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Abstract 

The aim of this thesis was to develop a laboratory-scale process of synthesizing arylsulfonyl-
propenenitriles that would be transferrable to plant-scale without the need of major 
modifications to the process. 
 
Arylsulfonylpropenenitriles have been found to act as NF-κB inhibitors capable of inducing 
apoptosis to colon cancer cells. In addition to this they may act as irreversible protein tyrosine 
phosphatase inhibitors, these being related to several human diseases. Interest in their 
synthesis is due to their property of acting as versatile Michael-acceptors and a variety of 
cycloaddition reactions they may undergo. 
 
Moderately little research of their synthesis has been published. Existing methods using 
inexpensive substrates generally afford low yields in addition to the reactions being carried 
out in solvents unfit for current industrial use. Higher yields have been obtained with reagents 
that are either too expensive for bulk production or synthetic routes that incorporate too many 
reaction steps. The literature study intends to present the majority of the existing synthetic 
routes in addition to certain routes of structurally analogous non-nitrile vinyl sulfones. 
 
Optimization of different process parameters was carried out in this thesis in order to 
determine the optimal process conditions for industrial manufacture of arylsulfonylpropene-
nitriles. Parameters screened, such as reaction solvent, temperature, concentration, and 
moisture sensitivity are commonly tunable in industrial manufacture. Furthermore, crude 
impurity profiling was carried out in order to identify the sources of major impurities and 
insight on how to marginalize them. 
 
A process following modern green chemistry guidelines has been developed to synthesize a 
selected model target. The process consists of three reactions two of which were already well 
established. The main investigated reaction was determined to propagate by a radical pathway 
allowing rate acceleration by photocatalytic means. The process is remarkable due to no 
addition requirement of a photocatalyst or a photosensitizer. 
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Tiivistelmä 

Tämän opinnäytetyön tarkoitus oli kehittää laboratoriomittakaavan prosessi aryylisulfonyyli-
propeeninitriilien synteesille, joka on siirrettävissä tehdasmittakaavaan ilman suuria 
prosessimuutoksia. 
 
Aryylisulfonyylipropeeninitriileillä on havaittu NF-κB inhibitiota, joka voi aiheuttaa 
solukuoleman paksusuolensyöpäsoluille. Tämän lisäksi ne voivat inhibitoida proteiini-
tyrosiinifosfataaseja, joiden toiminta kytkeytyy useisiin ihmisellä tavattaviin sairauksiin. 
Mielenkiinto kyseisten yhdisteiden synteettisiin käyttötarkoituksiin johtuu pääosin 
yhdisteiden Michael-akseptoriominaisuudesta ja niiden eri sykloadditioreaktioihin. 
 
Aiempaa tutkimusta yhdistetyypin synteesille on julkaistu suhteellisen vähän. Aiemmat 
menetelmät, jotka hyödyntävät halpoja lähtöaineita, ovat saavuttaneet pääosin matalia 
tuotesaantoja sen lisäksi, että niissä on käytetty erilaisia nykyteollisuuteen kelpaamattomia 
reaktioliuottimia. Korkeampisaantoiset reaktiot ovat hyödyntäneet massa-tuotantoon liian 
arvokkaita lähtöaineita tai sisältäneet liian monta reaktiovaihetta. Työn kirjallisuuskatsaus 
pyrkii esittämään suurimman osan aiemmin julkaistuista tuotesynteeseistä ja sen lisäksi 
tiettyjä synteesipolkuja rakenteellisesti läheisille vinyylisulfoneille. 
 
Työssä optimoitiin useita prosessiparametreja tarkoituksena selvittää parhaat mahdolliset 
prosessiolosuhteet aryylisulfonyylipropeeninitriilien teolliseen tuotantoon. Työssä 
tarkasteltiin mm. yleisiä teollisuuden säädettävien suureiden, kuten reaktioliuottimen, 
lämpötilan, konsentraation ja kosteuden vaikutuksia. Tämän lisäksi työssä koostettiin karkea 
epäpuhtausprofiili, jotta suurimpien epäpuhtauksien muodostumisreitti saataisiin selville ja 
niin, että epäpuhtaudet voitaisiin siten marginalisoida. 
 
Moderneja vihreän kemian periaatteita noudattaen saatiin kehitettyä prosessi yhden valitun 
mallituotteen valmistukselle. Prosessi koostuu kolmesta reaktiovaiheesta, joista kaksi on jo 
aiemmin hyvin tunnettuja. Tutkitun pääreaktion nopeuttamiseen käytettiin fotokatalyyttisiä 
keinoja. Prosessin erinomaisiin piirteisiin liittyy se, että valokatalyysin hyödyntämiseen ei 
tarvita erillisiä katalyyttejä tai herkistinaineita. 
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Sammandrag 

Syftet med detta examensarbete var att utveckla en process i laboratorieskala för syntes av 
aryl-sulfonylpropennitriler så att syntesen kan överföras till produktion i fabrikskala utan 
stora processändringar. 
 
Det har visats att arylsulfonylpropennitriler kan fungera som NF-κB inhibitorer kapabla av att 
framkalla celldöd i grovtarmscancerceller. De kan även fungera som irreversibla inhibitorer 
för proteintyrosinfosfataser, som berör flera olika människosjukdomar. Föreningarnas 
syntetiska intresse grundar sig på deras egenskap att fungera som Michael-acceptorer och 
deras olika cycloadditionsreaktioner. 
 
Relativt lite forskning omkring syntes av arylsulfonylpropennitriler har publicerats. En del av 
tidigare publicerade reaktioner, som utgör användning av förmånliga substrater, har i 
allmänhet lidit av lågt produktutbyte. De flesta synteser har även använt lösningsmedel vilka 
är klassificerade som odugliga till den nuvarande industrin. Högre produktutbyte har nåtts 
genom att använda reagenser som är för dyra eller genom processer som innefattar för många 
steg. Litteraturgranskningens avsikt är att presentera de flesta av dessa synteser i samband 
med synteser för likartade föreningar. 
 
Optimering av olika processparametrar utfördes i detta arbete med avsikt att fastställa de mest 
optimala processkonditionerna för industriell tillverkning av arylsulfonylpropennitriler. 
Parametrar som undersöktes var bl.a. reaktionslösningsmedel, temperatur, koncentration och 
inverkan av fukt p.g.a. att de kan kontrolleras lätt i industriella processer. Därtill framställdes 
en grov föroreningsprofil för att identifiera källorna för de främsta föroreningarna. 
 
En process för att framställa en vald modellprodukt har utvecklats i följd med moderna 
riktlinjer för grön kemi. Processen omfattar tre reaktioner, av vilka två redan är välkända. Den 
främst undersökta reaktionens hastighet ökades märkbart genom fotokatalys. Processen är 
anmärkningsvärd p.g.a. att inga katalytföreningar eller sensibilisatorer krävs.  
 

Nyckelord  sulfonyl, nitril, radikal, uppskalning, fotokatalys, optimering 
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Abbreviations 

Ac acetyl 

Ar aryl 

ACR acrylonitrile (in charts) 

DMF dimethylformamide 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DIB (diacetoxyiodo)benzene 

DMSO dimethyl sulfoxide 

Bu butyl 

eq equivalent 

Et ethyl 

hν quantum unit of electromagnetic radiation 

HOMO highest occupied molecular orbital 

HPLC high-performance liquid chromatography 

HRMS high-resolution mass spectrometry 

IMP impurity 

i-Pr isopropyl 

LDA lithium diisopropylamide 

LED light emitting diode 

LUMO lowest unoccupied molecular orbital 

Me methyl 

mp melting point 

NMR nuclear magnetic resonance 

P desired product (in charts) 

PC propylene carbonate 

rfx reflux 

rt room temperature 

SOMO singly occupied molecular orbital 

TEA triethylamine 

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

THF tetrahydrofuran 

Ts p-toluenesulfonyl, tosyl 

UV ultraviolet 

)))) sonochemical irradiation  
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1. Introduction 

Compounds incorporating a vinyl arenesulfonyl moiety have been found to be 

biologically interesting as potential neuroprotective agents against Parkinson’s 

Disease [1], as anti-trypanosomal agents against African sleeping sickness [2] and  

as a means to combat Staphylococcus aureus by inhibition of a sortase SrtA  

isoform [3], just to name a few. Synthetically vinyl arenesulfonyls are interesting 

due to their capability to act as Michael acceptors and due to their variety of 

cycloaddition reactions [4,5]. 

One of the target molecules of this thesis has been shown to be a NF-κB inhibitor 

inducing apoptosis of colon cancer cells [6], potentially preventing hyperglycemia 

in early diabetic nephropathy [7] and being an irreversible protein tyrosine 

phosphatase inhibitor [8], these being related to a major cause of human diseases. 

The purpose of this thesis was to develop an efficient synthesis of arylsulfonyl-

propenenitriles following important modern synthetic guidelines and principles 

of green chemistry. The focus was on laboratory scale development and early 

stage optimization that could easily be transferred to plant scale manufacture 

without major synthetical changes.  

This thesis aimed to solve several issues; low reactivity leading to poor yield and 

extended reaction times, and unsuitable reaction solvents, just to name a few. 

Additionally, possibility of catalysis avoiding use of transition metals was also a 

burning question, due to their potential toxicity, the need of additives and 

sometimes even harsh reaction conditions [9]. 

The literature survey presents a multitude of different published methods of 

creating the target product and its structural analogs. The purpose of it is to 

familiarize the background research already available in order to select the most 

feasible synthetical basis for development. The proposed reaction mechanism 

has been presented in a mixed literature-discussion section in order to attain 

insight on factors that favor the desired transformation. 

The practical work presents a rather comprehensive screening of different 

reaction parameters for two chosen development pathways. In addition, a crude 

impurity profiling was assembled based on experiments and existing insight. 
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2. Background 

To understand the basis for the thesis one needs to understand what 

arylsulfonylpropenenitriles are. Their general structure is presented in Figure 1. 

The different parts constituting the name have been indicated using colors – 

green for aryl, magenta for sulfonyl, blue for propene and red for nitrile. 

Additionally, the arene can be substituted in five positions with different 

functionalities. The practical work focused on two products: p-toluenesulfonyl-

propenenitrile as the main product and benzenesulfonylpropenenitrile as a 

secondary product. In terms of the double bond stereochemistry, both the (E) 

and (Z) isomers were targeted compounds. 

 

Figure 1. Definition of the target structures. 

The purpose of this section is to present previous research done by several 

different research groups on close analogs of the general structure as well as 

structurally similar non-nitriles. This section does not speculate on the suitability 

of different syntheses to potential large scale production. Such reasoning is 

covered in section 3. 

2.1. Alkyl-substituted arylsulfonylpropenenitriles 

This subsection presents published syntheses for different products containing 

alkyl substituents or no substituents on the arene moiety. Most of the products 

are substituted in the para position of the arene – only very few literature 

references to other substituent positions were found in comparison. 

 



 

4 
 

F. Scotti and E. Frazza mapped different reactions of 3-chloroacrylonitrile in the 

1960’s. A good yield of the p-toluenesulfonylpropenenitrile 1 was obtained with 

a simple reaction procedure. Equimolar amounts of sodium p-toluenesulfinate 3 

and 3-chloroacrylonitrile 4 were mixed in ethanol and the mixture was refluxed 

for one hour and 15 minutes. [10] The reaction presented in Figure 2. 

 

Figure 2. Apparently efficient synthesis utilizing 3-chloroacrylonitrile 4. 

The product isolation was also rather simple requiring nothing else than partial 

concentration of the reaction mixture to induce crystallization. The crystals were 

then easily filtered from the supernatant affording the desired product with a 

yield of 89%. [10] 

It is notable that by using (E)-3-chloroacrylonitrile only the corresponding  

(E)-product was acquired. Using the opposite isomer, (Z)-3-chloroacrylonitrile, 

resulted in a low yield of 26% of a solid that was speculated to be the mixture of 

the product isomers based on the melting point of the solid product. No reasoning 

for this difference was provided. [10] 

Presumably, C. da Silva Corrêa and W. Waters were among the first to report a 

reaction between p-toluenesulfonyl iodide 5 and acrylonitrile 6 to afford the 

iodosulfone product 7. The follow up reaction eliminating the iodosulfone 7 to 

the vinyl sulfone 1 was only carried out as a proof of having synthesized the 

presented iodosulfone intermediate and thus no yield was reported. [11] The 

reaction is presented in Figure 3. 
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Figure 3. Iodosulfone 7 synthesis from tosyl iodide 5. 

I. Knunyants et al. tried a somewhat different approach in which 2-chloro-3-

(phenylthio)propionitrile 8 was synthesized from precursors before it was 

subjected to oxidation. The oxidation was carried out, presumably, with 

peracetic acid formed in situ from hydrogen peroxide and acetic acid with added 

acetic anhydride. The reaction mixture was concentrated in vacuo after being 

stirred for 3 days at room temperature to afford the chlorosulfone 9 in 80% yield. 

It was further eliminated using triethylamine in dry ether to afford the 

benzenesulfonylpropenenitrile 2 in 90% yield. [12] Their experiment is presented 

in Figure 4. 

 

Figure 4. Oxidation dependent route to synthesize product analog 2. 

M. Asscher et al. published a synthesis that was carried out essentially in neat 

conditions by dissolving CuCl2 in acrylonitrile 6. CuCl2 was used in 1 mol-% loading 

as a catalyst for the reaction as a means to abstract the halide from the sulfonyl 

chloride 10. The reaction was heated at reflux for 16 hours to afford the product 

2 in a 90% yield. [13] The reaction is presented in Figure 5. 
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The catalyst was used in conjunction with triethylammonium chloride, Et3N·HCl, 

most notably because alkylammonium chlorocuprates were formed which 

allowed the catalyst to remain in solution and to ensure that the forming cuprous 

chloride would not precipitate out. A dual purpose was presented as well, 

indicating that the elimination of HCl is prevented due to lack of free cuprous 

chloride, which would catalyze the elimination. Excess of chloride ions would 

suppress the constructive reaction. It was noted that the yield dropped 

significantly in the absence of triethylammonium chloride. [13] 

 

 

Figure 5. Metal catalyzed synthesis of phenylsulfonylpropenenitrile 2. 

C. Nájera et al. presented the synthesis of iodosulfone 7 from inexpensive sodium 

p-toluenesulfinate 3 in a combined reaction avoiding the preparation of  

p-toluenesulfonyl iodide 5 as a separate precursor for the alkene addition 

reaction. Equimolar amounts of the three reagents were used and the mixture 

was stirred at room temperature in dichloromethane for 2 days to afford the 

iodosulfone 7 in a 50% yield. [14] The reaction scheme is presented in Figure 6. 

 

Figure 6. Synthesis and elimination of a iodosulfone 7 intermediate. 
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The iodosulfone 7 was eliminated to the target vinyl sulfone 1 by addition of 

triethylamine at a temperature of 0 °C to afford a step yield of 87% for the 

elimination and a total yield of 44% for the full transformation. [14] 

The idea of removing intermediate product isolations was further evaluated and 

developed by T. Sawangphon et al. as they reported a one-pot reaction for  

the full transformation of sodium p-toluenesulfinate 3 to the target 

propenenitrile 1. [15] 

The reaction setup was fairly simple; a large excess of sodium p-toluenesulfinate 

3 was suspended in acetonitrile followed by addition of excess molecular iodine 

with respect to acrylonitrile 6. The mixture was held at reflux for 1 hour and 

cooled down after which NaOAc was added and the mixture was re-heated. The 

product was obtained in 39% yield. [15] The scheme of the one-pot reaction is 

presented in Figure 7. 

 

Figure 7. First one-pot adaptation of the sulfonylpropenenitrile 1. 

It is worth noting that lower yield was obtained if base was added at the 

beginning of the reaction, meaning that the reaction must be carried out in two 

steps. The yields were generally better for the majority of the substrate scope –  

α,β-unsaturated nitriles as substrates resulted in poor reaction yields. 

A more unconventional approach was taken by S. Sheng et al. utilizing a 

selenomethyl aryl sulfone supported on polystyrene. The reaction involves 

several steps starting from a selenium bromide supported on polystyrene 11. The 

selenium was lithiated with LiBH4 in THF at room temperature after which it was 

reacted with an aryl sulfone to produce a polystyrene-supported selenomethyl 

aryl sulfone. It was then reacted with LDA at -78 °C followed by addition of 2-

chloroacetonitrile to afford the α-selenylated alkyl aryl sulfone resin 12.  
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Treatment of the resin with 30% hydrogen peroxide at room temperature 

afforded the product 1 with a yield of 87% and a purity of 95%. [16] 

The shortened reaction scheme is presented in Figure 8. 

In addition it was noted that only the (E)-isomer of the product was formed. The 

only exception to this was when a sterically smaller substituent – in this case a 

methyl group - was used in place of the nitrile. [16] 

 

Figure 8. Synthesis utilizing a selenium-polystyrene resin. 

Research made by Z. Guan et al. proved that different vinyl sulfones, among 

them the target nitrile 1, could be synthesized by reacting the inexpensive 

sulfinate salt 3 with 2,3-dibromopropionitrile 13 in DMF at elevated 

temperatures. 1.5 eq of the sulfinate salt dihydrate was used in the reaction. 

The reaction mixture was stirred for 10 hours at 80 °C after which simple 

extraction with EtOAc was carried out. The target propenenitrile 1 was obtained 

in 80% yield upon concentration. [17] The reaction is presented in Figure 9.  

 

Figure 9. Synthesis utilizing dibromopropionitrile and aryl sulfinate. 

P. Bradley and D. Grayson published an improved procedure of preparing  

(E)-3-phenylsulfonylprop-2-enenitrile 2. Their objective was to investigate the 

Diels-Alder reactivity of such products as it had not been done before. The 

synthetic procedure is illustrated in Figure 10.  
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The reaction started from sodium benzenesulfinate 14 which was converted to 

benzenesulfinic acid in situ with an aqueous solution of acetic acid. The sulfinic 

acid was reacted with 2-chloroacrylonitrile 15 to afford the chlorosulfone 9. 

Finally, the sulfone was eliminated to the benzenesulfonylpropenenitrile 2 using 

triethylamine. [18] 

 

Figure 10. Synthesis of the product 2 from benzenesulfinic acid. 

Another method for the synthesis of an alkyl substituted arylsulfonylpropene-

nitrile was utilizing a hypervalent iodide reagent, (diacetoxyiodo)-benzene, 

PhI(OAc)2 or DIB. KI was used as an additive. A large excess of sodium  

p-toluenesulfinate 3 was reacted in acetonitrile in room temperature with 

acrylonitrile 6 to afford the sulfonylpropenenitrile 1 with a rather poor yield, 

33%, after 1 hour. [19] This method is shown in Figure 11. 

The reasoning for using a large excess of sodium p-toluenesulfinate 3 was to use 

it as a base to assist in the elimination of an intermediate iodosulfone. This 

application was later questioned by reviewers as to why no actual base was used 

instead. DBU and NaOAc were screened together with a lower loading of the 

sulfinate, but the substrate tolerance was poorer than what it was by using an 

excess of the sulfinate. [19] 

Y. Shen et al. have prepared a meta-substituted arylsulfonylpropenenitrile from 

with a similar setup as already presented earlier in Figure 10. The synthesis was 

started from 3-tert-butyl-bromobenzene which was lithiated with n-butyl-

lithium and converted to the sulfinate by bubbling sulfur dioxide through the 

mixture. [20] The reaction is presented in Figure 12, accounting only for the 

interesting addition reaction and the elimination reaction. 
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Figure 11. DIB promoted addition-elimination reaction to propenenitrile 1. 

The sulfinic acid that presumably formed in situ in the acidic conditions was 

reacted with 2-chloroacrylonitrile 15 to afford the chlorosulfone 17. The 

addition reaction was carried out overnight in contrast to the procedure reported 

by P. Bradley and D. Grayson [18] which only took 10 minutes. Stirring the mixture 

overnight could be caused by practical working reasons as an alkyl substituent in 

the meta-position should not affect the addition reaction so significantly. 

The solvent was changed to dichloromethane and the chlorosulfone 17 was 

eliminated to the meta-substituted arylsulfonylpropenenitrile 18. The product 

was obtained in a 31% yield with respect to the initial 3-tert-butyl-

bromobenzene. [20] No intermediate yields were reported. 

 

Figure 12. Preparation of a meta-substituted product. 

 

2.2. Non-alkyl-substituted arylsulfonylpropenenitriles 

Extremely few publications have been made on synthesis of non-alkyl-substituted 

product variants. Identical to many of the alkyl-substituted product syntheses, 

the syntheses presented in this section have utilized an arylsulfinate sodium salt 

as a reagent. 
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The synthesis of amide and amine substituted arenes have been presented in a 

patent filed by Sanitized, Inc. The sulfinate 19 was dissolved in a mixture of 

methanol and water. The mixture was slightly basified using potassium acetate 

after which 2,3-dichloropropionitrile 20 was added. The reaction mixture was 

stirred at room temperature for 2.5 hours after which the product was 

precipitated from the mixture by addition of water. The precipitate was filtered 

to afford the acetamide-substituted product 21 in a 56% yield. The amide 

product 21 was hydrolyzed in acidic conditions to afford the amine product  

22. [21] A direct synthesis, comparable to the step of preparing the amide, has 

not been found in literature. The reaction scheme is presented in Figure 13. 

 

Figure 13. Preparation of acetamide 21 and amine 22 substituted nitriles. 

Another patent, filed by Stauffer Chemical Company, has presented a method of 

creating methoxy-substituted products. Sodium p-methoxybenzenesulfinate 23, 

sodium acetate and boric acid were dissolved in an aqueous isopropanol solution. 

The aqueous mixture of sodium acetate and boric acid was presumably made to 

create a slightly basic buffer solution for the subsequent in situ elimination 

reaction. 2-chloroacrylonitrile 15 was added to the mixture dropwise under room 

temperature. Stirring was continued for an unspecified time after which water 

was added in order to precipitate the product from the reaction mixture. 

Filtration afforded the methoxy-substituted arylsulfonylpropenenitrile 24 as the 

reaction product. The yield was not reported. [22] The reaction scheme is 

presented in Figure 14. 
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Figure 14. Procedure affording p-methoxy substituted nitrile product 24. 

2.3. Similar non-nitriles 

C. Nájera et al. have published a one-pot method to prepare an unsaturated 

styrene product instead of a nitrile. The objective for the study was to create a 

simple and short duration synthesis for the product that could be included in 

undergraduate courses to be carried out by students. [23] This is presented in  

Figure 15. 

 

Figure 15. One-pot method of creating (E)-β-tosylstyrene 26. 

The synthesis started from equimolar quantities of sodium p-toluenesulfinate 3, 

styrene 25 and iodine which were mixed in methanol. The in situ formed 

iodosulfone intermediate was then eliminated by addition of a methanolic KOH 

solution to afford the (E)-β-tosylstyrene 26 as a single isomer in 82% yield after 

recrystallization from ethanol. [23] 

N. Zhang et al. have recently published a very efficient method to produce vinyl 

sulfones from inexpensive aryl sulfinate at room temperature and using only 

water as reaction solvent. An example of their results is presented in Figure 16.  
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The reaction was carried out by charging 1.5 eq of iodine and sodium  

p-toluenesulfinate 3 followed by 1.0 eq p-chlorostyrene 27 to water and stirring 

the mixture under air atmosphere for 2 hours at room temperature. This afforded 

the unsaturated sulfone product 28 with an impressive yield of 94%. [24] 

The reaction itself was very robust, but even more so was the product isolation. 

Owing to the poor solubility of the vinyl sulfones in water they precipitate 

immediately upon formation and can simply be filtered off the rest of the 

reaction mixture. [24] 

 

Figure 16. Recently published efficient method of synthesizing vinyl sulfones. 

This reaction awoke serious interest in applying similar conditions for the nitrile 

products of this thesis. This is explained in more detail in section 5.2.3. 

A photochemical system for synthesizing vinyl sulfones has been published by A. 

Meyer et al. They used the organic dye Eosin Y as a photocatalyst together with 

a green LED and nitrobenzene as the terminal oxidant. The reaction was carried 

out at 40 °C in a solvent mixture of DMF and water in ratio 3:1. The substrate 

scope was found to be very wide allowing the reaction to proceed with different 

aryl sulfinates, functionalized styrene derivatives and even bulky dihydro-

naphthalenes. [25] The reaction scheme is presented in Figure 17. 

Research on α,β-unsaturated carboxylic acids in decarboxylative sulfonylation 

reactions has been conducted by several research groups. A palladium catalyzed 

decarboxylative cross-coupling reaction has been reported [26] between cinnamic 

acid and different sodium arenesulfinates. Good functional group tolerance and 

moderate yields were obtained. 
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Figure 17. Synthesis of vinyl sulfones assisted by photochemical means. 

The first stereospecific synthesis of (E)-alkenyl sulfones by aerobic 

decarboxylative sulfonylation without silver additives was reported by Q. Jiang 

et al. The reaction was carried out by using a copper catalyst with sodium 

sulfinates and α,β-unsaturated carboxylic acids as substrates at 100 °C in DMSO. 

Yields up to 85% were obtained for different vinyl sulfones. [27] 

The most promising decarboxylative reaction was reported by Y. Xu et al. They 

have developed a transition-metal free system that utilizes sodium sulfinates and 

cinnamic acids with a broad substrate scope and high functional group tolerance. 

The reaction was carried out in DMSO at 100 °C in 50 mol-% of K2CO3 acting as a 

base. DMSO acted as the reaction solvent and the oxidant of the reaction. 

Reaction yields for different substrates were roughly in the range 70–90%. [28] 

The reaction scheme is presented in Figure 18. 

 

Figure 18. Metal free synthesis of vinyl sulfones from carboxylic acids. 

Vinyl halides and sodium sulfinates have been utilized for the synthesis of vinyl 

sulfones. Water was used as the reaction solvent. Excellent product yields were 

obtained for several substrates after heating the reaction mixture at 100 °C for 

10 hours. The reaction scheme is presented in Figure 19.  
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Addition of acid was found to have a key role in reactivity as no product was 

detected without acid additives. The addition of the phase transfer catalyst – 

here Bu4NBr - was not necessary, but the addition provided a slightly increased 

yield. [29]   

 

Figure 19. Synthesis of vinyl sulfones from sulfinates and vinyl halides in water. 

In addition to all different substrates presented, nitroalkenes have been utilized 

as well. An efficient silver catalyzed denitrative radical cross-coupling reaction 

has been published. Sodium sulfinates and β-nitrostyrenes were used under mild 

conditions at room temperature. Potassium peroxydisulfate, K2S2O8, was used  

to maintain the catalytic cycle. The yields of the reactions were generally in  

the range 80-90%. [30] An example of a reaction carried out is presented in  

Figure 20. 

 

Figure 20. Silver catalyzed synthesis of vinyl sulfones from nitrostyrenes. 

Suffice it to say that plenty of different reactions have utilized sodium 

arenesulfinates together with different functionalities. The presented reactions 

are not meant by any measure to be a comprehensive list of potential 

alternatives, neither are they supposed to present the best possible reactions. 

The sole purpose was to present different reactions affording vinyl sulfones with 

potential adaptation to reactions affording nitriles in place of arenes. 
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3. Development pathways 

Two different development pathways have been followed in this work. The first 

pathway that was researched was a one-pot reaction while the second pathway, 

being the more researched one, was a route consisting of three synthetic steps 

of which two were combined resulting in only one isolated intermediate product. 

The reasoning for choosing these pathways is conveyed in this section.  

A chemical supplier lookup was made based on searching supplier databases. No 

bulk quantity requests were made for this thesis. Indicated prices are purely 

assembled to act as a reference for R&D chemicals. Bulk prices will invariably 

differ with a significant margin. Inventories that were queried include  

Sigma-Aldrich Co. LLC. and Tokyo Chemical Industry Co. Ltd. Alibaba Group was 

queried as an additional reference for potential bulk availability. The query 

result is presented in Table 1. 

Table 1. R&D inventory prices for substrates and potential bulk manufacture. 

Name # CAS # 
Calculated price [€/g] 

Chinese 
bulk 

Sigma-Aldrich TCI Alibaba 

sodium p-toluenesulfinate 3 824-79-3 1.42 0.23 YES 

3-chloroacrylonitrile 4 871-29-4 - - NO 

p-toluenesulfonyl iodide 5 1950-78-3 - - NO 

acrylonitrile 6 107-13-1 0.03 0.10 YES 

2-iodo-3-tosylpropanenitrile 7 19520-58-2 - - NO 

2,3-dibromopropionitrile 13 4554-16-9 - - YES 

2-chloroacrylonitrile 15 920-37-6 7.74 0.88 YES 

p-toluenesulfonyl chloride 24 98-59-9 0.08 0.05 YES 

  

3.1. One-pot route 

It was immediately recognized that sodium p-toluenesulfinate 3 was the 

ultimately most used substrate in reactions presented in the background 

literature research. The supplier lookup indicated that it is readily available on 

the market for a relatively low price. It was determined that using sodium  

p-toluenesulfinate as a substrate would be feasible for large scale synthesis. 
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While the synthesis presented in Figure 2 that was accomplished using  

3-chloroacrylonitrile 4 afforded impressive product yield with a short  

reaction time in refluxing ethanol, it is unfortunately not commercially available 

in any chemical inventories. However, 2-chloroacrylonitrile 15 is commercially 

available in bulk quantities and for R&D purposes. It is several tens of times more 

expensive than the unsubstituted acrylonitrile. Although it could be used as 

presented in Figure 10, it was determined to be a labile substrate candidate as 

final bulk pricing was not known. 

2,3-dibromopropionitrile 13 was listed as a potential bulk chemical but no pricing 

information was available leading to its dismissal. The synthesis using it was 

presented earlier in Figure 9. The reaction was carried out using DMF as solvent 

which would need to be exchanged due to modern solvent recommendations [31] 

combined with a relatively long reaction time at elevated temperatures. All 

these factors had a negative impact on the applicability of the route. 

The reaction done in neat conditions is not applicable since an excess of 

acrylonitrile is inevitable and in high concentration runs risk of rapid 

polymerization. This is accompanied by a significant exotherm leading to an 

explosion hazard. [32] 

As a result of these commercial and synthetic considerations, the only viable 

route for plant-scale synthesis in current light of events was to use sodium  

p-toluenesulfinate 3, acrylonitrile 6 and iodine as reagents, with a base 

procedure mimicking the publication by T. Sawangphon et al. [15] The template 

is presented in Figure 21. Optimization of the synthesis is presented in section 

5.2. 

 

Figure 21. Template scheme for the one-pot synthesis. 
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3.2. Split route 

It was found out that another route was needed to counter certain shortcomings 

of the one-pot route. This particular route required the isolation of an 

intermediate compound 5. The synthesis plan was to create the intermediate by 

a reaction of sodium p-toluenesulfinate 3 and iodine. The intermediate 

containing a higher oxidized sulfur species in conjunction with a relatively labile 

S-I bond would then react with acrylonitrile 6 to provide an iodo-intermediate 7. 

The intermediate would then be eliminated preferably without isolation of the 

intermediate, with a suitable base or during the addition reaction without a base 

due to the instability of the intermediate 7. The template for the synthesis is 

presented in Figure 22. 

 

Figure 22. Template for the split route. 

It would have been fortunate to acquire the precursor 5 for the addition step as 

a commercial reagent, alas it is too unstable to be stored for prolonged times, 

which explains why there is no market for it. 

The optimization of process parameters related to the split pathway is presented 

in section 5.3. The main focus was on the addition reaction between p-

toluenesulfonyl iodine 5 and acrylonitrile 6 as it was by far the most unfavorable 

reaction according to different research results. The preparation of the precursor 

5 has been documented in several publications with the oldest ones containing 

the most feasible preparation guidelines. The elimination reaction was well 

established and it was decided that to the optimization of it would be allotted 

only residual time.  
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4. Reactivity & mechanism 

Radicals originating from aryl sulfonyl halides have already been known for at 

least 120 years. Preparation of these halides from sulfinic acids and salts of these 

acids with molecular halogens has been explained as well. [33] 

Evidence of the reaction utilizing a radical mechanism was acquired by addition 

of (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl, commonly known as TEMPO, to the 

reaction mixture. TEMPO is a stable free radical that can be, among other things, 

used as a radical scavenger to trap a potential radical formed of a reaction 

substrate. [34] 

The generic reaction conditions were set following the one-pot pathway. In 

addition to this 1 equivalent of TEMPO was added. The reaction was quenched 

and analyzed by 1H-NMR, which confirmed that no desired product had formed. 

The diagnostic presumed inhibition of the ordinary pathway is presented in  

Figure 23. 

 

Figure 23. TEMPO used as a mechanistic diagnostic tool. 

The proposed mechanism for the total reaction is presented in Figure 24. Step 

identifiers have been added to the figure. The proposition is based on different 

aspects that are explained stepwise. 
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Figure 24. Proposed mechanism for the total reaction. 

In step I p-toluenesulfonyl iodide 5 is prepared from a simple reaction between 

sodium p-toluenesulfinate 3 and elemental iodine. An equivalent of sodium 

iodide is formed and removed from the reaction. This step was presumably 

executed in situ in the one-pot pathway, whereas it was a separate precursor 

step in the split pathway. 

Next, in step II, the weak S-I bond in p-toluenesulfonyl iodide 5 is homolytically 

cleaved to afford a p-toluenesulfonyl radical and an iodine radical. The  

p-toluenesulfonyl radical attacks the β-position of acrylonitrile in step III to 

generate a nitrile stabilized radical. The p-toluenesulfonyl radical does not 

attack the α position presumably because the resulting intermediate radical is 

non-stabilized and on a primary carbon center making it a high energy entity. 
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In step IV, the generated nitrile stabilized radical abstracts iodine from  

p-toluenesulfonyl iodide or alternatively combines with a solvated iodine radical 

left over from spontaneous cleavage of the sulfur-iodine bond. Thus a new radical 

is generated which can react with acrylonitrile. This cyclic step can be seen as 

the classical propagation step in radical systems. It has been noted [11] that this 

abstraction of iodine from tosyl iodide 5 by the nitrile stabilized radical has to 

be very fast since no polymers are generally detected. 

The formed intermediate product 7 can be, and has been, isolated. Upon further 

treatment with base, in step V, the target product 1 is formed presumably by a 

simple ionic elimination reaction. 

The reactivities between p-toluenesulfonyl halides have been investigated in 

quite pleasing detail. The halide is the predominant factor in reactivity of the 

sulfonyl halides. It has been shown that the reactivity between halides in 

reactions involving abstraction of the halide by other radicals to produce 

arenesulfonyl radicals follow crudely the reactivity trend I > Br >> Cl with the 

calculated relative rates of 602 : 192 : 1. [35] 

Table 2. Hammet ρ-values for arenesulfonyl radical formation. [36] 

Substituent 0 °C 10 °C 25 °C 40 °C 60 °C 

p-MeO 0.17 0.23 0.17 0.17 0.21 

p-NO2 0.04 0.09 0.03 0.03 0.09 

 

According to the resolved Hammet constants, the abstraction reaction rate is 

quite independent of substituents in the aromatic ring. An explanation to this 

has been provided asserting that the resulting radical cannot be properly 

stabilized by any substituents in the aromatic ring as the sulfonyl group is poorly 

conjugated to the rest of the aromatic system. [37] 

Kinetic studies for tosyl radical formation and addition have been published 

although with a rather poor alkene scope. Adduct radical stability is paramount 

to acceptable rates of the radical addition to alkenes. [38]  
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To explain why the sulfonyl radicals will not pair with the nitrile stabilized 

radicals, we need to understand that the sulfonyl radical and, especially, the 

nitrile stabilized radical is present only in a very low concentration. The nitrile 

stabilized radical is not very reactive and is presumably solvated well until being 

able to abstract iodine from tosyl iodide or pair with the spontaneously released 

iodine radicals. The combined concentrations of these are high in proportion to 

the stabilized radical. The iodine radicals are rather polarizable which 

presumably reduces their overall affinity to react with other species in the 

reaction mixture. [39] 

To understand why mainly the target constructive radical reaction takes place, 

the relative electronic properties of the radicals have to be investigated. The 

nitrile stabilized radical is clearly electrophilic in nature due to the electron 

withdrawing property of the nitrile group. This means that the single electron 

present in the SOMO of the nitrile stabilized radical is lower in energy compared 

to a similar nucleophilic radical. This low-energy SOMO cannot interact with 

either the empty π*-orbital (LUMO) or the filled π-orbital (HOMO) of the electron 

poor alkene. This means that acrylonitrile, containing an electron poor alkene, 

cannot react well with the nitrile stabilized radical. [39] 

The benzenesulfonyl and tosyl radicals have been investigated by computational 

methods and they are classified as moderate electrophiles – certainly not 

nucleophilic in any case. [40] This explains why no radical reaction is favorable to 

acrylonitrile and most likely why so poor yields with long reaction times have 

been required in most publications in section 2.1. However, in lieu of a more 

nucleophilic alkene, the sulfonyl radicals are forced to react with the 

acrylonitrile alkene. Still, it must be noted that sulfonyl radicals will form easily 

and they will invariably react with the best available substrate. 

Finally, the reasoning presented before applies also to explain why acrylonitrile 

does not polymerize under the reaction conditions. The nitrile stabilized radical 

forming from homolysis of an acrylonitrile molecule would be a poor match for 

an electron poor acrylonitrile. It is irrelevant how the nitrile stabilized radical is 

generated. Furthermore, acrylonitrile polymerization generally is not a problem 

at low concentrations. [41,42] 
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5. Optimization of factors 

Optimization of reaction conditions is presented in this section of the thesis. The 

optimization is categorized with respect to the two different pathways that have 

been pursued in this research and sub-categorized with respect to different 

screened parameters. 

Impurities are referenced by an abbreviation, IMP, followed by a letter acting as 

an index. The impurities are explained in necessary depth in section 6. 

5.1. Analytical methods 

Screening of factors was initially done using a 1H-NMR experiment utilizing the 

zg30 pulse program on an Avance DPX400 spectrometer. However, analysis was 

switched to HPLC due to the need for easier separation of different impurities 

and reliable detection of low substance levels.  

An Agilent 1100 series HPLC in reverse-phase mode was used with a Kinetex EVO 

C18 5 µm 4,6x150 mm column. The mobile phases used were 0.1% v/v H3PO4 in 

H2O and acetonitrile. The flow rate was 1.0 mL/min. A 20 minute gradient 

method was developed. The gradient is presented in Figure 25. HPLC samples 

were made by addition of 20 µL of a reaction mixture to 1 mL of 1:1 H2O in MeCN. 

Column injection volume of 5 µL was used. The column temperature was not 

controlled. The response was monitored at a wavelength of 210 nm to detect 

impurities adequately as well as to follow acrylonitrile conversion. 

Figure 25. HPLC reverse phase acetonitrile gradient. 
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5.2. One-pot pathway 

The one-pot pathway was less studied in comparison to the split pathway. This 

pathway was screened with respect to solvents, substrate ratio and work-up 

combined with product isolation. 

5.2.1. Solvent screening 

The research made by T. Sawangphon et al. [15] that was earlier presented in 

section 2.1 indicated that the best conditions for the one-pot reaction would be 

to use acetonitrile as the reaction solvent. However, acetonitrile was seen as 

unfit for the scale-up due to potential world wide shortages like shortly before 

and after the Summer Olympics in 2008, the incident being dubbed the “Great 

Acetonitrile Shortage”. This was caused mainly by authorities shutting down the 

production of the largest acetonitrile producing plant in China in order to 

improve air quality before the Olympics.[43] Additionally, another presumed 

factor for not using acetonitrile was its slight toxicity and higher cost.  

Attention then turned to ethyl acetate which is a readily produced organic 

solvent that is classified as a green solvent [31] and most of all because promising 

results had been published [15] with it as well. Ethyl acetate was used for reactions 

comprising the other screening experiments of the one-pot pathway. 

Four different solvents were screened with the common factor being their 

relatively low health and environmental impact. Propylene carbonate is a low 

toxicity solvent with a very high boiling point and low volatility that has awoken 

recent interest as an economical large-scale polar aprotic solvent. [44] Other 

potential solvent alternatives were 2-methyl-tetrahydrofuran, 2-MeTHF, and 

acetone. 

2-MeTHF is considered a safer alternative to THF due to reduced formation of 

peroxides, especially with added stabilizers. No genotoxicity and mutagenicity 

has been detected on exposure to the solvent. [45] However, added stabilizers 

might inhibit the constructive radical reaction of the process, at least the 

initiation of it. Upon expiration of the inhibitor 2-MeTHF could potentially 

unstabilize in a radical environment and induce hazard.  
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The attained HPLC results for the solvent screening are presented in Figure 26. 

Impurity levels of two main impurities are compared to the levels of the two 

target product isomers. Additionally the remaining peak sum is presented 

containing all the minor impurities. The experiments were carried out in sealed 

pressure tubes to prevent evaporation of the solvent. Solvent, sulfinate, iodine 

and acrylonitrile were charged in the reaction vessels and the mixture was 

heated under continuous stirring. The analytical samples were taken after 24 h 

of stirring the reaction mixtures at 75 °C. 

 

Figure 26. Solvent screening results after 24 h for the one-pot pathway. 

The absolute product concentration was not resolved as the target was only to 

compare the performance of different solvents under the same conditions. An 

extended reaction time, being 24 h, had potentially impact on impurity levels 

compared to the most optimal reaction time. However, the impurity levels can 

be assumed to be elevated for all solvents and thus at least crudely comparable. 

Furthermore, the stability of the reaction mixture was also investigated due to 

this extended heating. 

It was deduced that the screened solvents were quite identical in performance 

with the exception of acetone, which afforded poor results. 2-MeTHF seemed to 

produce the best general outcome with the lowest level in IMP-A, which is 

notoriously difficult to separate from the product. The isolation is explained in 

the next section. 
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5.2.2. Work-up and isolation 

The initial work-up procedure contained a washing step of the organic layer using 

an aqueous thiosulfate solution. The purpose of this first step was to remove 

residual iodine from the organic layer. Different concentrations were used along 

with minimization of the amount of thiosulfate used. 

An additional washing step of organic layer with aqueous NaHCO3 solution was 

incorporated after the thiosulfate washing step. The purpose of this washing step 

was to eliminate potential residual iodosulfonyl intermediate in basic conditions 

to the desired target product. However, 1H-NMR sampling did not reveal any 

benefit of this precautionary step. Reproducible results on traces of the 

intermediate could not be obtained.  

Crystallization attempts after the washing operations were made. A significant 

issue was the low solubility of IMP-A in the reaction solvents leading to co-

crystallization of IMP-A and the (E)-isomer of the target product. Careful 

temperature control allowed for precipitation of only IMP-A followed by hot 

filtration of the remaining solution. An operation such as this is not a very viable 

alternative in large scale applications. Seeding of the reaction mixture had no 

positive effect in terms of selective crystallization. 

Isolation by evaporation of the solvent – a pure lab scale operation – led to a  

38% crude yield when following the general experimental one-pot procedure with 

1.2 eq of p-toluenesulfinate and iodine. The composition of this crude was 

resolved by 1H-NMR. 65% of the mixture was combined (E/Z)-isomers of the target 

product, 13% was IMP-A and 22% was IMP-B. Any potential IMP-C was removed via 

the aqueous washing operations before evaporation. Similar composition was 

obtained by using 1.3 eq of the sulfinate salt and iodine, whereas the crude yield 

was slightly higher; 46%. Furthermore, experiments affording the product 2 

suffered also from mediocre crude yield as well as being composed of a 

comparable amount of impurities. The low yield was likely a result of both poor 

solubility of the sulfinate salt 3 in the non-aqueous solvent and in situ elimination 

of intermediate 7 with the sulfinate acting as a base. This is supported by 

acrylonitrile reaching a poor conversion roughly matching the crude product 

yield.  
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5.2.3. Water as solvent 

As a special case from the presented solvent screening in section 5.2.1 water was 

also investigated as reaction solvent. Water would be the ideal reaction solvent 

since it is completely harmless and very inexpensive. The reaction setup was 

identical to what N. Zhang et al. had published [24] regarding their vinyl sulfone 

synthesis. These conditions, which are presented in the experimental setup in 

section 9, were used in an attempt to synthesize the main target of this thesis. 

As mixing was halted after a reaction time of 2 hours, a yellow precipitate was 

seen to sediment on the bottom of the reaction vessel. The bottom most part of 

the yellow precipitate was discolored by residual iodine. This can be seen in 

Figure 27. 

The first impression remained positive that the desired reaction would have 

taken place. However, analysis of the precipitate by 1H-NMR showed it to be  

p-toluenesulfonyl iodide 5, which is an intermediate product in the split synthesis 

pathway. No desired product was detected. 

 

Figure 27. Yellow tosyl iodide layer on top of iodine discolored tosyl iodide. 

A plausible explanation to the observation is that acrylonitrile is soluble in water 

in contrast to the in situ formed p-toluenesulfonyl iodide which is not. This leads 

to a situation where acrylonitrile can act as a solvent for elemental iodine in 

order to dissolve, and thus transfer, it to the solvent. The transferred iodine 

reacts rapidly with the dissolved p-toluenesulfinate that is readily soluble in 

water.  
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However, the problem arises when the precipitated p-toluenesulfonyl iodide is 

isolated from medium containing acrylonitrile. The potential p-toluenesulfonyl 

radicals that form are thus not capable of adding to the acrylonitrile and no 

reaction progresses. 

An issue like the one described could not occur in the reference article [24] since 

they used different functionalized styrenes that are completely insoluble in 

water in contrast to acrylonitrile. In this setup the reaction would in fact be 

accelerated as the reactants for the addition reaction are in neat-equivalent 

conditions and only the byproducts are soluble in the reaction solvent. 

5.3. Split pathway 

The split pathway was the major pathway and thus the most researched one. The 

pathway was optimized with respect to precursor synthesis and isolation, 

reaction solvent, reaction temperature, moisture level, concentration, 

intermediate elimination and work-up. An additional rather unorthodox 

parameter was screened as well; UV-Vis irradiation. 

5.3.1. Optimizing precursor preparation 

The preparation of the addition reaction precursor, p-toluenesulfonyl iodide 5, 

was optimized. It was made by a reaction between sodium p-toluenesulfinate 3 

and iodine following a general method published by F. Whitmore and  

N. Thurman [46]. The reaction is rapid and slightly exothermic. 

The reactants are soluble in solvents with opposing properties – the sulfinate salt 

being readily soluble in apparently nothing else than water and iodine being 

readily soluble in apolar solvents. In order to avoid typically slow reactions taking 

place at the interface of two immiscible solvents careful solvent selection had 

to be made. 

Another important aspect was to make sure that the formed precursor would not 

be soluble in the resulting solvent mixture. It was determined that the precursor 

is completely insoluble in water, as was shown and deliberated in the one-pot 

special case in section 5.2.3. 
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Organic solvents that are miscible with water include several alcohols and 

acetonitrile, just to name a few. Ethanol was chosen as a viable option as it is 

practically a non-toxic and inexpensive alternative, not accounting for potential 

taxes. It has a moderate capability to dissolve iodine, which is approximately up 

to 22 w-% at 25 °C. [47] 

However, p-toluenesulfonyl iodide was determined to be soluble in ethanol 

causing additional precaution in order to avoid product loss. Screening results 

indicated that a solvent mixture containing approximately 20% of ethanol is the 

upper limit tolerable in order to reach nearly quantitative yields with a small 

excess of the sulfinate salt. 

Summarizing, a simple procedure of preparing the precursor was utilized. A small 

excess of sulfinate salt was dissolved in a large excess of water and a 

concentrated ethanolic iodine solution was added. The product that forms 

immediately precipitates out of the mixed solvent and is after addition filtered 

off. 

The crude product contains residual moisture after filtration. The moisture was 

removed by flushing air through the filtered solid powder after which final drying 

was done in high-vacuum in a foil encapsulated vessel. 

5.3.2. Solvent screening 

The same four solvents, as in the one-pot pathway, were screened for the split 

pathway as well. The screening was done for the addition reaction of the split 

pathway, meaning the reaction between p-toluenesulfonyl iodide and 

acrylonitrile. Earlier reactions between these substrates and their near analogs 

have only been carried out in ethereal [11] and chlorinated solvents [14]. Both of 

these solvent types are commonly listed as either banned or their substitution is 

advised in industrial scale. [31] The results of this screening are presented in 

Figure 28. As some spontaneous elimination might have occurred during the 24 

hours of heating, and the fact that it was difficult to separate responses for the 

(E)-isomer of the product and the intermediate 7, the final product 1 and the 

intermediate 7 are considered as products in the screening. 
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Figure 28. Solvent screening results after 24 h for the split pathway. 

The most notable difference to the one-pot pathways is the fact that IMP-A was 

not detected at all. Potential reasons to this is covered in section 6.1. In general 

what could be deduced from the overall quantity of impurities was that 

separating the reaction steps affords a much purer product. However, the 

differences between solvents are clearly distinct in comparison to the one-pot 

reaction where individual solvent differences were not significant.  

Acetone performs ultimately poorest of the screened solvents with a significant 

amount of uncharacterized impurities. Ethyl acetate is also not a very viable 

option as it suffers from similar poor performance and additionally increased 

levels of IMP-B. Propylene carbonate and 2-methyl-THF perform clearly the best 

and afford surprisingly good results in comparison to the one-pot reaction. 

As with the one-pot solvent screening, absolute concentrations were not 

necessary. This screening sought only to differentiate between potential large-

scale solvent options. Furthermore, as the split pathway was adopted later in the 

project there was no need to favor more time critical experiments. This meaning 

that the solvent screening was done as the first probing of optimal reaction 

conditions for the split pathway. 
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5.3.3. Temperature screening 

A natural method of improving reaction rate is to supply the system with more 

energy, e.g. to increase the temperature. This is also a very usual parameter to 

change since it is easily adjustable, controllable and reproducible in large-scale 

applications. The primary intention was thus to increase temperature enough to 

provide energy for the sulfur-halide bond cleavage in order to initiate and 

maintain the radical chain reaction. 

A temperature screening was carried out for the two solvents that performed 

best in the solvent screening – namely propylene carbonate and 2-methyl-THF. A 

screening of the following reaction temperatures was conducted: 75 °C, 50 °C, 

25 °C and 5 °C, the last being screened only with propylene carbonate. The 

screening followed the level of the precursor 5 (TsI), the intermediate product 

7 (P), acrylonitrile (ACR) and the two most prevalent impurities; IMP-B and  

IMP-C. 

The relative purities by HPLC for the screening at 75 °C are presented in Figure 

29 for 2-MeTHF and in Figure 30 for PC. 

 

Figure 29. Reaction in 2-MeTHF at 75 °C.  
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Figure 30. Reaction in PC at 75 °C. 

What can be seen is a slightly higher relative level of product at 4 hours in  

2-MeTHF compared to the PC experiment. Additionally, the 2-MeTHF reaction 

seems to have lower levels of IMP-B and higher levels of IMP-C to that of PC. The 

charts do not depict the situation of heating the reaction mixture for an extended 

amount of time. The product had fully decomposed after 24 hours of heating in 

PC while only a slight negative difference was detected for 2-MeTHF during the 

same time. This clearly indicates that in terms of purity 2-MeTHF performs better 

at 75 °C and that PC is not suitable for long reaction times at this temperature. 

Since it was detected that the mixture acidified during the reaction, evidently 

by side reactions or spontaneous elimination of the intermediate 7, the 

unsuitability could be caused by partial decomposition of PC. Potential 

nucleophilic decomposition products could attack the intermediate and thus 

render it useless. 

The temperature was lowered to 50 °C and identical experiments were carried 

out. The relative purities for these experiments are presented in Figure 31 for  

2-MeTHF and in Figure 32 for PC. 
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Figure 31. Reaction in 2-MeTHF at 50 °C. 

 

Figure 32. Reaction in PC at 50 °C. 

Surprisingly, in terms of purity levels, PC seems to perform significantly better 

at somewhat lower temperature. IMP-C levels are low and in contrast the product 

level reached the 80 area-% mark after 4 hours of heating. 2-MeTHF performs 

worse at 50 °C compared to 75 °C.  
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Any competing side reactions are a significant issue for 2-MeTHF at this 

temperature, based on the level of precursor, TsI, being roughly identical to that 

in the PC experiment at the same temperature. The trend was investigated 

further by carrying out another screening at 25 °C. The relative purities for these 

experiments are presented in Figure 33 for 2-MeTHF and in Figure 34 for PC. 

 

Figure 33. Reaction in 2-MeTHF at 25 °C. 

 

Figure 34. Reaction in PC at 25 °C. 
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The trend of increasing levels of impurities for 2-MeTHF by decreasing the 

temperature was clear by now as the result was clearly the poorest thus far at  

25 °C. Propylene carbonate seemed to perform quite similarly at 25 °C as it did 

at 50 °C, in terms of relative purity.  

Since 2-MeTHF was performing good only at high temperatures, only PC was 

screened at an even lower temperature. The relative purity chart of the general 

reaction at 5 °C for PC is presented in Figure 35. 

 

Figure 35. Reaction in PC at 5 °C. 

There were solubility issues of p-toluenesulfonyl iodide 5 in the solvent at 5 °C. 

It can be seen that the reaction rate is extremely slow at this temperature, 

conversion being 13% at 4 hours. This results in unclear conclusion about the 

progressing purity levels, but also indicates that 5 °C causes a major drawback 

due to low reaction rate. This itself is fortunate, since 5 °C is offset from the 

ambient temperature and would require external cooling. Using ambient 

temperature alleviates the need for additional equipment since no heating or 

cooling elements need to be considered. 

Conversion of acrylonitrile as a function of time of all temperature screening 

experiments is presented in Figure 36, except for the 5 °C experiment since the 

reaction was already determined to be too slow. 
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Figure 36. Conversion of acrylonitrile in temperature experiments. 

To summarize, 2-methyl-THF performs moderately in terms of conversion at  

50-75 °C although the product purity is clearly higher at 75 °C. The conversion 

for 2-methyl-THF at 25 °C is too low at 4 hours, still notable that it reached a 

conversion of 41% after 24 hours. Propylene carbonate does not tolerate 

temperatures reaching 75 °C since product decomposition was detected to reach 

100% in less than 24 hours of heating. In terms of conversion 25-50 °C produced 

almost identical results 50 °C inducing a higher reaction rate but at the same 

time slightly lower final conversion of acrylonitrile. Relative purity levels at the 

4 hour mark for PC at 25 °C and 50 °C were also almost identical. 

Propylene carbonate was chosen as the reaction solvent to be used for further 

screening experiments based on the analyzed results of the temperature 

screening. The optimal temperature range for future experiments was defined 

as 25-50 °C. 

Unfortunately, the temperature screening did not provide any significant boosts 

in conversion of acrylonitrile and the reaction remained relatively slow. Purity 

levels for PC were still very promising in contrast to achieved conversion.  
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5.3.4. Concentration & ratio screening 

Even though the temperature screening indicated 75 °C to be unfit for PC, a 

small concentration screening was formulated in order to determine if elevated 

temperatures could be used to drive the reaction with a more favorable purity 

level and without product decomposition. The reactant amount was reduced to 

half of the general value and the reaction was held at 75 °C. The screening was 

carried out with 2-methyl-THF and propylene carbonate. The relative purity 

levels analyzed by HPLC are presented in Figure 37 and Figure 38, respectively. 

Compared to the more concentrated variants presented in the temperature 

screening it was noticed that the rate of TsI decrease was higher in the 

concentrated reaction and that the product formed in higher relative purity. The 

less concentrated experiment had a slightly higher consistency of IMP-C. This is 

expected since the radical reaction is likely not propagating fast enough in the 

dilute conditions favoring the side reactions leading to impurities. 

However, it was found out that no IMP-B formed in the dilute experiment when 

PC was used as the solvent. The reason for this is unclear. The relative purity 

was higher for the dilute PC reaction in general. 

 

Figure 37. Reaction in 2-MeTHF at 75 °C in half concentration. 
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Figure 38. Reaction in PC at 75 °C in half concentration. 

The conversion of acrylonitrile as function of time has been presented for the 

dilute experiments. The conversions for the corresponding concentrated 

experiments at 75 °C were included as reference. The results are presented in 

Figure 39. 

 

Figure 39. Conversion of acrylonitrile in concentration experiments. 
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The conversions for the 2-MeTHF experiments were rather identical indicating 

that the constructive reaction rate is not, at least, directly proportional to the 

concentration of the precursor and that of acrylonitrile. A more significant 

difference was noted for PC as the conversion stabilized higher compared to the 

concentrated reaction. However, the dilute experiment with PC performed 

ultimately poorer than the PC experiments done at lower temperature. 

Additionally, both the 2-MeTHF and PC reactions suffered from product 

decomposition reaching 100% in less than 24 hours. This behavior was not 

detected previously for 2-MeTHF, but was detected for PC at 75 °C. 

To determine if the acrylonitrile conversion could be pushed to an acceptable 

level, experiments using an excess of precursor were performed. All of the ratio 

experiments were done with only PC as reaction solvent, since it was clear at 

this point that 2-MeTHF underperforms in most categories. The first experiment 

was done at 50 °C according to the general procedure, but with a total of 1.5 eq 

of p-toluenesulfonyl iodide. The HPLC sampling result is presented in Figure 40. 

 

 

Figure 40. Experiment with a total of 1.5 eq of TsI done at 50 °C. 
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Comparing the results to the 50 °C experiment for PC in the temperature 

screening revealed no significant changes. The results are quite identical, minor 

differences being only a slightly larger proportion of IMP-C in this excess TsI 

experiment. The conversion of acrylonitrile after 4 hours was 76% for this 

experiment while it was 61% for the regular 50 °C run. The bottom line is that 

there is some advantage in using an excess of TsI, but not enough to justify a 

total loading of 1.5 eq. 

The mode of addition was also investigated – would there be an improvement if 

TsI would be added in parts to the reaction mixture. The experiment was carried 

according to the general procedure with the exception of TsI being added  

0.3 eq / hour for a total of additions thus reaching a total 1.2 eq of the precursor. 

The monitored results are presented in Figure 41. 

 

Figure 41. Partial addition of TsI. 

The results are fairly similar to the 1.5 eq experiment during the first 4 hours, 

but partial addition resulted ultimately in a higher amount of IMP-C. This is fairly 

obvious of the result indicating a slightly rising proportion of TsI from 2 to 4 

hours. This accumulated TsI slowly reacts in side reactions to impurities as the 

conversion of acrylonitrile was 69% at 4 hours.  
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This could be explained by a rapid radical propagation during the first 2 hours 

due to a higher acrylonitrile content, but incapability to sustain the reaction in 

a more dilute solution making ionic side reactions more predominant. 

5.3.5. Moisture sensitivity 

Tosyl iodide is synthesized as a precursor to the addition reaction. The synthesis 

affords generally quite wet tosyl iodide without incorporation of a drying step. 

Consequently, moisture sensitivity as a reaction condition needed to be 

investigated. The relative purity was studied as was the reaction rate in order to 

determine future need of drying the precursor. 

Figure 42 depicts the rather errant behavior of a reaction done in very dry 

conditions. Tosyl iodide was air dried as well as practically possible without 

significant decomposition. Propylene carbonate was dried over 4 Å molecular 

sieves. 

 

Figure 42. Reaction in PC at 50 °C in dry conditions. 

In order to limit sources of error in the screening, the wet screening was done 

by using the same dried batch of tosyl iodide and dry propylene carbonate. The 

only difference being deliberate addition of water to propylene carbonate in a 

volume matching 5% of the volume of propylene carbonate used in the reaction. 

The results of this complementary screening are presented in Figure 43. 
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Figure 43. Reaction in PC at 50 °C in wet conditions. 

Although the difference in relative purity between the dry and the wet reaction 

is arguably only slightly in favor of the wet experiment with respect to the 

desired product, the greatest merit can only be seen in comparison of the 

conversion of acrylonitrile. The conversion chart is presented in Figure 44. 

 

Figure 44. Conversion of acrylonitrile in dry-wet screening. 
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Evidence that a modest water content enhances the reaction was realized since 

it improves the reaction rate notably, but also because it slightly improves the 

relative purity. Absence of water causes a rise in the level of IMP-B while addition 

of water increases IMP-C levels. The reason for the decrease in IMP-B remains 

unknown while a plausible explanation for the increase in IMP-C is provided in 

section 6.3. 

5.3.6. UV-VIS irradiation 

Since the iodide precursor for the sulfur-carbon bond forming reaction is to some 

degree light sensitive [11], tests had to be made to ensure that the synthesis could 

be carried out in typical steel reactors – that is - in complete darkness. 

Since the reaction proceeds through a radical pathway it was determined that 

the reaction could potentially be accelerated by irradiation with a proper 

wavelength conforming to the energy required for homolytic cleavage of the 

sulfur-halide bond. This energy state elevation would indicate a result of light 

absorbance according to the Grotthuss–Draper law. The elevation would then 

result in a chemical or physical reaction as a result of that particular absorption 

according to the Stark-Einstein law. [48] The latter law provides a relationship 

between the wavelength of light and energy of the transition as specified by 

Equation 1. 

𝐸 = 𝑁𝐴ℎ𝜈 =
𝑁𝐴ℎ𝑐

𝜆
 

(1) 

where 𝐸  = energy [ J ⋅ mol−1 ] 

 𝑁𝐴  =  Avogadro’s number [ ≈ 6.022 ⋅ 1023 mol−1 ] 

 ℎ =  Planck’s constant [ ≈ 6.626 ⋅ 10−34 J ⋅ s ] 

 𝜈 =  frequency of light [ s−1 ] 

 𝑐 =  speed of light [ ≈ 2.998 ⋅ 108 m ⋅ s−1 ] 

 𝜆 =  wavelength of light [ m ] 

  

 

Without delving too much into the physical aspect of photochemistry, a screening 

setup was formulated in which the combined advantages of the previous 

screenings were taken into account. 
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The screening was carried out in regular borosilicate tubes selected carefully to 

allow UV-light to transmit through with as minimal absorption as possible. Quartz 

tubes would have been ideal reaction vessels for this screening, alas no adequate 

ones were available.  

The UV cutoff wavelength was determined to be high enough by placing a TLC 

plate in the tube and irradiating the tube with a 254 nm rated UV-lamp and 

visualizing the green fluorescent response from the TLC plate surface. The UV 

lamp used for the experiment was a UVP® Model UVG-11 short wave lamp with a 

4 W bulb. 

The apparatus that was used to irradiate the experiment with visible light was 

completely self-made from electronic waste and a 20 W LED die bought via eBay. 

An improvised cooling system for the LED was used consisting of a nozzled silicon 

tube attached to the pressurized air outlet of the fume hood. The detailed 

specification of the apparatus is presented in APPENDIX 1. A white LED was used 

deliberately to mitigate the issue of not knowing the optimal wavelength. 

The Lambert-Beer law [49] presented in Equation 2 indicates that an uniform 

irradiation of the mixture cannot be attained. The mixture closest to the surface 

will in proportion capture most of the emitted photons. In order to balance this 

capture gradient, to some degree, the mixture was stirred as fast as the 

equipment allowed. The target rotation speed used was 1000 rpm. The agitation 

rate will to some degree cause additional anomaly through blending in gas from 

the atmosphere in tiny bubbles leading to scattering of light. 

𝐴 = log10 𝑇 = log10

𝐼0

𝐼
= 𝜀𝑐𝑙 

(2) 

where 𝐴  = absorbance 

 𝑇 = transmittance 

 𝐼 =  intensity 

 ε =  absorptivity [ mol ∙ L−1 ⋅ cm−1 ] 

 𝑐 =  concentration [ mol ∙ L−1 ] 

 𝑙 =  length of optical path [ cm ] 
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A reference experiment was carried out in complete darkness. The reaction tube 

was enclosed in foil and in a cardboard shell with the additional precaution of 

having as little artificial lighting in the lab as safety allows. Another reference 

reaction was carried out in ambient laboratory lighting, meaning no fume hood 

light although no light shielding material either. The purpose of the ambient light 

reaction was to determine if there would be a clear relation between radiation 

power and reaction rate. 

All experiments were carried out at 25 °C in propylene carbonate. Water was 

added measured to be 5 vol-% of the used PC volume. All reactions except for 

the visible light irradiation were stirred and irradiated for 6 hours. The visible 

light irradiation was only cycled in 5 min intervals during 2 hours due to improper 

cooling in order to avoid deterioration of the LED die. The visible light irradiation 

setup is presented in Figure 45. It is worth mentioning that no potentiometer was 

assembled in the power unit. In practice this means that the light output could 

not be regulated. The LED was either on, with full 20 W irradiation not accounting 

for heat losses due to resistive load, or off. 

 

 

Figure 45. Visible light irradiation setup. The screening reaction on the left and 
a follow up reaction in larger scale on the right. 
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The relative impurity levels for the four different irradiation experiments were 

investigated by HPLC. The results for the experiment in darkness is presented in 

Figure 46, the ambient light reaction in Figure 47, the UV radiated experiment 

in Figure 48 and finally the visible light irradiated experiment in Figure 49. 

Figure 46. Reaction in PC at 25 °C in complete darkness. 

 

Figure 47. Reaction in PC at 25 °C in ambient light. 
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Figure 48. Reaction in PC at 25 °C while UV-irradiated. 

 

Figure 49. Reaction in PC at 25 °C while Vis-LED-irradiated. 

It can clearly be deduced that even the slightest amount of visible light has a 

significant enhancing effect on the reaction in terms of relative purity. The 

experiment that was done in darkness performs quite identically to the wet 

experiment in the moisture screening section 5.3.5.  
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Only a minor difference is detected relating to the rate of change in the purity 

levels, making the wet experiment performed earlier slightly faster. This is by 

now obviously due to the lack of foil encapsulation of the reaction vessel in the 

moisture screening reactions. The small amount of ambient light has altered the 

rate favorably, although the final levels are still similar and reproducible in cross 

comparison. 

The UV irradiation seems to have had no detectable difference to the dark 

reference reaction in terms of purity. The only explanation to this is that the 

transmitted UV-light was not intensive enough or that the reaction is not 

activated by low wavelengths. Follow-up reactions to verify these statements 

were not done as visible light provided adequate results and since it can be seen 

as the less energetic source of radiation. 

The visible light irradiated reaction showed a truly remarkable enhancement of 

the relative purity. The first sample was taken after one hour and follow up 

samples did not show any difference. The reaction had thus gone to completion 

in less than one hour. Similar results can be seen in the conversion chart for all 

of these four screened cases – it is presented in Figure 50. Since the Vis-LED 

experiment was quenched after 2 hours its dataset was extrapolated to 4 hours 

using the 2 hour result. 

 

Figure 50. Conversion of acrylonitrile in irradiation experiments. 
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Most importantly, a clear relationship between the reaction rate and the final 

conversion can be deduced as a function of visible light irradiation. Since 

acrylonitrile conversion is directly related to the product yield the addition 

reaction step is well optimized indicated by these results. 

5.3.7. Base assisted elimination reaction 

The product of the earlier presented screening reactions of the split pathways 

was the sulfur-carbon coupled product - the iodosulfone 7. This product had to 

undergo an elimination reaction to afford the arylsulfonylpropenenitrile 1. 

Eliminations of identical iodosulfones or near analogs have been presented 

earlier in several publications [11–14,18]. 

All of the publications have used TEA as the base for the elimination, mostly in 

chlorinated solvents. An exception to this is the publication by I. Knunyants et 

al. [12] as they used a 10 w-% sodium hydrogen carbonate solution as base. 

Contrary to the published articles and inspired by the methodology of  

the one-pot pathway, the elimination reaction was done directly after the 

addition reaction without isolation of the intermediate iodosulfone 7. 

Only three different bases were screened. The screened bases were NaOH, 

NaOAc and TEA. The screening was done at room temperature with 2 equivalents 

of each base. NaOH caused lower product yield and a significant unresolved 

impurity. No reaction was detected by using NaOAc. The only viable base of these 

three was thus TEA, which resulted in full elimination is less than 30 minutes 

without introduction of any apparent impurities. However, using TEA caused a 

discoloration of the mixture of the product isomers. The isolated product in 

completely pure form is a white powder, alas using TEA results in a brown 

powder. No difference in 1H NMR and HPLC were detected when the white and 

brown variants were compared. 

No reason for this discoloration was detected, however, one publication [18] noted 

that overexposure of a similar chlorosulfone to TEA caused a black tar that they 

assumed was caused by anionic polymerization. It could thus be possible that a 

very small amount of the compound polymerized – barely enough to cause 

discoloration but no significant analytical anomaly. 



 

50 
 

5.3.8. Work-up and isolation 

The work-up had to be designed to remove as much as possible of the different 

impurities that formed due to side reactions. The first notion was that elemental 

iodine as a byproduct had to be removed as all reaction mixtures turned slightly 

darker or even completely black. It was determined that iodine could be removed 

with aqueous thiosulfate solution, as in the one-pot pathway. However, the base 

elimination step presented in section 5.3.7 had to be done prior to removing 

iodine. The reasoning was that the base elimination step will result in a slightly 

basic solution overall avoiding decomposition of thiosulfate in acidic conditions. 

This decomposition [50] is presented in Equation 3. 

Na2S2O3 + 2 HCl → 2 NaCl + S + SO2 + H2O (3) 

Traces of iodine were thus easily removed by washing once with a dilute 

thiosulfate solution after confirming the reaction mixture to be slightly basic 

before initiation of the washing. 

Removal of leftover acrylonitrile was investigated by determining its partition 

between the organic phase and the water phase when the phase volumes were 

equal. It was determined that approximately 15-20% of the acrylonitrile is 

transferred to the water phase in each washing step. It is notable that the result 

is not explainable by having reached a saturation point, which is approximately 

70 g / L [51]. This indicated that washing operations with water were not utilizable 

to remove acrylonitrile efficiently. 

However, it was found out that water washing operations were efficient in 

transferring the main impurity, IMP-C, from the organic phase to the water 

phase. It was determined that approximately 90% of IMP-C is partitioned to the 

water phase in each washing. This is a completely expected result as IMP-C is a 

rather strong Brønsted acid. 

There was no need to consider any additional washing operations since no 

significant levels of impurities exist after the optimized addition stage and since 

IMP-C content is practically reduced to 1% after two washing steps.  
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It was determined that the trace impurities will be removed by isolation of the 

product from the washed organic phase. A somewhat unconventional  

procedure for isolation had to be developed as the final solvent choice,  

propylene carbonate, has an uncommonly high boiling point, 243 °C at 

atmospheric pressure. [44] Using general industrial procedure, meaning 

evaporation of the solvent, would require harsh temperatures with even an 

excellent vacuum. This might result in at least partial decomposition of the 

product as it was explained earlier in section 5.3.3 that already 75 °C resulted 

in full decomposition of the product in less than 24 hours. However, 

decomposition is not necessarily taking place since the composition of the 

reaction mixture is very different at this stage compared to the the composition 

during the temperature screening experiments.  

A process requiring no heating was developed based on the moderate solubility 

of propylene carbonate in water and vice versa. At 30 °C the phase composition 

of the organic phase is 92 w-% propylene carbonate and the rest water whereas 

the composition of the water phase is 78 w-% water and the rest propylene 

carbonate. Heating has no significant effect to these solubilities as the respective 

values at 50 °C are 86 w-% and 74 w-%. [52,53] 

The developed work-up to remove the propylene carbonate was combined with 

the purpose of washing off the formed IMP-C. Large excesses of water in contrast 

to the organic phase volume were used to transfer IMP-C and reduce the volume 

of the organic phase. As the product arylsulfonylpropenenitriles were determined 

to be completely insoluble in water this operation was perhaps the only viable 

method to remove propylene carbonate. As the volume of the organic phase was 

minimized and since water also was mixed in the remaining organic phase, the 

product was precipitated out. The efficiency of this precipitation depends on the 

amount of water used. 

The precipitated product was filtered off into a Buchner funnel and dried by 

excess air flow and by removal of trace water in high vacuum. In plant scale this 

operation could easily be carried out with a pressure filter or a centrifuge 

followed by a tray dryer or a mixing dryer.  
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6. Impurities 

The major impurities of the synthetic routes are dimerization products of sulfonyl 

radicals with varying oxidation states at sulfur. Only the p-tolyl analogs of the 

impurities are presented, although the equivalent phenyl analogs are formed in 

identical manner in synthetic routes utilizing the respective benzenesulfonyl 

substrates. 

6.1. IMP-A: Bis-(p-tolyl)-disulfone 

The impurity labeled IMP-A is a dimer of two p-toluenesulfonyl units. Its structure 

is presented in Figure 51. 

 

Figure 51. Structure of IMP-A. 

A significant amount of IMP-A formed in the one-pot pathway. This is most likely 

due to a reaction between the in situ formed p-toluenesulfonyl iodide and sodium  

p-toluenesulfinate that was used as a substrate. Different reaction pathways 

including sulfonyl halides have been investigated in earlier publications [54] and 

one particular experiment adds credibility to the stated hypothesis. The 

experiment is presented in Figure 52. 

 

Figure 52. IMP-A as a byproduct in a resembling experiment. 
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This impurity was not detected in the majority of screening experiments for the 

split pathway. This is presumably due to the fact that p-toluenesulfinate is not 

present in the sulfur-carbon bond forming stage of the split pathway. The  

p-toluenesulfinate was used to synthesize the precursor TsI which was used for 

the addition stage. Residual sulfinate was removed in the precursor work-up 

stage by a water washing operation. 

Low levels of IMP-A were detected in the split pathway only upon very intensive 

and time excessive irradiation with visible light. It could perhaps be caused by 

an extremely high rate of sulfur-iodine bond cleavage in TsI and due to this excess 

of p-toluenesulfonyl radicals some dimerization could occur due to spin pairing.  

No control experiments were made to prepare this particular impurity as it was 

identified by a multitude of analytical means from the isolated compound.  

Should need arise, it could be synthesized from inexpensive reagents in a simple 

sonochemical reaction. This method is presented in Figure 53 and it is  

noteworthy that the synthesis yield of 69% is among the highest reported for this  

compound. [55] 

 

Figure 53. Sonochemical reaction utilizable to prepare IMP-A. 

IMP-A can be hydrolyzed in base to afford water soluble p-toluenesulfinate and 

p-toluenesulfonate. By similar approach the disulfone sulfur can be attacked by 

any ionic nucleophile to break the disulfone bond and afford a  

p-toluenesulfonyl substituted with the nucleophile and a p-toluenesulfinate. 

Reaction rates with small charged nucleophiles, such as hydroxide, greatly 

exceeded other nucleophiles. This was assumed to be caused mainly by steric 

bulk around the sulfur-sufur bond. [56,57] 

The disulfone sulfur-sulfur bond is homolytically cleaved upon UV-irradiation to 

produce p-toluenesulfonyl radicals. [58] This could be a method to employ 

potentially formed IMP-A in constructive reactions to afford the target product.  
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6.2. IMP-B: p-tolyl p-toluenethiosulfonate 

This impurity consist of a p-toluenesulfonyl unit attached to a p-toluenethiol unit 

via sulfur-sulfur linkage. The structure of this impurity is presented in Figure 54.   

 

Figure 54. Structure of IMP-B. 

IMP-B was the major impurity detected in the one-pot pathway, accounting for 

20-25% of the crude product. It was a minor impurity in the split pathway that 

formed especially in dry conditions. Reactions that were carried out in 2-MeTHF 

had detectable levels of IMP-B that were slightly rising upon extended heating. 

IMP-B was detected in large amounts in the reaction using PC only at 75 °C.  

The significant prevalence of IMP-B in the one-pot pathway was most likely 

caused by sodium iodide that was released as a byproduct. Sodium iodide acts as 

a reductant and is presumably able to reductively couple in situ formed tosyl 

iodide to form IMP-B. [59] 

A plausible radical chain leading to the formation of IMP-B is presented in 

Figure 55. The radical termination of p-toluenesulfonyl radicals and  

p-toluenesulfinyl radicals has been investigated to some degree [11,60]. It has been 

confirmed during this thesis that iodine is released in small amounts due to a 

side-reaction during the synthesis, which supports the first step shown in  

Figure 55. This is most evident by the gradual color change of the mixture from 

transparent to black, especially in the slow temperature screening reactions. 

A control reaction was carried out to synthesize IMP-B. The synthesis started from 

IMP-D that was synthesized prior to IMP-B. The thiosulfonate was synthesized by 

iodine assisted oxidative sulfenylation of the disulfide. The reaction is presented 

in Figure 56. The synthetic process was adapted from a publication by K. Fujiki 

et al. [61] 
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Figure 55. Plausible radical chain that forms IMP-B. 

 

Figure 56. Synthesis of IMP-B by oxidative sulfenylation of IMP-D. 

Since IMP-B was synthesized from IMP-D in a control experiment it comes as no 

surprise that IMP-D forms in hydrolysis of IMP-B. The hydrolysis of IMP-B in basic 

solutions is presented in Figure 57. The kinetics of the hydrolysis were studied 

by J. Kice et al. The hydrolysis reaction is rapid. [62] 

 

Figure 57. Balanced scheme of base induced hydrolysis of IMP-B. 
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6.3. IMP-C: p-toluenesulfonic acid 

p-toluenesulfonic acid labeled IMP-C was detected in the reaction mixture in 

each HPLC analysis. Its structure is presented in Figure 58. 

 

Figure 58. Structure of IMP-C. 

A plausible route of formation of IMP-C is presented in Figure 59. Simple addition 

of water should displace the iodine with a hydroxyl group affording hydroiodic 

acid as the byproduct. This explanation makes it extremely questionable to 

deliberately add water to the reaction mixture as the moisture sensitivity results 

in section 5.3.5 indicated better performance in wet solvent. However, this route 

is likely due to increased relative levels of IMP-C in the HPLC analysis of the wet 

experiments. Another supporting fact as to the nature of this impurity is the 

detected lowered pH of the reaction mixture, values reaching commonly pH < 2. 

 

Figure 59. Potential major route of IMP-C formation. 

IMP-C was identified by comparing the HPLC retention time and spectral response 

of a commercial sample of p-toluenesulfonic acid to the reaction mixture.  

This impurity is by far the easiest to remove as it dissociates in aqueous 

conditions favoring the water phase 9:1 with respect to PC. A slightly basic 

aqueous phase would likely shift the ratio almost quantitatively in favor of the 

water phase. 
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6.4. IMP-D: p-tolyl disulfide 

IMP-D being p-tolyl disulfide has only been detected in very low levels without 

any reproducible pattern. The structure is presented in Figure 60. 

 

Figure 60. Structure of IMP-D. 

IMP-D is the end product of an alkaline hydrolysis of IMP-B. In this sense a 

plausible explanation to non-pattern minute quantities of IMP-D could be 

attributed to spontaneous hydrolysis of IMP-B. 

This impurity was also synthesized in a control experiment. A slightly modified 

procedure to what B. Zeynizadeh had published [63] was used. The reaction  

conditions were identical to the publication favoring the use of iodine for the 

oxidative coupling. The work-up was modified to precipitate the product out 

instead of extracting it to an organic solvent, for practical reasons. The isolated 

crude product was completely pure without additional purification steps. The 

reaction is presented in Figure 61. 

 

Figure 61. Control experiment to synthesize IMP-D. 

The disulfide bond is rather hard to break without using reducing agents, 

although it can be hydrolyzed in base. Full conversion with alcoholic potassium 

hydroxide was achieved by heating the mixture to 70 °C for 1 hour with 1.5 M 

NaOH. [64] Needless to say, these conditions would cause serious damage to the 

target product as well. 
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7. Conclusions 

The initial one-pot pathway was seen unfit for proper optimization due to 

inevitable side-reactions taking place without major modifications to the route. 

The crude yields were at best below 45% of which approximately 65% constituted 

the mixture of desired product isomers leading to a product yield circling 25%. 

The remainder of the crude product was mostly IMP-A and IMP-B in the ratio 1:2.  

The split pathway was screened quite comprehensively with respect to reaction 

solvent, temperature and irradiation effects just to name a few parameters. It 

was found out that the reaction generally affords better yields of product without 

optimization compared to the one-pot reaction. It was deduced that thermal 

decomposition of tosyl iodide was not very favorable since it increased the 

relative rate of side-reactions. The solvent of choice was propylene carbonate 

which performed best in the range of 25–50 °C. Moisture in the solvent was 

determined to reduce IMP-B in exchange for IMP-C which is water soluble. The 

decision of whether moisture truly is favorable in the fast photocatalyzed 

reaction remains questionable.  

Due to incorporation of photocatalysis the conversion of acrylonitrile peaked at 

95% within 1 hour of irradiation. Since acrylonitrile only reacts in the constructive 

reaction towards the target product, the yields are comparable with the 

conversion. 

The developed work-up procedure is rather unorthodox to common practice of 

product crystallization. As propylene carbonate cannot be distilled from the 

reaction mixture without elevated temperatures in excellent vacuum due to its 

high boiling point, it had to be removed by washing. Propylene carbonate is 

moderately soluble in water. The repeated water washings of the organic phase 

served a dual-purpose of washing off water soluble impurities, such as IMP-C, and 

to concentrate the organic phase in order to induce precipitation of the product. 

The precipitated product could then be separated from the supernatant affording 

a pure crude product in approximately 80% yield with discoloration caused by the 

choice of base, triethylamine. 

The optimized reaction scheme is presented in Figure 62. 
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Figure 62. Optimized reaction scheme. 

Scale-up was carried out to batch sizes of 100 mmol, corresponding a theoretical 

product mass of 20.7 g. No scale-up effects were noticed and the synthesis is 

ready for kilo-scale testing. 

The developed process is apparently novel for the synthesis of 

arylsulfonylpropenenitriles, although photocatalysis has been reported for other 

arylsulfonyl derivatives [25]. The process is exceptionally remarkable due to no 

additional requirement of a photocatalyst or a photosensitizer as the substrate 

is directly activated by visible light irradiation. In addition, the initial desire of 

developing a catalyzed process without use of metal catalysts has thus been 

successful. 

Future performance of the process is dependent on how effectively the 

photocatalysis can be adapted to plant-scale. With additional development 

focusing on intermediate elimination and product isolation, the process is 

expected to perform even better. 

Finally, since the stereoelectronic effects had previously been investigated by 

other research groups, and their results presented in conjunction with the 

mechanism, it is concluded that this developed process should be efficient in 

producing any single or multi substituted arylsulfonylpropenenitrile in a high 

yield. Inexorably, incompatibility of substrates might arise due to side reactions 

with certain arene substituents, but their properties should not impact the 

catalyzed addition reaction. 
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8. Suggestions for future research 

Several additional investigations and experiments could be made to resolve 

existing and new questions that arose during this research. While the developed 

process is more robust than previous publications it is not fully optimized in terms 

of some variables. 

While propylene carbonate was found out to work extremely well, the product 

isolation could be more economic and faster by using solvents that could be 

either concentrated to induce crystallization of the product or such that are fully 

miscible in water. Acetonitrile was already reasoned in section 5.2.1, but it is 

definitely worth screening. However, only aprotic non-nucleophilic solvents are 

presumably suitable since nucleophilic solvents will to some degree substitute 

the halogen in the precursor tosyl iodide to generate different tosylates. These 

have been found out to be formed very rapidly [65] which also gives reason to 

avoid high alcoholic content in the preparation stage of the precursor. No 

significant difference exists between bulkier isopropanol [66] and sterically small 

methanol [67]. 

If the solvent cannot be changed the amount of PC should be minimized. In order 

to reduce the rather large volume of water needed, and thus the amount of waste 

water generated, the organic phase volume should be minimized. Additionally, 

minimization of the reaction solvent volume would enable the use of smaller 

reactors and would also accelerate the reaction rate. The precursor would also 

be activated faster by reducing disturbance via light scattering in the solvent 

media, enabling the use of less effective light sources. 

Since additional water in the reaction mixture leads to some degree to 

substitution forming p-toluenesulfonic acid the reaction should be carried out 

with vis-LED irradiation in dry or only residual water conditions, that is without 

added water. The regular dry experiment coupled with elevated temperature 

resulted in rising IMP-B levels and lower reaction rate, but as the rate is enhanced 

immensely by light irradiation the reaction might not suffer from impurities 

under dry conditions. 
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A different base from TEA, NaOH and NaOAc should be screened. Organic bases 

might be too strong and cause minor unwanted reactions leading to color change 

in the isolated product. Potential color anomalies could also be caused by small 

amounts of inorganic adducts or elemental iodine trapped in the product crystals. 

Furthermore, amine bases are in general considered, if not outright toxic, at 

least best avoided in favor of inorganic bases. In this sense, good candidates for 

the screening are different inorganic hydrogen carbonates and carbonates. 

Spiking tests with the resolved impurities should be carried out to pinpoint any 

inconsistence in the reaction mechanism. The proposed mechanism does not 

account for potential catalysis of or dependence on the formed impurities. 

Review comments indicated potential involvement of IMP-C in secondary 

mechanisms to form the target products. 

The absorption spectrum for p-toluenesulfonyl iodide should be determined with 

high accuracy absorbance measurements in order to determine the correct 

wavelength of activation. Significantly higher energy efficiency can be attained 

by selecting the appropriate region of wavelengths. The most optimal 

wavelength is likely in the blue light region of the visible spectrum, based on 

simple bond strength approximations. 

Finally, it could be profitable to investigate the suitability to transfer the current 

batch process to a continuous flow process. This would allow a steady and cost-

efficient production in larger scales. A quite interesting parallel tube reactor 

principle has recently been developed [68] for synthesis on kilogram scale. The 

regular problem with photocatalyzed batch reactors is the small irradiation area 

that can be attained compared to continuous flow reactors. 
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9. Experimental 

Propylene carbonate was acquired from Kemira Oyj and assumed to be factory 

bulk quality. Ethanol was acquired from Altia Oy. Acrylonitrile and sodium  

p-toluenesulfinate were acquired from Sigma-Aldrich. Iodine was acquired from 

TCI. Sodium benzenesulfinate was acquired from Alfa Aesar. All other solvents 

used were acquired from Merck. 

General procedure for the one-pot pathway 

Sodium p-toluenesulfinate (3) (130 mol-%, 24.05 g) was suspended in EtOAc

(300 mL). Acrylonitrile (6) (100 mmol, 6.55 mL) and iodine (130 mol-%, 33.00 g)

were added. The reaction mixture was heated to reflux and held so for 1 h. The

mixture was cooled down to 40 °C and NaOAc (100 mol-%, 8.20 g) was added.

The mixture was re-heated to reflux and held so for 15 min after which it was

cooled to rt. The reaction was quenched by addition of Na2S2O3 (10 w-%, 450 mL)

whereby the mixture was decolorized to a faint yellow tint. The organic phase

was washed with NaHCO3 (sat. 100 mL) and brine (2x100 mL). The organic layer

was dried over Na2SO4 and concentrated affording 8.65 g of a slightly yellow

white solid (42%). The crude mixture was recrystallized from EtOAc and hexanes

several times to afford 4.03 g (20%) of a white solid identified as the E-isomer of

the target product (1). The Z-isomer was obtained by CombiFlash® separation

from the supernatant (APPENDIX 24) affording 0.61 g (3%) as a white solid.

(E)-3-(p-tolyl)sulfonylprop-2-enenitrile (1-E): 

1H NMR (400 MHz, CDCl3, ppm) δ 7.81–7.75 (m, 2H), 7.44–7.37 (m, 2H), 7.21  

(d, J = 15.7 Hz, 1H), 6.51 (d, J = 15.7 Hz, 1H), 2.48 (s, 3H). 13C NMR (100 MHz, 

CDCl3, ppm) δ 149.36, 146.55, 134.22, 130.60, 128.59, 113.41, 110.12, 21.80. 

UV-spectrum (HPLC): APPENDIX 2. Retention time (HPLC): 6.6 min. 

(Z)-3-(p-tolyl)sulfonylprop-2-enenitrile (1-Z): 

1H NMR (400 MHz, CDCl3, ppm) δ 7.92–7.86 (m, 2H), 7.45–7.38 (m, 2H), 7.08  

(d, J = 11.3 Hz, 1H), 6.03 (d, J = 11.3 Hz, 1H), 2.48 (s, 3H). 13C NMR (100 MHz, 

CDCl3, ppm) δ 148.52, 146.58, 135.02, 130.42, 128.63, 111.99, 108.12, 21.82. 

UV-spectrum (HPLC): APPENDIX 2. Retention time (HPLC): 6.1 min. 
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One-pot synthesis using water as solvent 

Sodium p-toluenesulfinate (3) (120 mol-%, 1.07 g) was dissolved in water (20 mL). 

Iodine (120 mol-%, 1.52 g) was added, nothing happened. Acrylonitrile (6)  

(5 mmol, 0.33 mL) was added and the mixture was rapidly stirred at room 

temperature. The iodine dissolved gradually and yellow precipitate formed. The 

stirring was continued for 2 hours. A solution of Na2S2O3 was added (10 w-%,  

20 mL) and the mixture decolorized. The precipitate was separated by filtration 

using a Buchner-funnel. The yellow solid was analyzed by 1H NMR revealing it to 

be p-toluenesulfonic iodide (5). 

Mechanism probing with inhibition by TEMPO: 

Sodium p-toluenesulfinate (3) (100 mol-%, 0.36 g) was suspended in EtOAc  

(10 mL). Acrylonitrile (6) (2 mmol, 130 µL), iodine (100 mol-%, 0.51 g) and TEMPO 

(100 mol-%, 0.31 g) were added. The reaction mixture was heated to reflux and 

held so for 1 h. The solvent was evaporated in vacuo. The black residue was 

analyzed by 1H NMR. No target product (1) or intermediate product (7) was 

detected. 

[Precursor] p-toluenesulfonyl iodide (5) 

Sodium p-toluenesulfinate (3) (105 mol-%) was dissolved in 250 mL of distilled 

water. A 50 mL solution of iodine (25 mmol) in ethanol was added slowly during 

2 minutes to the vigorously stirred solution of sodium p-toluenesulfinate. A 

precipitate started forming immediately upon addition. The resulting slurry was 

stirred for an additional 3 minutes and vacuum filtered into a Buchner-funnel. 

The precipitate was washed with distilled water during filtration and dried on 

the filter paper by using extended air flow. Residual water was removed, where 

needed, by high-vacuum in a foil-encapsulated bottle affording 6.83 g (97%) of a 

yellow powder. The product disproportionates under UV-vis radiation and even 

in room temperature and should be used as fast as possible for follow-up 

synthesis. Figure 63 visualizes the fresh product and the partially decomposed 

product. 
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Characteristics: 1H NMR (400 MHz, CDCl3, ppm) δ 7.78–7.73 (m, 1H), 7.36–7.32  

(m, 1H), 1.57 (s, 1H). 13C NMR (100 MHz, CDCl3, ppm) δ 147.56, 146.30, 129.71,  

125.46, 21.82. mp 87-92 °C (decomp.) (lit. 90 °C (decomp.) [69] ). UV-spectrum 

(HPLC): APPENDIX 2. Retention time (HPLC): 8.5 min.  

 

Figure 63. Fresh TsI (left) and partially decomposed TsI after 2 days (right). 

 

General screening procedure for addition reaction in the split pathway 

Utilizing the Radley Carousel 12 Plus Reaction Station™. Solvent (20 mL)  

was charged in a 40 mL tube followed by addition of acrylonitrile (6)  

(5 mmol, 0.33 mL).  

If specified: Water was added to the mixture (5 vol-% of the organic solvent). 

Under constant stirring p-toluenesulfonyl iodide (5) (100 mol-%, 1.41 g) was 

added. The reaction mixture was adjusted to the target temperature and  

held so. 

If specified: Irradiation of the mixture was carried out in accordance with the 

screening specification. 

The reaction mixture was stirred for at least 24 h, unless otherwise stated and 

monitored by taking periodic HPLC samples. The reaction mixture was adjusted 

to room temperature and disposed without product isolation. 
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[Intermediate] 2-iodo-3-tosylpropanenitrile (7): 

A reaction was carried out following the general screening procedure for the split 

path with addition of water and light irradiation for 1 hour at 25 °C in propylene 

carbonate. The reaction mixture was washed with sodium thiosulfate solution 

(10 w-%, 20 mL) and with a copious amount of water to precipitate the product 

as a white solid. The solid was collected in a Buchner-funnel, dried with excess 

air flow and residual water removed in high vacuum affording a white powder 

with an average isolated yield of 88%. 

Characteristics: HRMS (ESI, m/z): [M+K]+ = 373.9140, [M+MeCN+Na]+ = 398.9670, 

[2M+Na]+ = 692.8896. 1H NMR (400 MHz, CDCl3, ppm) δ 7.86–7.81 (m, 2H),  

7.44–7.40 (m, 2H), 4.62 (dd, J = 11.0, 4.1 Hz, 1H), 3.90 (dd, J = 14.5, 11.0 Hz, 

1H), 3.69 (dd, J = 14.5, 4.1 Hz, 1H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3, ppm) 

δ 146.45, 134.61, 130.49, 128.57, 116.84, 62.14, 21.82. IR: νmax (ATR, cm-1) 2236 

(CN), 1301 (SO), 1144 (SO). mp 144-146 °C (decomp.) (lit. 150-152 °C (decomp.) 

[14]). UV-spectrum (HPLC): APPENDIX 3. Retention time (HPLC): 6.6 min. Insoluble 

in water. Soluble in most organic solvents. 

[IMP-A] bis-(p-tolyl)-disulfone (32): 

Isolated, not synthesized.  

Characteristics: HRMS (ESI, m/z): [M+Na]+ = 333.0242, [M+MeCN+Na]+ = 374.0521, 

[2M+Na]+ = 643.0610. 1H NMR (400 MHz, CDCl3, ppm) δ 7.86–7.82 (m, 4H),  

7.45–7.41 (m, 4H), 2.51 (s, 6H). 13C NMR (100 MHz, CDCl3, ppm) δ 148.11, 131.50, 

130.40, 127.99, 22.04. mp 198-201 °C (lit. 206 °C [54]). UV-spectrum (HPLC): 

APPENDIX 3. Retention time (HPLC): 9.6 min. Low solubility in most solvents, 

dissolves to some degree into methanol and DMSO.  

[IMP-B] p-tolyl p-toluenethiosulfonate (34) 

p-tolyl disulfide (35) (10 mmol, 2.46 g) was dissolved in acetonitrile (50 mL) and 

iodine (200 mol-%, 5.08 g) was added. To this vigorous stirred mixture was added 

a solution of sodium p-toluenesulfinate (220 mol-%, 3.92 g) in water (10 mL) 

slowly under 15 minutes. The reaction was quenched after 2 hours by addition of 

a 10 w-% Na2S2O3 solution until decolorization of the mixture. Water was added 

with vigorous stirring until complete precipitation of the product had occurred. 
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The precipitate was filtered off, dried in vacuo and recrystallized from a  

hot-filtrated mixture of EtOAc and hexanes affording 3.96 g (71%) of a white 

solid. The filtration served to remove most of IMP-A formed as a byproduct. 

Slower addition rate and no excess of sodium p-toluenesulfinate recommended. 

Characteristics: HRMS (ESI, m/z): [M+K]+ = 317.0068, [M+MeCN+Na]+ = 342.0611, 

[2M+Na]+ = 579.0821. 1H NMR (400 MHz, CDCl3, ppm) δ 7.48–7.44 (m, 2H),  

7.25–7.20 (m, 4H), 7.16–7.11 (m, 2H), 2.42 (s, 3H), 2.38 (s, 3H). 13C NMR  

(100 MHz, CDCl3, ppm) δ 144.57, 142.04, 140.50, 136.51, 130.21, 129.37, 127.61, 

124.62, 21.67, 21.49. mp 89-91 °C (lit. 92-94 °C [70]). UV-spectrum (HPLC): 

APPENDIX 4. Retention time (HPLC): 12.0 min. 

[IMP-C] p-toluenesulfonic acid (36) 

Not isolated, not synthesized. Commercially available. UV-spectrum (HPLC): 

APPENDIX 4. Retention time (HPLC): 2.5 min. Dissolves well in water and in polar 

organic solvents. 

[IMP-D] p-tolyl disulfide (35) 

p-toluenethiol (30 mmol, 3.73 g) was dissolved in a 60 mL mixture of acetonitrile 

and water (5:1). Iodine (50 mol-%, 3.81 g) was added with rapid stirring. The 

mixture was stirred for 5 minutes and quenched by addition of dilute Na2S2O3 

solution until decolorization of the mixture. Water was added under vigorous 

stirring until no additional solids precipitated. The precipitate was filtered off 

affording 7.11 g (96%) of a white solid. Insoluble in water. Dissolves in most 

organic solvents. 

Characteristics: 1H NMR (400 MHz, CDCl3, ppm) δ 7.40–7.36 (m, 4H), 7.12–7.08  

(m, 4H), 2.32 (s, 6H). 13C NMR (100 MHz, CDCl3, ppm) δ 137.46, 133.91, 129.79,  

128.55, 21.06. UV-spectrum (HPLC): APPENDIX 5. Retention time (HPLC):  

14.9 min. 
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APPENDIX 1 - VISIBLE LIGHT IRRADIATION APPARATUS SPECIFICATION 

IRRADIATION SOURCE: 

 

Power: 20 W 

Source area: 24 mm x 24 mm 

Primary voltage: 230 VAC 

Forward voltage: 30-36 VDC 

Forward current: 600 mA 

Luminous flux: 90-120 lm/W 

Beam angle: 120 ° 

Wavelengths: corr. cold white 

Vessel distance:  2-4 mm 

The apparatus was self-assembled and welded from electronic waste, with the 

exception of the LED chip which was bought via eBay for approximately 5 €. 

THE COMPLETE APPARATUS: 

 



APPENDIX 2 - UV SPECTRA OF RELEVANT COMPOUNDS 

(E/Z)-p-toluenesulfonylpropenenitrile (1) 

 

 

p-toluenesulfonyl iodide (5) 
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APPENDIX 3 - UV SPECTRA OF RELEVANT COMPOUNDS 

2-iodo-3-p-toluenesulfonylpropionitrile (7) 

 

 

IMP-A: Bis-(p-tolyl)-disulfone (23) 
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APPENDIX 4 - UV SPECTRA OF RELEVANT COMPOUNDS 

IMP-B: p-tolyl p-toluenethiosulfonate (25) 

 

 

IMP-C: p-toluenesulfonic acid (27) 
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APPENDIX 5 - UV SPECTRA OF RELEVANT COMPOUNDS 

IMP-D: p-tolyl disulfide (26) 
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APPENDIX 6 - 1H NMR SPECTRUM OF TARGET (E)-ISOMER (1-E)



APPENDIX 7 - 13C NMR SPECTRUM OF TARGET (E)-ISOMER (1-E)



APPENDIX 8 - 1H NMR SPECTRUM OF TARGET (Z)-ISOMER (1-Z)



APPENDIX 9 - 13C NMR SPECTRUM OF TARGET (Z)-ISOMER (1-Z)



APPENDIX 10 - 1H NMR SPECTRUM OF P-TOLUENESULFONYL IODIDE (5)



APPENDIX 11 - 13C NMR SPECTRUM OF P-TOLUENESULFONYL IODIDE (5)
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APPENDIX 12 - HRMS SPECTRUM OF 2-IODO-3-TOSYLPROPANENITRILE (7)



APPENDIX 13 - 1H NMR SPECTRUM OF 2-IODO-3-TOSYLPROPANENITRILE (7)



APPENDIX 14 - 13C NMR SPECTRUM OF 2-IODO-3-TOSYLPROPANENITRILE (7)



APPENDIX 15 - IR-ATR SPECTRUM OF 2-IODO-3-TOSYLPROPANENITRILE (7)
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APPENDIX 16 - HRMS SPECTRUM OF BIS-(P-TOLYL)-DISULFONE (32)



APPENDIX 17 - 1H NMR SPECTRUM OF BIS-(P-TOLYL)-DISULFONE (32)



APPENDIX 18 - 13C NMR SPECTRUM OF BIS-(P-TOLYL)-DISULFONE (32)
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APPENDIX 19 - HRMS SPECTRUM OF P-TOLYL P-TOLUENETHIOSULFONATE (33)



APPENDIX 20 - 1H NMR SPECTRUM OF P-TOLYL P-TOLUENETHIOSULFONATE (34)



APPENDIX 21 - 13C NMR SPECTRUM OF P-TOLYL P-TOLUENETHIOSULFONATE (34)



APPENDIX 22 - 1H NMR SPECTRUM OF P-TOLUENE DISULFIDE (35)



APPENDIX 23 - 13C NMR SPECTRUM OF P-TOLUENE DISULFIDE (35)



Page 1 of 1

Sample Name:tka-b11
Date: 09 Nov 2016
RediSep Column:12 g
Run length: 16 min
Detection wavelength (red): 254 nm
Monitor wavelength (purple): 280 nm
Wavelength ratio (green)
Flow Rate: 30 ml/min
Equilibration Volume:76 ml
Initial Waste:0 ml
Rack:16 mmx 150 mmtubes
PeaksTubeVolume : 18.0 ml
Non PeaksTubeVolume: 18.0 ml
TubeCollection Pattern: Standard
Non-peakeffluent collected
PeakDetection
Slope-based

Sensitivity: High
PeakWidth: 1 min

--OR --
Threshold: 0.2 AU

Solvent A: (hexane,Reservoir A1)
Solvent B: (ethyl acetate,Reservoir B1)

RunNotes:

Rack :1

Peak Tube Peak Tube
1 5 to 6
2 17 to 20

3 21 to 23

APPENDIX 24 - COMBIFLASH® SEPARATION OF PRODUCT ISOMERS
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