) 
180 0.2 0 
436 0.194121085 0.029835252 
820 0.19075369 0.047334354 

1332 0.186091274 0.072080093 
1844 0.182902992 0.089361453 
2356 0.179316134 0.109167005 
2740 0.175966371 0.128024464 
3252 0.170638628 0.158769332 
3764 0.167958716 0.174599157 
4276 0.164994899 0.192402808 
4660 0.163819276 0.199553523 
5172 0.161614419 0.213104 
5684 0.161717086 0.212468939 
6196 0.160096379 0.222541363 
6580 0.157505675 0.238855879 
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7092 0.159143701 0.228509792 
7604 0.155995008 0.248493357 
8116 0.155446025 0.252018799 
8500 0.155159062 0.253866572 
9012 0.155937222 0.248863861 
9524 0.153222288 0.266427636 

10036 0.153047001 0.267572295 
10420 0.151500083 0.277731196 
10932 0.151150128 0.280043798 
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Cartesian coordinates (.xyz format) 
	  

1	  
21	  	  
	  C	  	  -‐1.156370	  	  	  0.013989	  	  -‐0.742051	  
	  C	  	  	  0.246035	  	  	  0.201458	  	  -‐0.173581	  
	  H	  	  -‐1.178402	  	  -‐0.263419	  	  -‐1.796577	  
	  H	  	  -‐1.752245	  	  -‐0.695131	  	  -‐0.156998	  
	  H	  	  	  0.975975	  	  	  0.456146	  	  -‐0.951789	  
	  H	  	  	  0.605876	  	  -‐0.662947	  	  	  0.388525	  
	  O	  	  -‐1.756475	  	  	  1.327161	  	  -‐0.609246	  
	  N	  	  	  0.014889	  	  	  1.345803	  	  	  0.718897	  
	  C	  	  -‐1.097139	  	  	  2.037362	  	  	  0.332698	  
	  S	  	  -‐1.647933	  	  	  3.526439	  	  	  0.823221	  
	  C	  	  	  0.976716	  	  	  1.743919	  	  	  1.689646	  
	  C	  	  	  2.339706	  	  	  1.671132	  	  	  1.380212	  
	  C	  	  	  0.567876	  	  	  2.153799	  	  	  2.964274	  
	  C	  	  	  3.288918	  	  	  2.020666	  	  	  2.341479	  
	  H	  	  	  2.661075	  	  	  1.356199	  	  	  0.392493	  
	  C	  	  	  1.523791	  	  	  2.511299	  	  	  3.912740	  
	  H	  	  -‐0.488244	  	  	  2.191314	  	  	  3.202359	  
	  C	  	  	  2.885734	  	  	  2.446601	  	  	  3.607579	  
	  H	  	  	  4.345171	  	  	  1.965956	  	  	  2.092707	  
	  H	  	  	  1.200156	  	  	  2.832535	  	  	  4.898862	  
	  H	  	  	  3.626234	  	  	  2.722837	  	  	  4.352921	  
	  
2	  
21	  	  
	  C	  	  -‐1.439446	  	  -‐0.057512	  	  -‐0.527190	  
	  C	  	  -‐0.139849	  	  	  0.022254	  	  	  0.275211	  
	  H	  	  -‐1.442187	  	  -‐0.912482	  	  -‐1.206121	  
	  H	  	  -‐2.312307	  	  -‐0.115133	  	  	  0.129213	  
	  H	  	  	  0.715580	  	  -‐0.319650	  	  -‐0.323857	  
	  H	  	  -‐0.198290	  	  -‐0.594405	  	  	  1.174575	  
	  N	  	  	  0.048267	  	  	  1.431144	  	  	  0.640323	  
	  C	  	  -‐0.452384	  	  	  2.355381	  	  -‐0.250317	  
	  S	  	  -‐1.501780	  	  	  1.511775	  	  -‐1.479609	  
	  O	  	  -‐0.259567	  	  	  3.552606	  	  -‐0.250416	  
	  C	  	  	  1.011201	  	  	  1.792133	  	  	  1.633761	  
	  C	  	  	  2.090207	  	  	  2.628493	  	  	  1.324272	  
	  C	  	  	  0.878471	  	  	  1.272117	  	  	  2.926685	  
	  C	  	  	  3.025967	  	  	  2.941257	  	  	  2.310075	  
	  H	  	  	  2.183841	  	  	  3.037377	  	  	  0.325268	  
	  C	  	  	  1.827032	  	  	  1.577660	  	  	  3.902033	  
	  H	  	  	  0.028628	  	  	  0.639531	  	  	  3.166829	  
	  C	  	  	  2.902952	  	  	  2.414368	  	  	  3.597552	  
	  H	  	  	  3.859402	  	  	  3.594177	  	  	  2.065674	  
	  H	  	  	  1.717966	  	  	  1.168660	  	  	  4.902768	  
	  H	  	  	  3.638144	  	  	  2.657204	  	  	  4.359711	  
	  
S0	  
91	  	  
	  Ru	  	  0.214641	  	  	  2.312869	  	  -‐1.062046	  
	  Cl	  -‐0.890443	  	  	  4.234164	  	  -‐0.033550	  
	  Cl	  	  2.250641	  	  	  2.898990	  	  	  0.199497	  
	  C	  	  -‐0.439254	  	  	  3.141649	  	  -‐3.112795	  
	  C	  	  	  0.974177	  	  	  3.219165	  	  -‐3.010353	  
	  C	  	  	  1.730167	  	  	  2.057011	  	  -‐2.705460	  
	  C	  	  	  1.135451	  	  	  0.784142	  	  -‐2.496424	  
	  C	  	  -‐0.290369	  	  	  0.743094	  	  -‐2.533668	  
	  C	  	  -‐1.063901	  	  	  1.884884	  	  -‐2.890263	  
	  C	  	  	  1.931474	  	  -‐0.490984	  	  -‐2.292162	  
	  C	  	  -‐1.254161	  	  	  4.364484	  	  -‐3.421495	  
	  C	  	  	  1.971490	  	  -‐1.278687	  	  -‐3.616759	  
	  C	  	  	  3.348276	  	  -‐0.253490	  	  -‐1.757296	  
	  H	  	  	  1.474319	  	  	  4.177803	  	  -‐3.095171	  
	  H	  	  	  2.796914	  	  	  2.171989	  	  -‐2.559008	  
	  H	  	  -‐0.786189	  	  -‐0.196623	  	  -‐2.310953	  
	  H	  	  -‐2.140135	  	  	  1.812268	  	  -‐2.960991	  
	  H	  	  	  1.383183	  	  -‐1.095213	  	  -‐1.561841	  
	  H	  	  -‐0.830884	  	  	  5.245781	  	  -‐2.933316	  
	  H	  	  -‐1.259932	  	  	  4.537129	  	  -‐4.505962	  
	  H	  	  -‐2.287032	  	  	  4.251347	  	  -‐3.082513	  

	  H	  	  	  2.507624	  	  -‐0.717649	  	  -‐4.392793	  
	  H	  	  	  2.485581	  	  -‐2.236521	  	  -‐3.474619	  
	  H	  	  	  0.962820	  	  -‐1.488597	  	  -‐3.991305	  
	  H	  	  	  3.993176	  	  	  0.200777	  	  -‐2.520192	  
	  H	  	  	  3.342913	  	  	  0.402798	  	  -‐0.882653	  
	  H	  	  	  3.802274	  	  -‐1.208717	  	  -‐1.472872	  
	  P	  	  -‐0.800466	  	  	  1.065255	  	  	  0.762734	  
	  C	  	  -‐0.023127	  	  -‐0.629004	  	  	  0.855184	  
	  C	  	  -‐0.640392	  	  	  1.682609	  	  	  2.551771	  
	  C	  	  -‐2.686599	  	  	  0.889195	  	  	  0.661749	  
	  C	  	  	  1.371314	  	  -‐0.525020	  	  	  1.052286	  
	  C	  	  -‐0.583775	  	  -‐1.923997	  	  	  0.765450	  
	  C	  	  -‐1.375723	  	  	  0.762073	  	  	  3.555158	  
	  H	  	  -‐1.149506	  	  	  2.651566	  	  	  2.492097	  
	  C	  	  	  0.772801	  	  	  1.968744	  	  	  3.091930	  
	  H	  	  -‐2.905294	  	  	  0.009716	  	  	  1.272545	  
	  C	  	  -‐3.472662	  	  	  2.084520	  	  	  1.257862	  
	  C	  	  -‐3.234053	  	  	  0.630123	  	  -‐0.751360	  
	  C	  	  	  2.190195	  	  -‐1.639823	  	  	  1.197598	  
	  H	  	  	  1.830488	  	  	  0.457117	  	  	  1.061084	  
	  C	  	  -‐2.018700	  	  -‐2.290140	  	  	  0.532776	  
	  C	  	  	  0.266450	  	  -‐3.039847	  	  	  0.893190	  
	  H	  	  -‐0.836427	  	  -‐0.191135	  	  	  3.616681	  
	  H	  	  -‐2.387092	  	  	  0.512826	  	  	  3.229135	  
	  C	  	  -‐1.451332	  	  	  1.409834	  	  	  4.948567	  
	  C	  	  	  0.696079	  	  	  2.638406	  	  	  4.474819	  
	  H	  	  	  1.330408	  	  	  1.028432	  	  	  3.190825	  
	  H	  	  	  1.321758	  	  	  2.605042	  	  	  2.401086	  
	  H	  	  -‐3.294433	  	  	  2.974904	  	  	  0.645752	  
	  H	  	  -‐3.142803	  	  	  2.332588	  	  	  2.268026	  
	  C	  	  -‐4.977604	  	  	  1.764635	  	  	  1.306672	  
	  C	  	  -‐4.728778	  	  	  0.276208	  	  -‐0.710287	  
	  H	  	  -‐3.113077	  	  	  1.550486	  	  -‐1.327760	  
	  H	  	  -‐2.677221	  	  -‐0.156584	  	  -‐1.263129	  
	  C	  	  	  1.633066	  	  -‐2.915076	  	  	  1.116721	  
	  H	  	  	  3.256896	  	  -‐1.505414	  	  	  1.352616	  
	  C	  	  -‐2.887117	  	  -‐2.501929	  	  	  1.620137	  
	  C	  	  -‐2.469896	  	  -‐2.627742	  	  -‐0.755321	  
	  H	  	  -‐0.178320	  	  -‐4.028153	  	  	  0.817014	  
	  C	  	  -‐0.061753	  	  	  1.770034	  	  	  5.485775	  
	  H	  	  -‐2.064409	  	  	  2.321420	  	  	  4.886600	  
	  H	  	  -‐1.968568	  	  	  0.731198	  	  	  5.640802	  
	  H	  	  	  1.712801	  	  	  2.846028	  	  	  4.832674	  
	  H	  	  	  0.192891	  	  	  3.611506	  	  	  4.376629	  
	  C	  	  -‐5.540110	  	  	  1.411432	  	  -‐0.075305	  
	  H	  	  -‐5.140424	  	  	  0.916436	  	  	  1.989679	  
	  H	  	  -‐5.516795	  	  	  2.620190	  	  	  1.733318	  
	  H	  	  -‐5.087213	  	  	  0.066142	  	  -‐1.727027	  
	  H	  	  -‐4.866247	  	  -‐0.644491	  	  -‐0.131212	  
	  H	  	  	  2.252424	  	  -‐3.802280	  	  	  1.218139	  
	  O	  	  -‐2.374670	  	  -‐2.175126	  	  	  2.838805	  
	  C	  	  -‐4.177302	  	  -‐3.016606	  	  	  1.428460	  
	  O	  	  -‐1.579368	  	  -‐2.392296	  	  -‐1.769474	  
	  C	  	  -‐3.751930	  	  -‐3.155837	  	  -‐0.960571	  
	  H	  	  	  0.505933	  	  	  0.844205	  	  	  5.663165	  
	  H	  	  -‐0.145059	  	  	  2.281680	  	  	  6.453739	  
	  H	  	  -‐5.489730	  	  	  2.300040	  	  -‐0.721756	  
	  H	  	  -‐6.599643	  	  	  1.133788	  	  	  0.000437	  
	  C	  	  -‐3.227342	  	  -‐2.223454	  	  	  3.975805	  
	  H	  	  -‐4.845257	  	  -‐3.174624	  	  	  2.266147	  
	  C	  	  -‐4.587316	  	  -‐3.346865	  	  	  0.138161	  
	  C	  	  -‐1.949751	  	  -‐2.757001	  	  -‐3.095009	  
	  H	  	  -‐4.100715	  	  -‐3.410539	  	  -‐1.953317	  
	  H	  	  -‐4.104341	  	  -‐1.575241	  	  	  3.850419	  
	  H	  	  -‐2.628096	  	  -‐1.859720	  	  	  4.812461	  
	  H	  	  -‐3.558353	  	  -‐3.248217	  	  	  4.189403	  
	  H	  	  -‐5.583158	  	  -‐3.753312	  	  -‐0.015774	  
	  H	  	  -‐2.161946	  	  -‐3.830741	  	  -‐3.173041	  
	  H	  	  -‐1.087801	  	  -‐2.520061	  	  -‐3.721482	  
	  H	  	  -‐2.819355	  	  -‐2.185458	  	  -‐3.445328	  
	  

S1	  
67	  	  
	  P	  	  	  1.915997	  	  	  3.977565	  	  10.243372	  
	  O	  	  	  5.025813	  	  	  2.607857	  	  	  9.781897	  
	  O	  	  	  3.712543	  	  	  6.700741	  	  	  7.845555	  
	  C	  	  	  1.097607	  	  	  3.031195	  	  11.648648	  
	  C	  	  	  0.338948	  	  	  1.768151	  	  11.188590	  
	  C	  	  -‐0.148122	  	  	  0.949961	  	  12.395225	  
	  C	  	  -‐1.021299	  	  	  1.780060	  	  13.344075	  
	  C	  	  -‐0.291130	  	  	  3.057619	  	  13.776659	  
	  C	  	  	  0.170014	  	  	  3.876026	  	  12.558588	  
	  C	  	  	  0.743476	  	  	  5.267916	  	  	  9.551655	  
	  C	  	  -‐0.596604	  	  	  4.658100	  	  	  9.090608	  
	  C	  	  -‐1.398803	  	  	  5.697294	  	  	  8.290877	  
	  C	  	  -‐1.618364	  	  	  6.984458	  	  	  9.098945	  
	  C	  	  -‐0.286246	  	  	  7.565267	  	  	  9.595428	  
	  C	  	  	  0.516675	  	  	  6.531962	  	  10.406462	  
	  C	  	  	  3.257806	  	  	  4.954463	  	  11.038542	  
	  C	  	  	  4.301362	  	  	  5.275307	  	  10.159965	  
	  C	  	  	  5.348431	  	  	  6.098812	  	  10.591638	  
	  C	  	  	  5.376414	  	  	  6.572563	  	  11.902164	  
	  C	  	  	  4.362203	  	  	  6.212974	  	  12.793433	  
	  C	  	  	  3.305315	  	  	  5.410455	  	  12.363806	  
	  C	  	  	  4.359443	  	  	  4.665446	  	  	  8.788605	  
	  C	  	  	  5.009218	  	  	  3.385123	  	  	  8.623231	  
	  C	  	  	  5.726895	  	  	  3.055698	  	  	  7.436399	  
	  C	  	  	  5.694626	  	  	  3.955177	  	  	  6.390030	  
	  C	  	  	  5.002761	  	  	  5.185087	  	  	  6.460871	  
	  C	  	  	  4.367687	  	  	  5.540808	  	  	  7.637026	  
	  C	  	  	  5.754168	  	  	  1.364027	  	  	  9.778483	  
	  C	  	  	  3.570758	  	  	  7.612608	  	  	  6.754803	  
	  H	  	  	  1.963429	  	  	  2.704761	  	  12.244952	  
	  H	  	  	  0.974703	  	  	  1.149396	  	  10.556173	  
	  H	  	  -‐0.521140	  	  	  2.063543	  	  10.572866	  
	  H	  	  -‐0.696954	  	  	  0.069721	  	  12.038536	  
	  H	  	  	  0.727057	  	  	  0.572983	  	  12.945779	  
	  H	  	  -‐1.308028	  	  	  1.187411	  	  14.222208	  
	  H	  	  -‐1.953702	  	  	  2.056450	  	  12.829809	  
	  H	  	  -‐0.940207	  	  	  3.678647	  	  14.407525	  
	  H	  	  	  0.584421	  	  	  2.792333	  	  14.387686	  
	  H	  	  -‐0.713593	  	  	  4.177649	  	  11.985175	  
	  H	  	  	  0.647050	  	  	  4.799348	  	  12.894789	  
	  H	  	  	  1.288979	  	  	  5.580694	  	  	  8.653189	  
	  H	  	  -‐1.184241	  	  	  4.347666	  	  	  9.963705	  
	  H	  	  -‐0.422038	  	  	  3.768265	  	  	  8.479407	  
	  H	  	  -‐0.849585	  	  	  5.931417	  	  	  7.368130	  
	  H	  	  -‐2.361292	  	  	  5.267361	  	  	  7.985964	  
	  H	  	  -‐2.258271	  	  	  6.762256	  	  	  9.966491	  
	  H	  	  -‐2.154654	  	  	  7.727777	  	  	  8.495010	  
	  H	  	  	  0.315065	  	  	  7.886580	  	  	  8.732268	  
	  H	  	  -‐0.461957	  	  	  8.458876	  	  10.208602	  
	  H	  	  -‐0.039650	  	  	  6.287187	  	  11.318196	  
	  H	  	  	  1.472535	  	  	  6.965892	  	  10.718636	  
	  H	  	  	  6.149710	  	  	  6.347679	  	  	  9.900814	  
	  H	  	  	  6.196017	  	  	  7.204586	  	  12.233166	  
	  H	  	  	  4.390521	  	  	  6.560117	  	  13.822653	  
	  H	  	  	  2.528664	  	  	  5.144238	  	  13.069733	  
	  H	  	  	  6.246663	  	  	  2.110565	  	  	  7.345209	  
	  H	  	  	  6.201665	  	  	  3.699272	  	  	  5.463859	  
	  H	  	  	  4.980865	  	  	  5.831534	  	  	  5.593349	  
	  H	  	  	  5.402691	  	  	  0.694543	  	  	  8.987576	  
	  H	  	  	  6.826088	  	  	  1.560225	  	  	  9.673434	  
	  H	  	  	  5.550660	  	  	  0.913872	  	  10.750625	  
	  H	  	  	  4.547436	  	  	  7.975135	  	  	  6.411030	  
	  H	  	  	  3.029380	  	  	  7.146024	  	  	  5.924152	  
	  H	  	  	  2.991259	  	  	  8.450670	  	  	  7.145483	  
	  Ru	  	  2.962671	  	  	  2.861050	  	  	  8.551642	  
	  Cl	  	  1.732523	  	  	  3.669369	  	  	  6.726818	  
	  Cl	  	  2.090042	  	  	  0.651014	  	  	  8.386432	  
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p-‐cymene	  
24	  	  
	  C	  	  -‐0.319899	  	  	  2.348804	  	  -‐3.459131	  
	  C	  	  	  0.916629	  	  	  3.012393	  	  -‐3.477634	  
	  C	  	  	  2.036736	  	  	  2.467373	  	  -‐2.855288	  
	  C	  	  	  1.968925	  	  	  1.234045	  	  -‐2.187245	  
	  C	  	  	  0.736168	  	  	  0.573626	  	  -‐2.170823	  
	  C	  	  -‐0.388641	  	  	  1.120570	  	  -‐2.794349	  
	  C	  	  	  3.186305	  	  	  0.645854	  	  -‐1.488033	  
	  C	  	  -‐1.525238	  	  	  2.947714	  	  -‐4.144456	  
	  C	  	  	  4.359186	  	  	  0.424455	  	  -‐2.459067	  
	  C	  	  	  3.620688	  	  	  1.517244	  	  -‐0.295312	  
	  H	  	  	  0.999588	  	  	  3.970644	  	  -‐3.987259	  
	  H	  	  	  2.977826	  	  	  3.011232	  	  -‐2.887016	  
	  H	  	  	  0.649700	  	  -‐0.383328	  	  -‐1.659886	  
	  H	  	  -‐1.333132	  	  	  0.581314	  	  -‐2.762343	  
	  H	  	  	  2.894458	  	  -‐0.336251	  	  -‐1.091808	  
	  H	  	  -‐1.718426	  	  	  3.970018	  	  -‐3.795699	  
	  H	  	  -‐1.380867	  	  	  3.003043	  	  -‐5.231443	  
	  H	  	  -‐2.428515	  	  	  2.356414	  	  -‐3.960732	  
	  H	  	  	  4.717520	  	  	  1.374129	  	  -‐2.874372	  
	  H	  	  	  5.203470	  	  -‐0.050716	  	  -‐1.944500	  
	  H	  	  	  4.066525	  	  -‐0.217472	  	  -‐3.297743	  
	  H	  	  	  3.938668	  	  	  2.512827	  	  -‐0.628541	  
	  H	  	  	  2.799304	  	  	  1.651359	  	  	  0.417821	  
	  H	  	  	  4.463504	  	  	  1.057935	  	  	  0.236058	  
	  
S2	  
88	  	  
	  Ru	  	  2.803582	  	  	  2.606273	  	  	  8.550079	  
	  Cl	  	  2.851822	  	  	  4.180698	  	  	  6.597113	  
	  Cl	  	  2.811763	  	  	  0.701508	  	  10.070377	  
	  P	  	  	  1.723502	  	  	  3.908642	  	  10.029373	  
	  O	  	  	  5.550465	  	  	  1.826781	  	  10.768579	  
	  O	  	  	  4.564212	  	  	  5.962997	  	  	  8.888116	  
	  C	  	  	  0.293349	  	  	  3.189896	  	  11.051373	  
	  C	  	  -‐0.483497	  	  	  2.081260	  	  10.315003	  
	  C	  	  -‐1.500158	  	  	  1.397626	  	  11.243213	  
	  C	  	  -‐2.480085	  	  	  2.401798	  	  11.859622	  
	  C	  	  -‐1.719418	  	  	  3.523605	  	  12.576021	  
	  C	  	  -‐0.712950	  	  	  4.209940	  	  11.635235	  
	  C	  	  	  1.206989	  	  	  5.541208	  	  	  9.255841	  
	  C	  	  	  0.019276	  	  	  5.370572	  	  	  8.287730	  
	  C	  	  -‐0.168261	  	  	  6.643871	  	  	  7.447961	  
	  C	  	  -‐0.336498	  	  	  7.886900	  	  	  8.334051	  
	  C	  	  	  0.834813	  	  	  8.031738	  	  	  9.316621	  
	  C	  	  	  1.013575	  	  	  6.764852	  	  10.172502	  
	  C	  	  	  2.960199	  	  	  4.381393	  	  11.329228	  
	  C	  	  	  4.327875	  	  	  4.273006	  	  11.022035	  
	  C	  	  	  5.282921	  	  	  4.644427	  	  11.979884	  
	  C	  	  	  4.902560	  	  	  5.104156	  	  13.237408	  
	  C	  	  	  3.546548	  	  	  5.196014	  	  13.553161	  
	  C	  	  	  2.589551	  	  	  4.837901	  	  12.605550	  
	  C	  	  	  4.836932	  	  	  3.785605	  	  	  9.695626	  
	  C	  	  	  5.543121	  	  	  2.545990	  	  	  9.634297	  
	  C	  	  	  6.280065	  	  	  2.195468	  	  	  8.485448	  
	  C	  	  	  6.463790	  	  	  3.150535	  	  	  7.490758	  
	  C	  	  	  5.921745	  	  	  4.433277	  	  	  7.582221	  
	  C	  	  	  5.115756	  	  	  4.748254	  	  	  8.676539	  
	  C	  	  	  6.078506	  	  	  0.502104	  	  10.749012	  
	  C	  	  	  4.700621	  	  	  6.967997	  	  	  7.884033	  
	  H	  	  	  0.828066	  	  	  2.710833	  	  11.882902	  
	  H	  	  	  0.214496	  	  	  1.330400	  	  	  9.943875	  
	  H	  	  -‐1.011698	  	  	  2.510514	  	  	  9.452478	  
	  H	  	  -‐2.041525	  	  	  0.624409	  	  10.682918	  
	  H	  	  -‐0.954139	  	  	  0.880954	  	  12.046242	  
	  H	  	  -‐3.166009	  	  	  1.898770	  	  12.553611	  
	  H	  	  -‐3.099316	  	  	  2.839728	  	  11.062344	  
	  H	  	  -‐2.417939	  	  	  4.272836	  	  12.971910	  
	  H	  	  -‐1.179996	  	  	  3.106171	  	  13.439108	  
	  H	  	  -‐1.265481	  	  	  4.681459	  	  10.814067	  
	  H	  	  -‐0.214134	  	  	  5.019846	  	  12.172480	  
	  H	  	  	  2.091578	  	  	  5.743440	  	  	  8.642168	  
	  H	  	  -‐0.903176	  	  	  5.172789	  	  	  8.849290	  

	  H	  	  	  0.191271	  	  	  4.513992	  	  	  7.631757	  
	  H	  	  	  0.711924	  	  	  6.769719	  	  	  6.801939	  
	  H	  	  -‐1.036827	  	  	  6.530426	  	  	  6.785281	  
	  H	  	  -‐1.273677	  	  	  7.799092	  	  	  8.904492	  
	  H	  	  -‐0.428590	  	  	  8.789143	  	  	  7.715019	  
	  H	  	  	  1.759899	  	  	  8.216438	  	  	  8.750811	  
	  H	  	  	  0.682895	  	  	  8.902760	  	  	  9.967537	  
	  H	  	  	  0.127076	  	  	  6.643105	  	  10.803874	  
	  H	  	  	  1.872882	  	  	  6.883432	  	  10.840907	  
	  H	  	  	  6.336412	  	  	  4.555765	  	  11.729494	  
	  H	  	  	  5.658583	  	  	  5.381715	  	  13.967231	  
	  H	  	  	  3.231322	  	  	  5.542993	  	  14.533729	  
	  H	  	  	  1.544838	  	  	  4.914063	  	  12.877520	  
	  H	  	  	  6.756602	  	  	  1.226576	  	  	  8.408666	  
	  H	  	  	  7.059929	  	  	  2.893944	  	  	  6.618566	  
	  H	  	  	  6.086823	  	  	  5.148745	  	  	  6.788380	  
	  H	  	  	  5.570758	  	  -‐0.112207	  	  	  9.999948	  
	  H	  	  	  7.162341	  	  	  0.513666	  	  10.572226	  
	  H	  	  	  5.876398	  	  	  0.093758	  	  11.740240	  
	  H	  	  	  5.754317	  	  	  7.235442	  	  	  7.731870	  
	  H	  	  	  4.250610	  	  	  6.639848	  	  	  6.942497	  
	  H	  	  	  4.164725	  	  	  7.838561	  	  	  8.266909	  
	  O	  	  	  2.840450	  	  	  0.993292	  	  	  5.711560	  
	  C	  	  	  3.192144	  	  	  1.119431	  	  	  4.303338	  
	  C	  	  	  1.580251	  	  	  1.409648	  	  	  5.873800	  
	  C	  	  	  1.835628	  	  	  1.077574	  	  	  3.596720	  
	  H	  	  	  3.858283	  	  	  0.294116	  	  	  4.053664	  
	  H	  	  	  3.699869	  	  	  2.080702	  	  	  4.182577	  
	  N	  	  	  0.958847	  	  	  1.531845	  	  	  4.691466	  
	  S	  	  	  0.919939	  	  	  1.662301	  	  	  7.411479	  
	  H	  	  	  1.552109	  	  	  0.070410	  	  	  3.270871	  
	  H	  	  	  1.771506	  	  	  1.766799	  	  	  2.752919	  
	  C	  	  -‐0.311072	  	  	  2.150397	  	  	  4.470168	  
	  C	  	  -‐1.318160	  	  	  1.440451	  	  	  3.814107	  
	  C	  	  -‐0.503751	  	  	  3.475628	  	  	  4.874186	  
	  C	  	  -‐2.541511	  	  	  2.066112	  	  	  3.564320	  
	  H	  	  -‐1.148446	  	  	  0.410275	  	  	  3.514798	  
	  C	  	  -‐1.733449	  	  	  4.084496	  	  	  4.630067	  
	  H	  	  	  0.305559	  	  	  4.000372	  	  	  5.372738	  
	  C	  	  -‐2.751910	  	  	  3.383958	  	  	  3.975825	  
	  H	  	  -‐3.330754	  	  	  1.519005	  	  	  3.056570	  
	  H	  	  -‐1.891704	  	  	  5.112163	  	  	  4.944468	  
	  H	  	  -‐3.706646	  	  	  3.866137	  	  	  3.785151	  
	  
MECP_S-‐T	  
88	  	  
	  Ru	  	  2.319113	  	  	  3.223870	  	  	  8.204999	  
	  Cl	  	  2.647443	  	  	  5.133117	  	  	  6.753344	  
	  Cl	  	  2.258377	  	  	  1.103553	  	  	  9.333591	  
	  P	  	  	  1.657252	  	  	  4.325775	  	  10.071749	  
	  O	  	  	  5.317730	  	  	  1.585639	  	  	  9.970511	  
	  O	  	  	  4.803345	  	  	  6.196338	  	  	  9.318449	  
	  C	  	  	  0.153141	  	  	  3.556065	  	  10.969866	  
	  C	  	  -‐0.816222	  	  	  2.877292	  	  	  9.973262	  
	  C	  	  -‐1.917680	  	  	  2.085002	  	  10.696924	  
	  C	  	  -‐2.701712	  	  	  2.947378	  	  11.692961	  
	  C	  	  -‐1.745676	  	  	  3.643805	  	  12.668286	  
	  C	  	  -‐0.668636	  	  	  4.455924	  	  11.924540	  
	  C	  	  	  1.339424	  	  	  6.164182	  	  	  9.776000	  
	  C	  	  	  0.084137	  	  	  6.398465	  	  	  8.905091	  
	  C	  	  -‐0.005378	  	  	  7.870191	  	  	  8.467082	  
	  C	  	  	  0.035580	  	  	  8.830310	  	  	  9.664847	  
	  C	  	  	  1.271634	  	  	  8.575593	  	  10.539617	  
	  C	  	  	  1.358259	  	  	  7.106832	  	  10.996434	  
	  C	  	  	  3.041686	  	  	  4.237062	  	  11.327075	  
	  C	  	  	  4.388987	  	  	  4.006457	  	  10.951476	  
	  C	  	  	  5.364617	  	  	  3.905300	  	  11.957729	  
	  C	  	  	  5.052840	  	  	  4.021180	  	  13.306838	  
	  C	  	  	  3.732158	  	  	  4.248361	  	  13.681413	  
	  C	  	  	  2.751331	  	  	  4.353491	  	  12.698043	  
	  C	  	  	  4.911824	  	  	  3.865027	  	  	  9.549007	  
	  C	  	  	  5.448026	  	  	  2.623880	  	  	  9.110082	  
	  C	  	  	  6.130215	  	  	  2.524141	  	  	  7.887007	  
	  C	  	  	  6.377568	  	  	  3.679830	  	  	  7.150238	  

	  C	  	  	  5.951533	  	  	  4.927696	  	  	  7.594178	  
	  C	  	  	  5.228626	  	  	  5.016940	  	  	  8.788496	  
	  C	  	  	  5.588412	  	  	  0.272412	  	  	  9.505139	  
	  C	  	  	  5.007377	  	  	  7.389875	  	  	  8.571943	  
	  H	  	  	  0.625565	  	  	  2.754768	  	  11.555191	  
	  H	  	  -‐0.262059	  	  	  2.196612	  	  	  9.327573	  
	  H	  	  -‐1.279346	  	  	  3.639920	  	  	  9.330204	  
	  H	  	  -‐2.595211	  	  	  1.644690	  	  	  9.953954	  
	  H	  	  -‐1.454482	  	  	  1.243620	  	  11.232070	  
	  H	  	  -‐3.432193	  	  	  2.338199	  	  12.241813	  
	  H	  	  -‐3.275824	  	  	  3.710093	  	  11.145415	  
	  H	  	  -‐2.299511	  	  	  4.309129	  	  13.342991	  
	  H	  	  -‐1.256577	  	  	  2.889667	  	  13.301748	  
	  H	  	  -‐1.166876	  	  	  5.241664	  	  11.343644	  
	  H	  	  -‐0.040573	  	  	  4.970734	  	  12.656409	  
	  H	  	  	  2.204989	  	  	  6.418123	  	  	  9.153137	  
	  H	  	  -‐0.822650	  	  	  6.139015	  	  	  9.468010	  
	  H	  	  	  0.117822	  	  	  5.757178	  	  	  8.019305	  
	  H	  	  	  0.834614	  	  	  8.087728	  	  	  7.793041	  
	  H	  	  -‐0.922532	  	  	  8.027838	  	  	  7.884426	  
	  H	  	  -‐0.871093	  	  	  8.693010	  	  10.273281	  
	  H	  	  	  0.024102	  	  	  9.872557	  	  	  9.319614	  
	  H	  	  	  2.176542	  	  	  8.827170	  	  	  9.966919	  
	  H	  	  	  1.264002	  	  	  9.234959	  	  11.417301	  
	  H	  	  	  0.511626	  	  	  6.895828	  	  11.660484	  
	  H	  	  	  2.271028	  	  	  6.952449	  	  11.581827	  
	  H	  	  	  6.391055	  	  	  3.718410	  	  11.657397	  
	  H	  	  	  5.835782	  	  	  3.926720	  	  14.054612	  
	  H	  	  	  3.461947	  	  	  4.336827	  	  14.730738	  
	  H	  	  	  1.733492	  	  	  4.522888	  	  13.021215	  
	  H	  	  	  6.512706	  	  	  1.569407	  	  	  7.545251	  
	  H	  	  	  6.931912	  	  	  3.609636	  	  	  6.216964	  
	  H	  	  	  6.157773	  	  	  5.809283	  	  	  7.002091	  
	  H	  	  	  4.953173	  	  	  0.025525	  	  	  8.647346	  
	  H	  	  	  6.648373	  	  	  0.146716	  	  	  9.244307	  
	  H	  	  	  5.337887	  	  -‐0.391422	  	  10.333337	  
	  H	  	  	  6.076468	  	  	  7.594510	  	  	  8.427800	  
	  H	  	  	  4.499237	  	  	  7.333235	  	  	  7.603653	  
	  H	  	  	  4.569715	  	  	  8.188798	  	  	  9.173556	  
	  O	  	  	  2.757155	  	  	  1.841222	  	  	  6.083182	  
	  C	  	  	  3.599274	  	  	  1.304669	  	  	  5.035208	  
	  C	  	  	  1.465346	  	  	  1.831648	  	  	  5.708623	  
	  C	  	  	  2.603052	  	  	  0.740410	  	  	  3.990306	  
	  H	  	  	  4.233980	  	  	  0.543623	  	  	  5.489581	  
	  H	  	  	  4.212113	  	  	  2.127050	  	  	  4.655274	  
	  N	  	  	  1.318971	  	  	  1.226649	  	  	  4.515043	  
	  S	  	  	  0.323922	  	  	  2.526924	  	  	  6.697238	  
	  H	  	  	  2.614545	  	  -‐0.355429	  	  	  3.946647	  
	  H	  	  	  2.786940	  	  	  1.140065	  	  	  2.988109	  
	  C	  	  	  0.015019	  	  	  1.053517	  	  	  3.933272	  
	  C	  	  -‐0.761699	  	  -‐0.051199	  	  	  4.295107	  
	  C	  	  -‐0.511223	  	  	  2.063940	  	  	  3.126364	  
	  C	  	  -‐2.081867	  	  -‐0.133624	  	  	  3.852491	  
	  H	  	  -‐0.350569	  	  -‐0.808797	  	  	  4.955342	  
	  C	  	  -‐1.832204	  	  	  1.974197	  	  	  2.689353	  
	  H	  	  	  0.095607	  	  	  2.933132	  	  	  2.890240	  
	  C	  	  -‐2.619004	  	  	  0.879625	  	  	  3.055115	  
	  H	  	  -‐2.700384	  	  -‐0.972557	  	  	  4.159174	  
	  H	  	  -‐2.256383	  	  	  2.776340	  	  	  2.091426	  
	  H	  	  -‐3.656262	  	  	  0.826266	  	  	  2.736559	  
	  
SET1	  
88	  	  
	  Ru	  	  2.039451	  	  	  2.520469	  	  	  8.462973	  
	  Cl	  	  2.302221	  	  	  4.193042	  	  	  6.680728	  
	  Cl	  	  2.261140	  	  	  0.747069	  	  10.051308	  
	  P	  	  	  1.623124	  	  	  3.998072	  	  10.172221	  
	  O	  	  	  5.393688	  	  	  1.699350	  	  10.262989	  
	  O	  	  	  4.509350	  	  	  6.077857	  	  	  8.881681	  
	  C	  	  	  0.198776	  	  	  3.457027	  	  11.312627	  
	  C	  	  -‐0.849369	  	  	  2.595174	  	  10.573218	  
	  C	  	  -‐1.881307	  	  	  2.009884	  	  11.551668	  
	  C	  	  -‐2.576833	  	  	  3.094236	  	  12.382662	  
	  C	  	  -‐1.541548	  	  	  3.968584	  	  13.099198	  
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	  C	  	  -‐0.533832	  	  	  4.566787	  	  12.103624	  
	  C	  	  	  1.272422	  	  	  5.731118	  	  	  9.534281	  
	  C	  	  -‐0.057623	  	  	  5.781562	  	  	  8.752189	  
	  C	  	  -‐0.221283	  	  	  7.138247	  	  	  8.049901	  
	  C	  	  -‐0.115382	  	  	  8.302040	  	  	  9.045445	  
	  C	  	  	  1.210501	  	  	  8.244891	  	  	  9.816839	  
	  C	  	  	  1.394068	  	  	  6.896527	  	  10.535675	  
	  C	  	  	  3.069998	  	  	  4.214565	  	  11.332344	  
	  C	  	  	  4.414862	  	  	  4.170148	  	  10.893273	  
	  C	  	  	  5.445591	  	  	  4.391351	  	  11.822204	  
	  C	  	  	  5.189594	  	  	  4.636539	  	  13.167228	  
	  C	  	  	  3.869696	  	  	  4.652077	  	  13.610940	  
	  C	  	  	  2.835490	  	  	  4.444443	  	  12.700960	  
	  C	  	  	  4.877639	  	  	  3.853963	  	  	  9.504398	  
	  C	  	  	  5.422741	  	  	  2.578509	  	  	  9.231885	  
	  C	  	  	  5.994689	  	  	  2.293293	  	  	  7.982194	  
	  C	  	  	  6.080615	  	  	  3.309544	  	  	  7.031187	  
	  C	  	  	  5.599617	  	  	  4.589892	  	  	  7.288555	  
	  C	  	  	  4.997083	  	  	  4.855643	  	  	  8.525576	  
	  C	  	  	  5.693092	  	  	  0.334080	  	  10.006544	  
	  C	  	  	  4.533014	  	  	  7.120849	  	  	  7.914782	  
	  H	  	  	  0.707280	  	  	  2.791659	  	  12.023446	  
	  H	  	  -‐0.354961	  	  	  1.776343	  	  10.051159	  
	  H	  	  -‐1.360629	  	  	  3.204126	  	  	  9.814770	  
	  H	  	  -‐2.619086	  	  	  1.420668	  	  10.991901	  
	  H	  	  -‐1.366735	  	  	  1.310331	  	  12.226836	  
	  H	  	  -‐3.267615	  	  	  2.642907	  	  13.106653	  
	  H	  	  -‐3.183025	  	  	  3.727766	  	  11.717723	  
	  H	  	  -‐2.036288	  	  	  4.779286	  	  13.650435	  
	  H	  	  -‐1.001711	  	  	  3.363412	  	  13.842643	  
	  H	  	  -‐1.078370	  	  	  5.210460	  	  11.403342	  
	  H	  	  	  0.158418	  	  	  5.219942	  	  12.639543	  
	  H	  	  	  2.078389	  	  	  5.851325	  	  	  8.803383	  
	  H	  	  -‐0.903918	  	  	  5.631436	  	  	  9.433647	  
	  H	  	  -‐0.089180	  	  	  4.975421	  	  	  8.013348	  
	  H	  	  	  0.562898	  	  	  7.238696	  	  	  7.285762	  
	  H	  	  -‐1.184064	  	  	  7.170199	  	  	  7.522937	  
	  H	  	  -‐0.951664	  	  	  8.244984	  	  	  9.758708	  
	  H	  	  -‐0.211584	  	  	  9.263218	  	  	  8.523423	  
	  H	  	  	  2.038975	  	  	  8.394186	  	  	  9.110512	  
	  H	  	  	  1.266580	  	  	  9.063183	  	  10.546751	  
	  H	  	  	  0.634627	  	  	  6.815702	  	  11.319790	  
	  H	  	  	  2.370868	  	  	  6.866129	  	  11.029679	  
	  H	  	  	  6.471834	  	  	  4.349959	  	  11.468263	  
	  H	  	  	  6.011467	  	  	  4.799912	  	  13.859308	  
	  H	  	  	  3.637304	  	  	  4.824681	  	  14.658547	  
	  H	  	  	  1.826155	  	  	  4.456728	  	  13.085231	  
	  H	  	  	  6.404093	  	  	  1.312609	  	  	  7.772004	  
	  H	  	  	  6.543699	  	  	  3.100650	  	  	  6.069397	  
	  H	  	  	  5.667501	  	  	  5.355692	  	  	  6.526899	  
	  H	  	  	  5.050978	  	  -‐0.071013	  	  	  9.216519	  
	  H	  	  	  6.751614	  	  	  0.196379	  	  	  9.743864	  
	  H	  	  	  5.483932	  	  -‐0.195440	  	  10.937484	  
	  H	  	  	  5.558033	  	  	  7.350372	  	  	  7.594266	  
	  H	  	  	  3.917176	  	  	  6.869002	  	  	  7.042856	  
	  H	  	  	  4.118336	  	  	  7.998388	  	  	  8.413608	  
	  O	  	  	  2.390620	  	  	  0.998369	  	  	  6.812453	  
	  C	  	  	  3.594466	  	  	  1.209820	  	  	  5.282299	  
	  C	  	  	  1.225799	  	  	  1.219170	  	  	  6.220356	  
	  C	  	  	  2.550351	  	  	  0.770274	  	  	  4.304433	  
	  H	  	  	  4.400877	  	  	  0.535760	  	  	  5.550216	  
	  H	  	  	  3.772132	  	  	  2.274937	  	  	  5.404304	  
	  N	  	  	  1.252976	  	  	  1.181200	  	  	  4.874835	  
	  S	  	  -‐0.055427	  	  	  1.606021	  	  	  7.257418	  
	  H	  	  	  2.575849	  	  -‐0.312428	  	  	  4.142181	  
	  H	  	  	  2.687299	  	  	  1.280220	  	  	  3.344820	  
	  C	  	  	  0.163140	  	  	  1.572579	  	  	  4.031194	  
	  C	  	  -‐0.391746	  	  	  0.648585	  	  	  3.143899	  
	  C	  	  -‐0.291325	  	  	  2.893879	  	  	  4.081148	  
	  C	  	  -‐1.419987	  	  	  1.055298	  	  	  2.291613	  
	  H	  	  -‐0.029347	  	  -‐0.375293	  	  	  3.130832	  
	  C	  	  -‐1.327691	  	  	  3.284988	  	  	  3.234288	  
	  H	  	  	  0.169436	  	  	  3.586331	  	  	  4.779307	  
	  C	  	  -‐1.889730	  	  	  2.370031	  	  	  2.338726	  

	  H	  	  -‐1.858373	  	  	  0.342142	  	  	  1.599380	  
	  H	  	  -‐1.690131	  	  	  4.308365	  	  	  3.269490	  
	  H	  	  -‐2.693812	  	  	  2.681701	  	  	  1.677919	  
	  
T1	  
88	  	  
	  Ru	  	  2.351751	  	  	  3.144477	  	  	  8.157597	  
	  Cl	  	  2.578093	  	  	  5.083950	  	  	  6.760932	  
	  Cl	  	  2.304824	  	  	  1.116632	  	  	  9.382312	  
	  P	  	  	  1.637953	  	  	  4.282338	  	  10.077867	  
	  O	  	  	  5.272127	  	  	  1.552853	  	  10.006972	  
	  O	  	  	  4.621660	  	  	  6.113153	  	  	  9.248738	  
	  C	  	  	  0.154092	  	  	  3.530761	  	  10.994058	  
	  C	  	  -‐0.812860	  	  	  2.787589	  	  10.048411	  
	  C	  	  -‐1.893163	  	  	  2.025765	  	  10.832171	  
	  C	  	  -‐2.677134	  	  	  2.938248	  	  11.781159	  
	  C	  	  -‐1.719837	  	  	  3.700301	  	  12.705255	  
	  C	  	  -‐0.665494	  	  	  4.480935	  	  11.901265	  
	  C	  	  	  1.326629	  	  	  6.093846	  	  	  9.732210	  
	  C	  	  	  0.072899	  	  	  6.294057	  	  	  8.854091	  
	  C	  	  	  0.004053	  	  	  7.744801	  	  	  8.352943	  
	  C	  	  	  0.040363	  	  	  8.745509	  	  	  9.516705	  
	  C	  	  	  1.274722	  	  	  8.521712	  	  10.403258	  
	  C	  	  	  1.346794	  	  	  7.073678	  	  10.921082	  
	  C	  	  	  3.002176	  	  	  4.224464	  	  11.331068	  
	  C	  	  	  4.331091	  	  	  3.971415	  	  10.934904	  
	  C	  	  	  5.334999	  	  	  3.905319	  	  11.914566	  
	  C	  	  	  5.049890	  	  	  4.082948	  	  13.264650	  
	  C	  	  	  3.736703	  	  	  4.335678	  	  13.659372	  
	  C	  	  	  2.730661	  	  	  4.405204	  	  12.698632	  
	  C	  	  	  4.777702	  	  	  3.792212	  	  	  9.514142	  
	  C	  	  	  5.357502	  	  	  2.552687	  	  	  9.108542	  
	  C	  	  	  6.021727	  	  	  2.440480	  	  	  7.878493	  
	  C	  	  	  6.224806	  	  	  3.586660	  	  	  7.115903	  
	  C	  	  	  5.779213	  	  	  4.839837	  	  	  7.531997	  
	  C	  	  	  5.066445	  	  	  4.943456	  	  	  8.728433	  
	  C	  	  	  5.589064	  	  	  0.225110	  	  	  9.595650	  
	  C	  	  	  4.820890	  	  	  7.314753	  	  	  8.505825	  
	  H	  	  	  0.635666	  	  	  2.773891	  	  11.627733	  
	  H	  	  -‐0.263438	  	  	  2.073779	  	  	  9.437442	  
	  H	  	  -‐1.289759	  	  	  3.507258	  	  	  9.367887	  
	  H	  	  -‐2.570567	  	  	  1.530214	  	  10.125076	  
	  H	  	  -‐1.407627	  	  	  1.228370	  	  11.413572	  
	  H	  	  -‐3.397146	  	  	  2.355782	  	  12.370326	  
	  H	  	  -‐3.260723	  	  	  3.661587	  	  11.192151	  
	  H	  	  -‐2.275039	  	  	  4.395442	  	  13.348505	  
	  H	  	  -‐1.210157	  	  	  2.989488	  	  13.372196	  
	  H	  	  -‐1.177606	  	  	  5.223960	  	  11.279384	  
	  H	  	  -‐0.033330	  	  	  5.043509	  	  12.591524	  
	  H	  	  	  2.196463	  	  	  6.328558	  	  	  9.110446	  
	  H	  	  -‐0.831992	  	  	  6.072031	  	  	  9.433673	  
	  H	  	  	  0.092062	  	  	  5.608718	  	  	  8.001882	  
	  H	  	  	  0.857813	  	  	  7.926595	  	  	  7.685157	  
	  H	  	  -‐0.903914	  	  	  7.887952	  	  	  7.753070	  
	  H	  	  -‐0.867711	  	  	  8.623941	  	  10.126531	  
	  H	  	  	  0.028033	  	  	  9.775099	  	  	  9.136187	  
	  H	  	  	  2.180612	  	  	  8.739022	  	  	  9.818464	  
	  H	  	  	  1.271070	  	  	  9.219069	  	  11.251003	  
	  H	  	  	  0.495287	  	  	  6.895529	  	  11.586173	  
	  H	  	  	  2.256350	  	  	  6.932899	  	  11.514953	  
	  H	  	  	  6.354507	  	  	  3.701692	  	  11.600607	  
	  H	  	  	  5.846445	  	  	  4.022418	  	  14.001415	  
	  H	  	  	  3.491242	  	  	  4.475834	  	  14.708650	  
	  H	  	  	  1.719680	  	  	  4.596917	  	  13.030680	  
	  H	  	  	  6.404017	  	  	  1.486369	  	  	  7.539341	  
	  H	  	  	  6.751654	  	  	  3.503478	  	  	  6.169090	  
	  H	  	  	  5.954402	  	  	  5.708321	  	  	  6.911323	  
	  H	  	  	  4.995893	  	  -‐0.068744	  	  	  8.723621	  
	  H	  	  	  6.660767	  	  	  0.119120	  	  	  9.381544	  
	  H	  	  	  5.325581	  	  -‐0.413822	  	  10.440057	  
	  H	  	  	  5.889190	  	  	  7.514833	  	  	  8.353709	  
	  H	  	  	  4.302230	  	  	  7.270118	  	  	  7.543027	  
	  H	  	  	  4.393321	  	  	  8.111564	  	  	  9.117066	  
	  O	  	  	  2.863342	  	  	  1.974026	  	  	  6.332493	  

	  C	  	  	  2.997735	  	  	  1.761212	  	  	  2.935018	  
	  C	  	  	  1.688277	  	  	  1.847072	  	  	  5.891888	  
	  C	  	  	  2.529455	  	  	  0.713424	  	  	  3.885896	  
	  H	  	  	  3.553650	  	  	  2.613685	  	  	  3.313091	  
	  H	  	  	  2.633075	  	  	  1.791206	  	  	  1.913308	  
	  N	  	  	  1.405862	  	  	  1.203459	  	  	  4.740563	  
	  S	  	  	  0.449226	  	  	  2.556226	  	  	  6.928810	  
	  H	  	  	  3.326093	  	  	  0.408834	  	  	  4.569939	  
	  H	  	  	  2.158702	  	  -‐0.172471	  	  	  3.364128	  
	  C	  	  	  0.079357	  	  	  1.208830	  	  	  4.192641	  
	  C	  	  -‐0.681596	  	  	  0.037155	  	  	  4.231212	  
	  C	  	  -‐0.428147	  	  	  2.369726	  	  	  3.600009	  
	  C	  	  -‐1.960516	  	  	  0.028301	  	  	  3.672784	  
	  H	  	  -‐0.269416	  	  -‐0.849503	  	  	  4.704239	  
	  C	  	  -‐1.711026	  	  	  2.355990	  	  	  3.051002	  
	  H	  	  	  0.182301	  	  	  3.267289	  	  	  3.584143	  
	  C	  	  -‐2.476113	  	  	  1.187004	  	  	  3.085405	  
	  H	  	  -‐2.556113	  	  -‐0.879729	  	  	  3.704674	  
	  H	  	  -‐2.111351	  	  	  3.257680	  	  	  2.596122	  
	  H	  	  -‐3.474036	  	  	  1.179217	  	  	  2.655610	  
	  
Rot_TS	  
88	  	  
	  Ru	  	  2.007015	  	  	  3.232319	  	  	  8.162255	  
	  Cl	  	  2.283421	  	  	  5.168817	  	  	  6.784291	  
	  Cl	  	  1.676198	  	  	  1.214417	  	  	  9.386339	  
	  P	  	  	  1.431046	  	  	  4.400805	  	  10.111386	  
	  O	  	  	  4.675980	  	  	  1.191653	  	  	  9.721987	  
	  O	  	  	  4.539023	  	  	  5.829323	  	  	  9.214907	  
	  C	  	  -‐0.110230	  	  	  3.792539	  	  11.025171	  
	  C	  	  -‐1.194189	  	  	  3.272670	  	  10.055383	  
	  C	  	  -‐2.365581	  	  	  2.627432	  	  10.812890	  
	  C	  	  -‐2.983515	  	  	  3.577906	  	  11.843688	  
	  C	  	  -‐1.906852	  	  	  4.100749	  	  12.801182	  
	  C	  	  -‐0.756214	  	  	  4.773979	  	  12.033412	  
	  C	  	  	  1.329352	  	  	  6.247438	  	  	  9.840814	  
	  C	  	  	  0.060612	  	  	  6.645166	  	  	  9.057602	  
	  C	  	  	  0.141324	  	  	  8.119438	  	  	  8.630390	  
	  C	  	  	  0.376466	  	  	  9.043690	  	  	  9.834216	  
	  C	  	  	  1.627892	  	  	  8.625596	  	  10.619051	  
	  C	  	  	  1.553596	  	  	  7.154678	  	  11.065831	  
	  C	  	  	  2.819686	  	  	  4.110970	  	  11.298203	  
	  C	  	  	  4.065773	  	  	  3.666858	  	  10.812715	  
	  C	  	  	  5.104721	  	  	  3.418205	  	  11.722544	  
	  C	  	  	  4.928409	  	  	  3.594995	  	  13.091911	  
	  C	  	  	  3.697151	  	  	  4.037574	  	  13.574561	  
	  C	  	  	  2.658205	  	  	  4.292270	  	  12.681940	  
	  C	  	  	  4.386428	  	  	  3.494269	  	  	  9.353884	  
	  C	  	  	  4.833135	  	  	  2.219076	  	  	  8.871873	  
	  C	  	  	  5.445390	  	  	  2.098276	  	  	  7.617475	  
	  C	  	  	  5.749434	  	  	  3.251975	  	  	  6.902090	  
	  C	  	  	  5.465868	  	  	  4.525495	  	  	  7.392898	  
	  C	  	  	  4.807555	  	  	  4.648129	  	  	  8.616949	  
	  C	  	  	  4.810327	  	  -‐0.141858	  	  	  9.227920	  
	  C	  	  	  4.854165	  	  	  7.041444	  	  	  8.527552	  
	  H	  	  	  0.276752	  	  	  2.927121	  	  11.579313	  
	  H	  	  -‐0.764472	  	  	  2.529643	  	  	  9.385038	  
	  H	  	  -‐1.565707	  	  	  4.101324	  	  	  9.436796	  
	  H	  	  -‐3.122172	  	  	  2.292779	  	  10.091926	  
	  H	  	  -‐1.997468	  	  	  1.726505	  	  11.325168	  
	  H	  	  -‐3.782833	  	  	  3.074342	  	  12.402302	  
	  H	  	  -‐3.446870	  	  	  4.429397	  	  11.323262	  
	  H	  	  -‐2.336610	  	  	  4.817635	  	  13.512751	  
	  H	  	  -‐1.506336	  	  	  3.265855	  	  13.394543	  
	  H	  	  -‐1.156969	  	  	  5.639701	  	  11.494471	  
	  H	  	  -‐0.030668	  	  	  5.167286	  	  12.749016	  
	  H	  	  	  2.177978	  	  	  6.399579	  	  	  9.167123	  
	  H	  	  -‐0.830768	  	  	  6.502740	  	  	  9.680408	  
	  H	  	  -‐0.051383	  	  	  6.007966	  	  	  8.175235	  
	  H	  	  	  0.966259	  	  	  8.234364	  	  	  7.912983	  
	  H	  	  -‐0.778228	  	  	  8.402874	  	  	  8.102695	  
	  H	  	  -‐0.497561	  	  	  8.999418	  	  10.501466	  
	  H	  	  	  0.466519	  	  10.086352	  	  	  9.503006	  
	  H	  	  	  2.513804	  	  	  8.763110	  	  	  9.981773	  
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	  H	  	  	  1.766085	  	  	  9.271960	  	  11.495366	  
	  H	  	  	  0.735066	  	  	  7.044901	  	  11.786353	  
	  H	  	  	  2.477392	  	  	  6.873796	  	  11.582937	  
	  H	  	  	  6.061012	  	  	  3.073081	  	  11.340880	  
	  H	  	  	  5.747576	  	  	  3.389241	  	  13.775526	  
	  H	  	  	  3.540940	  	  	  4.182060	  	  14.640097	  
	  H	  	  	  1.711776	  	  	  4.633472	  	  13.078807	  
	  H	  	  	  5.706825	  	  	  1.126985	  	  	  7.218798	  
	  H	  	  	  6.235354	  	  	  3.158251	  	  	  5.934715	  
	  H	  	  	  5.725713	  	  	  5.399659	  	  	  6.811444	  
	  H	  	  	  4.165480	  	  -‐0.307000	  	  	  8.359188	  
	  H	  	  	  5.854263	  	  -‐0.365560	  	  	  8.973710	  
	  H	  	  	  4.490658	  	  -‐0.789714	  	  10.045343	  
	  H	  	  	  5.930393	  	  	  7.114596	  	  	  8.328315	  
	  H	  	  	  4.288201	  	  	  7.120122	  	  	  7.594151	  
	  H	  	  	  4.562173	  	  	  7.844901	  	  	  9.205645	  
	  O	  	  	  2.434383	  	  	  2.016905	  	  	  6.367407	  
	  C	  	  -‐0.514575	  	  	  1.115168	  	  	  2.852022	  
	  C	  	  	  1.260061	  	  	  1.924178	  	  	  5.935777	  
	  C	  	  	  0.568888	  	  	  1.788714	  	  	  3.617512	  
	  H	  	  -‐0.622424	  	  	  1.300457	  	  	  1.788192	  
	  H	  	  -‐1.293216	  	  	  0.573289	  	  	  3.378329	  
	  N	  	  	  0.904683	  	  	  1.085253	  	  	  4.874515	  
	  S	  	  	  0.061142	  	  	  2.735830	  	  	  6.894873	  
	  H	  	  	  0.261946	  	  	  2.805515	  	  	  3.909831	  
	  H	  	  	  1.476464	  	  	  1.918670	  	  	  3.007461	  
	  C	  	  	  1.559326	  	  -‐0.180481	  	  	  4.814692	  
	  C	  	  	  1.910537	  	  -‐0.780928	  	  	  3.598042	  
	  C	  	  	  1.796049	  	  -‐0.876905	  	  	  6.015550	  
	  C	  	  	  2.495490	  	  -‐2.051369	  	  	  3.587005	  
	  H	  	  	  1.727038	  	  -‐0.277214	  	  	  2.656673	  
	  C	  	  	  2.390606	  	  -‐2.133977	  	  	  5.989981	  
	  H	  	  	  1.519665	  	  -‐0.429177	  	  	  6.965525	  
	  C	  	  	  2.744502	  	  -‐2.733710	  	  	  4.775904	  
	  H	  	  	  2.757904	  	  -‐2.501813	  	  	  2.633138	  
	  H	  	  	  2.565408	  	  -‐2.654647	  	  	  6.928164	  
	  H	  	  	  3.200226	  	  -‐3.719774	  	  	  4.760582	  
	  
T2	  
88	  	  
	  Ru	  	  2.236324	  	  	  3.233325	  	  	  8.096133	  
	  Cl	  	  2.359809	  	  	  5.200564	  	  	  6.734234	  
	  Cl	  	  2.064028	  	  	  1.190157	  	  	  9.318981	  
	  P	  	  	  1.555523	  	  	  4.343082	  	  10.050696	  
	  O	  	  	  5.066761	  	  	  1.444239	  	  	  9.710897	  
	  O	  	  	  4.546227	  	  	  6.048996	  	  	  9.148694	  
	  C	  	  	  0.061311	  	  	  3.612632	  	  10.955834	  
	  C	  	  -‐0.974894	  	  	  3.018666	  	  	  9.977389	  
	  C	  	  -‐2.080689	  	  	  2.257207	  	  10.724763	  
	  C	  	  -‐2.776706	  	  	  3.128089	  	  11.776873	  
	  C	  	  -‐1.747716	  	  	  3.737217	  	  12.736128	  
	  C	  	  -‐0.667873	  	  	  4.524048	  	  11.973360	  
	  C	  	  	  1.314370	  	  	  6.180383	  	  	  9.799925	  
	  C	  	  	  0.021823	  	  	  6.485362	  	  	  9.014549	  
	  C	  	  -‐0.015286	  	  	  7.966770	  	  	  8.605843	  
	  C	  	  	  0.140975	  	  	  8.892057	  	  	  9.821702	  
	  C	  	  	  1.418963	  	  	  8.565524	  	  10.607233	  
	  C	  	  	  1.459387	  	  	  7.088105	  	  11.036113	  
	  C	  	  	  2.956944	  	  	  4.165442	  	  11.248415	  
	  C	  	  	  4.246976	  	  	  3.860958	  	  10.769473	  
	  C	  	  	  5.300042	  	  	  3.716019	  	  11.685981	  
	  C	  	  	  5.096803	  	  	  3.857278	  	  13.055496	  
	  C	  	  	  3.820179	  	  	  4.152616	  	  13.532578	  
	  C	  	  	  2.767107	  	  	  4.305848	  	  12.633415	  
	  C	  	  	  4.593724	  	  	  3.711057	  	  	  9.314525	  
	  C	  	  	  5.139122	  	  	  2.471367	  	  	  8.846129	  
	  C	  	  	  5.754662	  	  	  2.385221	  	  	  7.590944	  
	  C	  	  	  5.958533	  	  	  3.551087	  	  	  6.860123	  
	  C	  	  	  5.574955	  	  	  4.802823	  	  	  7.338223	  
	  C	  	  	  4.912552	  	  	  4.886210	  	  	  8.563848	  
	  C	  	  	  5.302404	  	  	  0.121459	  	  	  9.231528	  
	  C	  	  	  4.766127	  	  	  7.273615	  	  	  8.447378	  
	  H	  	  	  0.513549	  	  	  2.774014	  	  11.501806	  
	  H	  	  -‐0.485520	  	  	  2.330745	  	  	  9.289708	  

	  H	  	  -‐1.421174	  	  	  3.824383	  	  	  9.377830	  
	  H	  	  -‐2.809066	  	  	  1.871132	  	  10.000057	  
	  H	  	  -‐1.631318	  	  	  1.381909	  	  11.217103	  
	  H	  	  -‐3.519879	  	  	  2.541885	  	  12.332622	  
	  H	  	  -‐3.324238	  	  	  3.939606	  	  11.274384	  
	  H	  	  -‐2.239449	  	  	  4.400434	  	  13.459609	  
	  H	  	  -‐1.267157	  	  	  2.935531	  	  13.315795	  
	  H	  	  -‐1.148010	  	  	  5.353964	  	  11.442749	  
	  H	  	  	  0.019970	  	  	  4.977397	  	  12.690580	  
	  H	  	  	  2.153501	  	  	  6.405652	  	  	  9.134645	  
	  H	  	  -‐0.857475	  	  	  6.263079	  	  	  9.631532	  
	  H	  	  -‐0.034051	  	  	  5.852187	  	  	  8.123929	  
	  H	  	  	  0.799995	  	  	  8.156517	  	  	  7.893375	  
	  H	  	  -‐0.952953	  	  	  8.182439	  	  	  8.077546	  
	  H	  	  -‐0.729209	  	  	  8.769781	  	  10.484312	  
	  H	  	  	  0.148300	  	  	  9.942640	  	  	  9.503191	  
	  H	  	  	  2.293675	  	  	  8.779602	  	  	  9.975428	  
	  H	  	  	  1.502777	  	  	  9.210889	  	  11.491168	  
	  H	  	  	  0.648269	  	  	  6.904439	  	  11.749469	  
	  H	  	  	  2.399575	  	  	  6.875439	  	  11.556220	  
	  H	  	  	  6.289871	  	  	  3.476419	  	  11.308602	  
	  H	  	  	  5.928593	  	  	  3.734127	  	  13.743816	  
	  H	  	  	  3.639998	  	  	  4.262267	  	  14.598554	  
	  H	  	  	  1.785696	  	  	  4.532704	  	  13.026807	  
	  H	  	  	  6.087919	  	  	  1.433414	  	  	  7.198894	  
	  H	  	  	  6.441412	  	  	  3.485491	  	  	  5.889006	  
	  H	  	  	  5.758688	  	  	  5.687439	  	  	  6.743703	  
	  H	  	  	  4.664533	  	  -‐0.103807	  	  	  8.371276	  
	  H	  	  	  6.358873	  	  -‐0.023896	  	  	  8.970658	  
	  H	  	  	  5.040620	  	  -‐0.540515	  	  10.058332	  
	  H	  	  	  5.834930	  	  	  7.434907	  	  	  8.258929	  
	  H	  	  	  4.206486	  	  	  7.292301	  	  	  7.507030	  
	  H	  	  	  4.398719	  	  	  8.058969	  	  	  9.110151	  
	  O	  	  	  2.810799	  	  	  2.076884	  	  	  6.331864	  
	  C	  	  -‐0.382141	  	  -‐0.554807	  	  	  4.973888	  
	  C	  	  	  1.655309	  	  	  1.841296	  	  	  5.873134	  
	  C	  	  	  0.101702	  	  	  0.691410	  	  	  4.312411	  
	  H	  	  -‐0.666602	  	  -‐0.530419	  	  	  6.021187	  
	  H	  	  -‐0.278219	  	  -‐1.519095	  	  	  4.487072	  
	  N	  	  	  1.464602	  	  	  1.076196	  	  	  4.775217	  
	  S	  	  	  0.357855	  	  	  2.579980	  	  	  6.803910	  
	  H	  	  -‐0.559656	  	  	  1.540536	  	  	  4.514726	  
	  H	  	  	  0.163598	  	  	  0.573273	  	  	  3.227803	  
	  C	  	  	  2.587771	  	  	  0.372562	  	  	  4.216210	  
	  C	  	  	  3.024569	  	  	  0.696321	  	  	  2.930311	  
	  C	  	  	  3.210087	  	  -‐0.645922	  	  	  4.944498	  
	  C	  	  	  4.093189	  	  -‐0.004613	  	  	  2.367887	  
	  H	  	  	  2.532978	  	  	  1.497758	  	  	  2.386187	  
	  C	  	  	  4.283047	  	  -‐1.336174	  	  	  4.380390	  
	  H	  	  	  2.851905	  	  -‐0.880489	  	  	  5.942087	  
	  C	  	  	  4.724562	  	  -‐1.018664	  	  	  3.092298	  
	  H	  	  	  4.435250	  	  	  0.247887	  	  	  1.368011	  
	  H	  	  	  4.770786	  	  -‐2.126642	  	  	  4.944427	  
	  H	  	  	  5.558564	  	  -‐1.560351	  	  	  2.654306	  
	  
SET2	  
88	  	  
	  Ru	  	  2.096775	  	  	  3.193541	  	  	  7.830978	  
	  Cl	  	  2.464133	  	  	  5.174789	  	  	  6.580922	  
	  Cl	  	  1.950265	  	  	  1.086891	  	  	  8.974144	  
	  P	  	  	  1.583158	  	  	  4.246937	  	  	  9.851547	  
	  O	  	  	  5.157104	  	  	  1.895616	  	  	  9.039119	  
	  O	  	  	  4.693227	  	  	  6.512791	  	  	  9.703102	  
	  C	  	  	  0.043727	  	  	  3.562816	  	  10.720679	  
	  C	  	  -‐1.039147	  	  	  3.099016	  	  	  9.722633	  
	  C	  	  -‐2.178580	  	  	  2.360831	  	  10.442685	  
	  C	  	  -‐2.805458	  	  	  3.204245	  	  11.558716	  
	  C	  	  -‐1.728956	  	  	  3.686438	  	  12.538777	  
	  C	  	  -‐0.610405	  	  	  4.449062	  	  11.808553	  
	  C	  	  	  1.438988	  	  	  6.108093	  	  	  9.700659	  
	  C	  	  	  0.156995	  	  	  6.505756	  	  	  8.938266	  
	  C	  	  	  0.132907	  	  	  8.017527	  	  	  8.664258	  
	  C	  	  	  0.286791	  	  	  8.823702	  	  	  9.961484	  
	  C	  	  	  1.576598	  	  	  8.430442	  	  10.694184	  

	  C	  	  	  1.624710	  	  	  6.922203	  	  10.995905	  
	  C	  	  	  2.966743	  	  	  3.940729	  	  11.065489	  
	  C	  	  	  4.328864	  	  	  3.965326	  	  10.679454	  
	  C	  	  	  5.318747	  	  	  3.740148	  	  11.648468	  
	  C	  	  	  5.002328	  	  	  3.481095	  	  12.978552	  
	  C	  	  	  3.663671	  	  	  3.436584	  	  13.359774	  
	  C	  	  	  2.667799	  	  	  3.661538	  	  12.411317	  
	  C	  	  	  4.827773	  	  	  4.209672	  	  	  9.290138	  
	  C	  	  	  5.273788	  	  	  3.132313	  	  	  8.488830	  
	  C	  	  	  5.854532	  	  	  3.367240	  	  	  7.231821	  
	  C	  	  	  6.036822	  	  	  4.677348	  	  	  6.805319	  
	  C	  	  	  5.667733	  	  	  5.762302	  	  	  7.599453	  
	  C	  	  	  5.068427	  	  	  5.522965	  	  	  8.838386	  
	  C	  	  	  5.266839	  	  	  0.763761	  	  	  8.179682	  
	  C	  	  	  5.027756	  	  	  7.854652	  	  	  9.371445	  
	  H	  	  	  0.432846	  	  	  2.652444	  	  11.194910	  
	  H	  	  -‐0.598028	  	  	  2.426557	  	  	  8.988560	  
	  H	  	  -‐1.442335	  	  	  3.962900	  	  	  9.176540	  
	  H	  	  -‐2.940558	  	  	  2.063564	  	  	  9.710343	  
	  H	  	  -‐1.775952	  	  	  1.432173	  	  10.873546	  
	  H	  	  -‐3.577526	  	  	  2.630816	  	  12.087742	  
	  H	  	  -‐3.306396	  	  	  4.078794	  	  11.117096	  
	  H	  	  -‐2.170111	  	  	  4.333427	  	  13.308001	  
	  H	  	  -‐1.295855	  	  	  2.821522	  	  13.062574	  
	  H	  	  -‐1.044823	  	  	  5.339026	  	  11.339218	  
	  H	  	  	  0.119661	  	  	  4.812403	  	  12.536027	  
	  H	  	  	  2.287642	  	  	  6.341488	  	  	  9.049204	  
	  H	  	  -‐0.730737	  	  	  6.240578	  	  	  9.525059	  
	  H	  	  	  0.100412	  	  	  5.956879	  	  	  7.993219	  
	  H	  	  	  0.954681	  	  	  8.268565	  	  	  7.978463	  
	  H	  	  -‐0.800163	  	  	  8.284867	  	  	  8.151591	  
	  H	  	  -‐0.577469	  	  	  8.628806	  	  10.614370	  
	  H	  	  	  0.283949	  	  	  9.900072	  	  	  9.746204	  
	  H	  	  	  2.434492	  	  	  8.700602	  	  10.064541	  
	  H	  	  	  1.678478	  	  	  8.996472	  	  11.629590	  
	  H	  	  	  0.837684	  	  	  6.688457	  	  11.719807	  
	  H	  	  	  2.580927	  	  	  6.661971	  	  11.460413	  
	  H	  	  	  6.358436	  	  	  3.762265	  	  11.334357	  
	  H	  	  	  5.792512	  	  	  3.308410	  	  13.704319	  
	  H	  	  	  3.386608	  	  	  3.224499	  	  14.389021	  
	  H	  	  	  1.641444	  	  	  3.604838	  	  12.743687	  
	  H	  	  	  6.160669	  	  	  2.542210	  	  	  6.601333	  
	  H	  	  	  6.479693	  	  	  4.861454	  	  	  5.830304	  
	  H	  	  	  5.820460	  	  	  6.770662	  	  	  7.236571	  
	  H	  	  	  4.587098	  	  	  0.851564	  	  	  7.325583	  
	  H	  	  	  6.298862	  	  	  0.627277	  	  	  7.828069	  
	  H	  	  	  4.976989	  	  -‐0.096036	  	  	  8.785088	  
	  H	  	  	  6.105843	  	  	  7.966628	  	  	  9.195715	  
	  H	  	  	  4.477768	  	  	  8.204638	  	  	  8.488645	  
	  H	  	  	  4.745941	  	  	  8.457022	  	  10.236713	  
	  O	  	  	  2.612586	  	  	  1.979559	  	  	  6.005730	  
	  C	  	  	  1.431152	  	  	  1.724284	  	  	  5.683040	  
	  C	  	  -‐0.380365	  	  	  0.713559	  	  	  4.448576	  
	  N	  	  	  1.035886	  	  	  0.717386	  	  	  4.871589	  
	  S	  	  	  0.204084	  	  	  2.738250	  	  	  6.459302	  
	  H	  	  -‐0.519475	  	  	  1.398125	  	  	  3.603280	  
	  H	  	  -‐0.614118	  	  -‐0.302504	  	  	  4.108006	  
	  C	  	  	  1.964770	  	  -‐0.247259	  	  	  4.372442	  
	  C	  	  	  1.945039	  	  -‐0.601790	  	  	  3.019941	  
	  C	  	  	  2.863226	  	  -‐0.863437	  	  	  5.253734	  
	  C	  	  	  2.827407	  	  -‐1.576362	  	  	  2.548648	  
	  H	  	  	  1.253680	  	  -‐0.114383	  	  	  2.339044	  
	  C	  	  	  3.748845	  	  -‐1.823503	  	  	  4.768403	  
	  H	  	  	  2.855692	  	  -‐0.592446	  	  	  6.303866	  
	  C	  	  	  3.734045	  	  -‐2.185199	  	  	  3.417771	  
	  H	  	  	  2.808729	  	  -‐1.850422	  	  	  1.497482	  
	  H	  	  	  4.444479	  	  -‐2.300397	  	  	  5.453540	  
	  H	  	  	  4.422819	  	  -‐2.939102	  	  	  3.047121	  
	  C	  	  -‐1.254384	  	  	  1.109942	  	  	  5.604963	  
	  H	  	  -‐2.172563	  	  	  1.644404	  	  	  5.378493	  
	  H	  	  -‐1.307016	  	  	  0.416308	  	  	  6.440825	  
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MECP_T-‐S	  
88	  	  
	  Ru	  	  2.325146	  	  	  	  3.339139	  	  	  	  8.179285	  
	  Cl	  	  2.302036	  	  	  	  5.355822	  	  	  	  6.766881	  
	  Cl	  	  1.860178	  	  	  	  1.074196	  	  	  	  8.974112	  
	  P	  	  	  1.553785	  	  	  	  4.346358	  	  	  10.079551	  
	  O	  	  	  4.869505	  	  	  	  1.436468	  	  	  	  9.685395	  
	  O	  	  	  4.547744	  	  	  	  6.046514	  	  	  	  9.128293	  
	  C	  	  	  0.051356	  	  	  	  3.593221	  	  	  10.960807	  
	  C	  	  -‐0.987501	  	  	  	  3.028594	  	  	  	  9.964967	  
	  C	  	  -‐2.089863	  	  	  	  2.244802	  	  10.699953	  
	  C	  	  -‐2.793845	  	  	  	  3.096427	  	  11.765123	  
	  C	  	  -‐1.775867	  	  	  	  3.701058	  	  12.740697	  
	  C	  	  -‐0.671849	  	  	  	  4.480869	  	  12.002398	  
	  C	  	  	  1.275523	  	  	  	  6.197533	  	  	  	  9.860215	  
	  C	  	  -‐0.012243	  	  	  	  6.501002	  	  	  	  9.063401	  
	  C	  	  -‐0.037720	  	  	  	  7.973213	  	  	  	  8.623537	  
	  C	  	  	  0.112620	  	  	  	  8.924277	  	  	  	  9.819802	  
	  C	  	  	  1.375865	  	  	  	  8.600324	  	  	  10.632776	  
	  C	  	  	  1.409407	  	  	  	  7.126790	  	  	  11.083564	  
	  C	  	  	  2.935866	  	  	  	  4.190441	  	  	  11.296628	  
	  C	  	  	  4.190877	  	  	  	  3.872180	  	  	  10.751966	  
	  C	  	  	  5.295543	  	  	  	  3.726408	  	  	  11.604473	  
	  C	  	  	  5.163273	  	  	  	  3.870919	  	  	  12.982927	  
	  C	  	  	  3.915944	  	  	  	  4.171422	  	  	  13.528308	  
	  C	  	  	  2.816912	  	  	  	  4.335689	  	  	  12.688527	  
	  C	  	  	  4.416622	  	  	  	  3.704405	  	  	  	  9.263435	  
	  C	  	  	  4.973733	  	  	  	  2.448553	  	  	  	  8.812119	  
	  C	  	  	  5.662381	  	  	  	  2.351967	  	  	  	  7.595653	  
	  C	  	  	  5.942389	  	  	  	  3.514470	  	  	  	  6.885590	  
	  C	  	  	  5.567768	  	  	  	  4.777774	  	  	  	  7.342245	  
	  C	  	  	  4.850237	  	  	  	  4.878520	  	  	  	  8.532231	  
	  C	  	  	  5.204291	  	  	  	  0.118020	  	  	  	  9.265590	  
	  C	  	  	  4.796948	  	  	  	  7.267105	  	  	  	  8.428394	  
	  H	  	  	  0.498952	  	  	  	  2.733257	  	  	  1.479659	  
	  H	  	  -‐0.487345	  	  	  	  2.371548	  	  	  	  9.249931	  
	  H	  	  -‐1.442866	  	  	  	  3.853589	  	  	  	  9.398988	  
	  H	  	  -‐2.819507	  	  	  	  1.864200	  	  	  	  9.973156	  
	  H	  	  -‐1.636740	  	  	  	  1.364494	  	  11.178225	  
	  H	  	  -‐3.535519	  	  	  	  2.498263	  	  12.310817	  
	  H	  	  -‐3.350505	  	  	  	  3.908501	  	  11.272660	  
	  H	  	  -‐2.278447	  	  	  	  4.368820	  	  13.453048	  
	  H	  	  -‐1.316741	  	  	  	  2.898059	  	  13.335278	  
	  H	  	  -‐1.131908	  	  	  	  5.336622	  	  11.494142	  
	  H	  	  	  0.021269	  	  	  	  4.901671	  	  12.736327	  
	  H	  	  	  2.110189	  	  	  	  6.427291	  	  	  	  9.190150	  
	  H	  	  -‐0.898430	  	  	  	  6.296224	  	  	  	  9.678743	  
	  H	  	  -‐0.063421	  	  	  	  5.857546	  	  	  	  8.180533	  
	  H	  	  	  0.782747	  	  	  	  8.137542	  	  	  	  7.911107	  
	  H	  	  -‐0.969687	  	  	  	  8.184922	  	  	  	  8.082903	  
	  H	  	  -‐0.768931	  	  	  	  8.829671	  	  10.472053	  
	  H	  	  	  0.135612	  	  	  	  9.967849	  	  	  	  9.479634	  
	  H	  	  	  2.262381	  	  	  	  8.804985	  	  10.013348	  
	  H	  	  	  1.447741	  	  	  	  9.260308	  	  11.507264	  
	  H	  	  	  0.593540	  	  	  	  6.956221	  	  11.797554	  
	  H	  	  	  2.345176	  	  	  	  6.923898	  	  11.616610	  
	  H	  	  	  6.265132	  	  	  	  3.476816	  	  11.182981	  
	  H	  	  	  6.027090	  	  	  	  3.737363	  	  13.628805	  
	  H	  	  	  3.794095	  	  	  	  4.275501	  	  14.602887	  
	  H	  	  	  1.858194	  	  	  	  4.569628	  	  13.135220	  
	  H	  	  	  5.986920	  	  	  	  1.391756	  	  	  	  7.213892	  
	  H	  	  	  6.472352	  	  	  	  3.437719	  	  	  	  5.940355	  
	  H	  	  	  5.810574	  	  	  	  5.658275	  	  	  	  6.761794	  
	  H	  	  	  4.584858	  	  	  -‐0.179630	  	  	  	  8.414934	  
	  H	  	  	  6.270558	  	  	  	  0.044818	  	  	  	  9.013881	  
	  H	  	  	  4.983700	  	  	  -‐0.522856	  	  10.119644	  
	  H	  	  	  5.870513	  	  	  	  7.407399	  	  	  	  8.254695	  
	  H	  	  	  4.244958	  	  	  	  7.276243	  	  	  	  7.484533	  
	  H	  	  	  4.430435	  	  	  	  8.057140	  	  	  	  9.084561	  
	  O	  	  	  2.886726	  	  	  	  2.284753	  	  	  	  6.177904	  
	  C	  	  -‐0.697585	  	  	  	  1.455091	  	  	  	  5.431958	  
	  C	  	  	  1.807029	  	  	  	  1.977964	  	  	  	  5.680313	  
	  C	  	  	  0.187112	  	  	  	  0.819273	  	  	  	  4.352087	  
	  H	  	  -‐1.641725	  	  	  	  1.816086	  	  	  	  5.016917	  

	  H	  	  -‐0.895181	  	  	  	  0.766616	  	  	  	  6.259393	  
	  N	  	  	  1.564440	  	  	  	  0.930624	  	  	  	  4.842982	  
	  S	  	  	  0.288076	  	  	  	  2.893391	  	  	  	  6.034068	  
	  H	  	  	  0.069652	  	  	  	  1.343067	  	  	  	  3.391685	  
	  H	  	  -‐0.055897	  	  	  -‐0.237492	  	  	  	  4.198793	  
	  C	  	  	  2.646123	  	  	  	  0.208737	  	  	  	  4.231008	  
	  C	  	  	  3.044412	  	  	  	  0.549704	  	  	  	  2.935121	  
	  C	  	  	  3.293288	  	  	  -‐0.813922	  	  	  	  4.929079	  
	  C	  	  	  4.116124	  	  	  -‐0.117128	  	  	  	  2.343329	  
	  H	  	  	  2.528504	  	  	  	  1.343819	  	  	  	  2.403097	  
	  C	  	  	  4.371021	  	  	  -‐1.472918	  	  	  	  4.332542	  
	  H	  	  	  2.953785	  	  	  -‐1.070828	  	  	  	  5.927869	  
	  C	  	  	  4.789069	  	  	  -‐1.120029	  	  	  	  3.045547	  
	  H	  	  	  4.429885	  	  	  	  0.156991	  	  	  	  1.339906	  
	  H	  	  	  4.882611	  	  	  -‐2.263833	  	  	  	  4.874181	  
	  H	  	  	  5.637702	  	  	  -‐1.621519	  	  	  	  2.589766	  
	  
S3	  
88	  	  
	  Ru	  	  2.330219	  	  	  3.532241	  	  	  7.883597	  
	  Cl	  	  2.475499	  	  	  5.707620	  	  	  6.699281	  
	  Cl	  	  1.967538	  	  	  1.210971	  	  	  8.641898	  
	  P	  	  	  1.567469	  	  	  4.343079	  	  	  9.858600	  
	  O	  	  	  4.940820	  	  	  1.528522	  	  	  9.175361	  
	  O	  	  	  4.580409	  	  	  6.171375	  	  	  9.243720	  
	  C	  	  	  0.056159	  	  	  3.532667	  	  10.664378	  
	  C	  	  -‐0.967838	  	  	  3.055246	  	  	  9.615960	  
	  C	  	  -‐2.100565	  	  	  2.239523	  	  10.259296	  
	  C	  	  -‐2.804080	  	  	  3.011959	  	  11.380887	  
	  C	  	  -‐1.785156	  	  	  3.498972	  	  12.418398	  
	  C	  	  -‐0.675541	  	  	  4.338309	  	  11.762308	  
	  C	  	  	  1.322464	  	  	  6.201037	  	  	  9.835487	  
	  C	  	  	  0.052025	  	  	  6.599327	  	  	  9.056161	  
	  C	  	  	  0.019934	  	  	  8.118049	  	  	  8.823234	  
	  C	  	  	  0.137731	  	  	  8.893778	  	  10.143452	  
	  C	  	  	  1.398661	  	  	  8.480574	  	  10.915754	  
	  C	  	  	  1.434722	  	  	  6.963163	  	  11.170268	  
	  C	  	  	  2.929256	  	  	  4.032939	  	  11.070451	  
	  C	  	  	  4.212731	  	  	  3.801852	  	  10.546472	  
	  C	  	  	  5.282564	  	  	  3.561126	  	  11.420363	  
	  C	  	  	  5.092197	  	  	  3.530012	  	  12.799185	  
	  C	  	  	  3.816829	  	  	  3.746543	  	  13.322807	  
	  C	  	  	  2.749259	  	  	  3.997598	  	  12.462649	  
	  C	  	  	  4.512304	  	  	  3.835872	  	  	  9.070763	  
	  C	  	  	  5.031668	  	  	  2.652476	  	  	  8.445920	  
	  C	  	  	  5.692575	  	  	  2.720023	  	  	  7.208729	  
	  C	  	  	  5.978282	  	  	  3.967693	  	  	  6.668794	  
	  C	  	  	  5.628648	  	  	  5.157347	  	  	  7.309672	  
	  C	  	  	  4.916727	  	  	  5.094278	  	  	  8.505117	  
	  C	  	  	  5.209738	  	  	  0.275630	  	  	  8.552024	  
	  C	  	  	  4.817768	  	  	  7.475558	  	  	  8.711201	  
	  H	  	  	  0.491310	  	  	  2.633272	  	  11.121115	  
	  H	  	  -‐0.452231	  	  	  2.433117	  	  	  8.889215	  
	  H	  	  -‐1.388386	  	  	  3.920713	  	  	  9.083835	  
	  H	  	  -‐2.821769	  	  	  1.938110	  	  	  9.487707	  
	  H	  	  -‐1.673256	  	  	  1.313202	  	  10.670750	  
	  H	  	  -‐3.569457	  	  	  2.386368	  	  11.857962	  
	  H	  	  -‐3.326191	  	  	  3.881050	  	  10.953152	  
	  H	  	  -‐2.282392	  	  	  4.093141	  	  13.196235	  
	  H	  	  -‐1.333014	  	  	  2.631899	  	  12.921812	  
	  H	  	  -‐1.129956	  	  	  5.231107	  	  11.317662	  
	  H	  	  	  0.008435	  	  	  4.695941	  	  12.534851	  
	  H	  	  	  2.175912	  	  	  6.500881	  	  	  9.220009	  
	  H	  	  -‐0.845033	  	  	  6.304452	  	  	  9.615380	  
	  H	  	  	  0.028326	  	  	  6.079622	  	  	  8.093461	  
	  H	  	  	  0.855102	  	  	  8.388899	  	  	  8.162265	  
	  H	  	  -‐0.903117	  	  	  8.394634	  	  	  8.297015	  
	  H	  	  -‐0.747803	  	  	  8.688144	  	  10.764182	  
	  H	  	  	  0.144669	  	  	  9.974853	  	  	  9.952762	  
	  H	  	  	  2.286312	  	  	  8.769283	  	  10.333990	  
	  H	  	  	  1.457970	  	  	  9.018478	  	  11.871333	  
	  H	  	  	  0.608391	  	  	  6.702482	  	  11.841019	  
	  H	  	  	  2.363454	  	  	  6.693746	  	  11.684778	  
	  H	  	  	  6.270402	  	  	  3.384911	  	  11.003948	  

	  H	  	  	  5.932816	  	  	  3.334123	  	  13.459586	  
	  H	  	  	  3.650241	  	  	  3.719477	  	  14.396411	  
	  H	  	  	  1.768817	  	  	  4.159733	  	  12.890599	  
	  H	  	  	  6.006478	  	  	  1.819645	  	  	  6.697470	  
	  H	  	  	  6.501760	  	  	  4.020544	  	  	  5.717858	  
	  H	  	  	  5.874077	  	  	  6.107982	  	  	  6.856282	  
	  H	  	  	  4.623737	  	  	  0.156974	  	  	  7.636465	  
	  H	  	  	  6.280158	  	  	  0.166241	  	  	  8.333043	  
	  H	  	  	  4.905163	  	  -‐0.482900	  	  	  9.274281	  
	  H	  	  	  5.891357	  	  	  7.657160	  	  	  8.575201	  
	  H	  	  	  4.283031	  	  	  7.609204	  	  	  7.766448	  
	  H	  	  	  4.430827	  	  	  8.170947	  	  	  9.458217	  
	  O	  	  	  2.909145	  	  	  2.649637	  	  	  5.641654	  
	  C	  	  -‐0.652780	  	  	  1.889120	  	  	  6.353112	  
	  C	  	  	  1.725576	  	  	  2.359764	  	  	  5.513991	  
	  C	  	  -‐0.299518	  	  	  1.199626	  	  	  5.031449	  
	  H	  	  -‐1.695138	  	  	  2.210172	  	  	  6.398982	  
	  H	  	  -‐0.404678	  	  	  1.249500	  	  	  7.201872	  
	  N	  	  	  1.166318	  	  	  1.291367	  	  	  4.914757	  
	  S	  	  	  0.452605	  	  	  3.375944	  	  	  6.378915	  
	  H	  	  -‐0.782311	  	  	  1.686343	  	  	  4.175776	  
	  H	  	  -‐0.585036	  	  	  0.145531	  	  	  5.046614	  
	  C	  	  	  1.963177	  	  	  0.204519	  	  	  4.421689	  
	  C	  	  	  1.930863	  	  -‐0.120587	  	  	  3.064724	  
	  C	  	  	  2.738546	  	  -‐0.530268	  	  	  5.323430	  
	  C	  	  	  2.688521	  	  -‐1.199308	  	  	  2.603762	  
	  H	  	  	  1.326864	  	  	  0.470397	  	  	  2.382338	  
	  C	  	  	  3.500636	  	  -‐1.598341	  	  	  4.850063	  
	  H	  	  	  2.724186	  	  -‐0.256527	  	  	  6.374507	  
	  C	  	  	  3.475677	  	  -‐1.934892	  	  	  3.493329	  
	  H	  	  	  2.669057	  	  -‐1.458274	  	  	  1.548898	  
	  H	  	  	  4.107518	  	  -‐2.173738	  	  	  5.543865	  
	  H	  	  	  4.068246	  	  -‐2.769963	  	  	  3.129889	  
	  
OATS	  
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	  Ru	  -‐0.261360	  	  -‐0.129513	  	  -‐0.080201	  
	  Cl	  -‐0.639666	  	  	  2.286041	  	  -‐0.342596	  
	  Cl	  	  0.607468	  	  -‐2.433826	  	  -‐0.088544	  
	  C	  	  	  2.206872	  	  	  0.186539	  	  -‐1.043652	  
	  H	  	  	  2.433679	  	  	  0.204526	  	  	  0.014839	  
	  H	  	  	  2.465085	  	  -‐0.740456	  	  -‐1.538635	  
	  C	  	  	  2.367944	  	  	  1.474711	  	  -‐1.776538	  
	  H	  	  	  3.414322	  	  	  1.545828	  	  -‐2.112200	  
	  H	  	  	  2.159967	  	  	  2.334550	  	  -‐1.134530	  
	  N	  	  	  1.500730	  	  	  1.551977	  	  -‐2.956039	  
	  C	  	  	  1.648150	  	  	  2.698775	  	  -‐3.802755	  
	  C	  	  	  2.699969	  	  	  2.747214	  	  -‐4.718923	  
	  C	  	  	  0.777295	  	  	  3.781763	  	  -‐3.649981	  
	  C	  	  	  2.880956	  	  	  3.892944	  	  -‐5.495672	  
	  H	  	  	  3.358745	  	  	  1.889594	  	  -‐4.822740	  
	  C	  	  	  0.959003	  	  	  4.918584	  	  -‐4.436807	  
	  H	  	  -‐0.023944	  	  	  3.713331	  	  -‐2.921141	  
	  C	  	  	  2.009832	  	  	  4.976473	  	  -‐5.357274	  
	  H	  	  	  3.695605	  	  	  3.934689	  	  -‐6.213364	  
	  H	  	  	  0.282588	  	  	  5.761682	  	  -‐4.326726	  
	  H	  	  	  2.150531	  	  	  5.866056	  	  -‐5.965360	  
	  C	  	  	  0.408857	  	  	  0.753337	  	  -‐2.992206	  
	  P	  	  	  0.108322	  	  	  0.283388	  	  	  2.188794	  
	  C	  	  	  1.034269	  	  	  1.845517	  	  	  2.714344	  
	  C	  	  	  0.842055	  	  -‐1.197387	  	  	  3.072327	  
	  C	  	  -‐1.578036	  	  	  0.528598	  	  	  2.899704	  
	  C	  	  	  2.190424	  	  	  2.216482	  	  	  1.767375	  
	  C	  	  	  1.547416	  	  	  1.893505	  	  	  4.173236	  
	  H	  	  	  0.258661	  	  	  2.612353	  	  	  2.589170	  
	  C	  	  	  2.349248	  	  -‐1.347233	  	  	  2.782289	  
	  C	  	  	  0.529324	  	  -‐1.356192	  	  	  4.573153	  
	  H	  	  	  0.340239	  	  -‐2.016646	  	  	  2.549458	  
	  C	  	  -‐2.627651	  	  	  0.031668	  	  	  2.116270	  
	  C	  	  -‐1.874702	  	  	  1.171694	  	  	  4.110721	  
	  C	  	  	  2.761973	  	  	  3.603949	  	  	  2.099477	  
	  H	  	  	  1.818128	  	  	  2.223473	  	  	  0.745983	  
	  H	  	  	  2.989762	  	  	  1.465673	  	  	  1.843478	  
	  C	  	  	  2.094117	  	  	  3.291509	  	  	  4.511960	  
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	  H	  	  	  2.353001	  	  	  1.160596	  	  	  4.299325	  
	  H	  	  	  0.773459	  	  	  1.624946	  	  	  4.894625	  
	  C	  	  	  2.867833	  	  -‐2.693283	  	  	  3.312662	  
	  H	  	  	  2.912385	  	  -‐0.533307	  	  	  3.255985	  
	  H	  	  	  2.525122	  	  -‐1.292682	  	  	  1.703629	  
	  C	  	  	  1.060996	  	  -‐2.707166	  	  	  5.084381	  
	  H	  	  	  0.994168	  	  -‐0.553864	  	  	  5.156307	  
	  H	  	  -‐0.550928	  	  -‐1.291795	  	  	  4.742487	  
	  C	  	  -‐3.950960	  	  	  0.165523	  	  	  2.553880	  
	  C	  	  -‐2.350265	  	  -‐0.683517	  	  	  0.819809	  
	  C	  	  -‐3.195132	  	  	  1.313732	  	  	  4.535667	  
	  H	  	  -‐1.084538	  	  	  1.578245	  	  	  4.727922	  
	  C	  	  	  3.224492	  	  	  3.697669	  	  	  3.558233	  
	  H	  	  	  3.590979	  	  	  3.833163	  	  	  1.417161	  
	  H	  	  	  1.982383	  	  	  4.356609	  	  	  1.913376	  
	  H	  	  	  2.445740	  	  	  3.303340	  	  	  5.551744	  
	  H	  	  	  1.276712	  	  	  4.024217	  	  	  4.445134	  
	  C	  	  	  2.562709	  	  -‐2.865823	  	  	  4.806934	  
	  H	  	  	  2.389268	  	  -‐3.502647	  	  	  2.743705	  
	  H	  	  	  3.947221	  	  -‐2.773034	  	  	  3.129712	  
	  H	  	  	  0.516577	  	  -‐3.522225	  	  	  4.585406	  
	  H	  	  	  0.856028	  	  -‐2.801869	  	  	  6.158658	  
	  C	  	  -‐4.237253	  	  	  0.807126	  	  	  3.756614	  
	  H	  	  -‐4.756669	  	  -‐0.221499	  	  	  1.936381	  
	  C	  	  -‐2.949978	  	  -‐0.149250	  	  -‐0.390525	  
	  C	  	  -‐2.282636	  	  -‐2.141217	  	  	  0.900199	  
	  H	  	  -‐3.407638	  	  	  1.823500	  	  	  5.471536	  
	  H	  	  	  3.572597	  	  	  4.712790	  	  	  3.787356	  
	  H	  	  	  4.082693	  	  	  3.025993	  	  	  3.710841	  
	  H	  	  	  3.116638	  	  -‐2.106882	  	  	  5.379797	  
	  H	  	  	  2.913997	  	  -‐3.844557	  	  	  5.158433	  
	  H	  	  -‐5.268462	  	  	  0.916071	  	  	  4.081450	  
	  O	  	  -‐3.410485	  	  	  1.099488	  	  -‐0.307483	  
	  C	  	  -‐3.115414	  	  -‐0.961027	  	  -‐1.523178	  
	  O	  	  -‐1.952230	  	  -‐2.604376	  	  	  2.111402	  
	  C	  	  -‐2.562963	  	  -‐2.946300	  	  -‐0.197779	  
	  C	  	  -‐3.722592	  	  	  1.806663	  	  -‐1.515743	  
	  C	  	  -‐2.930750	  	  -‐2.334970	  	  -‐1.399156	  
	  H	  	  -‐3.427114	  	  -‐0.538037	  	  -‐2.467854	  
	  C	  	  -‐1.674249	  	  -‐4.001205	  	  	  2.270527	  
	  H	  	  -‐2.444678	  	  -‐4.020104	  	  -‐0.151454	  
	  H	  	  -‐2.882803	  	  	  1.769840	  	  -‐2.215099	  
	  H	  	  -‐4.629814	  	  	  1.398512	  	  -‐1.978719	  
	  H	  	  -‐3.899481	  	  	  2.837646	  	  -‐1.209059	  
	  H	  	  -‐3.093591	  	  -‐2.960056	  	  -‐2.272850	  
	  H	  	  -‐2.568042	  	  -‐4.602825	  	  	  2.068791	  
	  H	  	  -‐0.850352	  	  -‐4.299529	  	  	  1.615739	  
	  H	  	  -‐1.388028	  	  -‐4.122468	  	  	  3.315863	  
	  O	  	  	  0.337863	  	  -‐0.133577	  	  -‐2.025906	  
	  S	  	  -‐0.764375	  	  	  0.694572	  	  -‐4.200150	  
	  
S4	  
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	  Ru	  	  0.095621	  	  	  0.212239	  	  -‐0.128604	  
	  Cl	  -‐0.710963	  	  	  2.411446	  	  -‐0.034285	  
	  Cl	  	  1.124623	  	  -‐1.881416	  	  -‐0.059541	  
	  C	  	  	  1.933731	  	  	  0.928109	  	  -‐0.796826	  
	  H	  	  	  1.961327	  	  	  2.015894	  	  -‐0.698772	  
	  H	  	  	  2.720604	  	  	  0.491534	  	  -‐0.173906	  
	  C	  	  	  2.139427	  	  	  0.548239	  	  -‐2.258194	  
	  H	  	  	  2.054707	  	  -‐0.531588	  	  -‐2.410427	  
	  H	  	  	  3.133150	  	  	  0.859941	  	  -‐2.595990	  
	  N	  	  	  1.169305	  	  	  1.245253	  	  -‐3.128503	  
	  C	  	  	  1.645569	  	  	  2.310441	  	  -‐3.963441	  
	  C	  	  	  2.383187	  	  	  2.006651	  	  -‐5.109896	  
	  C	  	  	  1.428734	  	  	  3.639909	  	  -‐3.586938	  
	  C	  	  	  2.904928	  	  	  3.041711	  	  -‐5.888181	  
	  H	  	  	  2.537427	  	  	  0.967180	  	  -‐5.385133	  
	  C	  	  	  1.949876	  	  	  4.668446	  	  -‐4.370708	  
	  H	  	  	  0.846018	  	  	  3.849227	  	  -‐2.695486	  
	  C	  	  	  2.687989	  	  	  4.371747	  	  -‐5.520762	  
	  H	  	  	  3.475789	  	  	  2.807953	  	  -‐6.782632	  
	  H	  	  	  1.780564	  	  	  5.702214	  	  -‐4.082350	  
	  H	  	  	  3.092621	  	  	  5.176118	  	  -‐6.129074	  

	  C	  	  -‐0.145920	  	  	  0.988792	  	  -‐2.959835	  
	  S	  	  -‐1.404179	  	  	  1.720105	  	  -‐3.829775	  
	  O	  	  -‐0.467192	  	  	  0.107843	  	  -‐2.040097	  
	  P	  	  	  0.128834	  	  	  0.415410	  	  	  2.318449	  
	  C	  	  	  0.902207	  	  	  1.990372	  	  	  3.033738	  
	  C	  	  	  0.901871	  	  -‐1.082983	  	  	  3.146001	  
	  C	  	  -‐1.625690	  	  	  0.438175	  	  	  2.908362	  
	  C	  	  	  2.074286	  	  	  2.514032	  	  	  2.176809	  
	  C	  	  	  1.355880	  	  	  1.937960	  	  	  4.514388	  
	  H	  	  	  0.082580	  	  	  2.715791	  	  	  2.943223	  
	  C	  	  	  2.437566	  	  -‐1.108746	  	  	  2.996830	  
	  C	  	  	  0.474139	  	  -‐1.376367	  	  	  4.598096	  
	  H	  	  	  0.494889	  	  -‐1.888038	  	  	  2.528136	  
	  C	  	  -‐2.654273	  	  -‐0.215355	  	  	  2.197357	  
	  C	  	  -‐1.950558	  	  	  1.084268	  	  	  4.115482	  
	  C	  	  	  2.552287	  	  	  3.891297	  	  	  2.665613	  
	  H	  	  	  1.763110	  	  	  2.603250	  	  	  1.139270	  
	  H	  	  	  2.907046	  	  	  1.798043	  	  	  2.210273	  
	  C	  	  	  1.798163	  	  	  3.328070	  	  	  5.001940	  
	  H	  	  	  2.203033	  	  	  1.250214	  	  	  4.609314	  
	  H	  	  	  0.577884	  	  	  1.553287	  	  	  5.176395	  
	  C	  	  	  2.990423	  	  -‐2.469835	  	  	  3.449189	  
	  H	  	  	  2.889110	  	  -‐0.321583	  	  	  3.611395	  
	  H	  	  	  2.730550	  	  -‐0.916096	  	  	  1.960279	  
	  C	  	  	  1.045177	  	  -‐2.733537	  	  	  5.048239	  
	  H	  	  	  0.839080	  	  -‐0.598287	  	  	  5.277235	  
	  H	  	  -‐0.617360	  	  -‐1.387740	  	  	  4.676651	  
	  C	  	  -‐3.948663	  	  -‐0.237775	  	  	  2.744094	  
	  C	  	  -‐2.511982	  	  -‐0.857235	  	  	  0.851482	  
	  C	  	  -‐3.242084	  	  	  1.064847	  	  	  4.634707	  
	  H	  	  -‐1.193007	  	  	  1.621059	  	  	  4.667236	  
	  C	  	  	  2.945308	  	  	  3.878714	  	  	  4.146824	  
	  H	  	  	  3.394728	  	  	  4.223701	  	  	  2.045724	  
	  H	  	  	  1.741555	  	  	  4.618209	  	  	  2.511381	  
	  H	  	  	  2.099299	  	  	  3.263552	  	  	  6.055439	  
	  H	  	  	  0.942742	  	  	  4.018005	  	  	  4.958702	  
	  C	  	  	  2.570955	  	  -‐2.792733	  	  	  4.890328	  
	  H	  	  	  2.611279	  	  -‐3.249310	  	  	  2.773074	  
	  H	  	  	  4.084019	  	  -‐2.474388	  	  	  3.357382	  
	  H	  	  	  0.590528	  	  -‐3.532114	  	  	  4.445048	  
	  H	  	  	  0.758477	  	  -‐2.924487	  	  	  6.090409	  
	  C	  	  -‐4.248605	  	  	  0.385525	  	  	  3.950449	  
	  H	  	  -‐4.733436	  	  -‐0.740733	  	  	  2.186816	  
	  C	  	  -‐3.161588	  	  -‐0.247417	  	  -‐0.254675	  
	  C	  	  -‐2.084654	  	  -‐2.198963	  	  	  0.719705	  
	  H	  	  -‐3.454530	  	  	  1.578374	  	  	  5.568403	  
	  H	  	  	  3.224491	  	  	  4.886394	  	  	  4.479807	  
	  H	  	  	  3.832339	  	  	  3.242075	  	  	  4.282379	  
	  H	  	  	  3.033468	  	  -‐2.064246	  	  	  5.573160	  
	  H	  	  	  2.945158	  	  -‐3.781698	  	  	  5.184545	  
	  H	  	  -‐5.261172	  	  	  0.353620	  	  	  4.343269	  
	  O	  	  -‐3.667256	  	  	  0.984309	  	  -‐0.014309	  
	  C	  	  -‐3.283859	  	  -‐0.921629	  	  -‐1.475154	  
	  O	  	  -‐1.594536	  	  -‐2.764320	  	  	  1.857142	  
	  C	  	  -‐2.203786	  	  -‐2.874566	  	  -‐0.499156	  
	  C	  	  -‐4.252612	  	  	  1.711959	  	  -‐1.092673	  
	  C	  	  -‐2.793886	  	  -‐2.219744	  	  -‐1.579186	  
	  H	  	  -‐3.718646	  	  -‐0.434871	  	  -‐2.337581	  
	  C	  	  -‐1.138720	  	  -‐4.113367	  	  	  1.803187	  
	  H	  	  -‐1.835745	  	  -‐3.885645	  	  -‐0.614868	  
	  H	  	  -‐3.540220	  	  	  1.854832	  	  -‐1.911127	  
	  H	  	  -‐5.156492	  	  	  1.210504	  	  -‐1.464309	  
	  H	  	  -‐4.526408	  	  	  2.682466	  	  -‐0.674384	  
	  H	  	  -‐2.870647	  	  -‐2.737140	  	  -‐2.531679	  
	  H	  	  -‐1.944633	  	  -‐4.795324	  	  	  1.503485	  
	  H	  	  -‐0.286156	  	  -‐4.218774	  	  	  1.123080	  
	  H	  	  -‐0.826267	  	  -‐4.359545	  	  	  2.819614	  
	  
Rot_TS2	  
88	  	  
	  Ru	  	  0.123239	  	  	  0.231399	  	  -‐0.170731	  
	  Cl	  -‐0.618151	  	  	  2.392424	  	  -‐0.432540	  
	  Cl	  	  0.625471	  	  -‐2.036306	  	  -‐0.314606	  
	  C	  	  	  2.009459	  	  	  0.634856	  	  -‐0.909272	  

	  H	  	  	  2.231895	  	  	  1.688807	  	  -‐0.756289	  
	  H	  	  	  2.752706	  	  	  0.036153	  	  -‐0.373288	  
	  C	  	  	  2.044202	  	  	  0.240822	  	  -‐2.390322	  
	  H	  	  	  1.738933	  	  -‐0.795749	  	  -‐2.532933	  
	  H	  	  	  3.078682	  	  	  0.303037	  	  -‐2.758045	  
	  N	  	  	  1.177903	  	  	  1.070279	  	  -‐3.243636	  
	  C	  	  	  1.462114	  	  	  2.398881	  	  -‐3.528739	  
	  C	  	  	  2.706345	  	  	  2.971158	  	  -‐3.166695	  
	  C	  	  	  0.536920	  	  	  3.209111	  	  -‐4.234234	  
	  C	  	  	  2.999158	  	  	  4.291198	  	  -‐3.487623	  
	  H	  	  	  3.445715	  	  	  2.387796	  	  -‐2.632692	  
	  C	  	  	  0.851032	  	  	  4.524104	  	  -‐4.551300	  
	  H	  	  -‐0.428724	  	  	  2.808261	  	  -‐4.511025	  
	  C	  	  	  2.077987	  	  	  5.083598	  	  -‐4.180103	  
	  H	  	  	  3.960865	  	  	  4.703817	  	  -‐3.194168	  
	  H	  	  	  0.121070	  	  	  5.122597	  	  -‐5.089643	  
	  H	  	  	  2.311300	  	  	  6.115823	  	  -‐4.423732	  
	  C	  	  -‐0.033374	  	  	  0.434444	  	  -‐3.774190	  
	  S	  	  	  0.303041	  	  -‐0.836549	  	  -‐4.875151	  
	  O	  	  -‐1.126682	  	  	  0.857579	  	  -‐3.420574	  
	  P	  	  	  0.174980	  	  	  0.472147	  	  	  2.114565	  
	  C	  	  	  1.078355	  	  	  2.011648	  	  	  2.755301	  
	  C	  	  	  0.871926	  	  -‐1.077324	  	  	  2.910232	  
	  C	  	  -‐1.551962	  	  	  0.649115	  	  	  2.791611	  
	  C	  	  	  2.224800	  	  	  2.495607	  	  	  1.844219	  
	  C	  	  	  1.589916	  	  	  1.918760	  	  	  4.214997	  
	  H	  	  	  0.294340	  	  	  2.778282	  	  	  2.701737	  
	  C	  	  	  2.382437	  	  -‐1.231045	  	  	  2.636960	  
	  C	  	  	  0.526341	  	  -‐1.304042	  	  	  4.396098	  
	  H	  	  	  0.352391	  	  -‐1.857016	  	  	  2.344319	  
	  C	  	  -‐2.652969	  	  -‐0.065494	  	  	  2.265050	  
	  C	  	  -‐1.773366	  	  	  1.490319	  	  	  3.898721	  
	  C	  	  	  2.803708	  	  	  3.832430	  	  	  2.337784	  
	  H	  	  	  1.850210	  	  	  2.641233	  	  	  0.833359	  
	  H	  	  	  3.017354	  	  	  1.736550	  	  	  1.799682	  
	  C	  	  	  2.130613	  	  	  3.275340	  	  	  4.696728	  
	  H	  	  	  2.399413	  	  	  1.182378	  	  	  4.267006	  
	  H	  	  	  0.814212	  	  	  1.571015	  	  	  4.900238	  
	  C	  	  	  2.877709	  	  -‐2.605397	  	  	  3.113380	  
	  H	  	  	  2.943594	  	  -‐0.448798	  	  	  3.162441	  
	  H	  	  	  2.587585	  	  -‐1.115646	  	  	  1.568698	  
	  C	  	  	  1.045794	  	  -‐2.679306	  	  	  4.853096	  
	  H	  	  	  0.980631	  	  -‐0.533502	  	  	  5.025961	  
	  H	  	  -‐0.557208	  	  -‐1.247440	  	  	  4.539401	  
	  C	  	  -‐3.905995	  	  	  0.057163	  	  	  2.884759	  
	  C	  	  -‐2.610077	  	  -‐0.926435	  	  	  1.044932	  
	  C	  	  -‐3.026853	  	  	  1.605017	  	  	  4.495560	  
	  H	  	  -‐0.969547	  	  	  2.078215	  	  	  4.316607	  
	  C	  	  	  3.267981	  	  	  3.769167	  	  	  3.796269	  
	  H	  	  	  3.630109	  	  	  4.130838	  	  	  1.680439	  
	  H	  	  	  2.028511	  	  	  4.606200	  	  	  2.238944	  
	  H	  	  	  2.471616	  	  	  3.179867	  	  	  5.735361	  
	  H	  	  	  1.315195	  	  	  4.013608	  	  	  4.697162	  
	  C	  	  	  2.550703	  	  -‐2.836255	  	  	  4.594853	  
	  H	  	  	  2.398441	  	  -‐3.386518	  	  	  2.506345	  
	  H	  	  	  3.958026	  	  -‐2.687521	  	  	  2.939360	  
	  H	  	  	  0.506757	  	  -‐3.467449	  	  	  4.310710	  
	  H	  	  	  0.820671	  	  -‐2.817246	  	  	  5.918409	  
	  C	  	  -‐4.101482	  	  	  0.875270	  	  	  3.992822	  
	  H	  	  -‐4.740726	  	  -‐0.496519	  	  	  2.465104	  
	  C	  	  -‐3.066973	  	  -‐0.406346	  	  -‐0.192503	  
	  C	  	  -‐2.333866	  	  -‐2.304892	  	  	  1.138330	  
	  H	  	  -‐3.155093	  	  	  2.264730	  	  	  5.349169	  
	  H	  	  	  3.622498	  	  	  4.752837	  	  	  4.128785	  
	  H	  	  	  4.120796	  	  	  3.079142	  	  	  3.880404	  
	  H	  	  	  3.102300	  	  -‐2.106355	  	  	  5.206344	  
	  H	  	  	  2.888854	  	  -‐3.831637	  	  	  4.909969	  
	  H	  	  -‐5.084732	  	  	  0.950995	  	  	  4.448801	  
	  O	  	  -‐3.485949	  	  	  0.880323	  	  -‐0.164894	  
	  C	  	  -‐3.107717	  	  -‐1.222973	  	  -‐1.335871	  
	  O	  	  -‐1.972710	  	  -‐2.738843	  	  	  2.381760	  
	  C	  	  -‐2.426819	  	  -‐3.131680	  	  	  0.016379	  
	  C	  	  -‐3.821240	  	  	  1.520632	  	  -‐1.398455	  
	  C	  	  -‐2.786551	  	  -‐2.570190	  	  -‐1.210470	  
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	  H	  	  -‐3.382214	  	  -‐0.815770	  	  -‐2.299877	  
	  C	  	  -‐1.728167	  	  -‐4.129614	  	  	  2.565060	  
	  H	  	  -‐2.178939	  	  -‐4.183692	  	  	  0.073019	  
	  H	  	  -‐2.986202	  	  	  1.490598	  	  -‐2.103692	  
	  H	  	  -‐4.713894	  	  	  1.064141	  	  -‐1.846744	  
	  H	  	  -‐4.040883	  	  	  2.557124	  	  -‐1.136604	  
	  H	  	  -‐2.814688	  	  -‐3.202963	  	  -‐2.092886	  
	  H	  	  -‐2.600387	  	  -‐4.731857	  	  	  2.279700	  
	  H	  	  -‐0.850670	  	  -‐4.463559	  	  	  1.997723	  
	  H	  	  -‐1.542879	  	  -‐4.261336	  	  	  3.632426	  
	  
S5	  
88	  	  
	  Ru	  	  0.063711	  	  	  0.032986	  	  -‐0.401905	  
	  Cl	  -‐0.549609	  	  	  2.417224	  	  -‐0.240258	  
	  Cl	  	  0.909595	  	  -‐2.118125	  	  -‐0.199699	  
	  C	  	  	  1.902907	  	  	  0.667942	  	  -‐1.148671	  
	  H	  	  	  2.046862	  	  	  1.708290	  	  -‐0.856242	  
	  H	  	  	  2.662409	  	  	  0.042038	  	  -‐0.665965	  
	  C	  	  	  2.041030	  	  	  0.571001	  	  -‐2.662934	  
	  H	  	  	  1.835334	  	  -‐0.438833	  	  -‐3.029893	  
	  H	  	  	  3.068823	  	  	  0.816382	  	  -‐2.953171	  
	  N	  	  	  1.180621	  	  	  1.548384	  	  -‐3.363474	  
	  C	  	  	  1.783297	  	  	  2.767464	  	  -‐3.831549	  
	  C	  	  	  2.676724	  	  	  2.730295	  	  -‐4.905242	  
	  C	  	  	  1.503683	  	  	  3.974309	  	  -‐3.182088	  
	  C	  	  	  3.299789	  	  	  3.906187	  	  -‐5.327352	  
	  H	  	  	  2.873483	  	  	  1.785594	  	  -‐5.404654	  
	  C	  	  	  2.122477	  	  	  5.146690	  	  -‐3.616179	  
	  H	  	  	  0.806666	  	  	  3.976671	  	  -‐2.349951	  
	  C	  	  	  3.022273	  	  	  5.115578	  	  -‐4.685527	  
	  H	  	  	  3.995021	  	  	  3.877066	  	  -‐6.162072	  
	  H	  	  	  1.905219	  	  	  6.085146	  	  -‐3.113208	  
	  H	  	  	  3.504171	  	  	  6.030800	  	  -‐5.018755	  
	  C	  	  -‐0.180261	  	  	  1.468616	  	  -‐3.342841	  
	  P	  	  	  0.077041	  	  	  0.431304	  	  	  2.084445	  
	  C	  	  	  0.978954	  	  	  1.966970	  	  	  2.719724	  
	  C	  	  	  0.787033	  	  -‐1.076075	  	  	  2.965115	  
	  C	  	  -‐1.646080	  	  	  0.577281	  	  	  2.742265	  
	  C	  	  	  2.235558	  	  	  2.317358	  	  	  1.896589	  
	  C	  	  	  1.345776	  	  	  1.975048	  	  	  4.225954	  
	  H	  	  	  0.250040	  	  	  2.763400	  	  	  2.528362	  
	  C	  	  	  2.318487	  	  -‐1.157679	  	  	  2.792123	  
	  C	  	  	  0.369570	  	  -‐1.281670	  	  	  4.436024	  
	  H	  	  	  0.343581	  	  -‐1.898887	  	  	  2.397879	  
	  C	  	  -‐2.671218	  	  -‐0.298833	  	  	  2.321789	  
	  C	  	  -‐1.945994	  	  	  1.519402	  	  	  3.743325	  
	  C	  	  	  2.808518	  	  	  3.680648	  	  	  2.319267	  
	  H	  	  	  1.980008	  	  	  2.362413	  	  	  0.842013	  
	  H	  	  	  2.999339	  	  	  1.539494	  	  	  2.023600	  
	  C	  	  	  1.881948	  	  	  3.355671	  	  	  4.642830	  
	  H	  	  	  2.126519	  	  	  1.230296	  	  	  4.415000	  
	  H	  	  	  0.500253	  	  	  1.700241	  	  	  4.860047	  
	  C	  	  	  2.850851	  	  -‐2.497511	  	  	  3.321259	  
	  H	  	  	  2.803346	  	  -‐0.346863	  	  	  3.347301	  
	  H	  	  	  2.593793	  	  -‐1.036551	  	  	  1.740122	  
	  C	  	  	  0.937192	  	  -‐2.611903	  	  	  4.965995	  
	  H	  	  	  0.738157	  	  -‐0.466780	  	  	  5.066463	  
	  H	  	  -‐0.721674	  	  -‐1.286817	  	  	  4.515527	  
	  C	  	  -‐3.909466	  	  -‐0.267365	  	  	  2.982386	  
	  C	  	  -‐2.609300	  	  -‐1.185346	  	  	  1.118815	  
	  C	  	  -‐3.189745	  	  	  1.554396	  	  	  4.369949	  
	  H	  	  -‐1.213140	  	  	  2.252686	  	  	  4.046585	  
	  C	  	  	  3.116728	  	  	  3.742056	  	  	  3.819663	  
	  H	  	  	  3.710895	  	  	  3.893005	  	  	  1.731745	  
	  H	  	  	  2.076808	  	  	  4.461523	  	  	  2.065349	  
	  H	  	  	  2.121014	  	  	  3.343989	  	  	  5.713996	  
	  H	  	  	  1.094609	  	  	  4.110879	  	  	  4.502102	  
	  C	  	  	  2.459308	  	  -‐2.703807	  	  	  4.790519	  
	  H	  	  	  2.437571	  	  -‐3.313853	  	  	  2.711814	  
	  H	  	  	  3.941424	  	  -‐2.533962	  	  	  3.203680	  
	  H	  	  	  0.470525	  	  -‐3.443429	  	  	  4.422043	  
	  H	  	  	  0.662256	  	  -‐2.730213	  	  	  6.022184	  
	  C	  	  -‐4.172044	  	  	  0.635300	  	  	  4.008140	  

	  H	  	  -‐4.686222	  	  -‐0.949772	  	  	  2.649259	  
	  C	  	  -‐3.196770	  	  -‐0.701799	  	  -‐0.074952	  
	  C	  	  -‐2.257168	  	  -‐2.545740	  	  	  1.194100	  
	  H	  	  -‐3.381396	  	  	  2.297587	  	  	  5.139003	  
	  H	  	  	  3.466551	  	  	  4.743899	  	  	  4.099319	  
	  H	  	  	  3.935085	  	  	  3.044028	  	  	  4.051392	  
	  H	  	  	  2.945673	  	  -‐1.932275	  	  	  5.406230	  
	  H	  	  	  2.825140	  	  -‐3.673166	  	  	  5.152969	  
	  H	  	  -‐5.142033	  	  	  0.638407	  	  	  4.497744	  
	  O	  	  -‐3.593905	  	  	  0.593188	  	  -‐0.033981	  
	  C	  	  -‐3.378743	  	  -‐1.549959	  	  -‐1.177903	  
	  O	  	  -‐1.802885	  	  -‐2.964814	  	  	  2.409911	  
	  C	  	  -‐2.406272	  	  -‐3.388490	  	  	  0.085673	  
	  C	  	  -‐4.128588	  	  	  1.200105	  	  -‐1.207955	  
	  C	  	  -‐2.965639	  	  -‐2.875790	  	  -‐1.083965	  
	  H	  	  -‐3.815584	  	  -‐1.178315	  	  -‐2.095408	  
	  C	  	  -‐1.528582	  	  -‐4.351034	  	  	  2.586006	  
	  H	  	  -‐2.095518	  	  -‐4.424427	  	  	  0.124489	  
	  H	  	  -‐3.408615	  	  	  1.185561	  	  -‐2.032544	  
	  H	  	  -‐5.063835	  	  	  0.714492	  	  -‐1.517359	  
	  H	  	  -‐4.331506	  	  	  2.236281	  	  -‐0.933289	  
	  H	  	  -‐3.083751	  	  -‐3.529111	  	  -‐1.944121	  
	  H	  	  -‐2.396714	  	  -‐4.968877	  	  	  2.323144	  
	  H	  	  -‐0.658933	  	  -‐4.667992	  	  	  1.997167	  
	  H	  	  -‐1.314744	  	  -‐4.480853	  	  	  3.647776	  
	  S	  	  -‐0.866344	  	  	  0.015439	  	  -‐2.420546	  
	  O	  	  -‐0.952387	  	  	  2.243090	  	  -‐3.875198	  
	  
RETS	  
88	  	  
	  Ru	  -‐0.247838	  	  -‐0.266918	  	  -‐0.215515	  
	  Cl	  -‐0.720439	  	  	  2.091899	  	  -‐0.562930	  
	  Cl	  	  0.529123	  	  -‐2.631988	  	  	  0.053237	  
	  C	  	  	  2.050725	  	  	  0.157241	  	  -‐0.921586	  
	  H	  	  	  2.290743	  	  	  0.318797	  	  	  0.122841	  
	  H	  	  	  2.592534	  	  -‐0.726443	  	  -‐1.253485	  
	  C	  	  	  2.331533	  	  	  1.409548	  	  -‐1.731408	  
	  H	  	  	  3.407103	  	  	  1.450140	  	  -‐1.952646	  
	  H	  	  	  2.078581	  	  	  2.300286	  	  -‐1.154478	  
	  N	  	  	  1.605143	  	  	  1.520443	  	  -‐3.007608	  
	  C	  	  	  1.810825	  	  	  2.735107	  	  -‐3.746768	  
	  C	  	  	  2.996782	  	  	  2.910229	  	  -‐4.462797	  
	  C	  	  	  0.850015	  	  	  3.749527	  	  -‐3.697639	  
	  C	  	  	  3.222973	  	  	  4.110822	  	  -‐5.138745	  
	  H	  	  	  3.726915	  	  	  2.106217	  	  -‐4.493709	  
	  C	  	  	  1.078396	  	  	  4.942133	  	  -‐4.384128	  
	  H	  	  -‐0.055949	  	  	  3.589388	  	  -‐3.122312	  
	  C	  	  	  2.264644	  	  	  5.126587	  	  -‐5.100594	  
	  H	  	  	  4.144083	  	  	  4.249275	  	  -‐5.698317	  
	  H	  	  	  0.331728	  	  	  5.731032	  	  -‐4.353015	  
	  H	  	  	  2.440640	  	  	  6.059098	  	  -‐5.630182	  
	  C	  	  	  0.550981	  	  	  0.735002	  	  -‐3.328492	  
	  P	  	  	  0.185296	  	  	  0.232689	  	  	  2.126280	  
	  C	  	  	  1.051965	  	  	  1.842129	  	  	  2.648112	  
	  C	  	  	  0.916735	  	  -‐1.220179	  	  	  3.045116	  
	  C	  	  -‐1.513451	  	  	  0.496005	  	  	  2.815852	  
	  C	  	  	  2.101379	  	  	  2.345087	  	  	  1.643070	  
	  C	  	  	  1.661022	  	  	  1.872607	  	  	  4.070409	  
	  H	  	  	  0.218551	  	  	  2.556091	  	  	  2.612610	  
	  C	  	  	  2.414039	  	  -‐1.395615	  	  	  2.717514	  
	  C	  	  	  0.641966	  	  -‐1.344368	  	  	  4.556147	  
	  H	  	  	  0.389185	  	  -‐2.043369	  	  	  2.554936	  
	  C	  	  -‐2.614390	  	  	  0.054162	  	  	  2.066794	  
	  C	  	  -‐1.743138	  	  	  1.153990	  	  	  4.036273	  
	  C	  	  	  2.591874	  	  	  3.756907	  	  	  1.999888	  
	  H	  	  	  1.651653	  	  	  2.365476	  	  	  0.653692	  
	  H	  	  	  2.961119	  	  	  1.659818	  	  	  1.623537	  
	  C	  	  	  2.137329	  	  	  3.290392	  	  	  4.433330	  
	  H	  	  	  2.516755	  	  	  1.188691	  	  	  4.112908	  
	  H	  	  	  0.956185	  	  	  1.529311	  	  	  4.829972	  
	  C	  	  	  2.923006	  	  -‐2.742125	  	  	  3.256451	  
	  H	  	  	  2.998652	  	  -‐0.581568	  	  	  3.165372	  
	  H	  	  	  2.565842	  	  -‐1.358022	  	  	  1.634372	  
	  C	  	  	  1.155650	  	  -‐2.700969	  	  	  5.070544	  

	  H	  	  	  1.146232	  	  -‐0.548381	  	  	  5.113572	  
	  H	  	  -‐0.430893	  	  -‐1.249656	  	  	  4.756177	  
	  C	  	  -‐3.912913	  	  	  0.277044	  	  	  2.548441	  
	  C	  	  -‐2.467761	  	  -‐0.727728	  	  	  0.790312	  
	  C	  	  -‐3.036647	  	  	  1.374692	  	  	  4.504126	  
	  H	  	  -‐0.913414	  	  	  1.508287	  	  	  4.632684	  
	  C	  	  	  3.160526	  	  	  3.819632	  	  	  3.421750	  
	  H	  	  	  3.343736	  	  	  4.078308	  	  	  1.267608	  
	  H	  	  	  1.747286	  	  	  4.455646	  	  	  1.911978	  
	  H	  	  	  2.564054	  	  	  3.281371	  	  	  5.444546	  
	  H	  	  	  1.269187	  	  	  3.965010	  	  	  4.462281	  
	  C	  	  	  2.647001	  	  -‐2.892685	  	  	  4.759221	  
	  H	  	  	  2.419147	  	  -‐3.549341	  	  	  2.706970	  
	  H	  	  	  3.996889	  	  -‐2.841468	  	  	  3.052207	  
	  H	  	  	  0.581352	  	  -‐3.509679	  	  	  4.595469	  
	  H	  	  	  0.975622	  	  -‐2.778032	  	  	  6.150680	  
	  C	  	  -‐4.129145	  	  	  0.937494	  	  	  3.753894	  
	  H	  	  -‐4.758152	  	  -‐0.066750	  	  	  1.959461	  
	  C	  	  -‐3.144813	  	  -‐0.245078	  	  -‐0.391253	  
	  C	  	  -‐2.382211	  	  -‐2.166044	  	  	  0.933377	  
	  H	  	  -‐3.187479	  	  	  1.891112	  	  	  5.448192	  
	  H	  	  	  3.454736	  	  	  4.845873	  	  	  3.675547	  
	  H	  	  	  4.071961	  	  	  3.205457	  	  	  3.475630	  
	  H	  	  	  3.228501	  	  -‐2.139321	  	  	  5.311862	  
	  H	  	  	  2.986950	  	  -‐3.874640	  	  	  5.112907	  
	  H	  	  -‐5.143107	  	  	  1.108015	  	  	  4.105411	  
	  O	  	  -‐3.529482	  	  	  1.032731	  	  -‐0.350436	  
	  C	  	  -‐3.436713	  	  -‐1.108288	  	  -‐1.456959	  
	  O	  	  -‐1.975460	  	  -‐2.577428	  	  	  2.144517	  
	  C	  	  -‐2.739082	  	  -‐3.022403	  	  -‐0.104817	  
	  C	  	  -‐3.914124	  	  	  1.684455	  	  -‐1.564623	  
	  C	  	  -‐3.235562	  	  -‐2.474840	  	  -‐1.288513	  
	  H	  	  -‐3.857281	  	  -‐0.728255	  	  -‐2.378622	  
	  C	  	  -‐1.775244	  	  -‐3.975209	  	  	  2.376850	  
	  H	  	  -‐2.611581	  	  -‐4.092411	  	  -‐0.015401	  
	  H	  	  -‐3.129654	  	  	  1.591490	  	  -‐2.321653	  
	  H	  	  -‐4.863630	  	  	  1.283361	  	  -‐1.940583	  
	  H	  	  -‐4.040574	  	  	  2.735167	  	  -‐1.302453	  
	  H	  	  -‐3.487934	  	  -‐3.144208	  	  -‐2.106661	  
	  H	  	  -‐2.714794	  	  -‐4.528320	  	  	  2.259847	  
	  H	  	  -‐1.007856	  	  -‐4.370774	  	  	  1.705859	  
	  H	  	  -‐1.439181	  	  -‐4.051445	  	  	  3.411844	  
	  S	  	  	  0.321140	  	  -‐0.741828	  	  -‐2.287199	  
	  O	  	  -‐0.190043	  	  	  0.855724	  	  -‐4.291911
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