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Abstract 

Peptidyl vinyl sulfones are a class of irreversible protease inhibitors due to their covalent 

bonding to a cysteine residue in the enzyme active site and have proven anti-trypanosomal 

activity. The traditional linear synthesis route is limited to commercially available single 

enantiomer precursors. Therefore, only the (S)-configuration vinyl sulfone can be formed and 

the range of substituents available is also limited.  

Presented herein is a new synthetic route to the vinyl-sulfone-based protease inhibitors. This 

new strategy features an enantioselective α-amination Horner-Wadsworth-Emmons reaction 

and the obtained enantioenriched N,N’-di-protected trans-[phenyl(sulfonyl)]vinyl hydrazine 

intermediates were successfully converted into both diastereomers of dipeptidyl vinyl sulfones . 

 

Chapter 1 introduces the chemistry and biology of vinyl sulfones. It briefly covers the 

background of cysteine proteases and specific bioactivity of cysteine proteases in parasites and 

viruses. Chapter 2 describes the attempts to synthesise peptide-based vinyl sulfones through an 

aminooxylation Horner-Wadsworth-Emmons reaction and the problematic reductions of the 

intermediate γ-azido vinyl sulfones. 

 

Chapter 3 describes the development of an α-amination Horner-Wadsworth-Emmons featured 

synthetic route. The conversion of these γ-hydrazino vinyl sulfones to the desired γ-amino 



ix 

 

substituted compounds was achieved through a Boc-deprotection, Zn reduction, N-

functionalisation sequence. This process enabled synthesis of the aimed dipeptide-based vinyl 

sulfones inhibitors, including the well-studied cysteine proteases inhibitor K11777 and its 

diastereomer. The deprotected enantioenriched vinyl sulfone hydrazinium salts in this 

sequence were also converted into the corresponding N-heterocycle vinyl sulfones.  

 

 

Chapter 4 includes the experimental details for Chapters 2 and 3 and an Appendix contains 

selected spectroscopic details.  
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Chapter 1 

 

Introduction 

 

1.1 Synthesis of Vinyl Sulfones 

Vinyl sulfones are well known for their important role in serving as versatile building blocks 

in organic chemistry.1 Additionally, they are unique structural units, some of which are 

biologically active.2 They can readily participate in a conjugate addition reaction owing to their 

electrophilic properties at the β-position and, upon addition of an appropriate nucleophile, the 

electron-withdrawing sulfone group can stabilised the negative charge at the α-position (Figure 

1.1). Furthermore, they can also behave as 2π components in cycloaddition3 reactions, or can 

undergo reductive de-sulfonylation to give the corresponding alkenes.4 Unlike many other ,β-

unsaturated compounds (e.g., enones) vinyl sulfones are thermodynamically less stable than 

their allyl sulfone counterparts.5 Therefore, they can be converted into the β,γ-unsaturated allyl 

sulfones smoothly on treatment with an appropriate base. They have also shown great ability 

to inhibit a variety of enzymatic processes, which made them an interesting option for drug 

design and medicinal chemistry/chemical biology more broadly. Over the past few decades, 

various synthetic routes to vinyl sulfone compounds have been developed. This introduction 

will mainly focus on selected different methods for the synthesis of vinyl sulfones, including 

classic methods (e.g., Knoevenagel condensation6 and Horner-Wadsworth-Emmons reaction7) 

and newly developed methods such as alkyne sulfonylation.8  

 

Figure. 1.1. 1,2-Disubstituted vinyl sulfone structure. 
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1.1.1 Sulfonylation of alkenes 

In 1978, Fuchs and Hopkins developed an efficient chlorosulfenylation-dehydrochlorination- 

oxidation reaction sequence to access a variety of cyclic and acyclic vinyl sulfones (Scheme 

1.1).9 This method involved reacting aryl thiols with chlorosuccinimide to afford the 

arylsulfenyl chloride (e.g.. PhSCl). Reaction of this reagent with a variety of alkenes (e.g., 1.1) 

produces the corresponding trans-addition chloro-phenyl sulfides in nearly quantitative yield. 

This sulfide intermediate 1.2 can be oxidized to a sulfone with m-CPBA followed by 

dehydrochlorination facilitated by DBU to afford the desired vinyl sulfone 1.3 in an excellent 

yield.  

 

Scheme 1.1. Fuchs and co-worker’s synthesis of a cyclic vinyl sulfone.9 

In 1982, Julia and co-workers described an addition-reduction-elimination reaction for the 

synthesis of tri-substituted vinyl sulfones.10 β-Keto sulfones were prepared through the reaction 

of metalated sulfones with esters. The obtained β-keto sulfones were then stereoselectively 

reduced to the syn-diastereomer with L-Selectride®, or lithium aluminium hydride. The reduced 

β-hydroxy sulfones were then tosylated, followed by anti-elimination with sodium ethoxide to 

give the desired vinyl sulfone. 

Another related example from Andell and co-workers in 1985 showed that vinyl sulfone 

formation could be achieved through the initial addition of sulfinates and mercury(II) chloride 

to dienes. Elimination with sodium hydroxide/sodium carbonate then gave the dienyl sulfone 

targets (Scheme 1.2). Depending on the substrate, both 1,4- and 1,2-addition intermediates 

were observed and the 1,2-addition predominates to give the desired phenylsulfonyldienes.11  

 

Scheme 1.2. Andell and co-worker’s synthesis of phenylsulfonyldienes.11 
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While most examples from ionic addition methods to prepare vinyl sulfones show that 

Markovnikov addition is favoured, anti-Markovnikov addition can be achieved through radical 

addition. Bock and Collins reported a selenosulfonation process, where, selenium phenyl 

areneselenosulfonates underwent addition to olefins under a thermally induced process to 

generate anti-Markovnikov products through a free-radical process.12 The intermediate β-

phenylseleno sulfones then undergo oxidation-elimination with chloroperbenzoic acid to give 

the desired vinyl sulfone compounds. Another example from Liu and co-workers in 1980 

showed that the anti-Markovnikov product can be achieved by combining alkenes with 

copper(II) salts in the presence of sulfonyl iodides.13 The generated intermediates 1.9 can then 

be dehydroiodinated to give the corresponding vinyl sulfones 1.10 in a good yield (Scheme 

1.3).  

 

Scheme 1.3. Liu and co-workers’ synthesis of vinyl sulfone via radical addition.13 

To overcome the short comings with the selenium reagents (e.g., toxicity, smell and cost), in 

2001, Huang and Qian developed two novel polystyrene-supported selenosulfonates reagents 

for regioselective synthesis of vinyl sulfones.14 In their work, using BF3·Et2O as a catalyst, they 

report that compound 1.11 can undergo ionic addition leading to the Markovnikov addition 

products, while AIBN catalysis induced radical addition leading to the anti-Markovnikov 

products (Scheme 1.4). The additional products then undergo syn-elimination, which gave only 

(E)-vinyl sulfones as the final products. Three years later, Huang and co-workers reported an 

alternative way where polystyrene-supported selenomethyl-sulfonates were treated with LDA 

(or n-BuLi) giving the corresponding α-seleno carbanions. This reagent was then reacted with 

an alkyl halide, followed by the same syn-elimination of selenoxide which gave (E)-vinyl 

sulfones in good yields.15 
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Scheme 1.4. Solid-phase selenium reagent for the regioselective synthesis of vinyl sulfones.14 

Except for use of selenium compounds, a hypervalent iodine reagent, with different sulfone 

sources (e.g., sodium sulfinate 1.7) has also been widely used in the synthesis of vinyl sulfones. 

In 2010, Kuhakarn and his co-workers reported use of (diacetoxyiodo)benzene and KI for the 

addition of aryl sulfinates to an alkene as an efficient approach to  vinyl sulfones (Scheme 

1.5).16 This method proceeded through a β-iodosulfonylation/ dehydroiodination sequence and 

it showed a good tolerance to different kinds of substrates. 

 

Scheme 1.5 Hypervalent iodine catalyst synthesis of (E)-vinyl sulfones.16 

Another hypervalent iodine reagent: sodium periodate has also been reported in the synthesis 

of (E)-vinyl sulfones. This method also used sodium arene sulfinates as the sulfone source.17 

In the presence of potassium iodide, NaIO4 formed I2, which reacted with the sodium arene 

sulfinate to provide the corresponding sulfonyl iodide. The reaction of the in situ formed 

sulfonyl iodide with an alkene, via the same β-iodosulfonylation/dehydroiodination sequence 

furnished the desired (E)-vinyl sulfone in good yields. 

Electrosynthesis has also been considered as a method for the synthesis of vinyl sulfones due 

to its mild electron transfer conditions. Attempts to use electrosynthesis for the vinyl sulfone 

synthesis from alkenes, sodium sulfinates and NaI was reported by Yuan and co-workers in 

2015.18  Based on the proposed mechanism, the oxidized I2 reacted with sodium sulfinates to 

form sulfonyl iodide intermediates, which then decomposed to generate a sulfonyl radical. The 

addition of this sulfonyl radical to the alkene ultimately gave an iodo-sulfone, which underwent 

dehydroiodination to afford the desired vinyl sulfones in good yields. 
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In 2014, Jiang and co-workers reported a copper-catalysed based methodology for the synthesis 

of vinyl sulfones using sulfonyl hydrazides as the sulfone source.19 This type of reaction gave 

the (E)-vinyl sulfones in good yields (Scheme 1.6) and a Cu(I)-mediated oxidative N-S bond 

cleavage/cross-coupling Csp2-S bond formation was proposed as the mechanism.  

 

Scheme 1.6. Copper-catalysed oxidative sulfonations.19 

DMSO has also been used for vinyl sulfone synthesis. In 2015, an ammonium iodide-mediated 

novel sulfonylation reaction of a range of alkenes using DMSO and water was reported by 

Yuan, Li and their co-workers. 20 Based on their results, 46-99% yields were obtained for either 

internal alkenes, or conjugated dienes. However, no product was isolated when allylbenzene 

was used as the starting material.  

An epoxide can also be used as a precursor to a vinyl sulfone. Back in 1955, Bordwell and co-

workers first opened an epoxide with a deprotonated thiol. The product of this, was then 

oxidised to sulfone with hydrogen peroxide. Finally, the hydroxyl group was tosylated 

followed by a base-mediated elimination which gave corresponding vinyl sulfone in a good 

overall yield.21 An alternative method involving an allyl sulfone epoxidation, base-mediated 

epoxide ring-opening and hydroxy elimination sequence was reported for the formation of 

vinyl sulfones.22 This methodology was applied by Fuchs for the total synthesis of 

prostaglandin E2, a natural product also known as dinoprostone.22,23
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1.1.2 Sulfonylation of alkynes 

Sodium sulfinate salts have been used as sulfonylation reagents in recent years.24 In 2014, 

Jiang’s group described a highly efficient palladium-catalysed cross coupling of alkynes with 

sodium sulfinates for the synthesis of vinyl sulfones (Scheme 1.7).25 

 

Scheme 1.7. Palladium-catalysed cross-coupling synthesis of vinyl sulfones.25 

Based on their results, the electron-poor terminal alkynes, methyl and ethyl propiolate gave the 

desired vinyl sulfone products in high yields. Different R1 groups were tested while good yields 

could be achieved when using substituted benzene/ethane/thienyl/cyclopropane sulfinic acid 

sodium salts.  

An improved synthesis of (E)-β-iodovinyl sulfones from alkynes through an iodine-mediated 

one-pot iodosulfonation was described by Kuhakarn and co-workers in 2013.26 In their report, 

use of phenylacetylene derivatives gave corresponding iodovinyl sulfones in yields around 70-

80%, while poor yield was obtained from aliphatic alkynes. They have also presented that using 

styrene, aliphatic and an activated alkene under a modified and optimised set of conditions, the 

corresponding vinyl sulfones were isolated in acceptable yields. 

Then in 2014, Taniguchi reported that the copper-catalysed sulfonylation of alkynes with 

sodium sulfinates in air provided (E)-vinyl sulfones in a regio and stereoselective way. 

(Scheme 1.8).27 Hydrosulfonylation of an alkyne under conditions with CuCl as a catalyst gave 

(E)-alkenyl sulfones in excellent yields, while the use of CuI in the presence of potassium 

halides produced (E)-β-haloalkenyl sulfones anti-selectively. These (E)-β-haloalkenyl sulfones 
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can be further converted into the corresponding alkenyl sulfones through Suzuki coupling type 

methods. 

 

Scheme 1.8. Plausible mechanisms for the copper-catalysed sulfonylation of alkynes 

with sodium sulfinates (X = Cl, I).27 

Apart from sodium sulfinates, sulfonylhydrazides can also be used for generating a sulfonyl 

radical, which then can add to an alkene or alkyne. In 2013, Xu and co-workers reported a halo-

sulfonylation reaction of alkynes using sulfonylhydrazides with FeCl3 or FeBr3 (Scheme 1.9).28 

The proposed radical mechanism showed that the sulfonyl radicals, generated from sulfonyl 

hydrazides with tert-butyl hydroperoxide (TBHP), added to the Fe coordinated alkynes to form 

the corresponding Fe(IV) intermediate vinyl sulfones, which then underwent a reductive 

elimination process to give the desired (E)-β-halovinylsulfones.  

 

Scheme 1.9. Chlorosulfonylation or bromosulfonylation of alkynes with sulfonylhydrazides.28 

Then in 2015, Mao and co-workers reported a new Fe/Cu co-catalysed sulfonylation with 

sulfonylhydrazides for the selective synthesis of (E)-vinyl sulfones.29 Reactions with halo/alkyl 

substituted aryl alkynes as starting materials gave the desired (E)-vinyl sulfones in moderate to 

good yield (Scheme 1.10).  

 

Scheme 1.10. Fe/Cu co-catalysed sulfonylation of phenylacetylene with sulfonylhydrazides.29 
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Copper(I) iodide was also used as the catalyst for terminal alkynes sulfonylation with 

sulfonylhydrazides. The reactions progressed under refluxing conditions and gave several (E)-

vinyl sulfones in moderate yields.30 

Sulfinic acid itself can also be used for the generation of sulfonyl radicals. Similar to the anti-

Markovnikov addition, under transition metal-catalysed conditions, the addition of sulfonyl 

radicals to the alkyne gives a β-substituted trans-vinyl sulfone.24,31 Although very few literature 

reports detail the synthesis of α-substituted vinyl sulfones that have been generated through 

addition of sulfonyl radicals, those methods which are available indicate either a lack of α/β 

selectivity or are limited in relation to the substrates that react.32 

An efficient approach to aryl vinyl sulfones with arylsulfinic acid in the presence of a copper 

catalyst was reported by Wang and co-workers in 2014.33 Aromatic or heteroaromatic alkynes 

were tested with different arylsulfinic acids (substituted with either electron-withdrawing, or -

donating groups) and good yields were obtained (Scheme 1.11). Based on the proposed 

mechanism, sulfinic acid was oxidised by Cu(II)  to generate sulfonyl radical, which then 

selectively added to the alkyne to form the corresponding β-radical vinyl sulfone. This vinyl 

radical then interacted with the reduced Cu(I) species to form a Cu(II) vinyl sulfone complex, 

which then regenerated the Cu(II) catalyst. 

 

Scheme 1.11. Copper-catalysed sulfonylation of alkynes with arylsulfinic acid.33 

Other sulfone sources (e.g., DMSO, sulfonyl chlorides, thiols and t-butylsulfinamide) have also 

been used for the synthesis of vinyl sulfones. In 2014, Loh and co-workers reported that DMSO 

can be activated under a new catalyst system including copper bromide, oxygen and 

HPO(OEt)2.
34 The activated product: a methyl sulfonyl radical, can react with disubstituted 

alkynes which gave (E)-vinyl sulfones in moderate yields. Back in 2010, Deng and Zou 

demonstrated a nucleophilic substitution-based synthesis of E-vinyl sulfones with sulfonyl 

chloride.35 Use of an organoindium reagent, achieved from hydroindination of alkynes, reacted 

with the sulfonyl chloride in the presence of Ag2O which gave the corresponding vinyl sulfones 

in good yields of around 70%. Zhu and co-workers illustrated the addition-oxidation of thiols 

with terminal alkynes for the formation of (E)-vinyl sulfones in 2012.36 Then, in 2015, Chen 
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and Zhao’s group reported the first synthesis of (E)-vinyl sulfones with tert-butyl sulfinamide 

as the ultimate sulfone source.37 This process proceeds with a CuSO4/phosphorous acid catalyst 

system. 

 

1.1.3 Decarboxylative sulfonylation of α,β-unsaturated carboxylic acids 

Decarboxylative coupling reactions have gained more and more interest in the past decades. 

This reaction, in the formation of carbon-carbon or carbon-heteroatom bonds, usually provides 

efficient and straightforward results with mild conditions.8,38 Specifically in relation to vinyl 

sulfones, several methods for converting α,β-unsaturated carboxylic acids to vinyl sulfones 

have been reported recently. 

In 2014, Tan and co-workers reported a Pd-catalysed decarboxylative coupling reaction of 

cinnamic acid with a range of aromatic sulfinic acid salts in the presence of Ag2CO3.
39 Their 

results showed this method tolerated various substrates and moderate to good yields were 

obtained for the selective synthesis of  (E)-vinyl sulfones (none of the expected stilbenes were 

isolated) (Scheme 1.12).  

 

Scheme 1.12. Pd-catalysed decarboxylative sulfonylation of α,β-unsaturated carboxylic acids.39 

In the same year, Guo and co-workers illustrated the first Cu(II)-catalysed aerobic 

decarboxylative sulfonylation reaction of alkenyl carboxylic acids for the (E)-selective 

synthesis of vinyl sulfones (Scheme 1.13.).40 Using a range of sodium sulfinates as the sulfur 

source, these were oxidised by oxygen in the air at 100 °C, leading to the corresponding sulfonyl 

cations. These sulfonyl cations then added to the alkene. Decarboxylation of the intermediate 

gave the desired products in moderate yields with the release of Cu(I)I.  
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Scheme 1.13. Cu-catalysed decarboxylative sulfonylation of α,β-unsaturated carboxylic acids.40 

Similar examples of decarboxylative sulfonylation were also reported by Prabhu and Rokade 

for the synthesis of vinyl sulfones.41 Using α,β-unsaturated acids as starting materials and 

sodium aryl sulfinates as the sulfone sources, these reactions were carried out with a catalytic 

amount of Cu(ClO4)2·6H2O and 1,10-phenanthroline as the ligand and TBHP in decane as an 

oxidant. Substrate screening indicated that the desired (E)-vinyl sulfones were only formed in 

low to moderate yields. 

Related non-metal-based decarboxylation methods for vinyl sulfone synthesis have been 

reported by some other groups. These have focused on iodine-promotion. In 2015, Shi, Chen 

and Mao presented a metal-free iodine-promoted decarboxylative coupling method for the C-

S bond formation between cinnamic acids and sodium benzene sulfinates.42 Based on their 

proposed catalytic cycle, sulfonyl radicals were formed in the presence of TBHP, which then 

added to the α,β-unsaturated carboxylic acid with the combination of molecular iodine. 

Following decarboxylation and elimination, the (E)-vinyl sulfone targets were obtained in good 

yields. In the same year a similar iodine-promoted decarboxylative cross-coupling reaction of 

cinnamic acid with sodium sulfinates was reported from Yuan.43 The reaction features 

molecular iodine and potassium carbonate, with use of water as the solvent. More recently, 

Kuhakarn’s group illustrated another decarboxylative sulfonylation reaction of β-aryl-α,β-

unsaturated carboxylic acids. Mediated by PhI(OAc)2 in DMF, this method provided (E)-vinyl 

sulfones in yields around 50%.44  

Since then more exploration in the area of decarboxylative sulfonylation reactions have been 

reported.  These reports feature either different catalysts/promoters, or different sulfone sources. 

For example, Mao and Zhang showed a phosphoric acid-mediated reaction using different 

phenylpropiolic acids as starting materials and sodium sulfinates as sulfone sources.45 
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Following a similar mechanism as previous examples, the sulfonyl radicals reacted with the 

alkene before decarboxylation to generate β-anionic (E)-vinyl sulfones, which then abstracted 

a hydrogen atom from phosphoric acid to form the desired products.  

Different sulfonyl sources were also reported for this general type of reaction. In 2015, Singh’s 

group described the first examples using aryl sulfonyl hydrazides in decarboxylative 

sulfonylation reactions for the synthesis of vinyl sulfones (Scheme 1.14.).46 Reactions were 

performed with molecular iodine and TBHP which provided (E)-vinyl sulfones up to 88% yield.  

 

Scheme 1.14. I2-catalysed decarboxylative coupling between cinnamic acids and sulfonyl 

hydrazides.46 

This method was further explored by Weng and co-workers in 2016 with a photocatalyst.47 

Using oxygen as the terminal oxidant, (E)-vinyl sulfones were synthesised under visible light 

irradiation with the organic dye-type photocatalyst eosin Y, KI and Cs2CO3. Typical yields of 

around 80% were observed.  

Some other sulfone sources were also reported. Use of arylsulfinic acids under a Na2CO3-

promoted decarboxylative coupling of arylpropiolic acids were announced by Kuhakarn’s 

group in the synthesis of (E)-vinyl sulfones.48 In 2019, Wang and co-workers developed a 

Ru(Phen)3(PF6)2 photocatalyst, visible light irradiation decarboxylation sulfonylation of 

disulfides with cinnamic acids for the synthesis of (E)-vinyl sulfones.49 

 

1.1.4 Other sulfonylation methods 

One most frequently employed methods for the synthesis of vinyl sulfones is carbonyl 

olefination with a sulfone-stabilised carbanion. This type of reaction includes the Peterson, 
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Wittig, and Horner-Wadsworth-Emmons reactions (HWE). The HWE reaction is of particular 

note to this project. 

This method was first reported by Horner (carbanions derived from alkyl phosphine oxides)50 

and was further modified by Wadsworth and Emmons (carbanions derived from 

phosphonates).51 The HWE olefination generally displays (E)-alkene selectivity - while a (Z)-

alkene could also be achieved under different conditions in certain cases. The stereoselectivity 

is normally associated with a variety of factors and in general, a more favoured (E)-alkene is 

formed when the following conditions are applied: bulky phosphonate substituents,52 higher 

reaction temperature, use of additives and salts with lithium cations and increased α-

substitution of the aldehyde. A common HWE olefination for the synthesis of 1,2-disubstituted 

vinyl sulfones is shown below (Scheme 1.15).53 This reaction displays highly (E)-selectivity 

and the water soluble dialkyl phosphate salt by-product can be removed through aqueous 

extraction.  

 

Scheme 1.15. HWE olefination for the synthesis of 1,2-disubstituted vinyl sulfones. 

In more general terms, further modification of this reaction to enable it to proceed under mild 

conditions was developed by Roush (DBU, LiCl)54a and Rathke (triethylamine, LiBr)54b. These 

modifications are particularly suitable for base-sensitive substrates. It should be mentioned that 

Still and Gennari reported the use of [bis(trifluoroethyl)phosphono] esters in the HWE 

olefination for the (Z)-selective generation of alkenes.54c To the best of our knowledge this 

method has not been explored for the synthesis of Z-configured 1,2-disubstituted vinyl sulfones.   

The HWE method of alkene formation has been widely applied in natural product synthesis 

and generally speaking is one of the most reliable methods for carbonyl olefination. In 2010, 

the Evans group reported the stereoselective synthesis (+)- and (-)-febrifugine and 

halofuginone.  This synthesis featured the key asymmetric dihydroxylation of amino-

functionalized vinyl sulfone intermediates, which were prepared through a deprotection-

oxidation-HWE reaction sequence from the corresponding silyl ether (Scheme 1.16).55 
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Scheme 1.16. Three step synthesis of vinyl sulfone in Evans’ natural products synthesis.55 

Transition-metal-catalysed cross-coupling of sulfinate salts with vinyl halides (or alkenyl 

boronic acids) were reported from 2004 for vinyl sulfone synthesis.31c,56 Later in 2013, a 

transition-metal free method for (E)-vinyl sulfones synthesis was described by Chen and Yu 

using vinyl halides and sodium sulfinates in the presence of n-Bu4NBr, HCl in water (Scheme 

1.17).57 In 2016, Yadav’s group investigated a silver-catalysed denitrative sulfonylation route 

to (E)-vinyl sulfones using β-nitrostyrenes and sodium sulfinates.58 In the same year Chen’s 

group illustrated a Mn(III)-mediated sulfonylation of nitro-olefins with sodium sulfinates for 

(E)-vinyl sulfones formation.59 Both methods showed good tolerance for aryl substrates and 

vinyl sulfones were obtained with yields up to 90%. 

 

Scheme 1.17. Chen and Yu’s vinyl sulfone synthesis.57 

 

1.2 Isomerisation of Vinyl Sulfones  

For the past few decades, it has been appreciated that in an unsaturated system containing an 

ester, ketone, carboxylic acid, or nitrile the α,β unsaturated isomer is more favoured than the 

β,γ-isomer by at least 3:1, in a situation where equilibrium can be reached.5c,d However, in the 

α,β-unsaturated system with a sulfonyl-containing functional group, this equilibrium is more 

towards the β,γ-unsaturated isomer due to its higher thermodynamic stability.5,60 Based on 

verifiable data from both a computational and experimental studies, Jorgensen showed that 
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compared to the vinyl sulfone, the non-conjugated isomer (e.g., the allylic sulfone) is favoured 

by 1-3 kcal/mol.61 It was also found that the vinyl sulfone will isomerise into its β,γ-unsaturated 

counterpart when treated with base (Scheme 1.18).  

 

Scheme 1.18. The isomerisation of substituted α,β- and β,γ-unsaturated systems. 

For a typical base-mediated isomerisation reaction, when the electron-withdrawing group is an 

ester, strong non-nucleophilic bases like LDA or LHMDS are required.62 However, weaker 

bases such as DBU or tBuOK may be used for efficient isomerisation when the electron-

withdrawing group is a sulfone or a sulfoxide.63 Due to the allylic strain, effective relative 

stability in the transition states for deprotonation and also a lower energy intermediate, when 

an (E)-vinyl sulfone is applied, the isomerisation predisposition is to give (Z)-alkene (this also 

depends on different substituents, and/or reaction conditions).63a,64a In contrast, (E)-selective 

de-conjugated alkene can be formed when using a (Z)-vinyl sulfone. This aspect of vinyl 

sulfone chemistry can be useful as the formed de-conjugated alkene is no longer electrophilic 

and the sulfone part can be explored with α-carbanion chemistry.64b 

Although this feature is useful for allyl sulfone formation, it is important to be aware of this 

possibility when considering either the synthesis of vinyl sulfones or reactions that include 

vinyl sulfones. The isomerisation can be a problem in a synthetic strategy involving the 

formation of vinyl sulfones, therefore, reagents - particularly bases - should be considered 

carefully.  

 

1.3 Reactions of Vinyl Sulfones  

Vinyl sulfones readily undergo a variety of reactions.  These include: cycloaddition reactions 

including [2+2] or [4+2],3b,65 reductions of alkenes with the use of Pd/C in methanol with 

different hydrogen sources.66 Desulfonylation reactions (e.g., with organotin hydrides, or 
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magnesium),4c,67 epoxidation, olefin metathesis or dihydroxylation.68 Vinyl sulfones can also 

undergo conjugate addition, or 1,4-addition and are well known for their ability to react with 

nucleophiles like nitrogen, oxygen, enolates, organometallics, metal hydrides and, importantly, 

bioactive sulfur-based nucleophiles. These additional products, with carbanions stabilised by 

the sulfonyl group, can be further explored in C-C bond formation processes often followed by 

a desulfonylation process. A selection of examples of conjugate addition reactions with 

different nucleophiles are presented below. 

 

1.3.1 Ethenesulfonyl fluoride 

Ethenesulfonyl fluoride (ESF), an important scaffold in SuFEx chemistry, is unique for its 

versatile reactivity.69 It was first reported in 1950 and a three-step synthesis of ESF with a 55% 

overall yield was first reported by Hyatt’s group in 1979.70 In 2016, an improved two-step 

synthesis of ESF was developed by Sharpless and co-workers where a higher yield (98%) and 

a larger scale (kilogram) process was achieved.71 The combined electron-withdrawing nature 

of both the sulfonyl and the electronegative fluorine atom allow ESF to react with basically 

any remotely nucleophilic species. Therefore, it has been widely used as a “perfect” acceptor 

in Michael addition. Furthermore, recent reports show its new reactivity in C-H bond 

functionalization, Heck-type coupling processes and many other reactions. Selected examples 

are shown in Scheme 1.19. In 2014, Mykhailiuk reported a [3+2] cycloaddition in the formation 

of 5-pentafluoroethyl pyrazolines 1.14 using a novel reagent 1.13 and ESF as one of the 

reactants.72 Subsequently, Arvidsson and co-workers illustrated an oxidative Heck coupling 

reaction which allowed aryl boronic acids to be transformed into the corresponding 2-

arylethenesulfonyl fluorides in moderate yields.73 In the last example presented, a Rh(III)-

catalysed C-H bond functionalization with ESF 1.15 from Qin’s group was used efficiently in 

the synthesis of 2-arylethenesulfonyl fluorides.74 
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Scheme 1.19. Selected examples of ESF reactions.72-74 

 

1.3.2 N-Conjugate addition 

Conjugate additions to vinyl sulfones with a range of structurally different nucleophiles all 

share a similar reaction pathway through addition at the β-position of the sulfone. This mode 

of reactivity has been widely used for making β-heteroatom functionalised sulfones, and in 

heterocycle synthesis. When an N-nucleophile is involved, the reaction is also known as an 

aza-Michael reaction.75 Using either vinyl 4-aminophenylsulfone, or methyl vinyl sulfone as 

the Michael acceptor, Radim and co-workers showcased the aza-Michael reaction of the vinyl 

sulfone with a variety of secondary and primary amines under conditions that used Amberlyst-

15 as a catalyst (Scheme 1.20).76  

 

Scheme 1.20. Conjugate addition of amines to vinyl sulfones.76 
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Similar reactivity was demonstrated by Morales-Sanfrutos. She and her co-workers managed 

to introduce the vinyl sulfone functionality at the reducing end of a glycosyl moiety.77 The 

resulting vinyl sulfone was treated with protein hen egg white lysozyme, which contains lysine 

and histidine. The bioconjugation reaction was performed in phosphate buffer and based on the 

X-ray diffraction analysis, both lysine and histidine residues underwent conjugation to the vinyl 

sulfone.  

As mentioned above, this characteristic is also widely used in N-heterocycle synthesis and is a 

feature of some natural product syntheses. In 2007, Craig presented a total synthesis of natural 

product (±)-lepadiformine which features a vinyl sulfone-based strategy (Scheme 1.21.).78 The 

intermediate (E)-vinyl sulfone 1.17 was reacted with the N-atom in the SES-derivatised amine 

through a 5-endo-trig mode intramolecular cyclisation which gave the required spirocycle 1.18 

in 60% yield and as a single diastereoisomer.  

 

Scheme 1.21. Craig’s 5-endo-trig spirocyclisation.78 

 

1.3.3 O-Conjugate addition 

The O-conjugate addition to vinyl sulfones, also known as the oxa-Michael reaction, is widely 

used in cyclo-etherification reactions.79 Oriez and Prunet reported a two-step synthesis of 

allylic 1,3-diols though an intramolecular oxa-Michael addition (Scheme 1.22.).80 The 

diastereomerically pure thus synthesised 1-sulfone 2,4-diols can be further engaged in a Julia 

olefination to provide the useful allylic 1,3-diols.  

 



18 

 

 

Scheme 1.22. Oxa-Michael addition synthesis of protected 1,3-diols.80 

This intramolecular oxa-Michael reaction was also applied in the construction of sultam 

scaffolds.81 Reported by Zhuo and Hanson, this method gave seven- or eight-membered 

sultams in good yields.  Another report from Mclntosh’s group showed a vinyl sulfone featured 

approach to the marine diterpenoid cladiell-11-ene-3,6,7-triol (Scheme 1.23).82 

Tetrahydrofuran ring formation was achieved in an excellent yield through a base mediated 

intramolecular conjugate addition of the alcohol with the pendant α-methylate vinyl sulfone.  

 

Scheme 1.23. McIntosh’s tetrahydrofuran formation.82 

In the examples shown in both Schemes 1.22 and 1.23 it is interesting to note that competitive 

isomerisation of the vinyl sulfone to the allyl sulfone (which might be anticipated under basic 

reactions conditions) was not observed (see Section 1.2). 

Vinyl sulfones have also gained interest in the field of polymer chemistry. The oxa-Michael 

addition reaction with divinyl sulfone is an extremely useful process for step-growth 

polymerisation (e.g., polyethersulfones).83 This property of divinyl sulfone was also used for 

functionalization of silica surfaces, and for resin activation, the latter which can be further 

applied to antibody purification.84 
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1.3.4 S-Conjugate addition  

Following on from nitrogen and oxygen-based nucleophiles, thiols, particularly as the more 

nucleophilic thiolate anion, can also undergo smooth conjugate addition to the vinyl sulfonate 

ester group. This type of reaction is also known as a sulfa-Michael addition reaction. In 2009, 

Enders and Hoffman investigated an organocatalysed sulfa-Michael addition through a 

quinine-derived thiourea catalyst 1.21 (Scheme 1.24).85 The Michael adducts were obtained 

from the reaction in moderate yields and enantiomeric excesses.  

 

Scheme 1.24. Organocatalytic asymmetric sulfa-Michael additions to α,β-unsaturated sulfonates.85 

The general method was then further explored with the combination of other reactions in 

synthetic chemistry. In 2017, Simlandy and Mukherjee reported a sulfa-Michael/Julia-

Kocienski olefination sequence in the synthesis of thiochromenes (Scheme 1.25).86 Vinyl 

sulfones reacted with 2-mercaptobenzaldehydes under diphenylprolinol TMS ether catalyst 

1.22, the reaction proceeded through aromatic iminium intermediates and the corresponding 

3,4-unsubstituted thiochromenes were obtained in moderate yields and with excellent 

enantioselectivities.  

 

Scheme 1.25. Sulfa-Michael/Julia−Kocienski olefination based synthesis of thiochromenes.86 

Since sulfur-based nucleophilic entities are present in a wide range of biomolecules, this sulfa-

Michael addition has also been applied in the biological area. For example, Bernardes’s group 
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developed an azabicyclic vinyl sulfone for cysteine-selective protein-labelling and 

modification for bioorthogonal ligation.87 

 

1.3.5 Other organocatalytic conjugate addition 

Vinyl sulfones have gained more and more attention in the organocatalysis area since their 

properties as electrophilic reaction partners have been recognised.88 Deng and co-workers 

described the first organocatalytic conjugate addition of vinyl sulfone in 2005 (Scheme 

1.26).89a Promoted by modified quinine-derived organocatalysts (e.g., 1.23) and under mild 

conditions, different substituted α-cyanoacetates underwent enantioselective conjugate 

addition to monosubstituted vinyl sulfones in high yields and excellent enantioselectivities. 

Although the absolute stereochemistry was not reported, this method provides a new and useful 

approach for the enantioselective synthesis of all-carbon quaternary stereocenters.  

 

Scheme 1.26. Organocatalytic addition reactions of α-cyanoacetates to vinyl sulfones.89a 

Later in 2009, Lu and Zhu reported the use of nitroalkanes for the same type of organocatalytic 

conjugate addition to vinyl sulfones under cinchona alkaloid-derived thiourea catalysis 

(Scheme 1.27).89b This method provided the desired Michael products in moderate yields and 

relatively good enantioselectivity and, with the combination of a subsequent desulfonylation 

reaction, it represents a novel approach to obtain α-branched chiral amines.  



21 

 

 

Scheme 1.27. Organocatalytic addition reactions of nitroalkenes to vinyl 1,1-disulfones.89b 

In 2013, two groups, Chen and Lu, Bera and Namboothiri, independently reported the use of 

α-nitro phosphonates as another type of nucleophile in organocatalytic asymmetric Michael 

addition to phenyl/Aryl vinyl sulfones.90 These reactions, under cinchona-based bifunctional 

organocatalysts (e.g., Catalyst 1.24), provided the α-nitro-γ-sulfonyl phosphonates in normally 

over 90% yield with 90-98% ee. The obtained nitrosulfonyl phosphonates could be further 

converted into amidophosphonates in good overall yield (43%) with no changes in ee.  

 

1.3.6 Enamine-Based conjugate addition 

Since the first organocatalytic conjugate addition to vinyl sulfones was reported in 2005, this 

method has become an important carbon-carbon bond forming reaction to generate either 

enantioenriched sulfones, or chiral α-alkylated aldehydes, ketones and their derivatives (after 

desulfonylation). A few reports from Lu and Zhu showed their efforts in this area.91 Use of 

silylated biarylprolinol catalysts (1.25) for the conjugate addition of unmodified aldehydes to 

vinyl sulfones were reported to afford the desired Michael products in excellent yields and 

enantioselectivities (Scheme 1.28).  

 

Scheme 1.28. Organocatalytic addition reactions of aldehydes to vinyl sulfone.91 
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Two years later, the same group described another example of an asymmetric vinyl sulfone 

conjugate addition with the use of the oxindole motif under the influence of a cinchona 

alkaloid-derived thiourea catalyst (e.g., Catalyst 1.21).91b Accordingly, 3-aryl-3-alkyl 

disubstituted oxindoles were synthesized in good yields and enantioselectivity, which could be 

further reduced into the corresponding indolines. Interestingly, in the same year Oiarbide and 

Palomo’s group presented similar examples where tri-substituted vinyl sulfones were used with 

different types of silylated biarylprolinol catalysts. With the combination of a NaBH4 reduction 

of the intermediate aldehyde, the reaction provided the reduced adducts in excellent yields and 

enantiomeric excess.92  

Very recently, Miura and co-workers developed an improved diaminomethylene malononitrile 

(DMM) organocatalyst-promoted asymmetric conjugate addition of α-branched aldehydes 

with the vinyl 1,1-bis-sulfone (Scheme 1.29.).93 This novel organocatalyst, based on DFT 

calculations, served as “a single H-bond donor but the transition state was stabilized by 

multiple non-covalent interactions, including the C−H⋅⋅⋅O interaction”. The key reason for 

these interactions is the push-pull effects in the DMM backbone. Based on their results, these 

conjugate additions of α-branched aldehydes provided the adducts in high enantioselectivity 

and with excellent yield.  

 

Scheme 1.29. Organocatalytic addition reactions of aldehydes to vinyl 1,1-bis-sulfone.93 

Concluding this section, another case of the value of this type of reaction is demonstrated in its 

impressive application in a total synthesis. In 2014, Snyder’s group reported a vinyl sulfone-

based total synthesis of the natural product psylloborine A.94 The traditional route to this 

dimeric natural product through a biomimetic dimerization failed due to improper regiocontrol. 

Therefore, only a non-natural analogue was obtained. The new strategy constructed 

psylloborine A in a sequence featuring two reaction cascades which formed five bonds, five 

rings and four stereocentres in a single step! As shown in Scheme 1.30, TFA deprotection of 

the Boc-group leads to a free amine which condenses with the proximal ketone to form an 

enamine. This enamine then cyclises through a conjugate addition to the vinyl sulfone moiety 
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and, with the combination of an intramolecular Mannich reaction, the heptacyclic intermediate 

was formed in 15% yield. Although a low yield was obtained, this notable 

condensation/Michael/Mannich cascade chemistry can be an excellent choice for other 

challenging processes to assemble multicyclic structures. Reductive desulfonylation of the 

sulfone moiety in this heptacyclic intermediate 1.29 leads to the desired psylloborine A.  

 

Scheme 1.30. Snyder’s cascade reaction in the synthesis of psylloborine A.94  

All the presented examples in the above section indicate the importance of the vinyl sulfone as 

a reaction partner in conjugate addition reactions in organic synthesis. They are able to act as 

Michael acceptors with a range of different nucleophiles and additionally their reactivity can 

be modified by changing the substituent groups on either the alkene, or the group directly 

attached to the sulfone. This powerful method has been widely used in both intermolecular 

addition reactions (C-C bond/C-hetero bond formation) and intramolecular addition reactions 

(especially ring formation). The value of this process can also be viewed when the combination 

of the vinyl sufone conjugate addition reaction is combined with a desulfonylation (typically 

reductive).  

In addition to this, vinyl sulfones have found widespread application in biology as units that, 

most often, target cysteine residues in biological molecules. In the following section this will 

be discussed in more detail with a specific focus on the ability of vinyl sulfones to inhibit 

cysteine protease enzymes.5d,95  

 

1.4 Cysteine Proteases and the Corresponding Parasite Diseases.  

Proteolytic enzymes are ubiquitous in all living organisms and are essential for cell growth and 

differentiation. They are a very large class of enzymes which belong to the wider family of 

hydrolases, therefore, “proteases” act as biocatalysts for the cleavage of proteins/oligopeptides 
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into smaller peptides and amino acids. Beyond non-specific degradative functions, certain 

proteases also produce defined new protein products by catalysing-specific proteolytic process. 

Thus, they are highly relevant in controlling multiple biological process.96 Among these crucial 

processes, proteases are found to regulate the activation and localization of many proteins, 

modulate protein-protein interactions, contribute to the cellular information and generate, 

transduce, and amplify molecular signals.96,97 Based on these, proteases are able to ‘influence 

DNA replication and transcription, cell proliferation and differentiation, tissue morphogenesis 

and remodelling, heat shock and unfolded protein responses, angiogenesis, and so on ….’97 As 

a direct result of these essential functions, alterations in proteolytic systems can cause 

pathological conditions like cancer, or cardiovascular diseases. As a consequence, proteases 

have been, and remain, important drug targets in the pharmaceutical field.98 

Based on the nature of the catalytic residues in the active site, proteases are now classified into 

seven types: aspartic-, cysteine-, serine-, metallo-, threonine-, glutamic- and asparagine-

proteases.99 Aspartic, glutamic and metalloproteases attack the peptide bond undergoing 

reaction with an activated water molecule as the nucleophile.  In contrast, for the four other 

types of enzyme, an active site amino acid residue (the class by which the name is derived) is 

utilized as the nucleophile. 

Proteases were initially categorised into endopeptidases and exopeptidases. This is based on 

the site on the peptide backbone where proteolysis occurs (Figure. 1.2.).100 Endopeptidases 

target internal peptide bonds while for exopeptidases (aminopeptidases and carboxypeptidases) 

proteolysis is directed by either the NH2 or the COOH termini of the corresponding substrates. 

Protease specificity is determined by both molecular interactions at the protein-protein 

interface and the protease binding cleft substrate. The side chains on the substrate, as shown in 

Fig 1.2., are accommodated within the protease sub-pockets. Based on nomenclature developed 

by Schechter and Berger, the scissile bond, where proteolysis occurs specifically, is assigned 

between the residues P1 and P1’. The rest of the residues’ indices are classified as P2, P3, …. 

Pn to the N-terminal and P2’, P3’,…. Pn’ to the C-terminal. Protease sub-pockets are labelled 

as Sn-Sn’ accordingly to match the residues at interacting regions (Pn-Pn’).101,102  
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Figure. 1.2. Protease substrate nomenclature and specificity.  

 

1.4.1 Cysteine proteases  

Cysteine proteases perform diverse functions in organisms.103 Apart from the fundamental 

ability to process and catabolise proteins, in parasites causing significant diseases, cysteine 

proteases play key roles in haemoglobin hydrolysis, blood cell invasion and parasite egress.104 

Like other proteolytic enzymes, cysteine proteases are synthesized as non-active precursors 

(zymogens) which prevent/inhibit the enzyme active site from interacting with substrates 

through a prodomain.105 This helps enzymes to block the degradation of unwanted protein and 

the zymogen form can be activated in order that the protease can perform its bioactivities - in 

either extracellular, or sub-cellular compartments.105  

The active site of all cysteine proteases contain a Cys-His-Asn triad where the histidine (His) 

residue acts as a proton acceptor and enhances the cysteine (Cys) residue’s nucleophilic 

properties. Asparagine or aspartic acid is required for orientating and activating the 

imidazolium ring in the cysteine protease catalytic triad. Shown in Scheme 1.31., using papain 

(the first cysteine protease to be isolated (from Carica papaya) and characterized)106 as an 

example, the general consensus on the proteolysis mechanism107 is as follows: the imidazole 

side chain deprotonates the thiol at the cysteine residue to from a thiolate anion. This highly 

nucleophilic anionic sulfur atom then attacks the carbonyl of the amide scissile bond producing 

the first tetrahedral intermediate 1.31. This then undergoes collapse with the release of the 

substrate’s amine, or amino terminus fragment.105 This intermediate is stabilized through the 

hydrogen bonding between an oxyanion on the substrate and the glutamine residue. 

Subsequently hydrolysis of the thioester bond in 1.32 leads to the second tetrahedral 

intermediate 1.33, which is stabilised in the oxyanion hole through hydrogen bonding. Then a 

proton transfer takes place back to the histidine group. Further collapse of this intermediate 

produces a carboxylic acid moiety from the remaining substrate fragment.  
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Scheme 1.31. Catalytic hydrolysis mechanism of papain. 

Based on sequence homology cysteine proteases can be classified into different clans, each 

branch containing one, or more families (Table 1.1.) These clans are categorised as C, which 

are purely cysteine proteases; or P, which contain mixed nucleophiles. Papain and the 

cathepsins belong to the most abundant family: CA (papain-like) cysteine proteases. The 

second most abundant clan is the CD (interleukin-1β-converting-like) and members of this 

family include caspases, which play essential roles in programmed cell death 

(apoptosis).107a,108,109 Clan CA contains 75 subfamilies (EMBL-EBI database, peptidase clan 

CA), which are classified into C1, C2 etc. Papain, as well as cathepsins, belong to clan CA, 

family C1. There are 11 human cathepsins encoded in the human genome, which are known as 

B, H, L, S, C, K, O, F, V, X and W.110 They are normally found in high concentrations in 
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lysosomes and endosomes and are essential for protein breakdown and major 

histocompatibility complex (MHC) class II-mediated immune responses.111 High cathepsin 

activities are a hallmark of inflammation which often occurs in  diseases like cancer, arthritis 

and cardiovascular problems, as the result of inhibitor imbalance and dysregulated localization, 

transcription and activation.103b, 112  

Clan Families Examples 

CA C1, C2, C6, C10, C12, C16, 

C19, C28, C31, C32, C33, C39, 

C47, C51, C54, C58, C64 

Papain (Carica papaya), bromelain (Ananas comosus), 

cathepsin (liverwort), falcipain (Plasmodium falciparum), 

calpain (Homo sapiens) and GtgE peptidase (Salmonella 

enterica)  C65, C66, C67, C70, C71, C76, 

C78, C83, C85, C86, C87, 

C96…C121 

CD C11, C13, C14, C25, C50, C80, 

C84 

Caspase-1 (Rattus norvegicus) and separase 

(Saccharomyces cerevisiae) 

CE C5, C48, C55, C57, C63, C79, 

C122 

adenain (human adenovirus type 2), SdeA (Legionella 

pneumophila) 

CF C15 pyroglutamyl-peptidase I (Bacillus amyloliquefaciens) 

CL C60, C82 sortase A (Staphylococcus aureus) 

CM C18 Hepatitis C virus peptidase 2 (hepatitis C virus) 

CN C9 sindbis virus-type nsP2 peptidase (Sindbis virus) 

CO C40 dipeptidyl-peptidase VI (Lysinibacillus sphaericus) 

CP C97 desumoylating isopeptidase 1 (Mus musculus) 

CQ C53 pestivirus Npro peptidase (classical swine fever virus) 

CR C108 Prp peptidase (Staphylococcus aureus) 

PA C3, C4, C24, C30, C37, C62, 

C74, C99 

TEV protease (Tobacco etch virus), SARS coronavirus 

picornain 3C-like peptidase (Coronavirus) 

PB C44, C45, C59, C69, C89, C95 Amidophosphoribosyltransferase precursor (Homo sapiens) 

PC C26, C56 Gamma-glutamyl hydrolase (Rattus norvergicus) 

PD C46 Hedgehog protein (Drosophila melanogaster) 

PE P1 DmpA aminopeptidase (Ochrobactrum anthropi) 

unassigned C7, C8, C23, C27, C36, C42, 

C49, C75, C106, C116, C118, 

C120 

chestnut blight fungus virus p29 peptidase (Cryphonectria 

hypovirus) and EspL g.p. (Escherichia coli) 

 

Table 1.1. Families of cysteine proteases (Data from Merops peptidase Database).113a 
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Clan CE contains 7 families. Adenain (CE, C5) is an endopeptidase from adenoviruses and is 

responsible for removing a pro-peptide at the N-terminus to process and activate.113 Other clans 

like PA, includes 8 families where family C30 contains 3-chymotrypsin-like cysteinyl protease 

(3CLpro), which is essential for the cell cycle of the SARS-CoV (discussed below). In 

summary, cysteine proteases play multiple roles in either human cells when unregulated 

proteolysis causes different diseases, or in parasites/viruses where they are essential for their 

cell cycle and reproduction.  

 

1.4.2 Cysteine proteases in parasites and viruses 

Many infectious microorganisms need cysteine proteases (CPs) for replication, or use them as 

virulence factors. In diseases like malaria, caused by parasites, falcipains (clan CA  family C1) 

from Plasmodium falciparum are involved in haemoglobin degradation and surface protein 

processing.114,115 There are four types of falcipain: falcipain-1, -2, -2’ and -3.115 Falcipain-1 has 

proved difficult to study but it seems to show its importance in merozoite invasion.116  

Falcipain-2 and -3 are hemoglobinases that hydrolyse host erythrocyte hemoglobin in the 

parasite food vacuolea.115 They also activate plasmepsins to hydrolytic enzymes in order to 

enhance their overall hydrolytic capacity.117  

Leishmaniasis, caused by the intracellular parasite leishmania, is a disease that kills over 

60,000 people per year.118 Leishmania contains a range of cysteine proteases including CPA, 

CPB and CPC, which all belong to the clan CA family C1. If CPA is knocked down the 

parasites prove to be less infective in vivo and similarly CPB-knockouts show delayed lesion 

progression and macrophage infectivity.119 CPB can down-regulate the immune response in 

host cells. This particularly involves the protective Th1, through degradation of the 

transcription factor in infected macrophages, which serves to weaken host response and, in 

addition, modulates the parasite virulence factor.120 CPC is involved in leishmania-based cell 

death.121 Leishmania also express Atg4 (Clan CA, family C54) and otubain-like enzyme (clan 

CA, family C65).122  

Human African trypanosomiasis (HAT), also known as African sleeping sickness, is a vector-

borne parasitic disease caused by a single cell eukaryotic organism called Trypanosoma brucei. 

This disease typically occurs in sub-Saharan Africa and spreads to humans through tsetse fly 

(Glossina genus) bites. These flies, in turn, have acquired their infection from other human 
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beings, or from animals that harbour human pathogenic parasites.123 There are two stages of 

the infection. In the haemolymphatic stage the trypanosomes multiply in subcutaneous tissues 

(blood and lymph) and cause fever, headaches, joint pains, and itching. Without treatment, the 

parasites eventually cross the blood-brain barrier and infect the central nervous system, which 

brings the infection into second stage (neurological, or meningo-encephalic stage).123,124 More 

obvious signs and symptoms of infection occur at this stage and include things like confusion, 

behaviour changes, sensory disturbances and poor coordination. The typical feature is the 

disturbance of the sleep cycle, which is the reason for the name of this disease.125  

Similar to leishmania CPs, the best-studied T. brucei’s CPs are cathepsin-like enzymes. These 

include rhodesain (also known as TbCatL, or brucipain), which is a cathepsin L-like CP that 

belongs to Clan CA, family C1, and TbCatB (also part of Clan CA, family C1).120b,126 These 

two proteases are both related to the parasite’s virulence. Rhodesain can activate the host’s G-

protein coupled receptors (e.g., PAR2, protease-activated receptor 2), induce host calcium-

signalling pathways and finally enable the parasite to cross the host’s blood-brain barrier.127 

Rhodesain also protects T. brucei from lysis by host serum and degradation by variant surface 

glycoprotein-bound antibodies.128 TbCatB mediates the host’s transferrin degradation in the 

parasite endosomal/lysosomal compartment and it may also be involved in cytokinesis.129 

There are two distinct forms of HAT: Trypanosoma brucei gambiense, which is found in 24 

countries in west and central Africa and currently responsible for more than 95% of the reported 

cases. Trypanosoma brucei rhodesiense is responsible for the remaining under 5% cases and 

is found primarily in 13 countries in eastern and southern Africa.  This form causes an acute 

and very dangerous infection.123 Additionally, other parasite species and sub-species of the 

Trypanosoma genus are pathogenic to animals and can cause animal trypanosomiasis. 

Trypanosoma brucei brucei can cause a cattle disease called Nagana.123 Unlike gambiense, or 

rhodesiense types this parasite can be recognised and killed by the human immune system due 

to its sensitivity to human serum. This makes it a safe model for testing new therapeutics for 

HAT since apart from the lack of virulence in humans it is very similar.  

Chagas disease (also known as Americans sleeping sickness), caused by Trypanosoma cruzi, 

is the main cause of heart failure in Latin America and kills over 12,000 people every year.130 

Four clans of CPs are found in this parasite and the most abundant protease is cruzain.  Cruzain 

belongs to the Clan CA, family C1 and is involved in parasite differentiation, metabolism, host 

cell invasion and host immunity evasion.131,132 Other CPs present in Trypanosoma cruzi include 
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TcCatB (Clan CA, family C1), which plays an important role in signalling transduction and 

metacyclogenesis, and Atg4 (Clan CA, family C54), which responsible for autophagosomes 

formation.104,133 

Cryptosporidiosis, caused by Cryptosporidium spp., is considered one of the most common 

reasons for severe diarrheal disease in infants and toddlers.134 People who have an immune-

suppressive condition are particularly susceptible to severe cryptosporidiosis. There are 20 CA 

clan proteases reported in Cryptosporidium parvum. The most well-studied CP in this organism 

is termed cryptopain-1 (Clan CA, family C1) and this enzyme is important in the infectious 

stage where it is actively transcribed and expressed in sporozoites.135 Another CP that was 

identified recently from the parasite is an otubain-like protease named CpOTU, which belongs 

to clan CA, family 65. Studies shows this enzyme may present an essential function during the 

parasite oocyst stage.136 

Amebiasis, caused by Entamoeba histolytica, is an anaerobic parasite known as an amoebozoan 

that infects the intestinal tract, leading to diarrhoea, colitis and peritonitis.137 CPs from E. 

histolytica (EhCPs, e.g., EhCP1, or EhCP5) all belong to the Clan CA, family C1 and have 

been proved to be essential in parasite invasion to host tissues. These CPs are able to cleave 

the colonic mucus layer and some of them have been proved to being involved in the 

degradation of extracellular matrix components.138 E. histolytica CPs are also suggested to 

interfere with the host immune response through degrading IgA - breaking down the heavy 

chain of IgG and inactivating anaphylatoxins C3a and C5a.139 EhCPs are also hypothesized to 

be involved with parasite encystation–excystation and erythrophagocystosis, processes which 

are essential for infectivity and survival.140 

Toxoplasmosis is, caused by Toxoplasma gondii, an obligate intracellular parasitic protozoan 

that can be fatal for immunocompromised patients. CPs from T. gondii were proved to be 

essential for its invasion, host protein digestion and autophagy for cyst survival.141 T. gondii 

express one cathepsin B (TgCPB, Clan CA, family C1), one cathepsin L (TgCPL, Clan CA, 

family C1), and three cathepsin Cs (TgCPC1, 2, 3, Clan CA, family C1). TgCPB and TgCPL 

are essential for host cell invasion. Inhibition of TgCPB leads to cell invasion blockage and no 

parasite growth in vitro.142 Knockout organisms lacking TgCPL result in weaker virulence in 

a mice model.143 TgCPL has also been shown to be able to digest host cytosolic proteins and 

to be essential for cyst survival.141 TgCPLs seem to be related to degradation of 
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autophagosomes, which is important for the parasite to remove and recycle misfolded proteins 

and damaged organelles.141 

In addition to the important roles played in parasites, many viruses contain cysteine proteases 

that are essential for virus function. Picornain 3C (Clan PA, family C3) is found in all 

piconaviruses, a viral family which contains over 200 numbers including human poliovirus 

(HPV), encephalomyocarditis virus (EMCV), human rhinovirus (HRV), foot-and-mouth 

disease virus (FMDV), and hepatitis A virus (HAV).144 Picornain 3C is responsible for 

precursor protein synthesis which is essential for viral maturation and replication.144,145  

Chikungunya fever, caused by mosquito-transmitted alphavirus known as Chikungunya virus, 

occurs mainly in Indian sub-continent, Caribbean islands and the Americas.146 Chikungunya 

nsP2 protease (Clan CA, family C9) plays an important role in processing and cleaving the 

non-structural polypeptide and forming the replication complex. Mutation of the Cys and His 

residues in the protease completely abolished proteolytic activity and its RNA replication.147  

Another alphavirus, the Venezuelan equine encephalitis virus, is a zoonotic arthropod borne 

virus that can be transmitted from mosquitoes to many species, including humans.148 It is very 

dangerous and is usually fatal in hours for some animals, while in humans about 14% cases 

show neurological symptoms and 1% of these cases results in lethal encephalitis.148 Similar to 

the chikungunya virus, it also contains nsP2 protease that is essential for virus replication, and 

the nsP2 protease-SAM (S-adenosyl-L-methionine) MTase (methyltransferase) which also 

plays a role in the cytopathic effects (CPE) of the virus .149 

A chymotrypsin-like cysteine protease named 3C-like protease (3CLpro, Clan PA, family C30) 

is found as a main protease in human coronaviruses (CoV). CoV can cause a variety of highly 

prevalent and severe disease conditions including severe acute respiratory syndrome (SARS) 

and Middle East respiratory syndrome (MERS).150 The SARS epidemic in 2003 spread from 

southern China to other countries very rapidly, affecting over 8000 patients and resulted in 774 

fatalities.151 MERS-CoV, first found from Saudi Arabia in 2012, had infected more than 2442 

people worldwide up until May 2019.152 Compared to SARS-CoV, MERS-CoV has a higher 

mortality rate of approximately 35% of infected patients.152 SARS-CoV-2, a virus that is related 

to SARS-CoV (about 79% identity and 50% identity to MERS-CoV),153 is responsible for the 

current pandemic from the end of 2019. By the 14th of October 2021 worldwide statistics 

accounted for more than 239 million confirmed cases and over 4.8 million deaths directly due 
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to the effects of COVID-19 (https://www.who.int/emergencies/diseases/novel-coronavirus-

2019 Accessed 14th October 2021).  

SARS-CoV-2 primarily spreads through small droplets expelled from patients when coughing 

or breathing.154 Patients may either have no symptoms, or develop common COVID-19 

symptoms like fever, cough, loss of taste and smell, fatigue and shortness of breath.155 Severe 

symptoms including pneumonia, acute respiratory distress syndrome, multi-organ failure, and 

finally, in certain cases, to death.156 Currently there is no specific treatment for COVID-19, 

although four main types of vaccine have been developed: Nucleic acid (e.g. BNT 162b2 from 

Pfizer-BioNTech®), viral vector (e.g. ChAdOx1 nCoV-19 from AstraZeneca®), protein subunit 

and inactivated virus. Over 6.4 billion doses have been administered worldwide by the 14th of 

October 2021 (https://www.who.int/emergencies/diseases/novel-coronavirus-2019 Accessed 

14th October 2021). However, emerging variants have been proved to potentially reduce 

protection from the current COVID-19 vaccine. For example, the E484K mutation changes  the 

virus spike protein and therefore reduces the body’s immune response and vaccine efficacy.157 

The N501Y mutation has been proved to be associated with increased transmissibility.158 All 

these mutations indicate the unpredictability of the pandemic and surveillance of these variants 

will be continuously required. 

The main protease from SARS-CoV-2, named 3CLpro (also termed as Mpro, is from the Clan 

PA, family C30 and has homology to the 3C protease from picornavirus) is responsible for the 

virus’ polyprotein transmission.153,159 A second papain-like protease (PLpro) is also involved 

in this process. These two proteases are both responsible for processing the huge polyproteins 

pp1a and pp1ab into mature non-structural proteins. These two polyproteins are encoded by 

the coronavirus genome-open read frame1 (ORF1). The Mpro is also encoded by OPF1 as non-

structural protein 5 (Nsp5) which, along with Nsp3, anchor the replication/transcription 

complex to double-membrane vesicles (derived from the endoplasmic vesicles).159-161 3CLPro 

specifically recognises the polyprotein with a Leu-Gln-(Ser/Ala/Gly) sequence.162,163 Research 

on PLpro protease also showed that it is involved in cleaving proteinaceous post-translational 

modifications on host proteins as an evasion mechanism against host antiviral immunity.161 

The structure analysis of 3CLpro shows a dimeric 6-stranded β-barrel chymotrypsin-like fold 

and a cysteine-histidine catalytic dyad present at the active site.162 The N-terminal chain of 

3CLPro is important for the enzyme activities since it stabilised part of the adjacent monomer’s 

S1 binding pocket.164  

https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
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All the examples discussed in the preceding section illustrate the importance of cysteine 

proteases in microorganisms that cause disease. Therefore, these enzymes are attractive targets 

for therapeutic intervention. 

 

1.4.3 Cysteine protease inhibition and drug molecule candidates 

Known cysteine protease inhibitors are based on either maximising enzyme substrate 

recognition by incorporating peptide, or peptidomimetic groups, and/or mechanism-based 

inhibition which requires an electrophilic entity targeting the nucleophilic thiolate anion at the 

active site.107a There are two types of cysteine protease inhibitors: reversible and irreversible. 

Reversible inhibitors react with the thiolate anion to produce and intermediate stabilised in the 

oxyanion hole.107a The cystatins are natural inhibitors that selectively inhibit the activity of C1 

cysteine proteases including papain and mammalian cathepsins, B, H and L.165 Cystatins 

inactivate  the enzymes through competitive, non-covalent and reversible reaction with its thiol 

active site.107a,165 Some other representative examples can be found in low molecular weight 

synthetic inhibitors including nitriles and α-keto amides.166 One of the famous examples, 

odanacatib (Scheme 1.32.), is a potent, neutral, reversible inhibitor that selectively targets 

cathepsin K.167 Cathepsin K is responsible for bone resorption and type I collagen 

degradation.167 It is highly expressed in osteoclasts, which make it an important target for 

osteoporosis treatment. The inhibition mechanism of odanacatib is based on the reversible 

interaction between the enzyme thiol anion and the nitrile group. Balicatib is the same type of 

mechanism-based cathepsin K inhibitor and has been used in trials studying the treatment of 

osteoporosis and knee osteoarthritis.168 

 

Scheme 1.32. Odanacatib and its reversible inhibition with cathepsin K.167  

The cysteine protease cruzain from Trypanosoma cruzi is closely related to the cathepsin family 

found in humans. The structural similarity between cathepsin K and cruzain suggested that this 
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type of nitrile-based inhibitor could be a good anti T.cruzi agent.169 Efforts were mounted in 

screening the synthesised nitrile-containing cruzain inhibitors and two candidates, Cz007 and 

Cz008 (Figure. 1.3) proved to be orally bioactive, well tolerated and highly efficient reversible 

cruzain inhibitors in a preclinical model of acute Chagas disease.170 

 

Figure. 1.3. Structure of nitrile-containing cruzain inhibitors.170 

Based on the substrate activity screening of cruzain, non-peptidic tetrafluorophenoxymethyl 

ketone was found to be an irreversible inhibitor against T.cruzi.171 In particular, the 1,2,3-

triazole-based ketone 1.34 (Figure. 1.4.) is able to completely eradicate the parasite in cell 

cultures.171,172 This type of mechanism-based inhibitor is high selective to the cysteine protease 

cruzain and demonstrates very low toxicity in animal studies.100 

 

Figure. 1.4. Structure of 1,2,3-triazole-based tetrafluorophenoxymethyl ketone 1.34.172 

Gallinamide (A) (Figure. 1.4.) is a natural product that was first isolated from marine 

cyanobacteria and has demonstrated activity against the malarial causative agent P. 

falciparum.174 Although the planar structure was solved after the isolation, the stereochemistry 

of N,N-dimethylisoleucine residue was not clear.174 The second isolation indicated that another 

compound, named symplostain 4 (Figure. 1.5.) has a different stereochemistry at the 

dimethylisoleucine fragment.175 The absolute stereochemistry of symplostain 4 was then 

confirmed through the total synthesis of all four diastereomers. However, the precise 

stereochemistry of gallinamide (A) remained elusive.176 Gallinamide (A) is now either referred 

to as all four types of diastereomers, or equal to symplostatin 4 (in some cases).177 
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Figure. 1.5. Structure of symplostatin 4 and gallinamide.174-177  

Although it was initially isolated and described as anti-malarial agent, target screening showed 

that gallinamide is an extremely potent and highly selective inhibitor of human cathepsin L.178 

This could be explained based on the substrate selectivity comparison: whilst human cathepsin 

L is separate from other human enzymes and clade with cruzain.179 Human cathepsin L is 

involved in pro-neuropeptide processing for synaptic function and it participates in 

neurodegenerative diseases.180 It is found to be highly present in multiple types of cancer cell 

and is considered to be a therapeutic target in cancer treatment.181 A new study showed that 

human cathepsin L may play a crucial role in the progression of the SARS-CoV-2 infection, 

therefore, it can be a promising target for new anti-COVID-19 drug development.182 

Emricasan (Figure 1.6.) is the first caspase inhibitor tested in humans and has received orphan 

drug status by FDA.183 It was developed by Pfizer® and is used for liver cell protection. In 

patients with hepatitis C and non-alcoholic steatohepatitis (NASH), the activated caspases 

cause excessive apoptosis and produce inflammatory cytokines (IL-1β and IL-18) leading to 

severe damage to the liver.184 Emricasan significantly improves markers of liver damage, 

lowers aminotransferase activity and appeared, in the studies, to be well tolerated.183,184   

 

Figure 1.6. Structure of emricasan and SAR-114137.183,185 

SAR-114137 (Figure 1.6) is a potent, reversible human cathepsin S and cathepsin K inhibitor 

that was developed by Sanofi Pharmaceuticals for the treatment of chronic pain (osteoarthritis, 
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neuropathic lower back pain). It is orally active and in numerous animal model studies shows 

no major side effects.185  

All the above examples detail some of the achievements based on intensive efforts in 

discovering CPs inhibitors over the last three decades. Other inhibitors include epoxysuccinates, 

cyclopropenones, acyloxymethyl ketones, vinyl phosphonates, epoxysulfones and importantly 

for the work detailed in this thesis: vinyl sulfones (discussed below).186 The enzyme kinetics 

of protease irreversible inhibition is shown below (Scheme 1.33. E = enzyme, I = inhibitor). 

A rapid, reversible, non-covalent binding interaction between the inhibitors and the enzyme 

takes place in a pre-equilibrium step. This is followed by an irreversible first order reaction to 

form a covalent bond. The inhibitor is often judged by its specificity (binding selectivity) and 

its inhibition potency (concentration needed for inhibition of the protease), in which case it can 

be calculated by the Kinact/K1 ratio that gives the second order rate constant of inhibition (K2nd, 

M-1 min-1).100 

 

Scheme 1.33. Kinetics of irreversible inhibition of proteases (E = enzyme, I = Inhibitor). 

 

1.4.4 Vinyl sulfone-based cysteine protease inhibitors - development and 

applications 

Peptidyl vinyl sulfone-based inhibitors interact with the catalytically active thiolate residue at 

the cysteine protease active site.107a This interaction is based on a conjugate addition of the 

thiolate ion with the β-position on the double bond of the vinyl sulfone and forms a new 

covalent bond (Scheme 1.34.). This then blocks and deactivates the target enzyme. As such, 

this type of inhibition is irreversible due to the stable covalent thioether linkage. These peptidyl 

vinyl sulfones are normally designed to mimic regions of the naturally processed peptides 

through regulation of the attached amino acid residues (P3, P2, P1 and P1’) and incorporate 

the thiophilic vinyl sulfone as an isostere of the cleaved (scissile) peptide bond.187 
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Scheme 1.34. Peptidyl vinyl sulfone-based irreversible inhibition of a cysteinyl protease. 

Although a range of nucleophiles can react with the vinyl sulfone, inhibitors with the properly 

incorporated substituents will, it is thought, react with cysteine proteases selectively based on 

the nature of the enzyme active site. Typically, cysteine proteases are located in highest 

concentrations in the lysosome part of cells, where there is an acidic microenvironment.188 The 

catalytically active Cys residue in the enzyme, however, remains in its deprotonated thiolate 

form due to the proximal histidine group.107a This property enhances its activity in comparison 

with the serine proteases, where a less reactive protonated primary alcohol group is present at 

their active site. This mode of protease inhibition was first suggested by Hanzlik.189 

 

1.4.4.1 Hanzlik’s pioneering work  

In 1984, Hanzlik and co-workers reported the design and synthesis of new α,β-unsaturated 

amino acid esters for the irreversible inhibition of papain.189 They reasoned, based on the 

mechanism of proteases, that replacing the carbonyl group of the scissile peptide bond with a 

suitable “nucleophile trapping moiety” could convert the substrate into an inhibitor with the 

remaining features that are responsible for enzyme-substrate recognition and binding.189 Based 

on this, the Michael acceptor was incorporated specifically at the scissile peptide bond position. 

As shown in Figure 1.7, the dipeptide 1.35 is a substrate for papain and was used as a template 

for development of inhibitor 1.36, which was then found to efficiently and irreversibly 

deactivate papain. 
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Figure. 1.8. Template 1.35 and Hanzlik’s 1.36. 

Continuing on this work, Hanzlik expanded the protease inhibitors to include dipeptide vinyl 

sulfones.190 These compounds were synthesized via a similar way as the α,β-unsaturated amino 

acid esters (Scheme 1.35.). As shown, Boc-protected allylamine 1.37 was reacted with ozone 

leading to the corresponding aldehyde. This subsequently underwent a Horner-Wadsworth-

Emmons (HWE) olefination with a sulfone phosphonate, which gave the Boc-protected vinyl 

sulfone amine which was deprotected with TFA, forming the ammonium salt 1.38 in 25% yield 

over three steps. Peptide bond formation with N-acetylphenylalanine gave the desired dipeptide 

vinyl sulfone inhibitor 1.39 in about 7% overall yield. The synthesised 1.39 was found to be a 

specific papain inhibitor after screening with a range of enzymes.  

 

Scheme 1.35. Hanzlik’s vinyl sulfone synthesis.190 

 

1.4.4.2 Palmer’s contribution  

A Weinreb amide-based synthesis of peptide vinyl sulfones was developed by Palmer and co-

workers.191 As shown in Scheme 1.36, Boc-protected homo-phenylalanine 1.40 was used for 

accessing  the corresponding Weinreb amide 1.40 with dicyclohexylcarbodiimide (DCC). The 

Weinreb amide was then reduced to the aldehyde with LiAlH4, followed by HWE olefination 

with the sulfonyl phosphonate which gave the Boc-protected vinyl sulfone. Deprotection with 

HCl in dioxane led to the ammonium salt, which subsequently underwent peptide bond 
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formation, using the mixed anhydride method, with carboxylic acid 1.41. This resulted in the 

desired dipeptide vinyl sulfone compound K11002. This dipeptide vinyl sulfone was found to 

be an efficient inhibitor of human cathepsins B, L, S, and O2; calpain I and II and cruzain, from 

T. cruzi. 

 

Scheme 1.36. Palmer’s synthesis of vinyl sulfone K11002.191  

Significantly, Palmer and co-workers also found that their vinyl sulfone inhibitors remained 

unreactive towards glutathione. Glutathione is a tripeptide that contains a glutamate side chain 

and cysteine. It is a prototypical antioxidant that is involved in cell protection from noxious 

effects of excess oxidants, stress directly, potentially harmful electrophilic reagents, or as a 

cofactor of glutathione peroxidases.192 Results from Palmer’s work proved no conjugate 

addition took place between the cysteine residue of glutathione and the vinyl sulfone group in 

compounds like K11002 at a pH 6.2 over a 22 hour period. In relation to this, the protonated 

form of the thiol at physiological pH is less nucleophilic than its thiolate anion form, which, it 

was proposed, contribute to the selectivity of vinyl sulfone inhibition at the cysteine protease 

active site.  

 

1.4.4.3 Roush and McKerrow’s contribution  

Dipeptide vinyl sulfone cysteine inhibitors were further expanded on by Roush and McKerrow 

in 1998.193 Their work showed that both dipeptide vinyl sulfonate ester derivatives and 

dipeptide vinyl sulfonamides could act as cruzain, papain and cathepsin B inhibitors. The 

synthesis route is shown below (Scheme 1.37). Similar to previously described work it started 

with the HWE olefination between Boc-protected amino aldehyde and sulfonate phosphonate, 
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which resulted in the formation of the vinyl sulfonate. TFA deprotection of the Boc group 

followed by peptide bond formation with Cbz-phenylalanine provided the Cbz-dipeptide vinyl 

sulfonate 1.42. Subsequently, de-ethylation and chlorination gave vinyl sulfonyl chloride 1.43, 

which was further reacted with aniline or phenol forming the desired vinyl sulfonate, or 

sulfonamides in moderate overall yields.  

 

Scheme 1.37. Roush and McKerrow’s vinyl sulfonamide/sulfonate ester synthesis.193 

Later, in 2010, they reported the synthesis of a guanidine vinyl sulfone compound named 

WRR-483 (Scheme 1.38.) and evaluated its abilities as an inhibitor of cruzain and against T. 

cruzi proliferation in cell culture.194 WRR-483 is an analogue of compound K11777, which 

replaces the phenylalanine with an arginine at the P2 position.191a,194 It was reported as an 

efficient EhCP1 inhibitor and proved to be able to reduce 95% of amoebic invasion in the 

human colonic xenograft model.195 The synthesis of WRR-483 is summarized in Scheme 

1.38.194 Compound 1.44 is commercially available and was treated with benzyl alcohol with 

Fmoc removal and gave related ester amine 1.45. This was further converted into the ester urea 

through the intermediate isocyanate. Deprotection of the benzyl group resulted in the 

corresponding carboxylic acid 1.47, which underwent amide coupling with the vinyl sulfone 

ammonium salt (obtained from TFA deprotection of the Boc-protected vinyl sulfone amine, 

shown in red). Finally, deprotection of the Pbf group with TFA led to the designed WRR-483 

in an overall yield of 55%.  



41 

 

 

Scheme 1.38. Roush and McKerrow’s vinyl sulfone guanidine synthesis.194  

Although cruzain is a dual-specific protease, the binding preference at the P2 site favours 

phenylalanine rather than arginine. Therefore, WRR-483 was predicted to be a weaker inhibitor 

compared to compound K11777.194,196 However, good potency was achieved in a cell culture 

assay against T. cruzi which indicated that WRR-483 may either inhibit more than one protease, 

(e.g., cruzipain-2, an isoform of cruzain with a better activity in binding arginine containing 

substrates), or that its inhibitory effects were located at a different position (e.g., on the cell 

membrane).194,197 

 

1.4.4.4 Rate of thiol conjugate addition 

Following on from Palmer’s observation that GSH does not appreciably add to the electrophilic 

vinyl sulfone group in their dipeptide compounds (see above) and taking into account the likely 

mode of CP inhibition, Roush and co-workers reported the relative rates of conjugate additions 
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of 2-phenylethane thiol to a range of Michael acceptors under basic conditions.198 Vinyl 

sulfones/sulfonamides/sulfonates and α,β-unsaturated ketones/esters were tested in a 1H NMR 

spectroscopic-based kinetic study and the results are shown in Table 1.2. The data illustrated 

that as a function of the nature of the sulfonyl unit, the pseudo-first-order rates of conjugate 

addition to these Michael acceptors vary by up to three orders of magnitude. Vinyl sulfonate 

1.49a was found to be the most potent Michael acceptor, and underwent conjugate addition at 

a rate ca. 3000-fold higher than the least reactive vinyl sulfonamide 1.49i. α,β-Unsaturated 

ketone 1.49b showed a similar rate to the vinyl sulfonate. The comparison of conjugate addition 

rates of vinyl sulfonamide 1.49c and 1.49h, 1.49f and 1.49i demonstrated that the potential for 

deprotonation of sulfonamide units depressed the rates of conjugate addition by a factor of up 

to 3. The rate of vinyl sulfone 1.49d was an order of magnitude less than α,β-unsaturated ketone 

1.49b and this type of inhibitor (1.49b) would generally be expected to show a higher toxicity 

profile than the vinyl sulfones due to their potential off-target interactions (e.g., with 

glutathione).  

 

Table 1.2. Relative rates of conjugate addition to a range of Michael acceptors.198 

 

1.4.4.5 K11777 and its X-Ray crystal structure bound to a Trypanosoma cysteine protease. 

Dipeptide vinyl sulfones have been reported to selectively inhibit the key cysteine proteases of 

Trypanosoma, both T.cruzi and T.brucei (as outlined above).199 Compound K11777 (Figure 
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1.9.) is currently the most advanced vinyl sulfone-based cysteine protease inhibitor and has 

undergone extensive pharmacokinetic, bioavailability, and toxicity testing.191a,200 It was the 

subject of a clinical trial for the treatment of Chagas disease, where compound K11777 imparts 

its activity by cruzain inhibition.201 A recent study showed that T.cruzi infected dogs that were 

treated with K11777 for 14 days were protected from any myocardial damage caused by the 

parasite.202 K11777 also behaves as a potent inhibitor of Ehcp1. Therefore, it blocks amoebic 

invasion of the human colon, which inspired the design of WRR-483 (see Scheme 1.38).195 

Additional reports demonstrate that K11777 also inhibits multiple cysteine proteases from 

different microorganisms (discussed above), and as a result, it has received interest in drug 

discovery communities for potential treatment of those diseases. It can efficiently inhibit the 

cysteine proteases involved in Tritrichomonas foetus, thus, can reduce consequential 

cytotoxicity to host cells during genital infections caused by this organism.203 Early work on 

K11777 indicated its ability in reducing/arresting L. tropica promastigote growth and in 

treating of cutaneous leishmaniasis in mice.204 In cryptosporidiosis studies, K11777 proved to 

selectively inhibit CpaCATL-1, preventing C. parvum growth in mammalian cell lines, and 

consequentially minimizing inflammation which was determined by no epithelial changes in 

rescued mice from an otherwise lethal infection.205 Recently, dipeptide vinyl sulfones were 

found to combat primary amoebic meningoencephalitis, a rapidly fatal infection caused by the 

free-living amoeba Naegleria fowleri.206 Compound K11777 with 33 other analogues were 

found to inhibit the key cysteine protease in this organism that facilitates pathogenesis, 

typically those with phenylalanine or pyridylalanine at P2 position.206  

 

Figure. 1.9. Dipeptidyl vinyl sulfones K11777 and K11017. 

Except for parasite diseases, compound K11777 and some closely related vinyl sulfones have 

also been suggested as lead candidates for the treatment of viral diseases. These inhibitors have 

been proven to either inhibit virus cysteine protease (e.g., 3C proteases in picornavirus), or to 

inhibit host cell proteases whose activity is essential for the virus to invade cells and then 

replicate (e.g., Ebola virus, SARS-coronavirus.)207 Importantly and very recently, compound 
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K11777 proved to be able to reduce viral infectivity of SARS-CoV-2.208 Based on these 

published results, instead of directly inhibiting the virus 3CL cysteine proteases, K11777 exerts 

its potent anti-viral activity by inactivation of mammalian cysteine proteases. It selectively 

targets cathepsin L in cells. This host CP is responsible for the SARS-CoV-2 spike protein 

cleavage – a process important in the development of the infection. Therefore, by blocking its 

proteolysis the host cell is protected from infection. It is now confirmed that cysteine protease 

inhibitors, including K11777, have been approved by the FDA as clinical-stage compounds in 

coronavirus infections (Selva Therapeutics, Del Mar, CA).208,209  

All the examples discussed in the preceding section illustrate the importance of vinyl sulfone 

based cysteine inhibitors, not only for their broad spectrum antiparasitic/antivirus abilities but 

also because most of their target diseases either lack a useful treatment method (e.g., Ebola 

virus and SARS-CoV-2), 207-209 or are limited by the efficacy/high toxicity (e.g., nitazoxanide 

and paromomycin in treatment of cryptosporidiosis205,210 and melarsoprol and elfornithine in 

treatment of stage two HAT211) of the treatments available.  

Due to recognition of the potential importance of peptidyl vinyl sulfones as CP inhibitors they 

have been used in studies that have crystallised them in the presence of their potential enzyme 

targets. The structure of K11777 with cruzain (T. cruzi), rhodesain (T. brucei) and K11017 

(structure shown in Figure. 1.11) with falcipain-3 (Plasmodium falciparum) were solved 

through X-ray crystallography (Figure. 1.10).187 The mechanism-based action of vinyl sulfone 

antiparasitic activity was suggested based on these binding structures. These X-ray structures 

confirmed that the cysteine amino acid residue covalently bound to the β-position of the vinyl 

sulfone. This report has also illustrated the topology and H-bonding profiles that the inhibitors 

made with the rest of the enzyme active site, providing useful information which will help 

further design of new inhibitors of these proteases.  

 

Figure. 1.10. X-Ray crystal structure of K11777 bound to cruzain (A) and rhodesain (B), and K11017 

(see Figure. 1.9. for structure) bound to falcipain-3 (C). Images adapted from Kerr et. al.187 
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Later in 2010, the structure of TbCatB (T. brucei) in complex with the epoxide inhibitor CA074 

was determined through X-ray crystallography (Fig. 1.11).212 This report also included the 

K11002·rhodesain complex where K11002 was covalently bound to rhodesain by a sulfide 

linkage. 

 

Figure. 1.11. Structure of compound K11002 and CA074; A: X-Ray crystal structure of K11002 

bound to rhodesain. B: X-Ray crystal structure of CA074 bound to TbCatB. Images adapted from 

Kerr et al.212 

 

1.4.5 Evans’ peptidyl vinyl sulfone 

Inspired by compound K11777, previous work in the Evans’ group has been involved in the 

design and synthesis of new dipeptide vinyl sulfones. With biological testing, some of these 

compounds showed good EC50 values against T. brucei.1e The lead compound 1.51 (Figure 

1.12) has also been shown to kill the parasite Leishmania donovani with a similar EC50 to 

miltefosine (Miltex®), a compound clinically used to cure visceral and cutaneous 

leishmaniasis.213 Other synthesised compounds included the variation of the amino acid 

derived groups in the P2 position with phenylalanine, proline and leucine. P1’ positions were 

similarly varied with either a phenyl, or naphthalene ring and the P3 position was varied with 

thioureas, N-methyl piperazine, morpholinyl ureas and also different substituted amides.2g,214 

More lipophilic, non-basic N-derivatives in P1 position (Compound 1.52, Figure 1.12), show 

good potency in killing T. brucei with EC50 0.68 µM and demonstrated low cytotoxicity levels 



46 

 

in HL60 cells.1e The most recent work found that a lipophilic aromatic entity linked to the main 

vinyl sulfone dipeptide backbone with an H-bond donor like compound 1.53 was particularly 

active against T. brucei (Figure 1.12). 

 

Figure 1.12. Evans’ lead compound 1.51 and some other Evans’ vinyl sulfone-based 

inhibitors. 

 

1.5 Project Aim 

A traditional linear synthesis route was applied for the previously synthesized vinyl sulfone 

inhibitors detailed in Figure 1.12.  These were achieved using commercially available L-amino 

acid precursors (Scheme 1.39.).1e,g This synthesis route was modified using a Weinreb amide-

based strategy in order to access the dipeptide, which avoided the use of a toxic, low yielding 

chromium-mediated alcohol to aldehyde oxidation. Moderate final yields were obtained 

following this improved synthetic sequence. 
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Scheme 1.39. Previous route to dipeptide vinyl sulfone 1.58.1e,g 

The commercially available precursor Boc-protected-lysine is expensive [€69.20/g (Sigma-

Aldrich; 359661)]. Moreover, due to the limitation of the types of amino acid, it is  interesting 

to explore how the chemical structure affects biological activity using non-commercial 

available precursors. To achieve this, a proline-mediated aminooxylation Horner-Wadsworth-

Emmons reaction (Scheme 1.40) was proposed for the synthesis of enantioenriched γ-hydroxy 

vinyl sulfones. It was felt that this unit, rich in functionality and with a stereogenic centre, 

would be both useful in general synthetic terms but could also be used to prepare the dipeptidyl 

vinyl sulfone CP inhibitors. This class of organocatalytic aldehyde aminooxylation reaction 

was reported by Zhong and MacMillan in 2003215 and then expanded in 2004 by Hayashi.216 

 

Scheme 1.40. The proline-mediated aminooxylation for the synthesis of enantioenriched vinyl 

sulfone.217 

As shown in Scheme 1.40, the one pot synthesis of (+)-1.60 with the use of D-proline as the 

organocatalyst gave an overall yield of approximately 50% with very good enantiomeric excess. 

Compound (-)-1.60 can be similarly obtained by simply changing the catalyst to L-proline. 

The major aim of this project was to use the products formed through an AO-HWE reaction 

(according to Scheme 1.40) for the assembly of biologically active dipeptidyl vinyl sulfones. 

As shown below in Scheme 1.41, using K11777 as an example, secondary alcohol compound 
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1.62 can be reached from aldehyde 1.61 with proline under AO-HWE reaction conditions. 

Either (S)-1.62, or its enantiomer (R)-1.62 can be formed using either enantiomeric form of 

proline. Functional group interconversion of (R)-1.62 leads to secondary amine (S)-1.63 and 

its enantiomer can be formed under the same conditions from (S)-1.62 as well. Coupling of the 

amine (S)-1.63 with amino acid compound 1.64 will give K11777. Following the same 

sequence, it would be a simple task to prepare a diastereoisomer of K11777. This type of 

stereoisomer has not been reported before due to lack of availability of D-amino acid precursors 

and it is believed their activity will help to provide useful details about inhibitor-CP interactions.   

 

Scheme 1.41. Proposed aminooxylation-based synthesis of vinyl sulfone K11777. 

According to the newest results from the Evans Lab, 1,2,3-triazole-derived peptide vinyl 

sulfones were accessed through a click reaction between γ-azido vinyl sulfones and 

phenylalanine-derived alkynes.214 The synthesis of the intermediate γ-azido vinyl sulfones 

were achieved by diazo transfer reaction from the corresponding amines which were 

synthesised through traditional amino acid-based routes. Some of these triazole compounds 

demonstrated promising anti-trypanosomal activity. Based on these results, it is also of current 

interest to synthesise the hydrazine/hydrazone-based peptide bond analogues of the vinyl 

sulfone inhibitors. In principle this could be achieved through a proline-mediated α-amination 

Horner-Wadsworth-Emmons reaction (Scheme 1.42). Similar to the AO-HWE reaction, use of 

L- or D-proline will form (R/S)-1.65 selectively. The intermediate (R/S)-1.65 could then be used 

as a precursor for the following hydrazine/hydrazone-based peptide bond analogues synthesis 

through a simple Boc-deprotection reaction and subsequent amide coupling reaction, or a 

Knorr-pyrrole formation. 
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Scheme 1.42. The proline-mediated α-amination for the proposed synthesis of enantioenriched vinyl 

sulfone (R)-1.65. 

The vinyl sulfone type inhibitors prepared from this programme will be assessed as 

antiprotozoal agents in collaboration with Dr. Andrew Knox (Trinity College Dublin and 

Dublin Institute of Technology). This programme will allow us to find the ideal substituents 

positioned to interact with the P1 region of the parasitic target. The choice of different 

fragments will only be limited by the availability of the aldehyde starting material in contrast 

to the old amino acid-based synthetic strategy. 
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Chapter 2 

 

Organocatalytic Synthesis of γ-Hydroxy Vinyl 

Sulfones 

 

2.1. Introduction 

Organocatalytic asymmetric α-amination and aminooxylation reactions of carbonyl 

compounds are highly useful methods for the synthesis of valuable chiral non-racemic building 

blocks.1 These methodologies are now widely used for preparing α-heteroatom-functionalized 

compounds that are not easily accessible through traditional methods. The examples below 

outline the typical organocatalytic enantioselective amination/aminooxylation reactions with 

carbonyl compounds (Scheme 2.1) which indicate their abilities of directly introducing 

nitrogen or oxygen atoms at the α-position of carbonyl derivatives.2,3  These relatively new 

methods are still under development in groups around the world, therefore numbers of new 

catalysts with different substrates are expanding at a fast rate.  

 

Scheme 2.1. Asymmetric direct α-functionalization of carbonyl with nitrosobenzene and 

azodicarboxylates. 
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2.2 The Development of the Asymmetric Aminooxylation 

Reaction 

2.2.1 Yamamoto’s aminooxylation  

The regioselective synthesis of α-aminooxy ketones from nitrosobenzene was first reported by 

Yamamoto and Momiyama in 2002.4 This was achieved through a Lewis acid-mediated 

addition of silyl enol ethers to nitrosobenzene. Specifically, as shown in Scheme 2.2, 

preformed silyl enol ether 2.1 was treated with nitrosobenzene with a catalytic amount of 

triethylsilyl triflate in dichloropropane giving the product, α-oxidised 2.2, in excellent yield. 

Excellent O-selectivity was observed with only trace amounts of N-alkylated products formed 

and the reaction of α-disubstituted silyl enol ether is more facile than that of the corresponding 

α-monosubstituted compound.  

 

Scheme 2.2 Yamamoto’s racemic α-oxidation of cyclic ketones.4 

In 2003, Yamamoto and Momiyama described the asymmetric aminooxylation reaction based 

on their previous work.5 Instead of using silyl enol ethers, trialkyl tin enolates were applied 

with nitrosobenzene under catalytic amount of Ag(I) salts and (R)-Tol-BINAP 2.6 as a ligand 

(Scheme 2.3). Different silver salts were screened. Based on their results, use of AgOTf and 

AgClO4 provided superior levels in both asymmetric induction and regioselection (over 99:1 

O-alkylation selectivity). The investigation of tin enolates showed that the reaction of cyclic 

ketones normally gave excellent O-alkylation selectivity with 80-95% enantiomeric excess and 

good yields. In acyclic cases, although higher ees were obtained, the O-alkylation selectivity 

is much lower than examples like 2.3. The formed α-aminooxy ketones 2.4 can be further 

converted into α-hydroxy ketones 2.5 smoothly in excellent yield with no change in 

enantiomeric excess.  
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Scheme 2.3. Yamamoto’s catalytic asymmetric α-aminooxylation.5 

 

2.2.2 Organocatalytic asymmetric α-aminooxylation reaction 

The field of organocatalysis has rapidly developed since 2000 and a large variety of 

electrophiles have been employed in combination with enamine-based catalysis.6 The most 

common electrophiles for this type of reaction are azodicarboxylate, benzyl peroxide and 

nitrosobenzene.1 The first organocatalysed enantioselective aminooxylation of aldehydes were 

reported independently by the groups of MacMillan, Hayashi and Zhong.2,7 With a catalytic 

amount of proline simple enolisable aldehydes were treated with nitrosobenzene which acted 

as the electrophilic oxygen source. Although these three groups presented slightly different 

optimised conditions, the achieved α-aminooxylated aldehydes were normally obtained in 

moderate to good yields with excellent enantioselectivities (Table 2.1).  

Subsequently, other groups presented the asymmetric aminooxylation reaction of α-

unbranched ketones like cyclohexanone and derivatives.8 These reactions were catalysed under 

L-proline or its tetrazolyl derivative and the products achieved were in excellent 

enantioselectivity (generally around 99%) (Figure 2.1). Possible bis-aminooxylation side 

products can be easily suppressed by adding excess ketone and slow addition of nitrosobenzene. 
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R group Conditions Yield (%)a ee. (%)a Research 

group 

Me, Et, nPr, iPr, Ph, Bn 30 mol% L-proline, 

MeCN, -20oC, 24 h 

62->99 95-99 Hayashi 

Me, nBu, iPr, allyl, Bn, Ph, 

TIPSO(CH2)3, N-methylindol-

3-yl methyl 

5 mol% L-proline, 

CHCl3, 4oC, 4 h 

60-88 97-99 MacMillan 

Me, nPr, iPr, nBu, allyl, Bn, 

BnOCH2, BocNH(CH2)4 

20 mol% L-proline, 

DMSO, rt, 10-20 min 

54-86 94-99 Zhong 

 

Table 2.1. Substrate scopes and conditions for organocatalytic α-aminooxylation reactions. a Yield 

and ee. were determined after reduction to the corresponding primary alcohols.2,7 

Examples from racemic 3-substituted cyclohexanones derivatives resulted in a mixture of regio 

and diastereomeric aminooxylated products in high enantioselectivities (low 

diastereoselectivity in enamine formation but very high diastereoselectivity while attacking to 

nitrosobenzene).8b  

 

Figure 2.1. Examples of aminooxylated ketones.8 
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2.2.3 Catalysts and mechanism study in α-aminooxylation reaction 

Several transition state structures were proposed by different groups to explain the regio- and 

stereoselectivity observed for the proline-catalysed α-aminooxylation reactions.1,7 MacMillan 

suggested the enhanced Brønsted basicity of nitroso nitrogen atom was responsible for the 

selective O-addition. Zhong suggested that both the carboxylic acid and the amine promoted 

proton transfer, while in Hayashi’s model proton transfer took place exclusively from the 

carboxylic acid. According to the DFT calculations from the Córdova’s group and energy 

calculations from Houk’s group, the nitrogen atom on nitrosobenzene is protonated during this 

reaction by the carboxylic acid group in the enamine and the protonated nitrosobenzene 

approaches the (E)-anti-enamine intermediate from the Re-face (Figure 2.2).8b,9  

 

Figure 2.2. The most favoured transition state structure for the L-proline catalysed α-aminooxylation 

reaction. 

The traditional catalytic cycle which involves formation of (E)-anti-enamine intermediate is 

generally accepted, while the Blackmond group indicated that this may be an 

oversimplification.10 Their results from continuous monitoring of reaction progress by reaction 

calorimetry revealed that the reaction is autocatalytic. This autoinductive reaction, mediated 

through an adduct of the product and the proline, is responsible for accelerating the reaction 

rate as the reaction progresses, and for improving of the eventual enantiomeric excess of the 

reaction product, as shown in Figure 2.3. Further study from Blackmond suggested that this 

type of unusual reaction kinetics only exists in proline-catalysed α-amination and 

aminooxylation reactions (e.g., not in proline-mediated aldol reactions etc.).10,11 Some other 

studies indicated that the reaction rate could be accelerated through promotion of the enamine 

formation, which can be achieved by either adding a bifunctional urea (in nonpolar solvents),12 

or simple alcohols and/or acids.13  
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Figure. 2.3. The proposed autocatalytic model by Blackmond.11 

Apart from proline and pyrrolidinyl tetrazole 2.7, several other alternative secondary amine 

catalysts have also been applied for asymmetric direct aminooxylation of aldehydes and 

ketones. These catalysts include 4-silyloxyproline 2.8,14 pyrrolidine sulfonamide 2.9,15 trans-

3-trifluoromethylsulfonylamino-4-silyloxypyrrolidine 2.1016 and L-4-thiazolidinecarboxylic 

acid 2.1117 (Figure 2.4). It is worth mentioning that the thiaproline 2.11-catalysed 

aminooxylation reaction was performed in aqueous media in the presence of Bu4NBr which 

acted as a phase transfer catalyst.17 Although some of these catalysts showed good 

improvement for certain substrates that gave poor selectivity and yields using proline directly 

as a catalyst (e.g., cycloheptanone, 5% yield using proline catalyst), other examples showed 

similar results to those of proline itself, in terms of both enantiomeric excess and yields (Table 

2.2).  

Axially chiral secondary amine 2.12 has been reported by Maruoka’s group as a non-proline 

organocatalyst for aminooxylation reactions (Figure 2.4).18 Much higher yields were observed 

for simple substrates α-unbranched aldehydes while the enantiomeric excesses for these 
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compounds are much lower than those under proline-catalysed conditions. Similar binaphthyl-

based chiral amino sulfonamide 2.13 was also applied in asymmetric aminooxylation of 

aldehydes.19 It showed a remarkable catalytic activity as a loading of 0.2 mol% catalyst in the 

reaction with simple aldehydes resulted in good yield with over 97% ee. In 2009, Zhong and 

co-workers developed a chiral Brønsted binaphthylphosphoric acid catalyst for the α-

aminooxylation of β-dicarbonyl compounds.20 Good yields with excellent regio- and 

enantioselectivity were achieved for the α-hydroxy-β-dicarbonyl products and it should be 

noted that N-O bond heterolysis took place without any formal reduction procedures.  

 

Figure 2.4. Other proline/non-proline-based amine catalysts for asymmetric aminooxylation 

reactions.1b,14-19 

Simple L/D-prolines are normally considered as the first choice for mediation of α-

aminooxylation reactions since the obtained products are generally in moderate yields and 

excellent enantiomeric excess. Although slightly higher yields may be achieved, the price of 

the modified proline, or non-proline catalysts are much higher than L/D prolines (e.g., catalyst 

2.9 € 91.2/100 mg, Sigma-Aldrich: 689017).  
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2.2.4 Applications of the α-aminooxylation reaction 

The α-substituted aldehydes/ketones that are obtained from α-aminooxylation reactions engage 

in standard aldehyde/ketone chemistry. Typically, isolation and characterization of those α-

aminooxylation products, particularly for aldehydes, were achieved after additional sodium 

borohydride reduction to the corresponding alcohols. Alternatively, α-substituted aldehydes 

can subsequently undergo a O-N bond heterolysis,21 Horner−Wadsworth−Emmons 

olefination,22 Aza-Michael reactions23 etc. to form other synthetically useful intermediates. 

The N-O bond cleavage of aminooxylated carbonyl compounds can be achieved easily through 

a variety of methods. It has been reported that using excess of nitrosobenzene resulted in a 

spontaneously N-O bond cleavage.20,21 Catalytic amounts of CuSO4/Cu(OAc)2 in MeOH and 

an acidic Zn-based reduction, or catalytic hydrogenolysis also give the corresponding 1,2-diols 

(after first reduction of the aldehyde/ketone).8,24-27  

As mentioned above, standard aldehyde chemistry can be applied in combination with α-

aminooxylation. A tandem aminooxylation-allylation was described by Zhong for mono-

substituted diol formation in which allyl bromide, indium and sodium iodide were added once 

the nitrosobenzene was all consumed.28 The N-phenylamino group was then cleaved to afford 

the desired 1,2-diols in moderate yields with >97% ee. This method was then applied in the 

total synthesis of (+)-petromyroxol in 2015 (shown in Scheme 2.4).29 The minor diastereomer, 

anti-2.14 was converted into 2.16 and then the major syn-2.15 was also transformed into 2.16 

via a Mitsunobu inversion. The combined 2.16 was further converted into final product over 

10 steps with overall yield around 27%. 

 

Scheme 2.4. Tandem α-aminooxylation-allylation in (+)-petromyroxol synthesis.29 
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In 2008, Zhong’s group reported an α-aminooxylation/aza-Michael reaction sequence for the 

synthesis of functionalised tetrahydro-1,2-oxazines (Scheme 2.5).23 Nitroalkenes were chosen 

as Michael acceptors in order to overcome chemoselectivity issues during C-N bond formation 

and tetraethylammonium bromide (TEAB) was included in the reaction to enhance catalyst 

activity. The formed tetrahydro oxazines were obtained in excellent enantiomeric excess 

(>99%) and diastereoselectivity (>99:1) with moderate to good yields (45-90%).  

 

Scheme 2.5. Zhong’s domino α-aminooxylation/aza-Michael reactions.23 

Dihydro-1,2-oxazines were also reported to be synthesised via an α-aminooxylation reaction 

(Scheme 2.6.).30 Pyrrolidinyl tetrazole catalyst 2.7 was applied and the intermediate 

aminooxylated aldehydes underwent an interesting nucleophilic addition -intramolecular 

Wittig process with vinyl phosphonium salts, which gave the dihydro-1,2-oxazines products in 

moderate to high yields with excellent enantioselectivity. 

 

Scheme 2.6. α-Aminooxylation synthesis of chiral dihydro-1,2-oxazine.30 

Shortly after the discovery of the organocatalytic α-aminooxylation reactions, Zhong described 

an aminooxylation Horner-Wadsworth-Emmons (AO-HWE) sequence for the access of O-

substituted allylic alcohols (Scheme 2.7).22 In this work it was reported that the N-O bond 

remained over the reaction sequence (this contrasts with the previous  findings – see below) 

and was ultimately cleaved using Cu(OAc)2 in order to form the allylic alcohols. These were 

formed in reasonably good yields for the three-step reaction sequence and in excellent 

enantiomeric excess.  
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Scheme 2.7. Zhong’s AO-HWE reaction.22 

This AO-HWE reaction was further applied in the synthesis of biologically active compounds 

and natural products. In 2009, Kumar and Kondekar reported the AO-HWE based construction 

of 1,3-polyol frameworks.31 Both syn- and anti-1,3-diols could be achieved through an iterative  

proline-catalysed process in good yields and with predictable stereocontrol. The syn-1,3-diol 

was further extended to a syn/syn-1,3,5-triol (Scheme 2.8). Each iteration cycle contains four 

steps: DIBAL-H reduction of ester to aldehyde, AO-HWE reaction, H2-Pd/C reduction and 

TBS protection. The synthesised 1,3-polyols serve as valuable, enantiopure building blocks for 

polyketide and complex natural product synthesis. Therefore, this iteration strategy was then 

applied in total synthesis by different research groups.32 

 

Scheme 2.8. Kumar’s iterative approach to 1,3-polyols and a 1,3,5-triol.31  

Other target molecules which had been synthesized successfully using a proline-mediated AO-

HWE reaction as one of key steps include Hagen’s gland lactones33, fusarentin 634, 

deoxygalactonojirimycin and deoxyaltronojirimycin26, passiflorcin A35, (+)-cytotrienin A36 

(−)- and (+)-neodichroine/hydrachine A37 etc. More synthetic examples prepared based on the 
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key proline-catalysed α-aminooxylation include hailpeptin A,38 levetiracetam,39 

tarchonanthuslactone,40 littoralisone,41 (1R,3S)-thysanone42 and (+)-neosymbioimine.43  

In 2021, Benjamin List and David MacMillan were award the Nobel Prize in Chemistry for 

their independent development of the field of organocatalysis.  This discipline has emerged as 

the third distinct type of catalyst that is available to researchers in asymmetric organic synthesis 

and as such has been noted as an area which is “bringing the greatest benefit to humankind”.44 

2.2.5 Evans’ AO-HWE featured in vinyl sulfone synthesis 

Previous work in the Evans group has shown that the AO-HWE reaction and subsequent N-O 

bond heterolysis can be telescoped into a one-pot process in order to synthesise γ-hydroxy vinyl 

esters and ketones.45 To achieve this, a longer HWE olefination reaction time was applied. 

None of the aniloxy intermediate compound was observed, or isolated, and this one-pot strategy 

gave the γ-hydroxy vinyl ester and ketones in excellent enantiomeric excess. However, the 

isolated chemical yields of the desired compounds were lower than hoped (up to 50% yield).  

This type of process was then applied to prepare γ-hydroxy vinyl sulfones using sulfone 

phosphonate 2.17. Based on the reaction optimisation, highest yields and ee were obtained 

under the reaction conditions shown in Scheme 2.9.45,46 A small range of aldehydes were used 

in order to gauge substrate scope and this showed that use of an aryl-substituted acetaldehyde 

appears to be a limitation with this methodology. Other examples, however, showed similar 

yields and ees to the previous carbonyl work (Scheme 1.38.) (Scheme 2.8).  

 

Scheme 2.9. AO-HWE reaction for γ-hydroxy vinyl sulfones synthesis.45 
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Further studies in the Evans’ group include attempts towards Z-selective AO-HWE reactions 

and selective reduction of the synthesised hydroxy vinyl sulfones.45 Importantly, with dipeptide 

vinyl sulfones serving as a template, both diastereomers of the 1,2,3-triazole-based vinyl 

sulfone bioisostere were synthesised (Figure 2.5).45,46 The γ-hydroxy vinyl sulfones were 

converted to the corresponding γ-azido vinyl sulfones through mesylation/azide displacement 

and subsequently transferred into the diastereomeric triazoles via click reactions.  

 

Figure 2.5. Evans’ 1,2,3-triazole-based vinyl sulfones45.  

Initially work has already showed a promising route to both R/S enantiomers of γ-azido vinyl 

sulfones and, as shown in Chapter 1.5, since I am interested in investigating the incorporation 

of ideal substituents to interact with the P1 region in the protease. Thus, the immediate aim of 

this part is to find out a suitable non-amino acid-based synthesis route to the different 

diastereomers of those dipeptide vinyl sulfones cysteine protease inhibitors (e.g., K11777 and 

K11002) and to compare their antiparasitic activities.  

 

2.3 Preparation of Precursors and Prolinate Salt catalyst AO-

HWE reaction 

2.3.1 Aldehyde synthesis 

Following the proposed route to K11777 (Scheme 1.39), non-commercially available 4-

phenylbutanal 2.22 was formed through a reduction/oxidation sequence. 4-Phenylbutanol 2.21 

was synthesized under conditions adapted from a patent: 4-phenylbutanoic acid 2.20, sodium 

borohydride and iodine were stirred at 0oC for 1 hour before refluxing overnight47 (Scheme 

2.10). After a basic work-up, the crude alcohol was formed as a yellow, or slightly brown liquid 

in 62% - 65% yield in a process that was reproducible. The crude alcohol was further converted 
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into the aldehyde without purification. Thus, subsequent oxidation with pyridinium 

chlorochromate (PCC) and 4 Å molecular sieves48 resulted in the aldehyde 2.22 in around 60% 

yield after purification through column chromatography. This process was routinely repeated 

on gram scale and formation of intermediate alcohol and product aldehyde was confirmed by 

NMR spectroscopy. Alternative oxidation methods were also tested in attempts to obtain 2.22 

in a higher yield. Using literature conditions,49 alcohol 2.21 was treated with BAIB and 

TEMPO and was monitored by TLC until fully consumed. Better results than the PCC reaction 

were obtained on a small scale. However, purification proved problematic on a larger scale (>1 

g) and multiple columns were required in order to obtain clean samples of 2.22. 

 

Scheme 2.10. Synthesis of aldehyde 1.19. 

 

2.3.2 Phosphonate synthesis 

Phosphate 2.17 was prepared for the planned AO-HWE reaction. The reaction was performed 

under literature conditions,50 which involved conversion of alcohol 2.23 into tosylate 2.24.  

This occurred in quantitative yield using tosyl chloride and triethylamine (Scheme 2.11). The 

formation of compound 2.24 was confirmed though 1H NMR and 31P NMR spectroscopy (31P 

signal at 15.2 ppm) and was used directly in the following reaction without purification. The 

conversion of tosylate 2.24 to sulfide 2.25 was achieved through thiophenol alkylation in the 

presence of potassium carbonate in DMF. The completion of this reaction can be conveniently 

monitored by 31P NMR spectroscopy with the signal for the phosphonate changing chemical 

shift from 15.2 to 22.8 ppm. Without additional purification, oxidation of the sulfide with 

aqueous hydrogen peroxide (27.5%) to the sulfone 2.17 was performed. Full conversion was 

obtained after 3 days and the reaction progress was monitored through 1H NMR and 31P NMR 

spectroscopy. This tosylation/alkylation/oxidation sequence was carried in multigram scale and 

2.17 was obtained as a white crystalline material after column chromatography in 54% yield. 
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Scheme 2.11. Synthesis of sulfone phosphonate 2.17. 

 

2.3.3 Prolinate salt-catalysed aminooxylation Horner-Wadsworth-Emmons 

Reaction 

As mentioned above, previous work in the Evans lab has developed a mild, operationally 

simple, one-pot synthesis of γ-hydroxy vinyl sulfones with excellent enantioselectivity through 

a proline-catalysed AO-HWE Reaction.45 This reaction sequence was routinely repeated on 

gram scale successfully with isolated yields of up to 50%. For further investigation of this 

reaction sequence in the hope of obtaining better yields, potassium L-prolinate as a catalyst was 

used instead of proline. The use of the prolinate salt was based on Hayashi’s work reported in 

2017.51 In this study, different prolinate salts were tested in the α-aminooxylation of 3-

phenylpropanal with nitrosobenzene. This found that potassium prolinate acted as the most 

efficient catalyst (99% yield with 99% ee). This excellent yield and enantiomeric excess was 

observed when optimized reaction conditions were applied, which entailed use of three 

equivalents of the aldehyde to nitrosobenzene and 2 mol% of potassium prolinate in acetonitrile 

for 4 hours. (Scheme 2.12). In this work the intermediate aniloxy aldehyde was directly 

reduced with NaBH4 and the resultant primary alcohol was isolated and characterised. Notably, 

the N-O bond survives this process.  

 

Scheme 2.12. Hayashi’s potassium prolinate-catalysed α-aminooxylation.51 
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Figure 2.6. Model for the α-aminooxylation transition state using prolinate salt A and proline B. 

The proposed transition state model of potassium prolinate mediated-α-aminooxylation was 

described in their report. The E-anti-enamine, achieved on reaction of the aldehyde and 

potassium prolinate, would form a hydrogen bond with water, which is generated from enamine 

formation and the carboxylate anion. The nitrogen on nitrosobenzene is protonated in this 

situation, leading to a higher electrophilicity (Figure 2.6). The reaction process, with the 

electrophile approaching from the same side as carboxylate, generates the product with the 

same sense of absolute stereochemistry as proline itself. 

Based on Hayashi’s results, potassium L-prolinate was prepared following a literature 

procedure51 and was tested in AO-HWE reaction under optimised conditions (Table 2.2, 

Entries 1-3). These observed results were then compared with the outcome of experiments 

using D- and L-proline that involved use of the conditions developed in the group (Table 2.2, 

Entries 4-8). 

According to the results, the use of potassium L-prolinate resulted in a slightly higher 

enantiomeric excess compared to those of proline-catalysed reactions, while it showed roughly 

the same yield (Entry 2). A much lower yield was observed with 2 mol% prolinate catalyst 

(Entry 1). The use of 3 equivalents of aldehyde 2.22, in an attempt to maximise the yield led to 

more impurities and difficulties in purification. The formation of ɣ-hydroxy vinyl sulfone 2.26 

was confirmed through 1H NMR spectroscopy with two significant doublet of doublets at 7.0 

ppm and 6.6 ppm, which correspond to the alkene protons on the vinyl sulfone and a broad 

singlet at around 4.4 ppm, which was assigned as the proton at the newly formed chiral centre. 
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Entry 
Aldehyde 

2.22 (eq.) 

Time of AO 

reaction (hour) 
Catalyst (mol%) Yield (%)  ee. (%) 

1 1.2 4 Potassium L-Prolinate (2) (R)-2.26, 21 - 

2 1.2 4 Potassium L-Prolinate (20) (R)-2.26, 43 99 

3 3.0 4 Potassium L-Prolinate (20) (R)-2.26, 40a - 

4 1.2 2 L-Proline (20) (R)-2.26, 50 97 

5 1.2 2 L-Proline (20) (R)-2.26, 46 97 

6 1.2 2 D-Proline (20) (S)-2.26, 39 96 

7 1.2 2 D-Proline (20) (S)-2.26, 37 96 

8 1.2 4 L-Proline (20) (R)-2.26, 35 94 

 

Table 2.2 Optimisation of AO-HWE reaction with Hayashi’s α-aminooxylation conditions. Yields 

refer to chromatographically isolated yields. PhNO as limiting reagent, 2.0 equivalent of phosphonate 

2.17. AO reaction concentration: 0.2 M. Enantiomeric excesses were determined by chiral phase 

HPLC analysis. aProduct contaminated with an unidentified impurity was isolated as a mixture after 

column chromatography and this yield was recorded without further purification. 

 

2.4 Synthesis of γ-Azido Vinyl Sulfone 

The synthesis of the required γ-amino vinyl sulfone fragment begins with the mesylation of γ-

hydroxy vinyl sulfone 2.26 (Scheme 2.13). Both (R/S)-2.26 were converted into the 

corresponding methylsulfonates 2.27 in approx. 90% yield after purification, following the 

conditions from reported previous work.45,46 Subsequently compound 2.27 was converted to 

azide 2.28 through nucleophilic displacement reaction with sodium azide (Scheme 2.13).45,46 

Inversion of mesylates (S)- and (R)-2.27 to azides (R)- and (S)-2.28, respectively, progressed 

smoothly at 0oC in DMF. This reaction was repeated several times and the enantiomeric azides 

2.28 were obtained in over 85% average yields. The formation of intermediate 2.27 and azide 

2.28 were confirmed through 1H NMR spectroscopy where the proton peak of the chiral centre 
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shifted from 4.4 ppm for the alcohol 2.26 to around 5.3 ppm which indicated the formation of 

mesylates 2.27, and then shifted from 5.3 ppm to 4.0 ppm for azide 2.28. 

 

Scheme 2.13. Mesylation and vinyl sulfone azide formation. 

 

2.5 Azide Reduction/Boc Protection 

Following on from above, the next step requires a selective reduction of the azide and 

functionalisation of the resultant amine with both the vinyl sulfone functional group and the 

stereochemistry conserved. It was recognised that the amine functionalisation would be 

required shortly after azide reduction due to the nucleophilicity and basicity of the intermediate 

free γ-primary amine formed (see Scheme 2.14).  

 

Scheme 2.14. Proposed chemoselective vinyl sulfone azide chemistry. 

At the start of this investigation, it should be mentioned, that no reported methodology was 

available to guide efforts for the selective reduction of the azide (or a nitro group) in the 

presence of a vinyl sulfone. Previously a few attempts (performed by William Doherty and 

Laura Cunningham) in the selective azide reduction of 2.28 indicated this reaction was indeed 

likely to be problematic (these reactions and preliminary findings are summarised in Table 

2.3).   
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Types of reactions that attempted Reported results 

Staudinger reaction (PPh3) Suspected intermediate amine formed. 

Very low yield after Boc-protection 

Redox phosphine-catalysed Staudinger ligation 

(PPh3, PhSiH3)52 

Incomplete reaction and decomposition. 

SnCl2 reduction/amide coupling Decomposed  

NaBH4 and CuSO4 reduction53 complete clean isomerisation to a vinyl azide 

Lindlar’s catalyst 

Followed by Boc-protection 

Works in around 20% yield while alkene 

isomerisation side product allyl sulfone forms. 

Hard to obtain clean samples of 2.29 

Vilarrasa Staudinger reaction (Boc-ON)54 Maximum 30% yield isolated 

 

Table 2.3. Attempts (performed by William Doherty and Laura Cunningham) in the selective azide 

reduction 

These studies suggested that the Staudinger reaction may work for azide reduction but further 

conversion with Boc2O gave a very low yield of 2.29 and a difficulty in purification. Use of 

PPh3 in the presence of PhSiH3 to convert the azide directly into the corresponding amide failed 

due to incomplete reaction and decomposition.52 SnCl2 reduction combined with an amide 

coupling reaction was reported to be unsuccessful. Reduction with NaBH4 and CuSO4 leads to 

complete, clean isomerisation to a vinyl azide.53 Attempts to use Lindlar’s catalyst under a 

hydrogen atmosphere (1 atm.) with Boc2O were successful. However, alkene isomerisation 

was observed and purification was problematic.  

As shown in Table 2.3, the only successful method tried to access clean samples of the desired 

Boc-protected vinyl sulfone amine 2.29 was the Vilarrasa Staudinger reaction, where the azide 

was treated with trimethylphosphine and then the aza-ylide was reacted with Boc-ON.54 

However, this process only provided a maximum 30% yield with a tough purification step. All 

the work presented above, together with the potential importance of the enantioenriched γ-

amino vinyl sulfone 2.29, indicates that it is important to find a more efficient,  better yielding 

and reliable way for this selective reduction/amine protection sequence. 
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2.5.1 Lindlar’s catalyst reduction 

Lindlar’s catalyst is a heterogeneous catalyst that consists of palladium deposited on calcium 

carbonate and treated with various forms of lead. It is a ‘poisoned catalyst’ and as such has 

found widespread application in the partial reduction of an alkyne into an alkene, without 

further alkenyl reduction. It has also been used in the conversion of azide groups to amines 

consequently, it was considered to be a good choice for the desired azide reduction in the 

presence of vinyl sulfone entity. It is also reported that use of Lindlar’s catalyst in the presence 

of an excess amount of Boc-anhydride under a hydrogen atmosphere could directly convert the 

azide into a Boc-protected amine with the remaining alkene present in the structure.55 

In the light of the promising literature example, it was decided to start the proposed azide 

reduction study by repeating this Lindlar’s catalyst reduction/Boc-protection sequence. Azide 

2.28 was treated with 10 mol% of Lindlar’s catalyst and 2 equivalents of Boc-anhydride, and 

this reaction was left stirring overnight under an H2 balloon at atmospheric pressure (Scheme 

2.15). However, a mixture was obtained which after attempted column chromatographic 

purification proved to be inseparable. Based on the 1H NMR spectrum of the pure Boc-

protected vinyl sulfone amine (obtained from the previous Vilarrasa method in the Evans Lab, 

see below) confirmed the formation of the desired product 2.29, while the extra peaks at 5.5 

ppm and 5.7 ppm were indicative of the presence of the inseparable impurity (Scheme 2.15).  

It was predicted that this impurity was most likely to be the isomerisation product of vinyl 

sulfone and if this assumption was correct the ratio between the desired product and the 

impurity was approx. 2:1 (based on the integration of signals for the product and the impurity). 

The reaction was performed twice and the same results were obtained in both instances. 
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Scheme 2.15. Attempted Lindlar’s catalyst reduction of 2.28 and NMR spectrum of the mixture 

obtained (300 MHz, CDCl3). 

 

2.5.2 Tin chloride/thiophenol reduction 

A combination of tin chloride with thiophenol has been reported for the reduction of azide and 

nitro groups. As shown in the literature, such compounds that also have an alkene present in 

the structure were successfully reduced to the corresponding amines under mild conditions.  

Typically yields of over 90% were obtained following very short reactions times.56 

Therefore, this reaction was carried out with azide 2.28 under the literature procedure (Scheme 

2.16). SnCl2, thiophenol and triethylamine were stirred under N2 for 15 min to form a yellow 

complex in THF. Azide 2.28 was then transferred into this mixture as a solution in THF. The 

resulting mixture was left to stir for 3 hours. The reaction was monitored by TLC and the crude 

mixture in THF was diluted with CH2Cl2 and was neutralised by addition of a 1M NaOH 

solution. The organic layer was separated, two equivalents of Boc-anhydride were added 

followed by one equivalent of NaOH. The resulting solution was shaken for 15 min in a 

separating funnel before separation. After aqueous work-up, the mixture was concentrated and 

subjected to column chromatography. This resulted in an inseparable mixture of major reaction 

components while side product 2.30 was isolated as a clean compound. The 1H NMR spectrum 

2.29 alkene peaks  

2.29 amine and chiral proton 

Likely impurity 

Possible alkene peaks 

in E/Z allyl sulfone 
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showed that the desired Boc-protected vinyl sulfone amine 2.29 was formed in very small 

amounts with (E/Z)-allyl sulfone also present. The main product, ketone 2.30 (see also page 

91) was isolated in approx. 30% yield. The yield of desired compound 2.29 was less than 20% 

- based on calculations using the NMR integration values. 

 

Scheme 2.16. Tin chloride/thiophenol reduction of azide 2.28. 

 

2.5.3 Thioacetic acid amidation reaction 

In 2003, J. Williams and his group reported a direct amide synthesis strategy based on the 

reaction of thioacetic acid and the corresponding azides.57 The data obtained from their work 

demonstrated that a thiotriazoline is formed as an intermediate and that this then collapses to 

lead directly to the amide group (i.e. avoiding the intermediacy of an amine). Examples include 

the reduction and amidation of β-azido styrene, which gave the desired amide in 79% yield in 

refluxing chloroform. This one-pot conversion was attractive to me since, if successful, this 

might be able to achieve the target peptidyl vinyl sulfone directly using a functionalised 

thioacid. 

Following the literature conditions azide 2.28, thioacetic acid and 2,6-lutidine were stirred and 

refluxed in chloroform, under N2 for 18 hours (Scheme 2.17). Multiple compounds were 

formed and following separation through column chromatography, it was clear that  none of 

the desired product 2.31 could be isolated. Considering the recovered materials after column 

and the formation of over ten different compounds, it is believed that in my case either the 

reactant, or the product, is unstable under the reaction conditions. For example, the electrophilic 

β-position of vinyl sulfone could be a target for the nucleophilic thio intermediate.58  
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Scheme 2.17. Attempted thioacetic acid amidation of azide 2.28. 

 

2.6 Cinnamyl Azide Synthesis and Reduction: A Model for Vinyl 

Sulfone 2.28  

Since the enantioenriched vinyl sulfone azide 2.28 is valuable, cinnamyl azide 2.32 was 

considered as a model to study potential conditions for the chemoselective azide reduction. 

Following a literature procedure, cinnamyl bromide and sodium azide were stirred in 

water/acetone (1:3) for 30 min at rt.59 This reaction gave a quantitative yield of 2.32 which did 

not require additional purification.  

 

2.6.1 Cinnamyl azide reduction with tin chloride/thiophenol 

With the model compound 2.32 in hand, the validity of the two previous synthetic methods 

attempted with vinyl sulfone azide 2.24 were checked. Following the same conditions56, the tin 

chloride azide reduction of 2.32 gave the Boc-protected amino compound 2.33 in 93% yield 

over two steps (Scheme 2.18). The starting material was observed to be fully converted after 1 

hour and an identical work up and Boc-protection procedure was employed. Product 2.33 

crystallised after work-up and did not require further purification. The proton NMR spectrum 

showed two signals for the alkenyl protons which had changed from 6.67 ppm and 6.26 ppm 

to 6.51 ppm and 6.19 ppm and a new singlet integrating for 9 protons presented at 1.47 ppm. 

The broad singlet at 4.66 ppm proved to be the proton on the N-atom in the carbamate, all of 

which indicated the formation of 2.33. 
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Scheme 2.18. Tin chloride reduction with cinnamyl azide 2.32. 

The thioacetic acid azide amidation reaction57 was also tested with azide 2.32. Again, this 

reaction was performed under the same conditions as was attempted with vinyl sulfone azide 

2.28 (Scheme 2.19). Similarly, multiple compounds formed after the reaction was complete. 

In contrast to vinyl sulfone azide 2.28, the desired amide 2.34 was isolated and characterised 

this time. Due to the polarity of the amide, a more polar solvent was used in column 

chromatography which gave amide 2.34 in 73% yield. The formation of 2.34 was confirmed 

through 1H NMR spectroscopy where the CH2 signal of the azide 2.32 shifted from 3.96 ppm 

to 4.04 ppm with a new 3H singlet showing up at 2.00 ppm, which was indicative of the CH3 

linked to the amide. The proton of amide was also found as a broad singlet at 5.56 ppm which 

further proved the formation of the product. 

 

Scheme 2.19. Thioacetic acid azide amidation of cinnamyl azide 2.32. 

These two results indicated that whilst the conditions used are efficient and useful for 

chemoselective vinyl azide reduction they are not suitable for the vinyl sulfone azide 2.28. 

Therefore, it was clear that an alternative method was needed for converting azide 2.28 into 

the desired γ-N-functionalised vinyl sulfone.  

 

2.7. H-cube® Continuous-Flow Hydrogenation 

Continuous flow chemistry has received tremendous interest for applications in the 

development of selective processes. This is due to its advantages which include: easy isolation 

or purification, reducing waste emissions, automation, safety, and more managed reaction 

conditions.60,61 The H-cube® has been widely used in industry and synthetic chemistry more 

generally62,63. One example from Demont and co-workers showed the use of the H-cube® in 
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synthesis of the naphthpyridone-based ATAD2 bromodomain inhibitors, in which an azide was 

easily reduced into the corresponding amine in 94% yield.64 Based on this report, the H-cube® 

was tested for the selective reduction of vinyl sulfone azide 2.28 (Table 2.4). 

 

Entry Catalyst cartridge Pressure Flow Rate Result 

1. 10% w/w Pd/C 12 mbar 1.0 mL/min Over 95% yield of product 

2.35 

2. 5% w/w Pd/CaCO3/Pb 13 mbar 1.0 mL/min 100% 2.28 recovered 

3. 5% w/w Pd/CaCO3/Pb 13 mbar 0.5 mL/min 100% 2.28 recovered 

 

Table 2.4. Testing results for selectively reduction of vinyl sulfone azide 2.28 with H® cube. 

According to these results, using of 10% w/w Pd/C catalyst in the full H2 mode led to the full 

reduced product compound (S)-2.35 with none of the desired Boc-protected vinyl sulfone 

amine was detected (Entry 1). This result indicated that this catalyst was too reactive, however, 

it did show that the azide was reduced and also captured in situ to give a carbamate. Based on 

this, It was hoped that by changing the catalyst into the poisoned Lindlar’s catalyst, that a 

selective azide reduction could be achieved under the similar conditions. Using the 5% w/w 

Pd/CaCO3/Pb cartridge the reaction was tested twice with different flow rates and all the 

reactions were processed under the full H2 mode (Entries 2 and 3). These results, in which there 

was a complete recovery of starting material, suggested that this cartridge was too unreactive 

even with a slower flow rate. This was further confirmed with the testing of cinnamyl azide 

2.32 (Table 2.5). A new Pd catalyst cartridge was next considered which would hopefully have 

the ability for selective azide reduction. 
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Entry 
Pd catalyst 

cartridge 
Temp Pressure  

Flow 

Rate  
Resulta 

Recovered 

2.32b 

1. 
10% w/w 

Pd/CaCO3 
15oC 

10 mbar 

average 

2.0 

mL/min 

2.33 3%  

2.36 94%  
46%  

2. 
10% w/w 

Pd/CaCO3 
30oC 

70 mbar 

average 

1.0 

mL/min 

2.33 2% 

2.36 93% 
25%  

3. 
5% w/w 

Pd/CaCO3/Pb 
15oC 

5 mbar 

average 

1.0 

mL/min 
NA 100%  

4.  
5% w/w 

Pd/CaCO3/Pb 
30oC 

5 mbar 

average 

0.5 

mL/min 
NA 100% 

 

Table 2.5. Results for reduction of cinnamyl azide 2.32 with H cube®. aThe isolated yields were 

calculated based on the reacted material. bRecovered isolated yields were calculated based on starting 

material. 

With the new 10% w/w Pd/CaCO3 catalyst cartridge in hand, test reductions were carried out 

with slightly modified conditions. As shown in Table 2.5, use of 5% w/w Pd/CaCO3/Pb catalyst 

cartridge led to full recovery of 2.32 even with increased temperature, or with a slower flow 

rate. Cinnamyl azide 2.32 was tested a few times: In Entry 1, a mixture of products was 

obtained under mild conditions. This mixture included 46% of recovered 2.32 and in the 

remaining 54% of material, 94% was the over reduced 2.36 with only 3% the desired product 

2.33 (with 2% of material lost possible during purification). Considering the recovery of 

starting material in this example, a more forcing set of conditions were applied with heating of 

cartridge, a slower flow rate and a much higher H2 pressure. Less starting material was 

recovered under this set of reaction conditions. Among the 75% of converted materials, only 

2% of them were desired product 2.33, which is even lower than the previous-in terms of 

percentage. These results indicate that the change of conditions might only affect the total yield 

of reacted compounds 2.33 and 2.36 with almost no change of selectivity. It was reported that 

use of H-cube® showed a complete loss of selectivity in the reduction of an azido group in the 

presence of an aromatic nitrile (Scheme 2.20).65 
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Scheme 2.20. Reported variable outcomes in the reduction of 4-(4-azidopiperidin-1-yl)benzonitrile on 

the H-Cube®.65 

Although the Lindlar’s catalyst, in principle, lacks the activity associated with many alternative 

palladium catalysts for reducing double bonds, the reduced amount of H2 absorption on less 

palladium area also limits the activity of azide reduction. The ability to selectively reduce an 

alkyne to an alkene without further reduction may also be due to a mechanistic selectivity 

operating when the hydrogenation of the absorbed alkyne is favoured with respect to the 

absorbed alkene, while thermodynamic selectivity relies on  the ability of palladium to 

preferentially adsorb the alkyne in the presence of the alkene.66 Use of the other two palladium 

catalysts have not shown any selectivity in the reduction of the azide functionality in the 

presence of alkene (Entry 1, Table 2.3 and Entry 1,2 Table 2.4). There is currently no report 

studying the rate of absorption and hydrogenation of the azide group compared to an alkene, 

which could be the main point to explain why over-reduction was observed in these H-cube® 

experiments. It should be mentioned that there are a few examples in the literature which show 

that with a typically prepared palladium nano-catalyst selective H-cube® azide reduction could 

be achieved in very good yields.66,67 

 

2.8 Zinc reduction 

Zinc with ammonium formate acts as a versatile hydrogen donor in reduction reactions and has 

been reported as an efficient, selective reduction reagent for azide groups.68 Therefore, 

cinnamyl azide 2.32 was tested following the literature procedure. Azide 2.32 with 2 

equivalents of ammonium formate and 10 equivalents of zinc powder was left stirring under 

N2 at room temperature (Scheme 2.21). The reaction was monitored by TLC and it was evident 
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that 2.32 fully converted after 30 min. The work up step was slightly modified based on the 

literature procedure68 and the formation of ammonium salt 2.37 was proven by 1H NMR 

spectroscopy (Figure 2.7). The formed ammonium salt 2.37 was further converted into the 

desired Boc-protected amine 2.33 through a simple Boc-protection reaction in 97% yield 

(Scheme 2.21). 

 

Scheme 2.21. Zinc/ammonium formate reduction/Boc-protection reaction of cinnamyl azide 2.32.                            

 

Figure 2.7. 1H NMR of compound 2.37 (400 MHz, d6-DMSO).                    

With the result from the model study in hand, vinyl sulfone azide 2.28 of interest was tested 

under the same reaction conditions and work-up procedure. The formation of the hoped-for 

intermediate vinyl sulfone ammonium salt was checked by 1H NMR spectroscopy - which 

unfortunately was very unclear. However, there was a clean singlet evident at 8.23 ppm which 

possibly indicated the formation of the ammonium salt. This mixture was then treated with 

base and Boc-anhydride and was stirring for 30 min. Two columns were needed for the 

purification of the crude mixture. The first column, using a gradient elution system (c-hexane 

to EtOAc: 6:1 to 1:1) resulted in five different components that were well separated. 

Interestingly, one isolated compound proved to be desulfonylated Boc-protected amine 2.38 

(26%) with significant doublets at 5.12 ppm, 5.18 ppm and a multiplet at 5.78 ppm, which 

matches literature data perfectly.69 The two broad singlets at 4.15 ppm and 4.47 ppm were 

protons of the carbamate and the methine proton at chiral centre (Figure 2.8). The baseline 

Ammonium 

protons 
alkene peaks  
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fraction under this eluent system was also collected and provided a very unclear NMR spectrum. 

A different eluent system (CH2Cl2: EtOAc = 1:1) was applied where these baseline spots 

showed up as another 5 different compounds on TLC. A second column was performed and all 

these compounds were successfully separated. NMR spectrum showed that ketone 2.30 was 

formed in around 20% yield (Scheme 2.22). This ketone 2.30 was also found in tin chloride 

reduction reactions (Scheme 2.16 and Figure 2.9), which could possibly be formed by a 

nucleophilic addition of an oxygen source at the β-position followed by elimination of the 

amino fragment and enol to keto tautomerisation. Other fractions were isolated in only very 

small amounts and no valuable information could be obtained from their NMR spectra. 

 

Scheme 2.22. Zinc reduction with vinyl sulfone azide 2.28. 

 

 

 

 

 

 

 

The formation of compound 2.38 under reducing conditions is not too surprising according to 

previous work in the Evans lab. Use of magnesium turnings followed by catalytic HgCl2 led to 

the conversion of vinyl sulfone 2.26 into 5-phenylpenten-3-ol.45 Therefore, the zinc powder in 

this reaction may act similarly as magnesium turnings, giving this decomposed compound 2.30 

Figure 2.8. NMR of compound 

2.38 (300 MHz, CDCl3). 

Figure 2.9. NMR of ketone 2.30 

(400 MHz, CDCl3). 
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under a similar mechanism – somewhat encouragingly this result does demonstrate that the 

alkene unit is maintained in a process that converted the azide in 2.28 into the desired carbamate.  

Acetic acid is another commonly used proton source for the reduction of different functional 

groups in combination with zinc.70 Therefore, the zinc/acetic acid reduction of cinnamyl azide 

2.32 was attempted under similar conditions used for ammonium formate. Although no direct 

evidence to prove the formation of ammonium salt could be obtained, the crude reaction 

mixture was treated with base and Boc-anhydride.  This led to a problematic purification step 

with only trace amounts of desired 2.33 evident. Based on these issues this set of reaction 

conditions were not used on the desired vinyl sulfone azide 2.28 (Scheme 2.23). 

 

Scheme 2.23. Attempted zinc/acetic acid reduction of cinnamyl azide 2.32. 

 

2.9 Aza-Wittig Reaction 

As mentioned before, previous work from the Evans lab has suggested that the formation of 

the vinyl sulfone amine takes place when 2.28 was treated with triphenylphosphine. Since this 

result had never been fully proven or investigated in more detail, it was felt that a Staudinger 

type reaction in combination with N-functionalisation was worth considering in order to 

achieve the desired transformation. First investigations in this area considered an Aza-Wittig 

reaction based on the principle that the in situ formed imine intermediate could be hydrolysed 

to give the corresponding ammonium salt under acidic conditions. A Boc-protection (or 

alternative acylation) to give desired Boc-protected amine could be then performed. Cinnamyl 

azide 2.32 was, therefore, tested following a modified literature procedure (Scheme 2.24): 2.32 

was treated with triphenylphosphine at room temperature and stirred for 30 min before addition 

of benzaldehyde.71,72 The reaction was monitored by TLC for the consumption of starting 

material, 1H NMR spectroscopy for the formation of imine 2.39 and 31P NMR spectroscopy for 

the production of the by-product triphenylphosphine oxide. All the reactants were used in equal 
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equivalents, so the formation of the significant imine signal at 8.37 ppm, together with the 

disappearance of the aldehyde peak at 10.03 ppm indicated the completion of the reaction. The 

completion of reaction could also be gauged according to 31P NMR spectroscopy since the 

phosphorus peak changed from -5.52 ppm (triphenylphosphine) to 29.92 ppm 

(triphenylphosphine oxide). The crude imine 2.39 obtained after solvent removal was then 

reacted directly with 4M HCl to form ammonium salt 2.40. The organic layer was sampled for 

NMR spectroscopic analysis in order to check the consumption of the imine intermediate and 

reformation of benzaldehyde. The water layer was separated and an excess of base with Boc-

anhydride were added to the solution with THF as the organic solvent. The resulting mixture 

was left to stir for 3 hours after which time the desired compound, 2.33, was obtained in 61% 

overall yield after purification (Scheme 2.24). 

 

Scheme 2.24. Aza-wittig reaction of cinnamyl azide 2.28 with benzaldehyde. 

With this result in hand, vinyl sulfone azide 2.28 was similarly checked, once with 

triphenylphosphine and once with the commercially available solution of trimethyl phosphine 

in THF, following otherwise similar reaction conditions. An unclear NMR spectrum with 

limited valuable information was obtained for the crude imine intermediate formed after the 

first phase of the proposed sequence. A signal at 8.22 ppm was evident but multiple other peaks 

were also present, which suggested that side-reactions were taking place. The aldehyde peak 

remained after 6 hours which also indicated that the reaction was never reaching full conversion. 

The crude mixture containing the hoped-for imine was then reacted with acid followed by the 

Boc-protection reaction. However, the crude NMR spectrum after the whole reaction sequence 

showed no alkene peaks remained for the vinyl sulfone between 6.40 ppm and 7.00 ppm, which 

indicated that none of the desired Boc-protected vinyl sulfone was formed after these reactions 

using either PPh3 or PMe3. 
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Instead of benzaldehyde, carbon dioxide was also used as the electrophile in an aza-Wittig 

reaction with the aim of forming an isocyanate as the intermediate rather than an imine.73 This 

proposed γ-isocyanate vinyl sulfone intermediate, in principle, could be further converted into 

the desired amine 2.29 by reacting with t-butyl alcohol under a nitrogen atmosphere and also 

would offer additional possibilities for functionalisation. This reaction sequence was applied 

directly with vinyl sulfone azide 2.28, with carbon dioxide gently bubbling through the reaction 

mixture, and the reaction was monitored through 1H NMR and 31P NMR spectroscopy. 

However, this alternative aza-Wittig reaction was also unsuccessful (Scheme 2.25). The 

proposed intermediate isocyanate was not proven or identified by mass spectrometry of the 

final crude product which showed a compound(s) with m/z at 629 [M + H+]. Although not 

proven this suggested that a symmetrical urea may have formed as one of the side-products of 

this process. 

 

Scheme 2.25. Attempted aza-Wittig reaction of 2.28 with carbon dioxide. 

 

2.10 ‘Traceless’ Staudinger Ligation 

Following on from the above aza-Wittig attempts, a traceless Staudinger ligation was next 

considered. This process is attractive since it enables the formation of an amide bond between 

a phosphinothioester, or phosphinoester and an azide directly.74 Azide 2.32 was first tested 

with the commercially available thioester 2.41 (Scheme 2.26). Following literature conditions, 

DABCO (3 equiv.) with azide 2.32 was added into the phosphine borane 2.41 solution (1.0 

equiv.) and the mixture was heated to 40oC for phosphinothioester borane deprotection.75 The 

reaction was monitored by TLC and 31P NMR spectroscopy to track the consumption of the 

phosphinothioester. Although this reaction resulted in multiple impurities, the desired amide 

2.34 was isolated in a reasonable 65% yield after purification. On this basis it was decided to 

try this method with vinyl sulfone azide 2.28 (Scheme 2.27). 
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Scheme 2.26. Staudinger ligation of cinnamyl azide 2.32 with 2.41. 

The reaction of vinyl sulfone azide 2.28 with phosphinothioester 2.41 was then carried out 

under the same conditions described for model azide 2.32 (Scheme 2.27). However, none of 

the desired vinyl sulfone amide was formed and no significant alkene signals showed up on the 

crude NMR spectrum. Instead, two different ketones were isolated after column 

chromatography and one of them proved to be ketone 2.42.  This was isolated in 15% yield and 

was fully characterised. The other ketone was contaminated with an inseparable impurity, but 

it is suspected to be an α-keto sulfone. An undesired conjugate addition between the thiolate 

ion (from decomposition of 2.41) and vinyl sulfone could also occur based on its proposed 

mechanism, although this side product was never observed. 

 

Scheme 2.27. Staudinger ligation of vinyl sulfone azide 2.28 with 2.41. 

In 1977 it was reported that treatment of a vinyl azide with triethyl phosphite followed by mild 

hydrolysis could give the corresponding ketone in good yield.76 It is possible that during the 

reaction, a vinyl azide was formed through the isomerisation of the allyl azide in the presence 

of base and that subsequently this underwent similar types of reaction to afford ketone side 

product 2.42. 

Phosphinoester 2.44 was also applied as an alternative reagent for this same type of Staudinger 

ligation. This would avoid concerns about the possible thio-addition side reaction using 2.41. 

Compound 2.44 was prepared from reacting 2-diphenylphosphinophenol 2.43 with acetic 

anhydride (Scheme 2.28.) and this is attractive since, in principle, different ester groups could 

be easily synthesised and subsequently transferred in the Staudinger ligation in order to make 
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the corresponding amide.77 This compound (2.44) was then used with cinnamyl azide 2.32 

following a literature procedure (Scheme 2.28).77b The formation of the by-product, (2-

hydroxyphenyl)diphenylphosphine oxide 2.45 during the reaction was used as an indicator for 

completion due to the use of equimolar amounts of the phosphine and the azide. The significant 

broad singlet at 11.12 ppm represented the phenol proton, likely engaging in intramolecular 

hydrogen binding with the phosphine oxide. This mild reaction gave the desired amide 2.34 in 

72% yield after purification. 

 

Scheme 2.28. Preparation of 2.44 and Staudinger ligation of cinnamyl azide 2.32 with 2.44. 

With the good yield achieved from this model study, vinyl sulfone azide 2.28 was treated with 

compound 2.44 under the same conditions (Scheme 2.29). The reaction was monitored through 

proton and phosphorus NMR spectroscopy and an inseparable mixture of ketone 2.42 with the 

by-product 2.45 was obtained after purification. The yield of ketone 2.42 was calculated as 56% 

based on NMR integration. Unambiguous confirmation of the formation of 2.42 and the 

phosphine oxide 2.45 was provided through mass spectrometry and NMR spectroscopy. This 

result along with an understanding of the mechanisms involved in the Staudinger ligation 

suggest that the ketone 2.42 was formed directly from the azo-phosphorus ylide intermediate 

before the ligation phase occurred. 

 

Scheme 2.29. Attempted Staudinger ligation of vinyl sulfone azide 2.28 with 2.44. 
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2.11 Vilarrasa’s Staudinger Reaction 

Previous work in the Evans lab has shown that formation of the desired Boc-protected vinyl 

sulfone amine 2.29 can be successfully achieved through Vilarrasa’s Boc-ON method. 

However, only a 30% yield was obtained and evidence suggested that this process might suffer 

from irreproducibility. In order to check its reliability and to attempt to achieve a better yield, 

the initial process was repeated on both the model substrate 2.32 and also the vinyl sulfone 

2.28. Following on from modified conditions reported in the literature,54,78 azide 2.32 was 

treated with trimethylphosphine in THF (0.03 M) at -78oC for 5 min before Boc-ON was added. 

The resulting mixture was stirred at -78oC for 10 min and for a further five hours under nitrogen, 

while gradually warming up to room temperature. It was found that it was useful to perform 

this process at a low concentration (e.g., 0.0015 M concentration) and it should be pointed out 

that multiple columns, with gradient elution were needed for optimal purification. As shown in 

Table 2.5, this Vilarrasa Staudinger reaction, with azide 2.28, was carried out six times with 

slightly modified conditions.  

 

Entry PMe3 (equiv.) Time for PMe3 Time and Temp for  

Boc-ON 

Yield (%) 

1. 1.2 5 min -78oC (10 min) to rt (5 h) 42 

2. 2.0 5 min  -78oC (30 min) to rt (5 h) > 80a 

3. 2.0 15 min  -78oC (30 min) to rt (5 h) 90 

4. 2.0 15 min  -78oC (30 min) to rt (18 h) 90a 

5. 2.0 15 min  -78oC (5 h) 38a 

6. 2.0 -78oC (30 min) to rt (5 h)b 12a 

 

Table 2.5 Vilarrasa’s Staudinger Reaction of azide 2.32 under modified conditions. aYield based on 

NMR integration between the product amide and by-product oxime. bPMe3 was added after Boc-ON 

and azide. 
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According to these results, it is important to apply a slightly longer time for the azo-ylide 

formation at -78oC. Also, maintaining a lower temperature after the addition of Boc-ON for the 

first half hour showed a huge improvement of the final yield (Entry 2). Whilst keeping the 

whole reaction at this temperature for the entire reaction period ended up with a much lower 

yield (Entry 5). The use of anhydrous conditions with the low temperature was believed to be 

crucial for this type of reaction. Therefore, the most suitable reaction conditions (Entry 3) were 

selected for use with vinyl sulfone azide 2.28. However, disappointingly, only a small amount 

of carbamate 2.29 was isolated (maximum 16%) after several attempts (Scheme 2.30). The 

reason for these poor results is likely to stem from instability of the aza-ylide intermediate in 

the reaction conditions. The possibility that the reaction product is also unstable in the reaction 

medium was also considered.  

 

Scheme 2.30. Vilarrasa’s Staudinger Reaction of azide 2.28. 

 

2.12 Alternative Attempted Approach to the Boc-protected Vinyl 

Sulfone Amine 2.29 

As a result of the efforts described above it had become clear that the intrinsic instability of the 

aza-ylide vinyl sulfone based intermediate formed following azide reduction was a problem 

that was hard to solve. Therefore, some other methods were considered in order to avoid this 

situation. One proposed solution was to synthesize the γ-azido vinyl sulfide instead of sulfone 

in the hope of changing the double bond character and thus avoiding the possibility of 

isomerisation which would increase the stability of the aza-ylide intermediate. To investigate 

this, diethyl ((phenylthio)methyl)phosphonate 2.25 (an intermediate in the synthesis of the 

sulfonyl phosphonate used in the AO-HWE process described above for the synthesis of 2.26) 

was used in the AO-HWE reaction with commercially available heptanal. The reaction was 

performed twice under the typical conditions for the formation of vinyl sulfone. The NMR 

spectra of the crude material for both attempts showed that heptanal was mostly consumed 
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while no (E) alkene signals were observed which suggested that only the AO reaction may have 

occurred (Scheme 2.31) (resulting in a complete recovery of the phosphonate). Since the 

synthesis of γ-hydroxyl vinyl sulfides via an AO-HWE reaction does not have precedence, a 

stronger base (sodium hydride) was applied in a single HWE reaction between heptanal and 

2.25 in order to check the possibility formation of non-substituted vinyl sulfide. This type of 

reaction with simple acetaldehyde and pyridyl sulfenyl phosphonate was reported to proceed 

in 68% yield, while the major product was (Z) vinyl sulfide (Z/E = 7:3).79 However, no desired 

product was observed in my case. 

 

Scheme 2.31. Attempted AO-HWE reaction of heptanal with 2.25. 

 

2.13 Conclusion and Future Work 

The key γ-hydroxy vinyl sulfones 2.26 were successfully synthesised through an AO-HWE 

reaction with moderate yield and excellent enantiomeric excess. Both (R/S)-2.26 were 

converted into corresponding (S/R)-vinyl sulfone azide 2.28 in good yields. Several different 

methods for the selective reduction of azide 2.28 into the desired N-Boc-protected vinyl sulfone 

2.29 were attempted. This study was performed in order to improve the yield from the process 

described previously in the laboratory. However, these attempts were unsatisfactory due to low 

obtained yields, poor purity, isomerization, decomposition, over-reduction and the formation 

of undesired ketones from different uncontrollable side reactions. Use of cinnamyl azide 2.32 

clearly indicated that the issues in forming 2.29 were due to the sulfonyl group and the bearing 

this has on the stability of the reaction intermediates formed on reduction of the azide group. 

Future work includes finding another efficient way in reducing azide 2.28 into compound 2.29, 

or to find different routes of introducing nitrogen atom(s) that avoid the requirement for 

reduction. For instance, the use of the Fukuyama-Mitsunobu reaction to form a sulfonamide 

directly from a γ-hydroxy vinyl sulfone 2.26 might be a good choice.80 The organocatalytic 

sequential α-amination −Horner−Wadsworth−Emmons reaction would be an alternative route 
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for introducing a nitrogen atom while the selective reduction of the formed hydrazine 

compound into amine might be difficult (see the following chapter for work performed on this 

reaction).81 The protection of alkene, followed by azide reduction and deprotection to reform 

the vinyl sulfone might also be a feasible choice if a high yield could be achieved for a suitable 

alkene protecting unit. 
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Chapter 3 

 

Organocatalytic Synthesis of γ-Hydrazine Vinyl 

Sulfones 

 

3.1 Introduction 

The organocatalysed amination of aldehydes and ketones has been reported with various 

azodicarboxylate compounds for introducing N-functionalised groups at the α-position 

(Scheme 3.1).1 These α-aminated products are typically formed in excellent yields and 

enantiomeric excesses. Importantly, they can also be subsequently converted into the 

corresponding amino alcohols, or undergo reduction-cyclization sequences to form N-amino-

oxazolidinones.1-4 Furthermore, applications of α-hydrazinoaldehydes have undergone rapid 

development, therefore, many other reactions have been reported in combination with α-

amination since 2003.5-8 Additionally, when di-tert-butyl/benzyl azodicarboxylate was applied 

in the α-amination, the resultant α-hydrazinoaldehyde can be easily converted into the 

corresponding hydrazinium salt, which is as precursor for pyrazole/pyridazine synthesis.9,10  

 

Scheme 3.1 Proline catalysed α-amination of unbranched aldehydes/ketones. 
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A novel asymmetric α-amination-HWE reaction sequence will be described in this chapter for 

the synthesis of enantioenriched γ-hydrazine vinyl sulfones. These γ-hydrazine vinyl sulfones 

were then further converted into the desired dipeptide vinyl sulfone cysteine inhibitors, which 

is the major aim of this project.  

 

3.2 The Development of the Asymmetric α-Amination Reaction 

3.2.1 Early work on asymmetric α-amination reaction 

The earliest asymmetric α-amination reaction was independently reported by three different 

groups in 1986. Gennari and co-workers reported a TiCl4-mediated asymmetric amination for 

the preparation of α-hydrazino acids and α-amino acids.11 An E-silyl ketone acetal derivative 

was treated with TiCl4 and di-tert-butyl azodicarboxylate (DBAD) in CH2Cl2 at -80oC which 

gave the corresponding hydrazine compounds in 45-92% yield with 78-91% enantiomeric 

excess (Scheme 3.2). These hydrazine adducts were then reduced using lithium aluminium 

hydride to afford α-hydrazino acids, which themselves can be further reduced to give 

corresponding α-amino acids. 

 

Scheme 3.2. Gennari’s electrophilic α-amination reaction.11  

In the same year, Evans and his group reported another stereoselective amination approach to 

the synthesis of both α-hydrazino acids and α-amino acids.12 Instead of using silyl ketone acetal 

derivatives, lithium enolates derived from the N-acyloxazolidones were used to provide the 

desired hydrazine adducts in 91-96% yield and with 93-99% ee. (Scheme 3.3). 

 

Scheme 3.3. Evans’ α-amination reaction.12 
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These formed hydrazine compounds were then converted to the hydrazine esters through 

alcohol transesterification. Subsequently deprotection with TFA, followed by Raney nickel 

reduction and acylation with (+)-MTPA chloride afforded the desired amide in good yields. 

Trimble and Vederas also reported a similar method towards a range of α-hydrazino acids and 

α-amino acids through the amination of chiral enolates by the dialkyl azodiformates in same 

year.13 Different deprotection and reduction methods were presented compared with Evans’ 

method. 

 

3.2.2 List and Jørgensen’s organocatalytic asymmetric α-amination  

In 2002, List1a and Jørgensen1b independently reported the first proline-catalysed enantio-

selective direct α-amination reaction using various aldehydes as the reactant and 

azodicarboxylate esters as the electrophiles. Since then, a variety of α-amination examples of 

different types of aldehydes (or ketones) reacting with different functionalised 

azodicarboxylate compounds catalysed by proline, and its derivatives have been reported. The 

reported α-amination reactions of simple α-unbranched aldehydes with di-tert-butyl/dibenzyl 

azodicarboxylate catalysed by L-proline resulted in excellent yields with high enantiomeric 

excesses from both List and Jørgensen’s report (Table 3.1). The resultant α-aminated products 

were reduced to the corresponding amino-alcohols in the presence of NaBH4. Alternatively, 

they can be further cyclised to the N-aminooxazolidinones, where the hydrazine N-N bond can 

subsequently be cleaved using Raney-Ni under a H2 atmosphere to give oxazolidinones (widely 

used as Evans’ chiral auxiliaries). 

 

R1 R2 Conditions Yield %a ee %a Ref 

iPr, nPr, nBu, Me, Bn Bn CH3CN, 0oC to rt, 3 h 93-99 95-97 1a 

iPr, tBu, Me, Et, Bn, allyl Et, Bn CH2Cl2, RT 57-92 89-95 1b 

 

Table 3.1. Proline-catalysed direct asymmetric α-amination of aldehydes.1a,b aYield and ee were 

recorded as reduced hydrazine alcohols1a or oxazolidinones1b 
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Jørgensen and co-workers also presented ketones as substrates in asymmetric α-amination 

reactions in 2002.14 Two types of α-amino products were obtained (when R1 = Me), as 

described in Table 3.2. 

 

Ketone Ratio  

(major: minor) 

Yield 

(%) 

ee 

(%) R1 R2 

Me Me 91:9 80 95 

Me Et 81:19 77 98 

Me Bn 82:18 92 98 

Me i-Pr 76:24 69 99 

Et Me _ 79 94 

 

Table 3.2. Jørgensen’s L-proline catalysed α-amination of ketones.14 

The major amination products were accessed in good yields and the reactions proceeded with 

excellent enantiomeric excess, which means that the reaction of simple aliphatic ketones with 

DEAD was reasonably regioselective and the amination occurred at the more substituted 

carbon atom. The major amination products could be cyclised to the N-aminooxazolidinones, 

which were reduced by zinc/acetic acid to give the corresponding oxazolidinones. 

 

3.2.3 Proline-type organocatalysts  

As more attention was applied to investigating and expanding this newly developed 

asymmetric α-amination reaction, simple proline catalysts, in some cases, were found to give 

poor results, therefore, various proline-based catalysts were introduced for better yields and 

enantiomeric excess. For example, α-amination of cyclohexanone using L-proline generally 

gave poor yields and stereoselectivity while significantly improved results were achieved using 

proline-based modified catalysts (Table 3.3).  
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R Cat. Conditions Yielda (%) eeb (%) Ref 

Bn 3.1 10 mol% cat, C2H4Cl2, rt, 3 h 86 (50) 94 (75) 15 

Et 3.1 10 mol% cat, C2H4Cl2, rt, 1.5 h 89 (31) 85 (85) 15 

Bn 3.2 20 mol% cat, CH2Cl2, 25oC, 24 h 60 (56) 90 (61) 16 

Bn 3.3 10 mol% cat./TFA, CH2Cl2, 20oC, 24 h 92 (88) 66 (84) 17 

 

Table 3.3. Proline-based catalysts α-amination of cyclohexanone. a,bNumbers in parenthesis are 

results from L-proline-catalysed reactions under comparable conditions.1d,15-17 

The α-amination of cyclohexanone under 4-silyloxyproline 3.1 catalysis with dibenzyl/ethyl 

azodicarboxylate showed a huge improvement in yield with better enantioselectivity compared 

with those of the L-proline catalysed process (in parenthesis).15 L-Azetidine-2-carboxylic acid 

3.2 also proved to be a more efficient catalyst, since improved yields and much higher 

enantiomeric excesses were obtained.16 Although benzimidazole-pyrrolidine 3.3 gave a lower 

enantioselectivity in the cyclohexanone amination reaction, examples of using this catalyst 

with cyclohexanone derivatives showed slightly better results than L-proline.17 The 

silyloxyproline catalyst 3.1 has also shown its ability for the general catalysis for the amination 

of different ketones, providing the α-aminated ketones in good yields and enantiomeric 

excesses.  

The mentioned proline-based organocatalysts (3.1 and 3.2) operate by a mechanism involving 

formation of the more nucleophilic enamine and feature hydrogen bonding between the 

carboxylic acid and the electrophile. Other hydrogen bond donors include amine (3.3) and 

sulfonamide (3.4).2 A bulky substituent may also be considered to be included on the proline 

skeleton for achieving high enantioselectivity. Similar to organocatalytic aminooxylation 

reactions, it is generally believed that the approach of the azodicarboxylate is controlled by 

hydrogen bonding between electrophile and catalyst.  
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The presence of a hydrogen-bonding group, however, was shown not to be a pre-requisite for 

high activities and enantioselectivity. Thus, a mechanistically different proline-based catalyst 

was developed independently by Jørgensen’s3a and Hayashi’s groups3b for the α-amination 

reaction. These new silyl-protected diarylprolinol catalysts (e.g., 3.5, Scheme 3.4) cannot 

participate in hydrogen bonding. Therefore, the observed enantioselectivity is based on control 

in enamine geometry and the steric hinderance from the large substituent on the pyrrolidine 

ring. As a result of this, when the same absolute configuration of the Jørgensen’s catalyst 3.5 

and proline (or other hydrogen bonding-based proline catalysts) were applied in the same α-

amination reaction, the maior products obtained showed opposite configuration (Scheme 3.4). 

Jørgensen’s catalyst 3.5 proved to be highly active in the α-amination of aldehydes with diethyl 

or isopropyl azodicarboxylate using 10 mol% of 3.5 as the catalyst which gave the aminated 

products in 73-88% yield with 90-97% ee.3  

 

Scheme 3.4. Non-amino carboxylic acid catalysts in the α-amination reaction.2,3 

The observed enantioselectivity for the opposite enantiomers from proline-catalysed and 

Jørgensen’s catalyst 3.5 can be satisfactorily explained through two different transition state 

models (Figure 3.1).  
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Figure 3.1. Transition state models of proline and Jørgensen’s catalysed α-amination.1,3 

However, these transition models cannot account for the asymmetric amplification and 

autoinductive behaviour that has been observed from detailed kinetic analysis. This 

phenomenon only exists in proline-catalysed amination and aminooxylation but not in the 

related proline-catalysed aldol reactions.18 Therefore, similar to the discussion in Chapter two, 

an alternative catalytic cycle was proposed by Blackmond which involved product catalysis 

that is, as mentioned, consistent with the analysed kinetic data (Scheme 3.5).19 

 

Scheme 3.5. Blackmond’s proposed catalytic cycles for proline-catalysed α-amination.19 
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3.2.4 Non-proline-based organocatalysts in the α-amination reaction 

Primary amines derived from cinchona alkaloids have been reported as efficient catalysts for 

the α-amination reaction of aryl ketones.20 The use of L-proline in aryl ketone amination 

reactions has generally resulted in very poor results.  In contrast, moderate yields and excellent 

enantiomeric excesses were achieved for this type of ketone with primary amine 3.6 (Scheme 

3.6). Opposite enantiomers of aminated products were also synthesised under the same 

conditions in the presence of the catalyst 3.7, although with lower yield and enantioselectivity. 

The higher activities observed may be due to more efficient carbonyl activation with the 

primary amine, however, the crowded nature of these two catalysts made them quite sensitive 

to the size of groups on the azo-dicarboxylates.  

 

Scheme 3.6. Primary amine catalysed α-amination of aromatic ketones.20 

Several additional new organocatalysts were designed and then applied in α-amination 

reactions of 1,3-dicarbonyl compounds. Some of them are shown in Figure 3.2. Cinchonidine 

3.8 and cinchonine 3.9 showed good ability as catalysts in α-amination of cyclic β-keto esters 

based on the higher reactivity of the resulting enamine.21 The modified catalysts 3.10 and 3.11 

were applied in the α-amination of cyclic β-ketothioesters, where the aminated products were 

achieved in very high yields with excellent enantiomeric excess.22 Other reported catalysts for 

the α-amination of cyclic β-keto esters included axially chiral guanidine 3.1223 and chiral 

benzimidazole-derived guanidine 3.13.24 A few examples of 1,3-dicarbonyl compounds 

participating in amination reactions in the presence of catalyst 3.12 reported quantitative yields 

with 97-98% ee.23 N-Heterocyclic carbene 3.14 was recently reported as an efficient catalyst 

for the α-amination of α-substituted, acyclic 1,3-ketoamides and 1,3-amidoesters, in which the 

substrate scope of over 40 examples showed generally excellent yields and ee.25 Amination of 

α-phenyl-α-cyanoacetate under chiral amine catalyst 3.15/3.16 was reported to afford the 
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desired products in high yields and good enantio-selectivity.26 (DHQD)2PHAL 3.17 was used 

in the α-amination of 3-substituted 2-oxindoles and these reactions proceeded in high yield and 

with good ee.27  

 

Figure 3.2. Various catalysts employed for α-amination reactions.21-27 

 

3.2.4 Applications 

Similar to the aminooxylation reaction, the formed α-hydrazino aldehydes from α-amination 

are often not isolated and are normally further reduced or converted into other more stable 

compounds in order to determine the products’ enantiopurity. In addition to aldehyde reduction 

reactions, several other transformations have also been combined with the α-amination reaction. 

Some of these transformations are summarised in Scheme 3.7. In a one-pot fashion, α-

hydrazino aldehydes can further react with either acetone, under the same proline catalyst, 

affording enantiomerically enriched β-amino alcohols,6 or with an isocyanide, providing 

norstatine-based peptidomimetics.28 Synthesis of chiral enantioenriched 3,6-

dihydropyridazines can be achieved through a tandem α-amination-N-alkylation-Wittig 

reaction sequence. Specifically, the aminated α-hydrazino aldehydes were subsequently 

reacted with a vinyl phosphonium salt, giving the ylide intermediates which were then cyclized 

through an intramolecular Wittig reaction. This sequence formed the desired products in 
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moderate yields and in good enantioselectivity.7 An alternative α-amination-allylation-RCM 

sequence was reported for the synthesis of cyclic hydrazines. The α-aminated aldehydes 

underwent the indium-mediated allylation to give the 1,2-aminoalcohols in one pot. These were 

further converted into the desired products using Grubbs’ catalyst.8 Very importantly in relation 

to the work describe in this thesis, the α-amination reaction can also combined with a Horner-

Wadsworth-Emmons reaction in which case γ-amino-α,β-unsaturated esters can be obtained in 

very good yields with excellent enantiomeric excesses.5  

 

Scheme 3.7. Examples of the combination of organocatalytic α-amination with subsequent 

reactions.1d,5-8,28 

Proline-catalysed α-aminations have also been applied in the synthesis of numerous natural 

products and bioactive compounds. A few significant examples are illustrated below. In 2005, 

an enantioselective total synthesis of the cell adhesion inhibitor BIRT-377 was reported.29 This 

route featured an α-amination reaction using proline tetrazole catalyst 2.7 for installing the key 

quaternary stereocentre, and the desired product was formed in 47% yield over 11 steps 

(Scheme 3.8).  
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Scheme 3.8. Total Synthesis of BIRT-377 via an α-amination reaction.29 

In 2008, Takayama and co-workers presented the first total synthesis of (-)-cernuine and (+)-

cermizine D, two cernuane-type members of the lycopodium alkaloid family. The key 

intermediate oxazolidinone was achieved through use of a Jørgensen type catalyst which 

mediated the α-amination reaction in excellent yield and good enantioselectivity.4 An new 

approach to natural product (R)-antofine and (R)-cryptopleurine was reported with a proline-

catalysed α-amination-Wittig reaction in the key step for the formation of the new stereogenic 

centre.30 As shown in Scheme 3.9, under D-proline catalysed α-amination reaction conditions, 

followed by the Wittig reaction with (carbethoxymethylene) triphenylphosphorane, compound 

3.20 was converted into 3.21 in 92% yield and 94% ee. Treatment of 3.21 with LiBH4 led to a 

completely reduced alcohol 3.22 and was further converted into the corresponding mesylate, 

where the N-N bond was cleaved with Raney-Ni under H2 (further conversion led to the natural 

product (R)-antofine and (R)-cryptopleurine, Scheme 3.9). 

 

Scheme 3.9. Synthesis of (R)-antofine and (R)-cryptopleurine through α-amination.30 
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A recently reported asymmetric synthesis of tetrahydroisoquinoline natural products is another 

example of the application of a proline-catalysed α-amination reaction in the synthesis of target 

compounds.31 The important α-hydrazo intermediate was either reduced via Raney Ni, or 

underwent a HWE reaction.  From here further transformations resulted in the preparation of 

six different natural products in good yields. The use of the α-amination-HWE reaction as the 

key step in the enantioselective synthesis of pyrrolidine sedum alkaloids has also showed good 

results for achieving the synthesis of the desired pyrrolsedamine and pyrrolallosedamine.32 

 

3.3 Vinyl Sulfone Forming α-Amination HWE Reaction 

As shown in Chapter 2, γ-azido vinyl sulfone (R/S)-2.28 was synthesised successfully through 

a proline-mediated AO-HWE-based route in moderate yield with excellent enantioselectivity. 

Unfortunately, attempts to use this material to form the desired dipeptide vinyl sulfones through 

a chemoselective azide reduction turned out to be problematic due to reactivity issues – 

particularly the intrinsic instability of the aza-ylide, vinyl sulfone-based intermediate. Inspired 

by the applications of α-amination-HWE reactions in natural product synthesis, this was 

considered as an alternative route to the desired target. Although no previous reports detailing 

the synthesis of vinyl sulfones through an α-amination-HWE reaction exist, several examples 

detailing the combination of these types of reaction for the formation of γ-hydrazinyl 

functionalised α,β-unsaturated carbonyl compounds indicate that the synthesis of vinyl 

sulfones via this method should be feasible.5,30 For an exploratory study, commercially 

available heptanal was selected for testing the possibility of an α-amination-HWE reaction with 

azodicarboxylates and the sulfone phosphonate 2.17.  
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Entry R R’ α-amination  

time (min)  

Catalyst  Yielda 

(%) 

ee.b 

(%) 

1. CH3(CH2)4  Et 0oC, 2 h then rt, 1 h L-Proline (R)-3.24, 93 88 

2. CH3(CH2)4  Et 0oC, 2 h then rt, 1 h D-Proline (S)-3.24, 91 89 

3. CH3(CH2)4  t-Bu 0oC, 2 h then rt, 1 h L-Proline (R)-3.25, 94 90 

4. CH3(CH2)4  t-Bu 0oC, 2 h then rt, 1-2 h D-Proline (S)-3.25, 91 89 

5. Ph(CH2)2 

(2.22) 

t-Bu 0oC, 2 h then rt, 1 h L-Proline (R)-3.26, 88 86 

6. Ph(CH2)2 

(2.22) 

t-Bu 0oC, 2 h then rt, 1-2 h D-Proline (S)-3.26, 89 86 

7. Ph(CH2)2 

(2.22) 

t-Bu 0oC, 2 h then rt, 18 h L-Proline (R)-3.26, 84 69 

8. Ph(CH2)2 

(2.22) 

t-Bu 0oC, 2 h then rt, 1 h 3.23 (S)-3.26, 87 29 

 

Table 3.4. The α-amination-HWE reaction for the synthesis of α-hydrazino vinyl sulfones. aYield for 

purified material. bdetermined by chiral HPLC 

Initially, slight modification of the conditions used for the successful AO-HWE reactions were 

employed in α-amination-HWE reactions. As shown in Table 3.4., heptanal was treated with 

DEAD in the presence of either L- or D-proline in CH3CN for two hours at 0oC. The mixture 

was then stirred for one more hour while gradually warming up to room temperature. The 

reason for this additional hour stirring at room temperature was the slower consumption of the 

azodicarboxylate (compared to nitrosobenzene in the aminooxylation). The full conversion of 

the azodicarboxylate can be easily distinguished between the orange (DEAD) solution of the 
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starting material and the colourless aminated product. Further confirmation was obtained via 

TLC. The subsequent HWE reaction was carried out under same conditions as that used for the 

AO-HWE reaction. After which the whole sequence gave either enantiomer of γ-hydrazo vinyl 

sulfone 3.24 in very good yield after purification (Entry 1 and 2). The isolated 93/91% chemical 

yields were much higher than those observed for the previous AO-HWE method while the 

enantiomeric excess recorded for either enantiomerically enriched form of 3.24 (88/89%) were 

somewhat lower than the values obtained in the corresponding aminooxylation approach 

(96/97%). Use of L-proline gave the R-enantiomer and D-proline gave the S-enantiomer. This 

absolute stereochemistry for these products was assumed based on the List Bronsted acid-

controlled reaction mechanism (the hydrogen bonding model depicted in Figure 3.1)1,3. In 

consideration of the further challenging selective reaction of the diethyl carbamate groups 

present in 3.24, di-tert-butyl azodicarboxylate (DBAD) was then employed instead of DEAD 

under the same reaction conditions (Entry 3 and 4). This resulted in formation of the R/S-

enantiomers of 3.25 which were isolated separately in yields of 94/91% respectively. These 

compounds were contaminated with trace amounts of one impurity that was difficult to separate 

and were roughly the same enantiomeric excess as the compounds resulting from the DEAD 

reactions. Although there was no improvement in enantioselectivity, the same efficiency 

observed from Entries 3 and 4 allowed me to move on with 4-phenylbutanal 2.22. As shown 

in Entry 5 and 6, adducts (R) and (S)-3.26 were obtained from L- and D-proline, respectively. 

The isolated yields and enantioselectivities were slightly lower than those observed previously 

for compounds 3.24 and 3.25. Among Entries 3 to 6, use of D-proline was found to sometimes 

result in a slower α-amination process. Comparable to the reactions involving DEAD, 

consumption of DBAD could also conveniently be judged colourmetrically, where the bright 

yellow DBAD solution changed into colourless when amination completed. It is worth 

mentioning that although relatively high yields were obtained from these six examples, the 

purification step was problematic especially for compound 3.25. Two eluent systems were 

needed during column chromatography. Use of cyclohexane-EtOAc could generally remove 

most of the impurities and unreacted excess starting material 2.17, while small quantities of the 

unfunctionalized vinyl sulfone side-product remained as a contaminant in the γ-hydrazo vinyl 

sulfone. This impurity is formed from the HWE reaction between unreacted aldehyde and 

sulfone phosphonate 2.17. The Rf value of the unfunctionalized vinyl sulfone was, in most 

cases, very close to that of the product in cyclohexane-EtOAc system. In contrast, it showed a 

significant difference when using CH2Cl2 as eluent. Therefore, a second column with CH2Cl2 

could give pure products that would turn into a white foamy solid material under high vacuum 
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instead of a colourless syrup. However, this two-step purification process was not suitable for 

compound 3.25 since the corresponding unfunctionalized vinyl sulfone side-product proved to 

have almost the same Rf value as 3.25 in both eluent systems. Thus, this purification step was 

performed with a relatively large amount of silica gel (150:1 w/w) ended up with samples that 

only contained trace amounts of the unfunctionalized vinyl sulfone.  

All the formed hydrazine vinyl sulfones were confirmed in terms of their structures by 

thoroughly characterisation. They exhibited a dynamic phenomenon on the NMR time scale. 

The proton and carbon NMR spectra of the hydrazine samples 3.24 to 3.26 shown broad 

resonances in either DMSO-d6 or CDCl3 at room temperature. This phenomenon was also 

reported in other hydrazine compounds and a solution to clarify their spectra is to use variable 

temperature NMR spectroscopy.33 A gradual sharpening of the peaks was observed with an 

increased temperature in DMSO-d6 which is attributed to the faster interconversion taking 

place among rotameric forms at the higher temperature. Sharp proton and carbon NMR spectra 

were recorded when samples were heated to 80oC in DMSO-d6.  

In relation to this reaction and particularly in the hope of improving the enantiomeric excess 

obtained in adduct 3.26, the amination reaction in Entry 7, performed with L-proline was run 

overnight. It was considered that the lower enantioselectivity, in comparison with that reported 

form List1, Jørgensen3 and Sudalai5, might be improved with a shorter reaction time. With 

identical conditions apart from the time for the amination phase of the reaction, adduct (R)-

3.26 was successfully obtained in 84% yield but with diminished ee (69%). The result 

suggested that a higher enantioselectivity might be achievable through a shortened amination 

reaction time but considering the slow reaction rate and acceptable ee obtained (Table 3.4), it 

was decided that the three-four hours amination would be reliable conditions for these γ-

hydrazo vinyl sulfones synthesis. The (S)-Hayashi-Jørgensen catalyst 3.23 was chosen in 

another attempt to see if higher enantioselectivity could be achieved.  As shown in Entry 8, this 

reaction was performed under the same conditions and according to Jørgensen’s transition state 

model (S)-3.26 was obtained instead of R-enantiomer (Figure 3.3). The isolated (S)-3.26 was 

in 87% yield which means this Hayashi-Jørgensen catalyst works with approximately the same 

efficiency as L- or D-proline. However, only a modest ee of 29% for this compound was 

recorded. This lower ee could be attributed to the less sterically hindered substituted diphenyl 

group - instead of the bistrifluoromethylphenyl groups often used. Similar changes of 

enantioselectivity were also reported from Jørgensen’s work where a screen of aryl substituents 

from diphenyl to trifluoromethylphenyl showed improvements in the obtained ee in the same 
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α-amination reaction.3 Previous examples from Jørgensen have also shown that the alternative 

(S)-2-(diphenylmethyl)pyrrolidine, which was often found to be a very active catalyst for a 

variety of transformations, gave poor enantioselectivity in many cases.3,34 Another possibility 

for the low ee obtained might be related to the longer reaction time in comparison to examples 

reported in Jørgensen’s work (only 15 min has been used in some aminations of this type). This 

suggestion is based on the result from overnight amination Entry 7 and it was suspected that 

the same problem may have occurred which further lowered the enantiomeric excess.  

 

Figure 3.3. Proposed rationale for the stereochemical outcomes of L-proline (Left) and (S)-Hayashi-

Jørgensen catalyst (Right) mediated α-amination-HWE reaction. 

The α-amination-HWE reaction of aldehyde 2.22 with DBAD was repeated multiple times in 

up to a 2 gram scale. The isolated yields of these repetitions were generally around 85-94% 

and the obtained enantiomeric excess was up to 94%. 

 

3.4 Reduction of γ-Hydrazine Vinyl Sulfone  

With the novel, reliable method for the preparation of both enantiomerically enriched forms of 

3.26 in hand, the next task was to convert these hydrazine vinyl sulfones into the Boc-protected 

vinyl sulfone amine 2.29. Similar to the discussion in Chapter 2 for the conversion of γ-azido 

vinyl sulfone 2.28 into γ-amino vinyl sulfone 2.29, selective N-N bond cleavage in the presence 
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of the vinyl sulfone is also necessary for this step. This step represents a challenge since most 

of the reported methods for N-N bond cleavage require either reducing metals, or the presence 

of base. Commonly used Raney-Ni reduction could convert the dicarboxylate hydrazine 

directly into the Boc-protected amine.  However, it is also likely to affect the alkene, or even 

could break the C-S bond - since Raney-Ni acts as a well know desulfurization reagent.5,35 

Samarium(II) iodide was reported to be able to cleave the N-N bond. However, other reports 

also showed its ability to bring about desulfonylation reactions.36,37 Another widely used 

method for directly converting dicarboxylate hydrazine derivatives into the corresponding 

carbamates is the use of methyl bromoacetate in the presence of Cs2CO3. This was reported by 

Ornholt and co-workers in 2009.38 This method, together with other base-mediated N-N bond 

cleavage methods (e.g., Na/NH3)
39 were not considered further due to the likelihood that, under 

these conditions, the vinyl sulfone unit would not be stable. As reported from previous work in 

the Evans lab, vinyl to allyl sulfone isomerisation will occur when a vinyl sulfone is treated 

with DBU under ambient conditions in 15 minutes, or in 24 hours with the less basic 

triethylamine.40 Therefore, only limited methods were considered safe enough for the selective 

γ-hydrazine vinyl sulfone reduction. 

 

3.4.1. H-cube® continuous flow chemistry for selective hydrazine reduction. 

In a first attempt to achieve selective hydrazine reduction compound 3.26 was dissolved in 

ethanol (1 mg/mL) and was pumped (1.0 mL/min) through the H-cube® at ca. 10 mbar 

hydrogen pressure containing a 10% w/w Pd/CaCO3 in a cartridge which was set at 15oC. This 

showed no conversion. Therefore, the reaction was repeated with an increased temperature 

(30oC) which again resulted in a full recovery of starting material. Changing the cartridge to 

the more reactive 10% w/w Pd/C compound 3.26 under otherwise similar conditions gave 

quantitative conversion to saturated sulfone 3.27 with the hydrazine remaining (Scheme 3.10). 

 

Scheme 3.10. H-cube® reduction of γ-hydrazo vinyl sulfone 3.26. 
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3.4.2. Zinc/acetic acid reduction 

Since no satisfactory results were observed from the H-cube® continuous flow hydrogenation, 

the zinc/acetic acid reduction method was considered. Although this method proved ineffective 

for previous γ-azido vinyl sulfone reductions, several examples from literature have shown 

promising results when applying zinc/acetic acid to the reduction of hydrazine-containing 

compounds in the presence of an alkene.41  

A typical zinc/acetic acid reduction first required the decarboxylation reaction to form the 

corresponding hydrazinium salt, which, in the case using 3.26, could be achieved through a 

simple TFA deprotection reaction. Zinc powder was activated with 2% hydrochloric acid 

following the literature conditions.42 The activated zinc was stored under nitrogen and was used 

a short period after activation. A test was initially performed in which compound 3.26 was 

directly treated with the activated zinc (20 equiv.) in acetic acid at rt overnight. This attempt 

ended with a full recovery of starting material 3.26, which indicated that the formation of 

hydrazinium salt is necessary for the reduction.  

The formation of hydrazinium salt 3.28 was carried out under classic TFA deprotection 

conditions. Vinyl sulfone hydrazine 3.26 was dissolved in CH2Cl2 (0.1 M) and TFA (35 equiv.) 

was added. After stirring overnight, the mixture was concentrated under vacuum, redissolved 

with a small amount of CH2Cl2 and re-rotary evaporated (Scheme 3.11). This process was 

repeated several times in order to remove the maximum amount of the remaining TFA. 

 

Scheme 3.11. TFA deprotection of compound 3.26 with originally proposed products (a better 

understanding of the products from this reaction was gained later, see page 129). 

The presence of hydrazinium salt 3.28 was confirmed via 1H NMR spectroscopy and LRMS 

spectrometry but extra peaks were present from 6.4 ppm to 6.9 ppm in the NMR spectrum 

(Figure 3.4). Those extra peaks were suspected to be caused by the alkenyl protons in two 

types of vinyl sulfones with the proposed structures shown in Scheme 3.11. The pair of doublet 

of doublets at 6.50 ppm and 6.68 ppm tentatively were assigned as the CH beside the sulfone 

for the two types of hydrazinium salts. The other CH of alkene from both proposed forms of 
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3.28 were found at 6.85 ppm with an integration of 3.5 protons, which equalled the combination 

of values from the integration of the separate signals at 6.50 ppm and 6.68 ppm. The ratio of 

the suspected hydrazinium salts was roughly in 1:2.5 and this matched when comparing the 

CH peaks (3.6 ppm and 3.8 ppm respectively, representing the proton at chiral centre) and CH2 

peaks at 2.5 ppm and 2.7 ppm. The other CH2 peaks at 1.7-2.2 ppm, together with aromatic 

peaks, all equally amounted to either the combined ratio or its multiple e.g., peak at 7.65 ppm 

integral 3.5 (2.5 + 1) protons represent the para-proton of the phenyl group that connect to the 

sulfone from both vinyl sulfone hydrazinium salts, and so was the peak at 7.8 ppm which 

integrates as 7 protons.  

 

Figure 3.4. The crude 1H NMR spectrum of 3.28 (CDCl3, 300 MHz). 

This reasonable suspicion was supported by the observation that on treatment of this mixture 

with base (aq. 1 M sodium hydroxide) in THF only one vinyl sulfone was seen in the 1H NMR 

spectrum and that this was the free hydrazine vinyl sulfone 3.29 (Scheme 3.12) 

 

 

Scheme 3.12. Formation of the free hydrazine vinyl sulfone 3.29 from the proposed isomeric 

hydrazinium salts 3.28.  
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With this supporting evidence in hand, the zinc/acetic acid reaction was performed as follows. 

The crude mixture of 3.28 was treated with activated zinc powder (20 equiv.) in acetic acid 

(0.5 M) and the resulting mixture was left stirring, while being monitored with LRMS 

spectrometry (Table 3.5). A sample was taken every half hour and the LRMS result confirmed 

the consumption of starting material at approximately 5 hours (no observed peak at m/z = 317). 

The reaction mixture was filtered and washed with CH2Cl2 and was then concentrated under 

vacuum to give a light yellow oil. This oil was redissolved with CH2Cl2 and was re-rotary 

evaporated. This process was repeated several times to remove the acetic acid. The formation 

of vinyl sulfone ammonium salt 3.30 could be confirmed through LRMS spectrometry results 

since the new peak at m/z = 302 was clearly observed-which represented the molar mass of the 

ammonium salt 3.30.  

The crude ammonium salt 3.30 was then treated with 2.0 equivalents of Boc-anhydride with 

triethylamine in CH2Cl2 (Table 3.5). A relatively large excess of triethylamine was used to 

ensure any remaining acetic acid was neutralised. The mixture was stirred for one hour and the 

crude NMR spectrum, after aqueous workup, showed the presence of significant peaks from 

both the amide proton (4.36 ppm) and the proton from the methine chiral centre (4.40-4.65 

ppm). The crude product was purified by column chromatography with cyclohexane/EtOAc as 

eluent and the desired Boc-protected vinyl sulfone amide (S)-2.29 was isolated in 46% yield. 

The formation of 2.29 was proved through thorough characterisation and the observed data 

were consistent with those from the literature.43 This moderate yield was acceptable as a three-

step sequence. The next step was to form the enantiomer (R)-2.29 following the same 

conditions. The same portion of activated zinc was applied, and the reaction was performed in 

roughly the same scale and was also monitored through LRMS spectrometry. Surprisingly, this 

reaction gave only 21% yield of the desired (R)-2.29. Further repeating of this sequence with 

slight modification gave variable yields in between 8% and 56%. Interestingly, the starting 

material 3.26 was also isolated after each running with the yield range of 15-35% (Table 3.5). 
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Entry Condition a  Condition b Condition c Yield (%) 

1. (S)-3.26, overnight 6 ha NEt3 (12 eq.), DCM, 1 h 46 

2. (R)-3.26, overnight 6 h NEt3 (13 eq.), DCM, 1 h 21 

3. (S)-3.26, overnight 6 ha NEt3 (12 eq.), DCM, 2 h 26 

4. (S)-3.26, 6 h 6 h NEt3 (12 eq.), DCM, 1 h 8 

5. (S)-3.26, overnight 2 ha NEt3 (2 eq.)b, DCM, 1 h 34 

6. (S)-3.26, overnight 2 h NEt3 (2 eq.)b, DCM, 1 h 9 

7. (R)-3.26, overnight 4 h NEt3 (2 eq.)b, DCM, 1 h 17 

8. (R)-3.26, overnight 5 ha NEt3 (2 eq.)b, DCM, 1 h 52 

9. (S)-3.26, overnight overnight NEt3 (2 eq.)b, DCM, 1 h 9 

10. (S)-3.26, overnight 6 ha, Ar NEt3 (2 eq.)b, DCM, 1 h 56 

11. (S)-3.26, overnight 6 ha NaOH (1 M), THF, 20 min 21 

12. (S)-3.26, overnight 6 ha, Ar NEt3 (2 eq.)b, DCM, 1 h 17 

 

Table 3.5. TFA deprotection/zinc acetic acid reduction/ Boc-protection sequence for the preparation 

of 2.29; areaction time based on LRMS monitored results. b2.0 equivalent of triethylamine was added 

after the reaction mixture was neutralised (pH = 7). All reactions were performed at room temperature 

on 0.1-0.5 mmol scales. Activated zinc was applied and was stored under N2. 

As shown in this table, different yields were obtained, even under the same reaction conditions 

and with similar scales. (Entries 1-4, 11). The only difference between these reactions was the 

use and type of activated zinc. The performed zinc activation method in some cases resulted in 
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irregular small zinc lumps, which presumably reduce the active surface in comparison with the 

powder form. The freshly made activated zinc if used immediately would also be more active 

than those stored under nitrogen, even if it was consumed within a short period. All these could 

explain the different hours required for consumption of the hydrazinium salt. Furthermore, the 

applied work-up following the zinc reduction step has not taken into account incomplete 

removal of the zinc acetate by-product. This salt was hard to quantify and could affect the 

following Boc-protection reaction. Considering this, starting from Entry 5, the Boc-protection 

reaction was performed after neutralisation of the reaction mixture solution through addition 

of triethylamine. Although some good results were observed (Entry 8 and 10), repeating the 

reaction under the same conditions still gave variable results. The work-up step for the Boc-

protection was also slightly modified with different concentrated acids. The excess of 

triethylamine has to be neutralised to prevent the possible isomerisation of the vinyl sulfone 

during processing and storage. Use of an excess of 1 M HCl in the work-up step might result 

in the cleavage of the Boc-group which would lead to a lower yield. However, no obvious 

differences were obtained when either 0.1 M HCl, 0.5 M or 1 M HCl were employed in terms 

of isolated yields of 2.29. The same reactions were also performed under argon and dry 

conditions in the hope of reducing and effects from oxygen and/or water (Entry 10 and 12), 

again this showed variable results.  

Different types of side-products were isolated after this reaction sequence (Figure. 3.5). The 

desulfonylation product 2.38 was generally observed in around 10% yield. This was reasonable 

since it is consistent with the results observed from the previous zinc reduction of vinyl sulfone 

azide 2.28. The non-substituted allyl sulfone 3.31 was also isolated in most of the attempts. 

This allyl sulfone was normally observed in about 5-10% yield among these attempts. γ-Keto 

sulfone 2.42 was also formed as another side-product. This compound was also encountered in 

the vinyl sulfone azide reduction studies and was usually formed in trace amounts, except for 

Entry 11, when an excess of 1 M sodium hydroxide aqueous solution was applied as base for 

Boc-protection reaction. This idea was based on the solubility of zinc acetate in water where it 

was hoped that any influence it might play in the Boc-protection would be minimised. However, 

this attempt only resulted in a 21% yield of the desired product and with the isolation of the 

same amount γ-keto sulfone 2.42. Further examination showed that the crude ammonium salt 

3.30 was partially soluble in water, therefore the base-mediated isomerisation and nucleophilic 

attack of oxygen atoms would be in competition with the Boc-protection.  
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Most importantly, in these studies was that starting material, 3.26, was recovered in 26-42% in 

all the attempts. This observation was incompatible with what was observed from the LRMS 

results during zinc reduction, which suggested that no hydrazinium ion 3.28 remained after this 

stage of the reduction. 

 

Figure. 3.5. Isolated/characterised side products from zinc reduction sequence (see Table 3.5). 

The first suggestion was that the zinc/acetic acid reduction failed to proceed to completion and 

that, for some reason, peaks for m/z = 302 in the LRMS were not evident even if the species 

was present in the mixture. To examine this suggestion, an overnight reaction was set up (Entry 

9) with other conditions maintained. In this case, only 9% yield of protected vinyl sulfone 

amine was obtained with a much higher amount of 2.38 - 34% (Figure 3.5). Surprisingly, the 

starting material 3.26 was also isolated in about 30% yield. The combination of the side product 

2.38 with the desired product 2.29 proved that the conversion of the hydrazinium salt to 

ammonium salt was about 43% in total, which was in between the data obtained in other entries. 

This, together with the recovered 30% yield of 3.26, indicated that an alternative side-reaction 

had happened before the actual zinc reaction, and that the resulting side-product could 

somehow regenerate hydrazine 3.26 after Boc-protection.  

All these results brought me back to reconsider the consistency of the proposed two forms of 

hydrazinium salts; moreover, when looking through all the obtained data from different entries, 

peaks at m/z = 413 and 435 were always observed from the LRMS spectrometry. These peaks 

were then also found to be present already in the LRMS spectrum from TFA deprotection. 

Therefore, column chromatography was applied after both TFA deprotection and zinc 

reduction in the hope of finding any separable organic impurities. Using a gradient elution 
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(cyclohexane: EtOAc, 1:1 to 20% methanol in EtOAc), trifluoroacetamide compound 3.32 was 

isolated from both crude products in 31 and 37% yield (structure shown in Scheme 3.13). None 

of the hydrazinium salt was observed after column, while on the other hand, vinyl sulfone 

ammonium salt 3.30 was isolated in a small amount which was further converted into the N-

protected vinyl sulfone in 14% yield. Another vinyl sulfone side-product was also isolated in 

trace amounts which was suspected as the ammonium salt precursor of 2.38.   

The structure of trifluoroacetyl hydrazine vinyl sulfone 3.32 was confirmed through thorough 

characterisation, including 19F NMR spectroscopy, and its molar mass matches perfectly with 

the observed peaks at 413 (3.32 + H+) and 435 (3.28 + Na+) peaks that were detected during 

deprotection and reduction. The trifluoroacetamide unit is also known as useful amino 

protecting group, which is very stable under acidic condition.44 In contrast, when treated with 

base like potassium carbonate,45 or a reducing agent (e.g., sodium borohydride44), a 

deprotection reaction would occur spontaneously. Although a few examples showed that this 

trifluoroacetamide protecting group is stable when treated with small amounts of 

triethylamine,44 the different properties of the hydrazine might lead to a more electrophilic 

carbonyl group which, in my case, could lead to the formation of the free hydrazine vinyl 

sulfone that could be further protected on both nitrogen atoms in the presence of an excess of 

triethylamine and Boc-anhydride (Scheme 3.13). This also explained the confusion regarding 

the NMR spectrum of crude 3.28, where all the minor peaks are the protons of 3.32 instead of 

the proposed mixture of hydrazinium salts (Figure 3.4). The ratio of 3.32 and the actual 

intermediate 3.28 was 1:2.5 which matches well to the isolated yields of the recovered starting 

material. It also explained the NMR data when treating the crude TFA deprotection mixture 

with 1 M sodium hydroxide since both 3.32 and 3.28 would be converted into the same free 

hydrazine vinyl sulfone. 

The mechanism of this trifluoroacetyl hydrazide 3.32 formation was not clear. The use of an 

old bottle of TFA could be one reason, due to the possible existence of trifluoracetic anhydride 

(TFAA), in which case it can react with the monoprotonated hydrazine as in a classic 

trifluoroacetamide protection reaction. A new and previously unused bottle of TFA was next 

employed for this sequence (overnight reduction) to verify this conjecture. The presence of the 

m/z = 413 and 435 peaks in the LRMS spectrum and the resulting recovery of 38% starting 

material after Boc-protection indicated that the trifluoroacetate hydrazine vinyl sulfone 3.32 

might be formed through a different mechanism. 
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Scheme 3.13. Formation of 3.26 with trifluoroacetamide 3.32. 

Once the formation of 3.32 was recognised it could be avoided easily with an alternative Boc-

deprotection protocol. HCl/dioxane (4 M solution) was reported as a highly efficient and 

selective deprotection method for Boc-group.46 Following literature conditions, deprotection 

of 3.26 led to the hydrazinium chloride salt 3.33 as a white, or a light yellow powder in 

excellent yield (Scheme 3.14).  

 

Scheme 3.14. HCl/dioxane Boc-deprotection of 3.26. 

Both 10 and 20 equivalents of HCl were applied in this reaction several times (for both (R/S) 

enantiomers with different scales) and the reaction time was slightly adjusted. The crude 

product was concentrated in vacuo, washed twice with small amounts of ether and the achieved 

yields were generally around 93-98%. The formation of 3.33 was confirmed through thorough 

characterisation, NMR spectroscopy was performed in d-MeOH and the two alkene peaks of 

the vinyl sulfone appearing as a pronounced doublet at around 6.8 ppm. This ammonium salt 

proved to be hygroscopic (elemental analysis was consistent with half a molecule of water 

present for each molecule of the hydrazinium salt 3.33). Therefore, the zinc reduction was 

carried out immediately after the HCl deprotection. A similar reaction sequence was performed 

with modified conditions and work-up steps (Table 3.6).  
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Entry Condition aa Work-up b Condition c Yield (%)b 

1. (S)-3.33 Zinc (20 eq.) 

AcOH (0.5 M), 6 h 

Filtered, washed with 

DCM 

Boc2O (2 eq.), NEt3 

(12 eq.), DCM, 1 h 

29 

2. (S)-3.33 Zinc (20 eq.) 

AcOH (0.5 M), 5 hc 

Filtered, washed with 

DCM 

Boc2O (2 eq.), NEt3 

(13 eq.), DCM, 1 h 

33 

3. (R)-3.33 Zinc (20 eq.) 

AcOH (0.5 M), 3 hc 

Filtered, washed with 

DCM 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

32 

4-5. (R)-3.33 Zinc (20 eq.) 

AcOH (0.5 M), 5 hc 

Filtered, washed with 

DCM 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

35, 33 

6. (S)-3.33 Zinc (10 eq.) 

AcOH (0.5 M), 4 hc 

Filtered, washed with 

DCM 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

38 

7-8. (S)-3.33 Zinc (10 eq.) 

AcOH (0.1 M), 6 hc 

Filtered, washed with 

DCM 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

Entry 7. 37 , 

Entry 8. 41  

9. (S)-3.33 Zinc (10 eq.) 

AcOH (0.1 M), 6 hc 

Filtered through 

Celite, washed with 

MeOH 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

42 

10-11. (S)-3.33 Zinc (10 eq.) 

AcOH (0.1 M), acetone 

(0.15 M), e2 hc 

Filtered through 

Celite, washed with 

MeOH 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

Entry 10. 

56 , 

Entry 11. 52  

12. (R)-3.33 Zinc (10 eq.) 

AcOH (0.1 M), acetone 

(0.15 M)e, 2 h 

Filtered through 

Celite, washed with 

MeOH 

Boc2O (2 eq.), NEt3  

(2 eq.)d, DCM, 1 h 

55 

 

Table 3.6. The HCl/dioxane deprotection/zinc acetic acid reduction/ Boc-protection sequence for the 

preparation of 2.29 aAll zinc reductions were performed at room temperature on 0.1-0.5 mmol scales. 

The activated zinc used was either freshly made, or stored under N2 and was consumed in a short 

period. bThis yield was calculated based on the starting material 3.26 (HCl/dioxane deprotection 

shown in Scheme 3.14) and all these isolated yields were based on chromatographically pure 

material. cReaction time based on LRMS and NMR monitored results. d2.0 equivalent of triethylamine 
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was added after the reaction mixture was neutralised (pH = 7). eThe concentration of acetic acid and 

acetone was calculated based on the mol of starting material 3.26. 

Initial conditions were applied as in Entry 1 and excess base was used in the Boc-protection. 

Only 29% of the desired product was observed with around 21% of the side-product 2.38 while 

no starting material vinyl sulfone hydrazine 3.26 recovered. The higher yield of isolated 2.38 

suggested that either too much zinc was used or that the reaction period was too long. Therefore, 

the zinc reduction step was next performed with monitoring using LRMS spectrometry and 

NMR spectroscopy. More valuable information was obtained from the NMR spectrum where 

one of the suspected alkene peaks from the ammonium precursor of 2.38 was found at around 

5.8 ppm. This was further confirmed since an increase in the relative integration of this peak 

was found as the reaction time increased. Meanwhile, LRMS showed the presence of 3.33 and 

the consumption of the starting material generally required 4 hours or more. These new 

understandings of this reaction have suggested that the over-reduction to form 2.38 took place 

at the same time or, right after the cleavage of N-N bond. A shorter reduction time (Entry 3) 

gave no improvement of final yield and the incomplete zinc reaction resulted in reforming of 

3.26 during the final Boc-protection phase. 

Alternative conditions were then carried out in the hope of minimising the over-reduction using 

less equivalents of the activated zinc, or a lower concentration. The isolated yields showed 

some improvement at around 40% (Entry 6-8) while the side-product 2.38 was present in about 

20% yield. An example of a hydrazine reduction using acetone in zinc/acetic acid reduction 

was found from the literature.10,47 This method was then applied through the addition of 0.15 

M acetone (Entry 10-12) with the modified work-up method after zinc reduction. Although no 

proven explanation as to why acetone was required in the literature report (the addition of 

acetone could result in the formation of a hydrazone10), this method did improve the final yield 

by about 10-15%. Another interesting point is that the reduction phase only required 2 hours, 

which is much shorter than the old, solely AcOH-based method. The work-up step was 

performed as follows: the crude mixture was filtered through Celite and washed with methanol 

(4-20 mL depending on the scale of the reaction), the crude mixture was then concentrated 

under vacuum resulting in a light yellow paste instead of yellow oil that was obtained from the 

previous work-up step. The weight of this paste was significantly more than the theoretical 

amount and this excess was suggested to be zinc acetate, which is soluble in methanol but not 

in CH2Cl2. Based on this CH2Cl2 was added and a white solid precipitated. This mixture was 

filtered, washed with CH2Cl2 and concentrated under vacuum. This process was repeated 
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several times until the weight of the crude ammonium acetate salt was close to the theoretical 

value. An alternative work-up procedure was also employed from the literature.10,47 After 

filtration through Celite, the crude ammonium salt 3.30 in methanol was acidified with 4 M 

HCl in dioxane and was concentrated under vacuum to give the crude ammonium chloride salt 

and zinc chloride as a yellow oil. Both the ammonium chloride or acetate form 3.30 were 

converted into the protected vinyl sulfone amine 2.29 in moderate yields. It was felt that these 

now reproducible yields which gave pure material were acceptable for the three-step 

conversion (i.e. for a three-step sequence with an overall yield of 51%, the average yield for 

each individual step is 80%). The moderated work-up step was also applied in the previously 

used zinc reaction conditions (Entry 9) and the obtained 42% yield proved the importance of 

addition of acetone. This new HCl deprotection/zinc reduction/Boc-protection sequence was 

further repeated several times on a maximum 2.0 mmol scale and the obtained 2.29 was 

generally in the 50-55% yield bracket.  

It should be mentioned that activated zinc dust was once added directly into the HCl/methanol 

solution used for the removal of the Boc groups in 3.26. The idea here was that since the N-N 

reduction requires an acid the remaining HCl could serve in this purpose. However, this 

mixture reacted violently and only trace amounts of the product of N-N reduction were formed. 

All the observed data suggested that the variable value of the yields initially encountered were 

strongly dependent on the amount of trifluoroacetyl hydrazide 3.32 formed during the double 

Boc removal from 3.26. This could be avoided if alternative deprotection conditions were used, 

which improved efficiency and reliability of this sequence. An additional beneficial 

observation was that the inclusion of acetone led to a shorter reaction time.  

The structure of the N-Boc protected vinyl sulfone amine 2.29 formed using this new sequence 

was confirmed through NMR spectroscopy and mass spectrometry. As expected, chiral HPLC 

results obtained for these products showed that no change in enantiomeric excess had occurred 

compared to the precursors 3.26. However, the measured specific rotation of enantiomerically 

enriched (S)- and (R)-2.29 is very low. The results obtained from over 15 samples were, on 

average not consistent with those from literature that indicated that the []D for (S)-2.29 was 

levorotatory ((R)-2.29 is a novel compound).43 Because of this ambiguity, the absolute 

stereochemistry of (S)- and (R)-2.29, the formation of which is consistent with the controlled 

transition state of 3.26, was confirmed in two ways (Scheme 3.15).  
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Scheme 3.15. Reductive conversion of (R)-2.29 into (R)-2.35 and (R)-2.38. 

As shown in Scheme 3.15, alkene reduction through Pd/C under the hydrogen atmosphere gave 

the corresponding sulfone (R)-2.35 in 90% yield. The same reaction was also accomplished 

with the S-enantiomer which gave (S)-2.35 in 88% yield. The H-cube® was also used with Pd/C 

cartridge for this alkene reduction while the conversion was only about 56% for the first run 

and 65% when pumped through again. The sulfone (S)-2.35 was also prepared from the H-

cube® reduction of the γ-azido vinyl sulfone (S)-2.28, the absolute stereochemistry of which 

was secured by X-ray crystallography from previous work in the Evans’ lab.48 The absolute 

stereochemistry of (S)- and (R)-2.29, which were from the vinyl sulfone hydrazine, was then 

confirmed through HPLC; only one peak was shown when a mixed sample of (S)-2.35 

(prepared from the corresponding γ-azido vinyl sulfone and γ-hydrazine vinyl sulfone) was 

tested. In addition, a desulfonylation reaction was performed for the preparation of compound 

2.38, a common side-product from zinc reduction. Following literature conditions,49,50 (R)-2.29 

was treated with magnesium in methanol, with catalytic amounts of mercury dichloride, which 

resulted in cleavage of the C-S bond to give (R)-2.38 in moderate yield. The measured 

polarimetry of this so-formed (R)-2.38 was consistent in sign with a literature value for the 

same compound (albeit with 98% ee) which was prepared via a different route51 (Scheme 3.15). 
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3.5. Formation of Cbz-Protected Dipeptide Vinyl Sulfones 

With a reliable reducing sequence in hand, the next step was to consider the synthesis of 

dipeptide-based vinyl sulfones. Previously, reports described how enantioenriched Boc-

protected vinyl sulfone amine 2.29 was converted into the target K11777 and K11002 through 

a Boc-deprotection/amide coupling sequence with the corresponding amino acid. For an 

overview of Palmer’s and Roush and McKerrow’s contributions in this area see, Scheme 1.36 

and Scheme 1.37, respectively.52 It was recognised that since the vinyl sulfone ammonium salt 

was formed as the intermediate in the hydrazine reduction sequence, a direct coupling with 

Cbz-protected phenylalanine could be used. This was successfully applied to generate (S,S)-

3.34 and its diastereomer (S,R)-3.34 (Scheme 3.16). 

 

Scheme 3.16. Three-step sequence for the synthesis of (S,S)-3.30. 

In principle, the formation of K11777 and K11002 could also be achieved using a piperazine 

or morpholine-substituted phenyl propanoic acid, under otherwise similar reaction conditions. 

However, the choice of the Cbz-L-phenylalanine employed was ideal on the basis of 

establishing approaches to P3-substituted analogues, where the Cbz-protecting group can be 

cleaved before further coupling with simple morpholine, or various other amines. These two 

conceptually different strategies are known as convergent and divergent syntheses. Compared 

to the convergent route, the divergent synthesis is more convenient and time economical while 

crucial conditions are required for the following urea synthesis in the prevention of side 
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reactions. Since no records on clean (S,R)-3.34 and due to my interests to determine their 

biological activities, both (S.S)- and (S,R)-3.34 were synthesised in the sequence as shown in 

Scheme 3.16. The HCl-Zn deprotection-reduction sequence gave the ammonium salt from (S)-

3.30 and this was directly coupled with Cbz-protected phenylalanine following typical amide 

formation conditions.48,53 (S)-3.30 was transferred to a stirring solution of Cbz-Ph-L-

phenylalanine with EDCI.HCl followed by DIPEA. This mixture was stirred overnight, solvent 

was removed in vacuo and the crude product was purified through column chromatography to 

generate (S.S)-3.34 in 41% yield over three steps. Small amounts of the diastereomer (S,R)-

3.34 were detected in the 1H-NMR spectrum of the crude reaction product, which is due to the 

observed roughly 87% of the enantiomeric excess of S-3.26 and may also related to the non-

use of HOBt, which is normally used for suppressing the racemization. The purification step 

for 3.34 was problematic due to the multiple side products formed from zinc reduction/amide 

coupling and the poor solubility of 3.34 in column eluent. The applied 3:1 cyclohexane:EtOAc 

was identified as the most suitable eluent for the separation, but the poor solubility of 3.34 in 

this eluent resulted in co-eluting fractions, especially in large scale reactions. Multiple columns 

or excess of silica gel with a slightly more polar solvent provided the same results. Efforts on 

different purify methods were tested and the pure 3.34 was achieved via the following 

procedure. After column chromatography with 3:1 cyclohexane:EtOAc, these co-fractions 

were combined and concentrated under vacuum, this mixture was redissolved with a minimum 

amount of hot EtOAc and was cooled to room temperature. Cold cyclohexane (approx. seven 

times amount of used EtOAc) was added slowly while the product was observed to precipitate 

as white solid. The solution was cooled in ice, the suspension was allowed to settle, and the 

supernatant was removed. The solid was then washed with cyclohexane and dried to give the 

pure 3.34. This new purification step also helps to remove some part of the diastereomer (S,R)-

3.34. The use of (R)-3.26, in an otherwise identical sequence, led to the isolation of (S,R)-3.34 

similarly contaminated with small quantities of (S,S)-3.34 in 39% yield (Scheme 3.17). The 

synthesised structures of (S.S)- and (S,R)-3.34 were confirmed by thorough characterisation 

and their proton and carbon NMR data are compared to those from the literature, shown in 

Table S1 in appendix part. Interestingly, the alkene proton next to the sulfone (labelled H-1’’ 

in Table S1) between (S.S)- and (S,R)-3.34, showed significant differences in terms of chemical 

shift [6.06 ppm in (S.S)-3.34 and 6.42 ppm in (S,R)-3.34]. The reaction sequence was repeated 

multiple times on a maximum half gram scale and the resulting yields were in a range from 36-

44%.  
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Scheme 3.17. Three-step sequence for the synthesis of (S,R)-3.30. 

 

3.6 Synthesis of K11777, K11002 and Their Diastereomers 

With (S,S)- and (S,R)-3.34 in hand, the next step was the synthesis of the vinyl sulfone cysteine 

protease inhibitors K11777, K11002 and their novel diastereomers-as mentioned in the overall 

project aim. Based on the recently disclosed HBr-CDI sequence, the CBz group in 3.34 was 

removed via treating with HBr in acetic acid to give the ammonium bromide salt 3.35 in 

essentially quantitative yield (Scheme 3.18).54  

 

Scheme 3.18. Cbz deprotection  

Following on the CBz-deprotection, the last step was to convert the resultant ammonium 

bromide salt 3.35 into the urea moieties present in known cysteine protease inhibitors K11777 
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and K11002. The first attempt to K11002 (morpholine moiety, Scheme 3.19) with (S,S)-3.35 

was carried out under CDI-mediated urea coupling conditions,48,55 which resulted in the 

formation of urea dimer 3.36 as main product (Scheme 3.19).  

 

Scheme 3.19. CDI-mediated urea formation. 

The formation of 3.36 was predicted as a possible side product before reaction and the applied 

literature conditions where ammonium bromide salt 3.35 was stirring with CDI in refluxing 

CH2Cl2 in the presence of base for 1 hour have converted most of the bromide salt 3.35 into 

3.36. The structure of 3.36 was confirmed through NMR spectroscopy and HRMS where the 

peak present at m/z = 923 was found to be [3.36 + H+]. After some optimisation, the formation 

of 3.36 was limited through use of a lower temperature and shorter reaction time before the 

addition of morpholine. As shown in Scheme 3.20, a maximum 75% yield of K11002 was 

observed under these modified conditions.  

 

Scheme 3.20. Formation of K11002. 

The formed K11002 was fully characterised, and its proton and carbon NMR spectroscopic 

data were compared with those reported in the literature56, shown in Table S2 in appendix. An 

identical approach was then applied for the conversion of (S,R)-3.35 into (S,R)-3.37, which is 

the novel diastereomer of K11002 (Scheme 3.21). The isolated yield of (S,R)-3.37 was 72% 

and this reaction was repeated on a hundred milligram scale with a similar yield obtained. 
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Scheme 3.21. Formation of (S,R)-3.37.  

The approach to compound K11002 was then used for converting (S,S)-3.35 into K11777. 

Instead of morpholine, N-methyl piperazine was employed following the same CDI coupling 

conditions as performed above (Scheme 3.22). The process gave K11777 in 50% yield after 

purification, which is slightly lower to the obtained yield in K11002 formation. This lower 

yield may be attributed to the presence of the tertiary amine in N-methyl piperazine. This 

moderate yield was still considered acceptable and the NMR spectroscopic data of the synthetic 

K11777 were compared and were consistent to what was reported in literature.56  

 

Scheme 3.22. Formation of K11777. 

The same reaction conditions were carried out for the formation of the novel diastereomer of 

K11777 (S,R)-3.38 (Scheme 3.23). The so-formed (S,R)-3.38 from the corresponding (S,R)-

3.35 was isolated in 55% yield and the structure was confirmed by thorough characterisation.  
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Scheme 3.23. Formation of (S,R)-3.38. 

It should be noted that over the last HBr deprotection and CDI coupling sequence, removal of 

the minor diastereomers (present in the sample of 3.34) by careful flash column 

chromatography proved feasible, which led to isolation of stereochemically clean samples of 

compounds K11002, K11777, (S,R)-3.37 and (S,R)-3.38. It is also worth mentioning that the 

convergent strategy in the formation of K11777 was also attempted through directly coupling 

of (S)-3.30 with amino acid 1.64 under literature conditions (Scheme 3.24).57 However, only a 

trace amount of the desired product was formed with multiple impurities.  

 

Scheme 3.24. Attempts directly coupling of K11777 formation. 
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3.7 Synthesis of vinyl sulfone heterocycles 

The reactivity of the intermediate hydrazinium salt 3.33 was further explored in the asymmetric 

synthesis of heterocycles. Using literature conditions,9,58 hydrazine chloride (S)-3.33 was 

treated with 2,4-pentadione in ethanol in the presence of sodium acetate and the mixture was 

stirried under reflux for 1 hour. The resulting vinyl sulfone pyrazole (S)-3.39 was isolated in 

88% yield (Scheme 3.25). The enantiomer (R)-3.39 was achieved under the same condition 

with a obtained yield of 87%.  

 

Scheme 3.25. Synthesis of vinyl sulfone pyrazole 3.39. 

Another N-heterocycle, dihydropyridazine was also synthesized under literature conditions.9,47 

Hydrazine chloride (S)-3.33 was reacted with maleic anhydride in refluxing acetic acid for 4 

hours, which gave the desired vinyl sulfone pyridazine (S)-3.40 in 75% yield. In an identical 

manner, use of (R)-3.33 led to (R)-3.40 in 78% yield (Scheme 3.26).  

 

Scheme 3.26. Synthesis of vinyl sulfone pyridazine 3.40. 

In the case of vinyl sulfone pyridazine (S)-3.40, X-ray crystallographic analysis confirmed the 

stereochemistry (Figure 3.6) and it also showed that, in the solid-state, the heterocycle is in the 

different tautomer to the drawn structure (Scheme 3.27).  
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Figure 3.6. The molecular structure of the tautomer (Scheme 3.27) to the vinyl sulfone pyridazine 

(S)-3.40; thermal ellipsoids are drawn on the 50% probability level. 

  

Scheme 3.27. Structure of (S)-3.40 tautomer. 

The strategies of converting hydrazinium salt to the corresponding N-heterocycles were proved 

to be efficient. Since the 1,2,3-triazole-based peptide vinyl sulfone displayed a good ability 

against Trypanosoma brucei,54 it will be worthwhile to synthesise both diastereomers of the 

pyrazole-based peptide vinyl sulfones (through a substrates-mediated 2,4-dione)59 for 

investigation of anti-parasitic properties.  

 

3.8. Conclusion and Future Work 

In conclusion, a new synthetic route for the preparation of vinyl-sulfone-based protease 

inhibitors was presented. This new strategy features an enantioselective α-amination Horner-

Wadsworth-Emmons reaction and the obtained enantiomerically enriched N,N’-di-protected 

trans-[phenyl(sulfonyl)]vinyl hydrazine 3.26 was successfully converted into both 

diastereomers of Cbz-protected dipeptidyl vinyl sulfones 3.34, respectively, through a mild 
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Boc-deprotection-zinc reduction-EDCI coupling sequence. This sequence was conducted in an 

aerobic atmosphere and moderate yields were obtained with no erosion of enantiopurity. The 

desired dipeptidyl vinyl sulfone protease inhibitors K11777, K11002 and their diastereomers 

(S,R)-3.37/3.38 were achieved, respectively, via a Cbz-deprotection and CDI coupling reaction 

in 19-28% yields over 6 steps. This new synthesis method enables considering non-

commercially available amino acids as precursors for target compounds synthesis, which 

allows for greater control with respect to absolute stereochemistry and the identity of the 

fragment interacting with the S1 region of the protease. Compound 3.33 were also converted 

into the corresponding enantioenriched vinyl sulfone heterocycles 3.39 and 3.40 in excellent 

yields and these reactions will allow me to investigate a new series of pyrazole-based vinyl 

sulfones. Biochemical evaluation of the known and unknown dipeptidyl vinyl sulfones 

described in this Chapter will be undertaken. In relation to this, Dr Virginie Gautier, school of 

medicine, UCD is evaluating the synthesised compounds (3.34, 3.37, 3.38, K11002 and 

K11777) in SARS-CoV-2 cell-based models. In the future, Dr Andrew Knox and Derek Nolan 

(TCD) will similarly evaluate the compounds in their Trypanosoma brucei assay. 

Future work includes evaluation of alternative secondary amine catalysts in attempts to 

improve the enantiomeric excess for the α-amination HWE reaction, finding the perfect 

fragment to interact with the S1 region based on the biological evaluation results and to 

investigate an appropriate synthesis route to pyrazole-based peptide vinyl sulfones. In 

particular, vinyl sulfone hydrazinium salt 3.33 was converted into peptide hydrazinyl vinyl 

3.41 in about 60% yield with trace amount impurities that were hard to remove (Scheme 3.28). 

Therefore, future work requires a suitable purification method to be developed for 3.41 and, to 

synthesise different enantiomerically enriched hydrazinyl vinyl sulfone compounds for 

investigation and to compare the anti-parasitic properties of these compounds. 

 

Scheme 3.28. Synthesis of peptide hydrazinyl vinyl (S,S)-3.41.  
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Chapter 4 

 

Experimental Details  

4.1 General 

Reagents were obtained from commercial suppliers and were used without further purification.  

Anhydrous THF was freshly distilled from the Na-benzophenone ketyl radical under N2. 

Oxygen free anhydrous N2 (white spot) was obtained from BOC gases. Air and moisture 

sensitive experiment were performed using a high vacuum Schlenk line. Flash column 

chromatography was performed using flash silica 60 Å (230-400 mesh) 9385 supplied by 

Merck.  Thin-layer chromatography was performed on silica coated aluminium sheets (60 F254) 

supplied by Merck.  Compounds were visualised with UV light and basic aqueous potassium 

permanganate, followed by heating. Known compounds that were synthesised following 

literature conditions are specified and referenced appropriately.  Compound names were 

generated using ChemDraw software. Melting points were recorded on a Gallenkamp 

electrothermal melting point apparatus.  Infrared spectra were recorded on a Bruker Alpha II 

Compact FTIR spectrometer.  1H, 13C, 31P-NMR spectra were recorded on Varian Unity 600 

MHz, 500 MHz and 400 MHz system spectrometers as specified.  Chemical shifts are quoted 

in parts per million (ppm) relative to the internal standard reference tetramethyl silane, or the 

residual protonated solvent. 1H and 13C-NMR chemical shift assignments are based on two-

dimensional NMR experiments (including 1H-1H-gCOSY, HSQC and HMBC). High 

resolution mass spectra were carried out on a Waters/Micromass LCT ESI mass spectro-meter 

with a time-of-flight analyser. Optical rotation data was obtained with a Perkin Elmer Model 

343 polarimeter with the sample solvent and values are quoted in units of 10-1degcm2g-1.  

Measurements were recorded at 20oC in CHCl3 and the machine was referenced to this solvent 

prior to recording rotations. Elemental analysis was carried out at the facilities in the Centre 

for Synthesis and Chemical Biology, UCD. Chiral phase HPLC was performed on an Agilent 

Technologies (1200) series apparatus, equipped with a 6-column exchange device.  
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Enantiomeric excesses were calculated using the average of the 210 and 230 nm wave-length 

traces. A ThalesNano H-Cube® Hydrogenation Reactor [http://thalesnano.com/h-cube-series] 

was used for the conversion of (S)- and (R)-2.35. Zinc dust was activated by consecutive 

washing with 1 M HCl, EtOH followed by Et2O, drying at 100 °C and storing under Ar. 

 

4.1 Experimental Details for Chapter 2 

 

4-Phenylbutan-1-ol 2.21: In a 250 ml 2-necked RBF, 4-phenylbutanoic acid 2.20 (4.46 g, 

0.027 mol, 1 eq.) was dissloved in dry THF (40 mL) under a nitrogen atmosphere. NaBH4 (2.61 

g, 0.068 mol, 2.1 eq.) was added. The mixture was cooled to 0oC and a solution of I2 (6.92 g, 

0.027 mol, 1 eq.) in THF (20 mL + 5 mL washing) was added over approximately 10 min by 

syringe. The mixture was stirred at 0oC for 10 min before warming up to the room temperature 

over approx 1 h. At this point the mixture was heated to reflux overnight. On cooling MeOH 

(6 mL) was added. After 0.5 h a 1 M solution of NaOH (50 mL) was added and the mixture 

was vigorously stirred for 3 h. EtOAc (3 × 50 mL) was used to extract and the combined organic 

extracts were dried over MgSO4. Filtration, followed by solvent removal under reduced 

pressure gave the crude alcohol as a yellow liquid (2.53 g, 62.5%). Rf = 0.2 (c-Hex/EtOAc; 

6:1). 1H NMR (400 MHz, CDCl3): δ 7.23-7.16 (m, 2H, ArH), 7.13-7.06 (m, 3H, ArH), 3.55 (t, 

J = 6.6 Hz, 2H, CH2), 2.56 (t, J = 7.8 Hz, 2H, CH2), 1.67-1.44 (m, 4H, CH2). Data are consistent 

with those reported in the literature.1,2  

 

 

4-Phenylbutan-1-al 2.22: The above alcohol 2.21 (2.10 g, 0.014 mol, 1.0 equiv.) was 

dissolved in DCM (50 mL). 4 Å Molecular sieves (ca. 1 g) were added before PCC (7.50 g, 

0.035 mol, 2.5 equiv.) was added in three portions. Stirring was continued at rt for 2 h. Silica 

(ca. 20 g) was added and the reaction mixture was filtered through a Celite pad which was 

washed DCM (2 × 40 ml). The solvent was removed and the residue was purified by flash 

column chromatography (c-Hex/EtOAc; 9:1) to give the aldehyde 2.22 as a colourless oil (1.21 
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g, 58%). Rf = 0.55 (c-Hex/EtOAc; 6:1). 1H NMR (400 MHz, CDCl3): δ 9.75 (t, J = 1.6 Hz, 1H, 

CHO), 7.34-7.24 (m, 2H, ArH), 7.24-7.14 (m, 3H, ArH), 2.66 (t, J = 7.6 Hz, 2H, CH2), 2.45 

(td, J = 7.3, 1.6 Hz, 2H, CH2), 2.02-1.91 (m, 2H, CH2).  

Alternative Method: To a stirred solution of alcohol (1.5 g, 0.010 mol, 1.0 equiv.) and BAIB 

(3.55 g, 0.011 mol, 1.1 equiv.) in DCM was added TEMPO (160 mg, 1.0 mmol, 0.1 equiv.). 

The reaction mixture was stirred at room temperature for 4 h. The reaction mixture was 

monitored by TLC, an additional aliquot of BAIB (320 mg, 1.0 mmol, 0.1 equiv.) and TEMPO 

(160 mg, 1.0 mmol, 0.1 equiv.) was added and the reaction mixture was stirred at room 

temperature for a further 1 h. This monitoring and addition of TEMPO and BAIB was 

continued until the starting material was completely consumed. The reaction mixture was 

quenched with sat. aqueous Na2S2O3 and washed with brine. The organic layer was dried over 

MgSO4, filtered and concentrated in vacuo to afford the crude product, which was purified by 

flash column chromatography (c-Hex/EtOAc; 9:1) to give the aldehyde 2.22 as a colourless oil 

(0.77 g, 52%). Data are consistent with those reported in the literature.1,2 

 

 

Diethoxyphosphoryl)methyl 4-methylbenzesulfonate 2.24: At 0oC, to a stirred solution of 

diethyl (hydroxymethyl)phosphonate 2.23 (20.0 mL, 135.6 mmol, 2.0 equiv.) and Et3N (38.0 

mL, 272.6 mmol, 2.0 equiv.) in CH2Cl2 (600 mL) was added TsCl (27.2 g, 142.6 mmol, 1.05 

equiv.) in portions. The reaction mixture was stirred overnight warming gradually to room 

temperature. An aliquot was taken from the reaction to monitor its progress by 1H and 31P NMR 

spectroscopy which revealed ca. 80% conversion. An extra portion of TsCl (5.4 g, 28.4 mmol, 

0.2 equiv.) was added and the reaction was stirred for a further 6 hours at room temperature. A 

further aliquot for NMR spectroscopy revealed reaction completion. The reaction mixture was 

washed with 1 M HCl (2 × 200 mL) and the aqueous layer back extracted with CH2Cl2 (400 

mL). The combined organic layers were washed with NaHCO3 sat. aq. Soln. (2 × 200 mL), 

brine (200 mL), dried over MgSO4, filtered and solvent was removed in vacuo to give tosylate 

as a clear yellow liquid which was used for the next step without further purification (35.8 

g, >80%). Rf = 0.3 (C-Hex/EtOAc; 1:2). 1H NMR (300 MHz, CDCl3): δ = 7.81 (m, 2H, ArH), 

7.38 (d, J = 7.8 Hz, 2H, ArH), 4.20-4.13 (m, 6H, CH2), 2.47 (s, 3H, CH3), 1.31 (td, J = 7.1 Hz, 
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0.6 Hz, 6H, CH3) ppm. 31P NMR (121 MHz, CDCl3): δ = 15.2 ppm. Data are consistent with 

those reported in the literature.3,4 

 

 

Diethyl [(phenylthio)methyl]phosphonate 2.25: Using literature conditions, to a stirred 

solution of crude tosylate 2.24 (35.8 g, 111.0 mmol, 1.0 equiv.) and thiophenol (12 mL, 117.4 

mmol, 1.1 equiv.) in DMF (350 mL) was added K2CO3 (16.63 g, 121 mmol, 1.1 equiv.) in 

portions and the reaction mixture was stirred overnight at room temperature. An aliquot for 1H 

and 31P NMR spectroscopy was taken which revealed reaction completion. The reaction 

mixture was divided into two parts, both of them were diluted with EtOAc (1 L) and each 

solution was washed with water (2 × 400 ml). The aqueous layer was back extracted with 

EtOAc (400 ml). The combined organic layers were washed with brine (2 × 200 mL), dried 

over MgSO4, filtered, combined together and the solvent was removed in vacuo to give sulfide 

17 as a clear yellow liquid which was used for the next step without further purification (33.4 

g, >95%). Rf=0.2 (C-Hex/EtOAc; 1:1). 1H NMR (300 MHz, CDCl3): δ =7.46-7.40 (m, 2H, 

ArH), 7.34-7.26 (m, 2H, ArH), 7.25-7.19 (m, 1H, ArH), 4.21-4.06 (m, 4H, CH2), 3.20 (d, J = 

14.0 Hz, 2H, CH2), 1.30 (t, J = 7.1 Hz, 6H, CH3) ppm. 31P NMR (121 MHz, CDCl3): δ = 22.8 

ppm. Data are consistent with those reported in the literature. 3,4 

 

 

Diethyl [(phenylsulfonyl)methyl] phosphonate 2.17: To a solution of crude sulfide 2.25 (33.4 

g, 128.14 mmol, 1.0 equiv.) in AcOH (166 mL) was added 30% H2O2 in water (151 mL, 1340.5 

mmol, 10.4 equiv.) and the reaction mixture was stirred for 3 days at room temperature. Solvent 

was removed in vacuo to give a crude residue which was re-dissolved in CH2Cl2 (800 mL). 

The mixture was washed with NaHCO3 sat. aq. soln. (2 × 200 mL) and the combined aqueous 

layers were back extracted with CH2Cl2 (400 mL). The combined organic layers were washed 

with brine (200 ml), dried over MgSO4, filtered and solvent was removed in vacuo to give 
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crude product as a yellow oil. Purification by column chromatography (EtOAc) gave sulfone 

14 as a clear, colourless oil. The oil was seeded with crystalline sulfone to produce colourless 

crystals overnight which were washed with Et2O (3 × 50 mL) to give pure sulfone 14 (19.1 g, 

54%). Rf = 0.3 (EtOAc). 1H NMR (300 MHz, CDCl3): δ = 8.02-7.97 (m, 2H, ArH), 7.68 (t, J 

= 7.5 Hz, 1H, ArH), 7.62-7.54 (m, 2H, ArH), 4.22-4.10 (m, 4H, CH2), 3.77 (d, J = 16.8 Hz, 

2H, CH2), 1.30 (td, J = 7.1, 0.7 Hz, 6H, CH3). 
31P NMR (121 MHz, CDCl3): δ = 11.2 ppm. 

Data are consistent with those reported in the literature. 3,4 

 

 

Potassium L-Prolinate: The Potassium hydroxide (10 mmol) was added rapidly to a solution 

of L-proline (1.15 g, 10 mmol) dissolved in of methanol (50 mL) at 0oC. Stirring was continued 

for 30 min. The system was then allowed stir at rt for 2 h. Concentration of the solution under 

vacuo to give white sold (1.49 g 98% ) and used as catalyst. 1H NMR (300 MHz,D2O) δ 3.46 

(dd, J = 8.3, 6.0 Hz, 1H, CH), 2.97 (dt, J = 10.8, 6.8 Hz, 1H, CH2), 2.80-2.64 (m, 1H, CH2), 

2.08-1.93 (m, 1H, CH2), 1.72-1.57 (m, 3H, CH2). Data are consistent with those reported in 

the literature.5,6 

 

 

(R,E)-5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-ol (R)-2.26: Note: the AO-HWE reactions do 

not require inert conditions or anhydrous solvents. To a stirred solution of 4-Phenylbutanal 

2.22 (600 mg, 4.05 mmol, 1.2 equiv.) and nitrosobenzene (362 mg, 3.38 mmol, 1.0 equiv.) in 

MeCN (20 mL) was added L-proline (80 mg, 0.69 mmol, 0.2 equiv.) and the reaction mixture 

was stirred at 0oC for 2 hours after which the reaction turned from clear turquoise green to 

opaque orange indicating consumption of nitrosobenzene. Meanwhile, at room temperature in 

a separate flask, to a stirred solution of diethyl [(phenylsulfonyl)methyl]phosphonate 2.17 (2.0 

g, 6.84 mmol, 2.0 equiv.) and LiBr (0.58 g, 6.68 mmol, 2 equiv.) in MeCN (14 mL) was added 

Et3N (0.95 mL, 6.81 mmol, 2.0 equiv.) and the reaction mixture was stirred for 10 minutes. 
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This reaction can be set up once the AO reaction has reached completion. The contents of the 

AO reaction flask were then transferred to the HWE flask using a Pasteur pipette. The AO 

reaction flask was then rinsed with MeCN (4 mL) and the resulting clear orange solution was 

stirred for 24 hours at room temperature. The reaction mixture was quenched with HCl (1 M, 

10 mL) to give a dark clear burgundy solution and the mixture was extracted with CH2Cl2 (20 

mL). The layers were separated and the aqueous layer re-extracted with CH2Cl2 (10 mL) after 

which the aqueous layer was very pale yellow. The combined organic layers were washed with 

brine (20 mL), dried over MgSO4, filtered and solvent was removed in vacuo to give the crude 

product as a thick burgundy oil. Purification by column chromatography (CH2Cl2/EtOAc; 9:1) 

gave ɣ-hydroxy vinyl sulfone (R)-2.26 as a powdery yellow solid (474 mg, 46%). Rf = 0.4 

(CH2Cl2/EtOAc; 9:1). 1H-NMR (400 MHz, CDCl3): δ 7.92-7.83 (m, 2H, ArH), 7.66-7.58 (m, 

1H, ArH), 7.58-7.50 (m, 2H, ArH), 7.33-7.25 (m, 2H, ArH), 7.24-7.13 (m, 3H, ArH), 7.00 (dd, 

J = 15.0, 3.8 Hz, 1H, CH), 6.61 (dd, J = 15.0, 1.8 Hz, 1H, CH), 4.44-4.32 (m, 1H, CH), 2.79-

2.75 (m, 2H, CH2), 2.05-1.93 (m, 1H, CH2), 1.93-1.72 (m, 2H, OH + CH2). HPLC Analysis 

(Chiralcel OB-H column) Heptane/Ethanol; 80:20 (1.0 mL/min): tr minor (S) = 17.1 min, tr 

major (R) = 21.3 min; 97% ee. Data are consistent with those reported in the literature.4 

Alternative preparation with potassium L-prolinate: AO flask: 4-Phenylbutanal 2.22 (518 mg, 

3.50 mmol, 1.2 equiv.), nitrosobenzene (312 mg, 2.91 mmol, 1.0 equiv.) and potassium L-

prolinate (91 mg, 0.59 mmol, 0.2 equiv.) in MeCN (14 mL) were stirred for 4 hours at 0oC. 

HWE flask: Diethyl [(phenylsulfonyl)methyl]phosphonate 2.17 (1.71 g, 5.85 mmol, 2.0 

equiv.), LiBr (527 mg, 6.07 mmol, 2.1 equiv.) and Et3N (0.82 mL, 5.88 mmol, 2.0 equiv.) in 

MeCN (10 mL + 4 mL rinse). After aqueous work up, purification by column chromatography 

(CH2Cl2/EtOAc; 9:1) gave ɣ-hydroxy vinyl sulfone (R)-2.26 as a powdery yellow solid (383 

mg, 43%). HPLC Analysis (Chiralcel OB-H column) Heptane/Ethanol; 80:20 (1.0 mL/min): tr 

minor (S) = 17.3 min, tr major (R) = 21.3 min; 99% ee.  

 

 

(S,E)-5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-ol (S)-2.26: AO flask: 4-Phenylbutanal 2.22 

(530 mg, 3.58 mmol, 1.2 equiv.), nitrosobenzene (323 mg, 3.01 mmol, 1.0 equiv.) and D-
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proline (70 mg, 0.61 mmol, 0.2 equiv.) in MeCN (15 mL) were stirred for 2 hours at 0oC. HWE 

flask: Diethyl [(phenylsulfonyl)methyl]phosphonate 2.17 (1.76 g, 6.02mmol, 2.0 equiv.), LiBr 

(1.05 g, 12.09 mmol, 4 equiv.) and Et3N (0.85 mL, 6.10 mmol, 2.0 equiv.) in MeCN (10.5 mL 

+ 5 mL rinse). After aqueous work up, purification by column chromatography (CH2Cl2/EtOAc; 

9:1) gave ɣ-hydroxy vinyl sulfone as a powdery yellow solid. (355 mg, 39%). HPLC Analysis 

(Chiralcel OB-H column) Heptane/Ethanol; 80:20 (1.0 mL/min): tr major (S) = 17.2 min, tr 

minor (R) = 21 min; 96% ee.  

 

 

(R,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl methanesulfonate (R)-2.27: At 0oC, 

under nitrogen, to a stirred solution of alcohol (R)-2.26 (242 mg, 0.8 mmol, 1.0 equiv.) and 

Et3N (0.45 mL, 3.20 mmol, 4.0 equiv.) in CH2Cl2 (8.2 mL) was added MsCl (0.25 mL, 3.20 

mmol, 4.0 equiv.) in a dropwise fashion and the reaction mixture was stirred overnight warming 

gradually to room temperature. The reaction mixture was quenched with 1 M HCl (10 mL) and 

the layers were separated. The aqueous layer was back-extracted with CH2Cl2 (2 × 15 mL) and 

the combined organic layers were washed with brine (15 mL). The organic layer was dried 

over MgSO4, filtered and solvent was removed in vacuo to give the crude product. Purification 

by column chromatography (CH2Cl2) gave mesylate (R)-2.27 as a clear pale yellow oil (274 

mg, 90%). 1H-NMR (300 MHz, CDCl3): δ 7.93-7.84 (m, 2H, ArH), 7.70-7.61 (m, 1H, ArH), 

7.60-7.52 (m, 2H, ArH), 7.34-7.25 (m, 2H, ArH), 7.25-7.18 (m, 1H, ArH), 7.18-7.12 (m, 2H, 

ArH), 6.94 (dd, J = 15.1, 5.5 Hz, 1H, CH), 6.63 (dd, J = 15.0, 1.4 Hz, 1H, CH). 5.32-5.18 (m, 

1H, CH), 2.98 (s, 3H, CH3), 2.73 (t, J = 7.8 Hz, 2H, CH2), 2.26-2.01 (m, 2H, CH2) Data are 

consistent with those reported in the literature.4 

 

 



155 

 

(S,E)-5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl methanesulfonate (S)-2.27: In a 

procedure identical to the above mesylation: alcohol (S)-2.26 (302 mg, 1.0 mmol, 1.0 equiv.), 

Et3N (0.56 mL, 4.0 mmol, 4.0 equiv.) and MsCl (0.31 mL, 4.0 mmol, 4.0 equiv.) in CH2Cl2 

(10.2 mL). After aqueous workup, purification by column chromatography (CH2Cl2) gave 

mesylate (S)-2.23 as a clear pale yellow oil (346 mg, 91%).  

 

 

(R,E)-[3-Azido-5-(phenylsulfonyl)pent-4-1-yl]benzene (R)-2.28: At 0oC, to a stirred 

solution of mesylate (S)-2.27 (290 mg, 0.76 mmol, 1.0 equiv.) in DMF (7.5 mL) was added 

sodium azide (100 mg, 1.54 mmol, 2.1 equiv). Stirring was continued for 3 hours at 0oC, after 

which time water (5 mL) was added to the flask and the mixture was extracted with Et2O (3 × 

15 mL). The combined ethereal layers were washed with brine (15 mL), dried over MgSO4, 

filtered and solvent was removed in vacuo to give the crude product. Purification by column 

chromatography (c-Hex/CH2Cl2; 1:9) gave azide (R)-2.28 as a clear viscous colourless oil 

which crystallized overnight as a white crystalline solid (200 mg, 81%). Rf = 0.6 (cHex/DCM; 

1:9) 1H-NMR (400 MHz, CDCl3): δ 7.92-7.86 (m, 2H, ArH), 7.66-7.61 (m, 1H, ArH), 7.55 (t, 

J = 7.6 Hz, 2H, ArH), 7.32-7.26 (m, 2H, ArH), 7.24-7.18 (m, 1H, ArH), 7.17-7.11 (m, 2H, 

ArH), 6.87 (dd, J = 15.0, 5.7 Hz, 1H, CH), 6.57 (dd, J = 15.0, 1.4 Hz, 1H, CH), 4.11-4.00 (m, 

1H, CH), 2.78-2.65 (m, 2H, CH2), 1.95 (td, J = 7.6, 6.5 Hz, 2H, CH2). Data are consistent with 

those reported in the literature.4 

 

 

(S,E)-[3-Azido-5-(phenylsulfonyl)pent-4-1-yl]benzene (S)-2.28: In a procedure identical to 

the above azide displacement: mesylate (R)-2.27 (300 mg, 0.79 mmol, 1.0 equiv.), sodium 

azide (106 mg, 1.63 mmol, 2.1 equiv) in DMF (8.0 mL). After aqueous workup, purification 
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by column chromatography (c-Hex/CH2Cl2; 1:9) gave azide (S)-2.28 as a clear viscous 

colourless oil which crystallized overnight as a white crystalline solid (218 mg, 84%).  

 

 

(S)-tert-butyl (1-phenyl-5-(phenylsulfonyl)pentan-3-yl)carbamate (S)-2.35: The vinyl 

sulfone azide (S)-2.28 (32 mg, 0.1 mmol, 1.0 equiv.) was dissolved in EtOAc (10 mL, 0.01 M) 

and Boc2O (33 mg, 0.15 mmol, 1.5 equiv.) was added. This solution (0.01 M) was pumped (1.0 

mL/min) through the H-cube® at ca. 13 Bar H2 pressure containing 10% w/w Pd/C in a 

cartridge (70 x 4 mm) which was set to 30 °C. After one-pass the apparatus was washed through 

with EtOAC (10 mL) and the combined solvent was removed under reduced pressure to afford 

the crude carbamate. Purification by flash column chromatography (c-Hex-EtOAc; 3:1) gave 

the product as a clear oil, which crystallized overnight as a white crystalline solid (S)-2.35 (26 

mg, 65%). M.p. 76-78oC. Rf = 0.3 (c-Hex-EtOAc; 3:1). IR (film): vmax 3368, 3060, 2977, 2926, 

2857, 1685, 1507, 1293, 1245, 1165, 1141 cm-1. HRMS (ES+) C22H29NO4S (MH+) calcd. 

426.1704; found 426.1715. 1H NMR (400 MHz, CDCl3): δ 7.92-7.86 (m, 2H, ArH), 7.69-7.63 

(m, 1H, ArH), 7.57 (dd, J = 8.4, 7.0 Hz, 2H, ArH), 7.30-7.22 (m, 2H, ArH), 7.21-7.16 (m, 1H, 

ArH), 7.13 (dd, J = 7.0, 1.5 Hz, 2H, ArH), 4.33 (d, J = 9.5 Hz, 1H, NH), 3.67-3.55 (m, 1H, 

CH), 3.20-3.12 (m, 2H, CH2), 2.72-2.49 (m, 2H, CH2), 1.99-1.89 (m, 1H, CH2), 1.86-1.55 (m, 

3H, CH2), 1.42 (s, 9H, CH3). 
13C NMR (100 MHz, CDCl3) δ 155.6 (C), 141.1 (C), 139.1 (C), 

133.7 (CH), 129.3 (CH), 128.5 (CH), 128.3 (CH), 128.0 (CH), 126.1 (CH), 79.7 (C), 53.5 

(CH2), 49.3 (CH), 37.5 (CH2), 32.2 (CH2), 28.8 (CH2), 28.3 (CH3). [α]D = -1.7 (c = 1.0, CHCl3). 

 

 

(E)-(3-Azidoprop-1-en-1-yl)benzene 2.32: To a solution of cinnamyl bromide (1.97 g, 0.01 

mol, 1.0 equiv.) in water/acetone (1:3, 40 mL, 0.25 M) was added sodium azide (1.30 g, 0.02 

mol, 2.0 equiv.) and the mixture was stirred at rt for 30 min. The reaction mixture was diluted 

with DCM (50 mL) and washed with water (20 mL). the organic layer was dried over MgSO4 
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and evaporated under vacuo to give cinnamyl azide 2.32 as a colorless oil (1.52 g, 96% yield). 

1H NMR (400 MHz, CDCl3): δ 7.42-7.24 (m, 5H, ArH), 6.65 (d, J = 15.8 Hz, 1H, CH), 6.24 

(dt, J = 15.8, 6.6 Hz, 1H, CH), 3.94 (dd, J = 6.5, 1.4 Hz, 2H, CH2); Data are consistent with 

those reported in the literature.7 

 

 

2-(Diphenylphosphino)phenyl acetate 2.44: acetic anhydride (113 µL, 1.20 mmol, 1.2 equiv.) 

and N,N-4-dimethylaminopyridine 2.43 (12 mg, 1.00 mmol, 0.1 equiv.) were added, at room 

temperature and under argon, to a solution of 2-diphenylphosphinophenol (278 mg, 1.00 mmol, 

1.0 equiv.) in dry pyridine (6.7 mL, 0.15 M). The solution was stirred for 2 h and then diluted 

with CH2Cl2 and washed with 10% aqueous HCl, 5% aqueous NaHCO3 and water. The organic 

layer was dried over MgSO4 and concentrated to give the product 2.44 in quantitative yield. 

1H-NMR (400 MHz, CDCl3): δ 7.42-7.34 (m, 11H, ArH), 7.14 (m, 2H, ArH), 6.84 (m, 1H, 

ArH), 1.97 (s, 3H, CH3); Data are consistent with those reported in the literature.8 

 

 

N-Cinnamylacetamide 2.34: Route A: To a stirred solution of cinnamyl azide 2.32 (318 mg, 

2.00 mmol, 1.0 equiv.) in chloroform (10 mL) was added 2,6-lutidine (321 mg, 3.00 mmol, 1.5 

equiv.) followed by drop wise addition of thioacetic acid (228 mg, 3.00 mmol, 1.5 equiv.) under 

nitrogen. The reaction was allowed to stir at reflux overnight. The reaction mixture was diluted 

with CH2Cl2 (20 mL) and washed with 1M HCl (10 mL), Saturated NaHCO3 (10 mL), water 

(10 mL), and Brine (10 mL). The solvent was dried over MgSO4 and evaporated to yield the 

crude product which was purified by silica gel column chromatography (c-Hex/EtOAc; 6:1 to 

1:1) to yield the product 2.34 as a colourless crystalline material (280 mg, 81% yield). 

Route B: Acetylthiomethyl-diphenylphosphine borane 2.41 (144 mg, 0.50 mmol, 1.0 equiv.) 

was dissolved in dry DMF (7.5 ml, 0.7 M) was degassed by Ar(g). DABCO (168 mg, 1.50 
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mmol, 1.5 equiv.) as well as cinnamyl azide 2.32 (80 mg, 0.50 mmol, 1.0 equiv.) were added. 

The temperature was elevated to 40oC and the reaction mixture was left stirring for 18 h. the 

mixture was diluted with CH2Cl2 (20 mL), washed with 1M HCl (10 mL) and brine (10 mL). 

The solvent was evaporated to give the crude product which was purified by silica gel column 

chromatography (c-Hex/EtOAc; 6:1 to 1:1) to yield the product N-cinnamylacetamide 2.34 (54 

mg, 62% yield). 

Route C: To a solution of diphenylphosphanyl-phenyl acetate 2.44 (160 mg, 0.50 mmol, 1.0 

equiv.) in THF: water (5 mL, 9:1, 0.1 M) was added cinnamyl azide 2.32 (80 mg, 0.50 mmol, 

1.0 equiv.). The reaction was allowed to stir at room temperature overnight. The solvent was 

evaporated to yield the crude product which was purified by silica gel column chromatography 

(c-Hex/EtOAc; 3:1 to EtOAc, Rf=0.1 in EtOAc) to yield the product N-cinnamylacetamide 

2.34 (63 mg, 72% yield). 1H NMR (400 MHz, CDCl3) δ 7.38-7.28 (m, 4H, ArH), 7.25-7.21 (m, 

1H, ArH), 6.53 (d, J =15.8 Hz, 1H, CH), 6.20 (dt, J = 15.9, 6.4 Hz, 1H, CH), 5.56 (s, 1H, NH), 

4.04 (td, J = 6.1, 1.5 Hz, 2H, CH2), 2.03 (s, 3H, CH3); Data are consistent with those reported 

in the literature.9 

 

 

tert-butyl cinnamylcarbamate 2.33: Route A: Under N2, to a solution of SnCl2 (758 mg, 4.00 

mmol, 2.0 equiv.) in dry THF (25 mL) was added thiophenol (1.6 mL, 16.00 mmol, 8.0 equiv.) 

and triethylamine (1.7 mL, 12.00 mmol, 6.0 equiv.) the reaction was stirred at rt for 15 min in 

order to get the complex. Cinnamyl azide 2.32 (318 mg, 2.00 mmol, 1.0 equiv.) was dissolved 

in dry THF under N2 was then transferred into the solution and resulting mixture was left 

stirring for 2 h. The reaction was monitored by TLC and was then taken up in 1M NaOH (12 

mL) in DCM (20 mL) and the organic layer was separated. Di-tert-butyl dicarbonate (1.31 g, 

6 mmol, 3 equiv.) with 1 M NaOH (10 mL) was added into the solution in the separate funnel 

and the whole mixture was shaken for 30 min. The organic layer was then separated, and the 

water layer was back extracted with DCM (2 × 10 mL). The combined organic layer was dried 

over MgSO4, filtered and evaporate under vacuo to give pure crystals of the product 2.33 (434 

mg, 93% yield). 
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Route B: A suspension of cinnamyl azide 2.32 (239 mg, 1.50 mmol, 1.0 equiv.), ammonium 

formate (190 mg, 3.00 mmol, 2.0 equiv.) and zinc (981 mg, 15.00 mmol, 10 equiv.) in methanol 

(2 mL) was stirred at rt under N2. After completion of the reaction (monitored by TLC), the 

reaction mixture was filtered through Celite pad, washed with methanol (10 mL). The 

combined filtrates were evaporated under vacuo. The residue was taken into diethyl ether (10 

mL), decanted and the solid was further dried under vacuo to give the crude ammonium formate 

salt in a quantitative yield. The crude salt was then added into CH2Cl2 (20 mL) with 1 M NaOH 

(10 mL) solution in a separating funnel. Di-tert-butyl dicarbonate (655 mg, 3.00 mmol, 2.0 

equiv.) was added and the resulting mixture was shaken for 1 h after which time all solid was 

dissolved. The organic layer was then separated and the water layer was back extracted with 

DCM (2 × 10 mL). The combined organic layer were dried over MgSO4, filtered and evaporate 

under vacuo to give the crude product which was purified by silica gel column chromatography 

(c-Hex/EtOAc; 6:1) to yield tert-butyl cinnamyl carbamate 2.33 as a colourless crystalline solid 

(340 mg, 97%). 

Route C: To a solution of cinnamyl azide 2.32 (159 mg, 1.00 mmol, 1.0 equiv.) and 

benzaldehyde (106 mg, 1.00 mmol, 1.0 equiv.) in anhydrous THF (20 mL) was added 

triphenyl-phosphine (262 mg, 1.00 mmol, 1.0 equiv.). The reaction was left stirring for 6 h at 

rt under nitrogen atmosphere. After completion of the reaction (monitored by TLC), the 

mixture was concentrated under vacuo to give the crude imine intermediate, which was then 

dissolved in diethyl ether (2.5 mL). 4 M HCl (250 µL) was added and the resultant mixture 

was left to stir for 2 h at rt. The solution was concentrated under vacuo to form a white solid 

which was washed and decant with diethyl ether (2 × 5 mL). This solid was then dissolved in 

a biphasic mixture of 1 M NaOH (2 mL) and THF (5 mL). Di-tert-Butyl dicarbonate (328 mg, 

1.50 mmol, 1.5 equiv.) was added and the resulting mixture was stirred for 2 h. After 

completion of the reaction, the solvent was evaporated under vacuo to give the crude product 

which was further purified though silica gel column chromatography (c-Hex/EtOAc; 6:1) to 

yield tert-butyl cinnamyl carbamate 2.33 as a colourless crystalline solid (141 mg, 61%).  

Route D: To a solution of cinnamyl azide 2.32 (80 mg, 0.50 mmol, 1.0 equiv.) in anhydrous 

THF (12 mL) under nitrogen atmosphere at -78oC was added trimethyl phosphine (1.0 mL, 1.0 

mmol, 2.0 equiv.) via syringe as a 1 M solution in THF. The reaction was stirred for 15 min 

before Boc-ON (150 mg, 0.6 mmol, 1.2 equiv.) in THF (4 mL) was transferred in and the result 

mixture was stirred for a further 30 minutes at -78oC. The reaction was then left  stirring for 5 

hours under nitrogen atmosphere, while gradually warming up to room temperature. CH2Cl2 
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(60 mL) was added after completion of the reaction and the resulting solution was washed with 

water (3 × 30 mL) and brine (30 mL). The organic layer was dried over MgSO4, filtered and 

concertation in vacuo to give the crude product which was further purified though silica gel 

column chromatography (c-Hex/EtOAc; 6:1) to yield tert-butyl cinnamyl carbamate 2.33 as a 

colourless crystalline solid (107 mg, 93%).1H NMR (400 MHz, CDCl3): δ 7.38-7.19 (m, 5H, 

ArH), 6.51 (d, J = 15.9 Hz, 1H, CH), 6.19 (dt, J = 15.8, 6.1 Hz, 1H, CH), 4.66 (s, 1H, NH), 

3.91 (t, J = 6.1 Hz, 2H, CH2), 1.47 (s, 9H, CH3) ppm; Data are consistent with those reported 

in the literature.10 

 

 

(S,E)-tert-Butyl (5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)carbamate (S)-2.29: To a 

solution of vinyl sulfone azide (S)-2.28 (64 mg, 0.20 mmol, 1.0 equiv.) in anhydrous THF (5 

mL) under nitrogen atmosphere at -78oC was added trimethyl phosphine (0.4 mL, 0.4 mmol, 

2.0 equiv.) via syringe as a 1 M solution in THF. The reaction was stirred for 15 min before 

Boc-ON (59 mg, 0.24 mmol, 1.2 equiv.) in THF (1.6 mL) was transferred in and the result 

mixture was stirred for a further 30 minutes at -78oC. The reaction was then left stirring for 5 

hours under nitrogen atmosphere, while gradually warming up to room temperature. CH2Cl2 

(30 mL) was added after completion of the reaction and the resulting solution was washed with 

water (3 × 15 mL) and brine (15 mL). The organic layer was dried over MgSO4, filtered and 

concertation in vacuo to give the crude product which was further purified though silica gel 

column chromatography (CH2Cl2:c-Hex; 4:1, followed by CH2Cl2:EtOAc; 25:1) affording 

protected amine (S)-2.29 (13 mg, 16%) as an orange viscous oil. 1H-NMR (400 MHz, CDCl3): 

δ = 7.94-7.80 (m, 2H, ArH), 7.68-7.57 (m, 1H, ArH), 7.57-7.48 (m, 2H, ArH), 7.32-7.23 (m, 

2H, ArH), 7.23-7.09 (m, 3H, ArH), 6.86 (dd, J = 15.0, 5.0 Hz, 1H, CH), 6.41 (d, J = 15.0 Hz, 

1H, CH), 4.61-4.44 (m, 1H, CH), 4.36 (bs, 1H, NH), 2.77-2.57 (m, 2H, CH2), 2.01-1.74 (m, 

2H, CH2), 1.37 (s, 9H, CH3) ppm; Data are consistent with those reported from the literature.11 
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4.3. Experimental Details for Chapter 3 

 

(R,E)-Diethyl 1-(1-(phenylsulfonyl)oct-1-en-3-yl)hydrazine-1,2-dicarboxylate [(R)-3.24]: 

Note: the α-amination-HWE reactions do not require inert conditions or anhydrous solvents. 

To a stirred solution of heptanal (0.18, 1.20 mmol, 1.2 equiv.) and Diethyl azodicarboxylate 

[DEAD] (174 mg, 1.00 mmol, 1.0 equiv.) in MeCN (5 mL) was added L-proline (23 mg, 0.20 

mmol, 0.2 equiv.) and the reaction mixture was stirred at 0oC for 2 hours and further 1 hour at 

room temperature after which the reaction turned from clear orange to light yellow solution 

indicating consumption of DEAD. Meanwhile, at room temperature in a separate flask, to a 

stirred solution of diethyl [(phenylsulfonyl)methyl]phosphonate 2.17 (586 mg, 2.00 mmol, 2.0 

equiv.) and LiBr (182 mg, 2.10 mmol, 2.1 equiv.) in MeCN (4 mL) was added Et3N (0.28 mL, 

2.00 mmol, 2.0 equiv.) and the reaction mixture was stirred for 10 minutes. This reaction can 

be set up once the α-amination reaction has reached completion. The contents of the α-

amination reaction flask were then transferred to the HWE flask using a Pasteur pipette. The 

α-amination reaction flask was then rinsed with MeCN (1 mL) and the resulting clear light 

yellow solution was stirred for 24 hours at room temperature. The reaction mixture was 

quenched with HCl (1 M, 10 mL) to give a clear colourless solution and the mixture was 

extracted with CH2Cl2 (15 mL). The layers were separated and the aqueous layer was re-

extracted with CH2Cl2 (2 × 15 mL) and the combined organic layers were washed with brine 

(10 mL), dried over MgSO4, filtered and solvent was removed in vacuo to give the crude 

product as a thick viscous oil. Purification by column chromatography (c-Hex-EtOAc; 3:1) 

followed by a further column chromatography (CH2Cl2) purification gave ɣ-hydroxy vinyl 

sulfone (R)-3.24 (400 mg, 94%) as a colourless viscous liquid. Rf = 0.15 (c-Hex-EtOAc; 3:1); 

IR (film): vmax = 3295, 2956, 2930, 2860, 1708, 1380, 1288, 1228, 1146, 1056, 755 cm-1; 

HRMS (ES+): C20H30N2O6NaS (M+Na+) calcd. 449.1722; found 449.1725; 1H-NMR (500 

MHz, CDCl3): δ = 7.90 (d, J = 7.5 Hz, 2H, ArH), 7.61 (t, J = 7.5 Hz, 1H, ArH), 7.53 (t, J = 7.5 

Hz, 2H, ArH), 6.94 (dd, J = 15.0, 7.0 Hz, 1H, CH), 6.52 (d, J = 15.0 Hz, 1H, CH), 6.42 (s, 1H, 

NH), 4.96-4.52 (m, 1H, CH), 4.21-4.11 (m, 4H, CH2), 1.81-1.67 (m, 1H, CH2), 1.61-1.51 (m, 

1H, CH2), 1.36-1.16 (m, 12H, CH2, CH3), 0.89-0.82 (m, 3H, CH3) ppm; 13C-NMR (125 MHz, 
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CDCl3): δ = 156.7 (C), 155.6 (C), 143.4 (CH), 140.2 (C), 133.4 (CH), 131.9 (CH), 129.3 (CH), 

127.8 (CH), 62.9 (CH2), 62.4 (CH2), 58.0 (CH), 31.3 (2 x CH3), 30.8 (CH2), 25.6 (CH2), 22.4 

(CH2), 14.4 (CH2), 13.9 (CH3) ppm. HPLC Analysis (Chiralcel IA Column), heptane/isopropyl 

alcohol; 90:10 (1.2 mL/min): tr minor (S)-3.24 = 18.9 min; tr major (R)-3.24 = 22.4 min; 88% 

ee; [α]D = -1.0 (c = 1.0, CHCl3) 

 

 

(S,E)-Diethyl 1-(1-(phenylsulfonyl)oct-1-en-3-yl)hydrazine-1,2-dicarboxylate [(S)-3.24]: 

In a procedure identical to the above α-amination-HWE reactions. α-Amination flask: Diethyl 

azodicarboxylate (DEAD) (174 mg, 1.00 mmol, 1.0 equiv.), heptanal (0.18 mL, 1.20 mmol, 

1.2 equiv.) and D-proline (23 mg, 0.20 mmol, 0.2 equiv.) in MeCN (5 mL) were stirred for 2 h 

at 0 °C and further for 1 h at rt. HWE flask: Diethyl [(phenylsulfonyl)methyl]phosphonate 

(586 mg, 2.00 mmol, 2.0 equiv.), LiBr (182 mg, 2.10 mmol, 2.1 equiv.) and EtN3 (0.28 mL, 

0.20 mmol, 0.2 equiv.) in MeCN (4 mL + 1 mL rinse). After aqueous work up, purification by 

column chromatography (c-Hex-EtOAc; 3:1) followed by a further column chromatography 

(CH2Cl2) which gave (S)-3.24 (392 mg, 91%) as a colourless viscous liquid. HPLC Analysis 

(Chiralcel IA Column) heptane/isopropyl alcohol; 90:10 (1.2 mL/min): tr major (S)-3.24 = 18.7 

min; tr minor (R)-3.24 = 22.2 min; 89% ee. [α]D = +1.0 (c = 1.0, CHCl3). 

 

 

(R,E)-Di-tert-butyl 1-(1-(phenylsulfonyl)oct-1-en-3-yl)hydrazine-1,2-dicarboxylate [(R)-

3.25]: To a stirred solution of heptanal (0.18, 1.20 mmol, 1.2 equiv.) and di-tert-butyl 

azodicarboxylate [DBAD] (230 mg, 1.00 mmol, 1.0 equiv.) in MeCN (5 mL) was added L-

proline (23 mg, 0.20 mmol, 0.2 equiv.) and the reaction mixture was stirred at 0oC for 2 hours 



163 

 

and further 1 hour at room temperature after which the reaction turned from clear bright yellow 

to colourless solution indicating consumption of DBAD. Meanwhile, at room temperature in a 

separate flask, to a stirred solution of diethyl [(phenylsulfonyl)methyl] phosphonate 2.17 (586 

mg, 2.00 mmol, 2.0 equiv.) and LiBr (182 mg, 2.10 mmol, 2.1 equiv.) in MeCN (4 mL) was 

added Et3N (0.28 mL, 2.00 mmol, 2.0 equiv.) and the reaction mixture was stirred for 10 

minutes. The contents of the α-amination reaction flask were then transferred to the HWE flask 

using a Pasteur pipette. The α-amination reaction flask was then rinsed with MeCN (1 mL) and 

the resulting clear light yellow solution was stirred for 24 hours at room temperature. The 

reaction mixture was quenched with HCl (1 M, 10 mL) and the mixture was extracted with 

CH2Cl2 (15 mL). The layers were separated and the aqueous layer was re-extracted with 

CH2Cl2 (2 × 15 mL) and the combined organic layers were washed with brine (10 mL), dried 

over MgSO4, filtered and solvent was removed in vacuo to give the crude product as a thick 

viscous oil. Purification by column chromatography (c-Hex-EtOAc; 3:1) followed by a further 

column chromatography (CH2Cl2) purification gave ɣ-hydroxy vinyl sulfone (R)-3.25 (454 mg, 

94%) as a colourless viscous liquid. Rf = 0.4 (c-Hex-EtOAc; 3:1). IR (film): vmax = 3316, 

2977, 2930, 1702, 1367, 1307, 1245, 1143, 1085, 753 cm-1; HRMS (ES+): C24H38N2O6NaS 

(M+Na+) calcd. 505.2343; found 505.2340; 1H-NMR (500 MHz, CDCl3): δ = 7.94-7.81 (m, 

2H, ArH), 7.63-7.55 (m, 1H, ArH), 7.54-7.45 (m, 2H, ArH), 6.94 (dd, J = 15.5, 6.5 Hz, 1H, 

CH), 6.48 (d, J = 15.5 Hz, 1H, CH), 6.20 (bs, 1H, NH), 4.90-4.63 (m, 1H, CH), 1.82-1.66 (m, 

1H, CH2), 1.66-1.31 (m, 19H, CH2, CH3), 1.30-1.12 (m, 6H, CH2), 0.92-0.76 (m, 3H, CH3) 

ppm; 13C-NMR (125 MHz, CDCl3): δ = 155.9 (C), 154.6 (C), 144.1 (CH), 140.3 (C), 133.2 

(CH), 131.3 (CH), 129.2 (CH), 127.7 (CH), 81.8 (C), 81.3 (C), 57.0 (CH), 31.4 (CH2), 30.8 

(CH2), 28.1 (2 x CH3), 25.6 (CH2), 22.4 (CH2), 13.9 (CH3) ppm; HPLC Analysis (Chiralcel IA 

Column) heptane/isopropyl alcohol; 75:25 (1.0 mL/min): tr minor (S)-3.25 = 7.4 min; tr major 

(R)-3.25 = 13.3 min; 89% ee. [α]D = -9.3 (c = 1.0, CHCl3). 

 

 

(S,E)-Di-tert-butyl 1-(1-(phenylsulfonyl)oct-1-en-3-yl)hydrazine-1,2-dicarboxylate [(S)-

3.25]: In a procedure identical to the above α-amination-HWE reactions. α-Amination flask: 
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di-tert-butyl azodicarboxylate (DBAD) (230 mg, 1.00 mmol, 1.0 equiv.), heptanal (0.18 mL, 

1.20 mmol, 1.2 equiv.) and D-proline (23 mg, 0.20 mmol, 0.2 equiv.) in MeCN (5 mL) were 

stirred for 2 h at 0 °C and further for 1 h at room temperature. HWE flask: Diethyl 

[(phenylsulfonyl) methyl]phosphonate (586 mg, 2.00 mmol, 2.0 equiv.), LiBr (182 mg, 2.10 

mmol, 2.1 equiv.) and Et3N (0.28 mL, 2.00 mmol, 2.0 eq ) in MeCN (4 mL + 1 mL rinse). After 

aqueous work up, purification by column chromatography (c-Hex-EtOAc; 3:1) followed by a 

further column chromatography (CH2Cl2) gave vinyl sulfone (S)-3.25 (440 mg, 91%) as a 

colourless viscous liquid. HPLC Analysis (Chiralcel IA Column) heptane/isopropyl alcohol; 

75:25 (1.0 mL/min): tr major (S)-3.25 = 7.3 min; tr minor (R)-3.25 = 13.2 min; 88% ee. [α]D = 

+9.1 (c = 1.0, CHCl3). 

 

 

(R,E)-Di-tert-butyl 1-(1-(phenylsulfonyl)oct-1-en-3-yl)hydrazine-1,2-dicarboxylate [(R)-

3.26]: To a stirred solution of 4-phenylbutanal 2.22 (180 mg, 1.20 mmol, 1.2 equiv.) and di-

tert-butyl azodicarboxylate [DBAD] (230 mg, 1.00 mmol, 1.0 equiv.) in MeCN (5 mL) was 

added L-proline (23 mg, 0.20 mmol, 0.2 equiv.) and the reaction mixture was stirred at 0oC for 

2 hours and further 1 hour at room temperature after which the reaction turned from clear bright 

yellow to colourless solution indicating consumption of DBAD. Meanwhile, at room 

temperature in a separate flask, to a stirred solution of diethyl [(phenylsulfonyl)methyl] 

phosphonate 2.17 (586 mg, 2.00 mmol, 2.0 equiv.) and LiBr (182 mg, 2.10 mmol, 2.1 equiv.) 

in MeCN (4 mL) was added Et3N (0.28 mL, 2.00 mmol, 2.0 equiv.) and the reaction mixture 

was stirred for 10 minutes. The contents of the α-amination reaction flask were then transferred 

to the HWE flask using a Pasteur pipette. The α-amination reaction flask was then rinsed with 

MeCN (1 mL) and the resulting clear light yellow solution was stirred for 24 hours at room 

temperature. The reaction mixture was quenched with HCl (1 M, 10 mL) and the mixture was 

extracted with CH2Cl2 (15 mL). The layers were separated and the aqueous layer was re-

extracted with CH2Cl2 (2 × 15 mL) and the combined organic layers were washed with brine 
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solution (20 mL) and dried over MgSO4. Filtration, followed by solvent removal under reduced 

pressure gave the crude product as a thick viscous oil. Purification by column chromatography 

(c-Hex-EtOAc; 3:1) followed by a further column chromatography (CH2Cl2) purification gave 

ɣ-hydroxy vinyl sulfone (R)-3.26 (444 mg, 86%) as a white powder. M.p. = 48-52 °C; Rf = 

0.35 (c-Hex-EtOAc; 3:1); IR (film): vmax = 3310, 2979, 2932, 1702, 1367, 1307, 1246, 1143, 

1085, 751, 687 cm-1; HRMS (ES+): C27H36N2O6NaS (M+Na+) calcd. 539.2192; found 

539.2191; 1H-NMR (500 MHz, CDCl3): δ = 7.90 (d, J = 7.5 Hz, 2H, ArH), 7.59 (t, J = 7.5 Hz, 

1H, ArH), 7.51 (t, J = 7.5 Hz, 2H, ArH), 7.30-7.21 (m, 2H, ArH), 7.18 (d, J = 7.5 Hz, 1H, ArH), 

7.16-7.07 (m, 2H, ArH), 6.95 (dd, J = 15.5, 7.0 Hz, 1H, CH), 6.48 (d, J = 15.5 Hz, 1H, CH), 

6.20 (bs, 1H, NH), 4.95-4.46 (m, 1H, CH), 2.88-2.48 (m, 2H, CH2), 2.16-2.02 (m, 1H, CH2), 

1.88-1.76 (m, 1H, CH2), 1.59-1.29 (m, 18H, CH3) ppm; 1H-NMR (500 MHz, d6-DMSO, 80 °C): 

δ = 8.76 (bs, 1H, NH), 7.84 (d, J = 7.5 Hz, 2H, ArH), 7.68 (t, J = 7.5 Hz, 1H, ArH), 7.60 (t, J 

= 7.5 Hz, 2H, ArH), 7.23 (t, J = 7.5 Hz, 2H, ArH), 7.18-7.12 (m, 3H, ArH), 6.87 (dd, J = 15.5, 

5.5 Hz, 1H, CH), 6.82 (d, J = 15.5 Hz, 1H, CH), 4.66 (s, 1H, CH), 2.74-2.62 (m, 1H, CH2), 

2.58-2.48 (m, 1H, CH2), 1.98-1.87 (m, 1H, CH2), 1.84-1.74 (m, 1H, CH2), 1.41 (s, 9H, CH3), 

1.35 (s, 9H, CH3) ppm; 13C-NMR (125 MHz, CDCl3): δ = 155.9 (C), 154.6 (C), 143.8 (CH), 

140.8 (C), 140.2 (C), 133.4 (CH), 131.7 (CH), 129.2 (CH), 128.5 (CH), 128.4 (CH), 127.8 

(CH), 126.1 (CH), 81.9 (C), 81.4 (C), 55.7 (CH), 32.6 (CH2), 32.1 (CH2), 28.15 (CH3), 28.1 

(CH3) ppm; HPLC Analysis (Chiralcel IA Column) heptane/isopropyl alcohol; 75:25 (1.0 

mL/min): tr minor (S)-3.26 = 9.1 min; tr major (R)-3.26 = 18.6 min; 86% ee. [α]D = -2.0 (c = 

1.0, CHCl3). 

 

 

(S,E)-Di-tert-butyl 1-(1-(phenylsulfonyl)oct-1-en-3-yl)hydrazine-1,2-dicarboxylate [(S-

3.26)]: In a procedure identical to the above α-amination-HWE reactions. α-Amination flask: 

di-tert-butyl azodicarboxylate (230 mg, 1.0 mmol, 1.0 equiv.), 4-phenylbutanal 2.22 (180 mg, 

1.2 mmol, 1.2 equiv.) and D-proline (23 mg, 0.2 mmol, 0.2 equiv.) in MeCN (5 mL) were 
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stirred for 2h at 0 °C and further for 1 h at rt. HWE flask: Diethyl [(phenylsulfonyl)methyl] 

phosphonate (586 mg, 2.0 mmol, 2.0 equiv.), LiBr (182 mg, 2.1 mmol, 2.1 equiv.) and NEt3 

(0.28 mL, 2.0 mmol, 2.0 eq ) in MeCN (4 mL + 1 mL rinse). After aqueous work up as 

described above, initial purification by column chromatography (c-Hex-EtOAc; 3:1) followed 

by a further column chromatography (CH2Cl2) gave (S)-3.26 (459 mg, 90%) as a white powder. 

HPLC Analysis (Chiralcel IA Column) heptane/isopropyl alcohol; 75:25 (1.0 mL/min): tr 

major (S)-3.26 = 9.0 min; tr minor (R)-3.26 = 18.5 min; 86% ee. [α]D = +2.0 (c = 1.0, CHCl3). 

 

 

(S,E)-2-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)hydrazin-1-ium chloride [(S)-3.33]:  

To a solution of vinyl sulfone hydrazine (S)-3.26 (103 mg, 0.2 mmol, 1 equiv.) in MeOH (2 

mL) was added 4 M HCl in dioxane (0.5 mL, 2.0 mmol, 10 equiv.) and the resultant solution 

was stirred at room temperature for 14 h.  The mixture was concentrated in vacuo, washed with 

Et2O (3 x 1 mL) and the supernatant removed by pipette to give hydrazinium chloride salt (S)-

3.33 (67 mg, 95%) as a white solid. LRMS (ES+) C17H21N2O2S (M-Cl)+ calcd. 317.13; found 

317.12; 1H-NMR (500 MHz, CD3OD): δ = 8.02-7.93 (m, 2H, ArH), 7.82-7.73 (m, 1H, ArH), 

7.71-7.64 (m, 2H, ArH), 7.30-7.21 (m, 2H, ArH), 7.20-7.13 (m, 1H, ArH), 7.12-7.05 (m, 2H, 

ArH), 6.89-6.83 (m, 2H, CH), 3.76-3.64 (m, 1H, CH), 2.64-2.45 (m, 2H, CH2), 2.04 (dddd, J 

= 14.0, 9.5, 7.0, 5.5 Hz, 1H, CH2), 1.85 (dddd, J = 14.0, 9.5, 8.0, 6.0 Hz, 1H, CH2) ppm; 13C-

NMR (125 MHz, CD3OD): δ = 142.5 (CH), 140.2 (C), 139.9 (C), 135.1 (CH), 133.8 (CH), 

129.4 (CH), 128.2 (CH), 127.9 (CH), 127.6 (CH), 125.9 (CH), 59.3 (CH), 33.3 (CH2), 30.8 

(CH2) ppm; Microanalysis C17H21N2O2SCl·0.5H2O requires C: 56.43; H: 6.09; N: 7.75%; 

found C: 56.04; H: 5.87; N: 7.65%. 
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(R,E)-2-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)hydrazin-1-ium chloride [(R)-3.33]:  

To a solution of vinyl sulfone hydrazine (R)-3.26 (206 mg, 0.4 mmol, 1 equiv.) in MeOH (4 

mL) was added 4 M HCl in dioxane (1 mL, 4.0 mmol, 10 equiv.) and the resulting solution was 

stirred at room temperature for 14 h. The mixture was concentrated under reduced pressure, 

washed with Et2O (3 x 2 mL) and dried to give crude hydrazinium chloride salt (R)-3.33 (133 

mg, 94%) as white solid. 

 

 

(S,E)-tert-Butyl (5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)carbamate [(S)-2.29]:  To a 

solution of hydrazinium chloride salt (S)-3.33 (67 mg, 0.19 mmol, 1 equiv.) in acetone (1.9 mL) 

was added acetic acid (2.9 mL) and activated Zn dust (124 mg, 1.9 mmol, 10 equiv., stored 

under N2).  The resultant solution was stirred at room temperature for 2 h. The reaction was 

filtered through Celite and washed with MeOH (4 mL).  The filtrate was concentrated under 

reduced pressure to afford the crude ammonium salt. This mixture was then dissolved in 

CH2Cl2 (2 mL) and a white solid precipitated. The solid was removed by filtration and the 

solution was concentrated. This process was repeated twice to afford the crude ammonium salt 

as a yellow oil. The crude product was dissolved in CH2Cl2 (3.8 mL) before Et3N (52 µL, 0.38 

mmol, 2 equiv.) and (Boc)2O (84 mg, 0.38 mmol, 2 equiv.) were added. The resultant solution 

was stirred at rt for 1 h.  0.1 M HCl (10 mL) was added and the mixture was extracted with 

CH2Cl2 (10 mL). The aqueous layer was re-extracted with CH2Cl2 (5 mL) and the combined 

organic layers were concentrated under reduced pressure.  The residue was purified by flash 

column chromatography (c-Hex-EtOAc; 3:1) to give compound (S)-2.29 (43 mg, 56%) as a 

white solid. Rf = 0.3 (c-Hex-EtOAc; 3:1); HPLC Analysis (Chiralpak IC Column) 
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heptane/isopropyl alcohol; 90:10 (1.0 mL/min): tr minor (R)-2.20 = 16.5 min; tr major (S)-2.20 

= 18.2 min; 86%; [α]D = +1.9 (c = 0.55, CHCl3), with additional as above. 

 

 

(R,E)-tert-Butyl (5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)carbamate [(R)-2.29]: In a 

procedure identical to that described above, vinyl sulfone hydrazinium chloride (R)-3.33 (66 

mg, 0.19 mmol, 1 equiv.), acetic acid (2.9 mL) and activated Zn dust (122 mg, 1.9 mmol, 10 

equiv., stored under N2) in acetone (1.9 mL) was stirred for 2 h at room temperature.  After 

work up as described above, the crude vinyl sulfone ammonium salt was dissolved in CH2Cl2 

(4 mL) before Et3N (51 µL, 0.38 mmol, 2 equiv.) and (Boc)2O (83 mg, 0.38 mmol, 2 equiv.) 

was added and the result solution was stirred at room temperature for 1 h. After aqueous work 

up, the crude mixture was purified through column chromatography (c-Hex-EtOAc; 3:1) to 

give compound (R)-2.25 as a white solid (44 mg, 58%). HPLC Analysis (Chiralapk IC Column) 

heptane/isopropyl alcohol; 90:10 (1.0 mL/min): tr major (R)-2.29 = 16.4 min; tr minor (S)-2.29 

= 18.1 min; 86% ee; [α]D = -2.6 (c = 0.9, CHCl3). 

 

 

(S)-tert-Butyl (1-phenyl-5-(phenylsulfonyl)pentan-3-yl)carbamate [(S)-2.35]: Vinyl 

sulfone (S)-2.29 (40 mg, 0.1 mmol) was dissolved in MeOH (8 mL) and 10% w/w Pd/C (22 

mg, 0.02 mmol) was added. The mixture was stirred at rt under an H2 (1 atm.) atmosphere 

overnight. This mixture was filtered through Celite [washing with MeOH (2 x 5 mL)] and 
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concentrated under reduced pressure to afford compound (S)-2.35 (34 mg, 85%) without the 

need for further purification. [α]D = -1.57 (c = 3.0, CHCl3), with additional data consistent with 

that reported above. 

 

 

(R)-tert-Butyl (1-phenyl-5-(phenylsulfonyl)pentan-3-yl)carbamate [(R)-2.35]: In a 

procedure identical to the above hydrogenation procedure, Vinyl sulfone (R)-2.29 (40 mg, 0.1 

mmol), 10% w/w Pd/C (22 mg, 0.02 mmol) in MeOH (8 mL) was stirred at rt under an H2 (1 

atm.) atmosphere overnight. This mixture was filtered through Celite [washing with MeOH (2 

x 5 mL)] and concentrated under reduced pressure to afford compound (R)-2.35 (37 mg, 93%) 

without the need for further purification. [α]D = +1.3 ( c = 1.8, CHCl3). 

 

 

(R)-tert-Butyl (5-phenylpent-1-en-3-yl)carbamate [(R)-2.38]: At room temperature, to a 

vigorously stirred solution of vinyl sulfone (R)-2.29 (40 mg, 0.10 mmol, 1.0 equiv.) in MeOH 

(1 mL) was added oven activated magnesium turnings (9.3 mg, 0.38 mmol, 3.8 equiv.) 

followed by HgCl2 (a small spatula tip). The resulting green/black mixture was stirred for 3 

hours and quenched with sat. aq. NH4Cl solution (2 mL). The mixture was extracted with Et2O 

(2 x 4 mL) and the combined ethereal layers were washed with brine (5 mL), dried over MgSO4 

filtered and solvent was removed in vacuo to give the crude product. Purification by column 

chromatography (c-Hex-EtOAc; 6:1) gave compound (R)-2.38 (14 mg, 54%) as a white 

powder. Rf = 0. 6 ( c-Hex-EtOAc; 3:1); 1H-NMR (500 MHz, CDCl3): δ = 7.33-7.26 (m, 2H, 
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ArH), 7.23-7.16 (m, 3H, ArH), 5.80 (ddd, J = 16.5, 10.5, 5.5 Hz, 1H, CH), 5.20 (dt, J = 16.5, 

1.5 Hz, 1H, CH2), 5.13 (dt, J = 10.5, 1.5 Hz, 1H, CH2), 4.50 (bs, 1H, NH), 4.25-4.11 (m, 1H, 

CH), 2.77-2.62 (m, 2H, CH2), 1.92-1.74 (m, 2H, CH2), 1.47 (s, 9H, CH3) ppm; 13C-NMR (125 

MHz, CDCl3): δ = 155.4 (C), 141.6 (C), 138.8 (CH), 128.45 (CH), 128.4 (CH), 125.9 (CH), 

114.7 (CH2), 79.4 (C), 52.6 (CH), 37.0 (CH2), 32.2 (CH2), 28.4 (CH3) ppm; [α]D = -17.6 (c = 

0.5, CHCl3); Lit.12 [α]D = -25.3 (c = 1.04, CHCl3), 98% ee. 

 

 

Benzyl {(S)-1-oxo-3-phenyl-1-[((S,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl]amino} 

propan-2-yl)carbamate [(S,S)-3.34]: To a solution of hydrazinium chloride salt (S)-3.33 (64 

mg, 0.18 mmol, 1 equiv.) in acetone (1.8 mL) was added acetic acid (2.7 mL) and activated Zn 

dust (117 mg, 1.8 mmol, 10 equiv. stored under N2). The resultant solution was stirred at room 

temperature for 2 h.  The reaction was filtered through Celite and washed with MeOH (4 mL). 

The resultant solution was concentrated under vacuo to afford the crude mixture. This mixture 

was then dissolved in CH2Cl2 (2 mL). The white solid that precipitated was removed by 

filtration and the solution was concentrated under vacuo. This process was repeated twice to 

afford the crude ammonium salt (S)-3.30 as a yellow oil. In a separate 25 mL round bottomed 

flask, Cbz-L-phenylalanine (60 mg, 0.198 mmol, 1.1 equiv.) was stirred with EDCI·HCl (36 

mg, 0.198 mmol, 1.1 equiv.) in CH2Cl2 (4 mL) for 10 min. The crude ammonium salt (S)-3.30 

was dissolved in CH2Cl2 (2 mL) and was then transferred to the reaction mixture. DIPEA (82 

µL, 0.47 mmol, 2.6 equiv.) was added and the resultant solution was stirred at room 

temperature overnight.  The mixture was concentrated in vacuo and purified by flash column 

chromatography (c-Hex-EtOAc; 3:1) to give compound (S,S)-3.34 (42 mg, 41%) as a white 

powder. M.p. = 150-154 °C; Rf = 0.55 (c-Hex-EtOAc; 1:1); IR (film): νmax = 3282, 3064, 3030, 

2927, 2858, 1687, 1652, 1522, 1284, 1237, 1144, 740, 697, 532 cm-1; HRMS (ES+): 

C34H34N2O5NaS (M+Na+) calcd. 605.2086; found 605.2086; 1H-NMR (500 MHz, CDCl3): δ = 
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7.88-7.79 (m, 2H, ArH), 7.66-7.57 (m, 1H, ArH), 7.56-7.51 (m, 2H, ArH), 7.35-7.27 (m, 5H, 

ArH), 7.24-7.16 (m, 6H, ArH), 7.12-7.07 (m, 2H, ArH), 7.05-7.02 (m, 2H, ArH), 6.76 (dd, J = 

15.0, 5.0 Hz, 1H, CH), 6.06 (dd, J = 15.0, 2.0 Hz, 1H, CH), 5.99 (d, J = 8.0 Hz, 1H, NH), 5.27 

(d, J = 7.5 Hz, 1H, NH), 5.05 (s (br), 2H, CH2), 4.67-4.60 (m, 1H, CH), 4.34-4.27 (m, 1H, CH), 

3.07-2.90 (m, 2H, CH2), 2.61-2.48 (m, 2H, CH2), 1.94-1.80 (m, 1H, CH2), 1.78-1.68 (m, 1H, 

CH2) ppm; 13C-NMR (125 MHz, CDCl3): δ = 170.5 (C), 156.0 (C), 145.2 (CH), 140.3 (C), 

140.1 (C), 136.0 (C), 135.9 (C), 133.5 (CH), 130.6 (CH), 129.3 (CH), 129.2 (CH), 128.9 (CH), 

128.65 (CH), 128.6 (CH), 128.35 (CH), 128.3 (CH), 128.1 (CH), 127.7 (CH), 127.4 (CH), 

126.35 (CH), 67.3 (CH2), 56.6 (CH), 49.2 (CH), 38.2 (CH2), 35.4 (CH2), 31.8 (CH2) ppm; [α]D 

= +7.1 (c = 0.45, CHCl3); Lit.13 [a]D = +6.9 (c = 0.9, CH2Cl2). 

 

 

N-{(S)-1-Oxo-3-phenyl-1-[((S,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)amino] 

propan-2-yl}morpholine-4-carboxamide K11002: Cbz-protected compound (S,E)-3.34 (160 

mg, 0.28 mmol, 1.0 equiv.) was stirred in CH2Cl2 (2.0 mL) at 0 °C before 33% HBr, in AcOH 

(2.3 mL) was added dropwise and the reaction mixture was left to stir for 2 h whilst warming 

gradually to room temperature. Solvent was removed in vacuo and the crude product was 

redissolved in the minimum amount of CH2Cl2 (0.2 mL). Et2O (16.0 mL) was added and the 

precipitate was stirred for 10 minutes. The suspension was allowed to settle and the supernatant 

was removed. This process was repeated three times. The residue was dried in the desiccator 

to give ammonium salt (S,E)-3.35 (135 mg, 93%) as an off-white powder. In a 5 mL round 

bottle flask, ammonium bromide salt (S,E)-3.35 (54 mg, 0.10 mmol) was stirred in CH2Cl2 (1.6 

mL). Et3N (16 µL, 0.12 mmol, 1.2 equiv.) was added followed by carbonyl diimidazole (20 

mg, 0.12 mmol, 1.2 equiv.). The reaction mixture was stirred at 0oC for 30 minutes before 

warming up to room temperature. The reaction was further stirred at room temperature for 

another 5 minutes, morpholine (10 µL, 0.12 mmol, 1.2 equiv.) was added and the resulting 
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mixture was then warmed to 40oC with a water bath and stirred for 1 h. The solvent was 

removed with pressed air and the crude was purified through flash column chromatography (c-

Hex-EtOAc; 1:1 to EtOAc) to give compound K11002 (42 mg, 75%) as a white solid. M.p. = 

140-142 °C; Rf = 0.5 (EtOAc); IR (film): νmax = 3659, 3271, 2980, 2901, 1656, 1619, 1529, 

1257, 1143, 687, 576 cm-1; HRMS (ES+): C31H35N3O5NaS (M+Na+) calcd. 584.2195; found 

584.2192; 1H-NMR (500 MHz, CDCl3): δ = 7.85-7.82 (m, 2H, ArH), 7.64-7.60 (m, 1H, ArH), 

7.56-7.51 (m, 2H, ArH), 7.27-7.14 (m, 6H, ArH), 7.13-7.08 (m, 2H, ArH), 7.04-7.00 (m, 2H, 

ArH), 6.90 (d, J = 8.5 Hz, 1H, NH), 6.78 (dd, J = 15.0, 5.0 Hz, 1H, CH), 6.07 (dd, J = 15.0, 

1.5 Hz, 1H, CH), 5.20 (d, J = 7.5 Hz, 1H, NH), 4.65-4.53 (m, 2H, CH), 3.62-3.53 (m, 4H, CH2), 

3.30-3.19 (m, 4H, CH2), 3.03-2.97 (m, 2H, CH2), 2.62-2.46 (m, 2H, CH2), 1.88-1.79 (m, 1H, 

CH2), 1.76-1.67 (m, 1H, CH2) ppm; 13C-NMR (125 MHz, CDCl3): δ = 171.7 (C), 157.0 (C), 

145.4 (CH), 140.2 (C), 140.0 (C), 136.4 (C), 133.3 (CH), 130.3 (CH), 129.15 (CH), 129.1 

(CH), 128.5 (CH), 128.4 (CH), 128.2 (CH), 127.5 (CH), 127.0 (CH), 126.1 (CH), 66.1 (CH2), 

55.9 (CH), 49.0 (CH), 43.8 (CH2), 38.5 (CH2), 35.6 (CH2), 31.6 (CH2) ppm; [α]D = -1.4 (c = 

0.45, CHCl3). 

 

 

4-Methyl-N-{(S)-1-oxo-3-phenyl-1-[((S,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-

yl)amino]propan-2-yl}piperazine-1-carboxamide K11777: Cbz-protected compound (S,E)-

3.34 (41 mg, 0.07 mmol, 1.0 equiv.) was stirred in CH2Cl2 (0.5 mL) at 0oC before 33% HBr in 

AcOH (0.5 mL) was added dropwise and the reaction mixture was left to stir for 2 h whilst 

warming gradually to room temperature. Solvent was removed in vacuo and the crude product 

was redissolved in the minimum amount of CH2Cl2 (40 µL). Et2O (4 mL) was added and the 

precipitate was stirred for 10 minutes. The suspension was allowed to settle and the supernatant 

was removed. This process was repeated three times. The residue was dried in the desiccator 

to give ammonium salt (S,E)-3.35 (37 mg, >95%) as an off-white powder. In a 5 mL round 
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bottle flask, ammonium bromide salt (S,E)-3.35 (37 mg, 0.07 mmol, 1.0 equiv.) was stirred in 

CH2Cl2 (1.5 mL). Et3N (12 µL, 0.09 mmol, 1.2 equiv.) was added followed by carbonyl 

diimidazole (15 mg, 0.09 mmol, 1.2 equiv.). The reaction mixture was stirred at 0oC for 30 

minutes before warming up to room temperature. The reaction was further stirred at room 

temperature for another 5 minutes, N-methyl piperazine (11 µL, 0.09 mmol, 1.2 equiv.) was 

added and the resulting mixture was then warmed to 40oC with a water bath and stirred for 1 

h. The solvent was removed with pressed air and the crude was purified through flash column 

chromatography using 5 to 10% methanol in CH2Cl2 to give compound K11777 (20 mg, 50%) 

as a thick, light yellow oil, which gradually turned into a light yellow solid. Rf = 0.4 (10% 

MeOH in CH2Cl2); IR (film): νmax = 3674, 3265, 2980, 2920, 2795, 1618, 1532, 1261, 1143, 

1084, 698, 548 cm-1; HRMS (ES+): C32H38N4O4NaS (M+Na+) calcd. 597.2511; found 

597.2503; 1H-NMR (500 MHz, CDCl3): δ = 7.86-7.82 (m, 2H, ArH), 7.65-7.60 (m, 1H, ArH), 

7.56-7.52 (m, 2H, ArH), 7.25-7.21 (m, 2H, ArH), 7.21-7.15 (m, 4H, ArH), 7.14-7.11 (m, 2H, 

ArH), 7.06-7.02 (m, 2H, ArH), 6.78 (dd, J = 15.0, 5.0 Hz, 1H, CH), 6.75 (d, J = 7.5 Hz, 1H, 

NH), 6.09 (dd, J = 15.0, 1.5 Hz, 1H, CH), 5.05 (d, J = 7.5 Hz, 1H, NH), 4.63-4.57 (m, 1H, CH), 

4.51 (app. q, J = 7.5 Hz, 1H, CH), 3.37-3.23 (m, 4H, CH2), 3.05-2.99 (m, 2H, CH2), 2.61-2.48 

(m, 2H, CH2), 2.32-2.24 (m, 4H, CH2), 2.25 (s, 3H, CH3), 1.90-1.81 (m, 1H, CH2), 1.78-1.69 

(m, 1H, CH2) ppm; 13C-NMR (125 MHz, CDCl3): δ = 171.8 (C), 157.0 (C), 145.6 (CH), 140.4 

(C), 140.2 (C), 136.7 (C), 133.5 (CH), 130.5 (CH), 129.3 (CH), 129.2 (CH), 128.7 (CH), 128.5 

(CH), 128.4 (CH), 127.6 (CH), 127.1 (CH), 126.3 (CH), 56.0 (CH), 54.5 (CH2), 49.1 (CH), 

46.0 (CH3), 43.8 (CH2), 38.3 (CH2), 35.7 (CH2), 31.8 (CH2) ppm; [α]D = -2.8 (c = 0.5, CHCl3). 

 

 

Benzyl {(S)-1-oxo-3-phenyl-1-[((R,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)amino] 

propan-2-yl}carbamate [(S,R)-3.34]: In a procedure identical to the above zinc reduction and 

EDCI coupling sequence: Vinyl sulfone hydrazinium chloride (R)-3.33 (63 mg, 0.18 mmol, 1.0 
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equiv.), acetic acid (2.7 mL) and activated Zn dust (117 mg, 1.8 mmol, 10 equiv., stored under 

N2) in acetone (1.8 mL) was stirred for 2 h at room temperature. The crude ammonium salt (R)-

3.30 was dissolved in CH2Cl2 (2 mL) after work up.  In a separate round bottomed flask, Cbz-

L-phenylalanine (60 mg, 0.198 mmol, 1.1. equiv.) was stirred with EDCI·HCl (36 mg, 0.198 

mmol, 1.1 equiv.) in CH2Cl2 (4 mL) for 10 min.  The solution of the ammonium salt (R)-3.33 

and DIPEA (82 µL, 0.47 mmol, 2.6 equiv.) was then added and the mixture was stirred 

overnight.  The crude product obtained after solvent removal under reduced pressure was 

purified by flash column chromatography (c-Hex-EtOAc; 3:1) to give compound (S,R)-3.34 

(40 mg, 39%) as a white powder. M.p. = 142-146 °C; Rf = 0.55 (c-Hex-EtOAc; 1:1); IR (film): 

νmax = 3288, 3061, 3032, 2925, 2854, 1682, 1663, 1522, 1285, 1239, 1141, 745, 687, 543 cm-

1; HRMS (ES+): C34H34N2O5NaS (M+Na+) calcd. 605.2086; found 605.2083; 1H-NMR (500 

MHz, CDCl3): δ = 7.87-7.83 (m, 2H, ArH), 7.62-7.57 (m, 1H, ArH), 7.53-7.48 (m, 2H, ArH), 

7.37-7.08 (m, 13H, ArH), 7.04-6.99 (m, 2H, ArH), 6.82 (dd, J = 15.0, 5.0 Hz, 1H, CH), 6.42 

(d, J = 15.0 Hz, 1H, CH), 5.91 (d, J = 8.5 Hz, 1H, NH), 5.25-5.16 (m, 1H, NH), 5.06 (d, J = 

12.0 Hz, 1H, CH2), 5.00 (d, J = 12.0 Hz, 1H, CH2), 4.64-4.57 (m, 1H, CH), 4.32 (td, J = 7.5, 

6.0 Hz, 1H, CH), 3.10 (dd, J = 13.5, 6.0 Hz, 1H, CH2), 2.98 (dd, J = 13.5, 7.5 Hz, 1H, CH2), 

2.42-2.37 (m, 2H, CH2), 1.83-1.73 (m, 1H, CH2), 1.69-1.59 (m, 1H, CH2) ppm; 13C-NMR (125 

MHz, CDCl3): δ = 170.5 (CO), 156.0 (CO), 145.1 (CH), 140.2 (C), 140.1 (C), 136.0 (C), 135.8 

(C), 133.5 (CH), 130.9 (CH), 129.3 (CH), 129.2 (CH), 128.9 (CH), 128.6 (2 x CH), 128.4 (CH), 

128.3 (CH), 128.2 (CH), 127.7 (CH), 127.3 (CH), 126.3 (CH), 67.3 (CH2), 56.7 (CH), 49.2 

(CH), 37.9 (CH2), 35.4 (CH2), 31.6 (CH2) ppm; [α]D = -7.6 (c = 0.45, CHCl3). 

 

 

N-{(S)-1-Oxo-3-phenyl-1-[((R,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)amino] 

propan-2-yl}morpholine-4-carboxamide [(R)-3.37]: In a procedure identical to the above 

HBr deprotection: Cbz-protected compound (R,E)-3.34 (70 mg, 0.12 mmol, 1.0 equiv.), 33% 
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HBr in AcOH (1.0 mL) and CH2Cl2 (0.9 mL). After purification, dried in the desiccator gave 

ammonium salt (R,E)-3.35 (60 mg, 95%) as an off-white powder. In a procedure identical to 

the urea formation with morpholine that described above: Ammonium bromide salt (R,E)-3.35 

(48 mg, 0.09 mmol), Et3N (15 µL, 0.11 mmol, 1.2 equiv.), carbonyl diimidazole (18 mg, 0.11 

mmol, 1.2 equiv.), morpholine (9 µL, 0.11 mmol, 1.2 equiv.) and CH2Cl2 (1.5 mL). After 

purification through flash column chromatography (c-Hex-EtOAc; 1:1 to EtOAc) gave 

compound (R)-3.37 (36 mg, 72%) as a white solid. M.p. = 136–138°C; Rf = 0.5 (EtOAc); IR 

(film): νmax = 3672, 3318, 2979, 2921, 1668, 1626, 1524, 1255, 1141, 686, 575 cm-1; HRMS 

(ES+): C31H35N3O5NaS (M+Na+) calcd. 584.2195; found 584.2193; 1H-NMR (500 MHz, 

CDCl3): δ = 7.86-7.83 (m, 2H, ArH), 7.63-7.59 (m, 1H, ArH), 7.54-7.49 (m, 2H, ArH), 7.28-

7.23 (m, 4H, ArH), 7.21-7.16 (m, 4H, ArH), 7.04-7.00 (m, 2H, ArH), 6.83 (dd, J = 15.0, 4.5 

Hz, 1H, CH), 6.52 (dd, J = 15.0, 2.0 Hz, 1H, CH), 6.44 (d, J = 8.5 Hz, 1H, NH), 5.04 (d, J = 

7.5 Hz, 1H, NH), 4.63-4.56 (m, 1H, CH), 4.44 (app. q, J = 7.5 Hz, 1H, CH), 3.66-3.54 (m, 4H, 

CH2), 3.27 (ddd, J = 13.0, 6.0, 4.0 Hz, 2H, CH2), 3.20 (ddd, J = 13.0, 6.0, 3.5 Hz, 2H, CH2), 

3.09-3.00 (m, 2H, CH2), 2.38 (app. t, J = 7.5 Hz, 2H, CH2), 1.84-1.75 (m, 1H, CH2), 1.70-1.61 

(m, 1H, CH2) ppm; 13C-NMR (125 MHz, CDCl3): δ = 171.7 (C), 157.2 (C), 145.5 (CH), 140.4 

(C), 140.2 (C), 136.7 (C), 133.4 (CH), 130.7 (CH), 129.3 (CH), 129.2 (CH), 128.8 (CH), 128.5 

(CH), 128.3 (CH), 127.6 (CH), 127.1 (CH), 126.3 (CH), 66.3 (CH2), 56.3 (CH), 49.2 (CH), 

43.9 (CH2), 38.0 (CH2), 35.4 (CH2), 31.7 (CH2) ppm; [α]D = -7.0 (c = 0.45, CHCl3). 

 

 

4-Methyl-N-{(S)-1-oxo-3-phenyl-1-[((R,E)-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-

yl)amino]propan-2-yl}piperazine-1-carboxamide [(R)-3.38]: In a procedure identical to the 

above HBr deprotection: Cbz-protected compound (R,E)-3.34 (41 mg, 0.07 mmol) and 33% 

HBr in AcOH (0.5 mL) and CH2Cl2 (0.5 mL).  After purification, dried in the desiccator gave 

ammonium salt (R,E)-3.35 (36 mg, > 95%) as an off-white powder. In a procedure identical to 
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the urea formation with N-methyl piperazine that described above: Ammonium bromide salt 

(R,E)-3.35 (36 mg, 0.07mmol), Et3N (12 µL, 0.09 mmol, 1.2 equiv.), carbonyl diimidazole (15 

mg, 0.09 mmol, 1.2 equiv.), N-methyl piperazine (11 µL, 0.09 mmol, 1.2 equiv.) and CH2Cl2 

(1.5 mL). After purification through flash column chromatography using 5 to 10% methanol in 

CH2Cl2 gave compound (R)-3.38 (22 mg, 55%) as a thick, light yellow oil, which gradually 

turned into a light yellow solid. Rf = 0.4 (10% MeOH in CH2Cl2); IR (film): νmax = 3660, 3282, 

2980, 2920, 2795, 1619, 1529, 1262, 1143, 1084, 698, 547 cm-1; HRMS (ES+): 

C32H38N4O4NaS (M+Na+) calcd. 597.2511; found 597.2501; 1H-NMR (500 MHz, CDCl3): δ = 

7.86-7.82 (m, 2H, ArH), 7.62-7.57 (m, 1H, ArH), 7.53-7.48 (m, 2H, ArH), 7.28-7.22 (m, 4H, 

ArH), 7.21-7.16 (m, 4H, ArH), 7.04-6.99 (m, 2H, ArH), 6.82 (dd, J = 15.0, 4.5 Hz, 1H, CH), 

6.52 (d, J = 9.0 Hz, 1H, NH), 6.51 (dd, J = 15.0, 2.0 Hz, 1H, CH), 4.99 (d, J = 7.5 Hz, 1H, 

NH), 4.62-4.55 (m, 1H, CH), 4.43 (q, J = 7.5 Hz, 1H, CH), 3.31 (ddd, J = 13.0, 6.5, 4.0 Hz, 

2H, CH2), 3.25 (ddd, J = 13.0, 6.5, 4.0 Hz, 2H, CH2), 3.08-3.01 (m, 2H, CH2), 2.38 (t, J = 8.0 

Hz, 2H, CH2), 2.36-2.24 (m, 4H, CH2), 2.27 (s, 3H, CH3), 1.83-1.75 (m, 1H, CH2), 1.70-1.61 

(m, 1H, CH2) ppm; 13C-NMR (125 MHz, CDCl3): δ = 171.8 (C), 157.0 (C), 145.6 (CH), 140.4 

(C), 140.2 (C), 136.8 (C), 133.4 (CH), 130.6 (CH), 129.3 (CH), 129.2 (CH), 128.7 (CH), 128.5 

(CH), 128.4 (CH), 127.6 (CH), 127.1 (CH), 126.2 (CH), 56.3 (CH), 54.4 (CH2), 49.2 (CH), 

46.0 (CH3), 43.7 (CH2), 37.9 (CH2), 35.5 (CH2), 31.7 (CH2) ppm; [α]D = -7.4 (c = 0.5, CHCl3). 

 

 

(R,E)-3,5-Dimethyl-1-(5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1H-pyrazole [(R)-

3.39]: To a solution of hydrazine chloride salt (R)-3.33 (70 mg, 0.2 mmol, 1.0 equiv.) and 2,4-

pentadione (23 μL, 0.22 mmol, 1.1 equiv.) in EtOH (2 mL) was added NaOAc (33 mg, 0.4 

mmol, 2.0 equiv.). The reaction was heated under reflux for 1 h before it was quenched with 

saturated NaHCO3 (aq., 10 mL). The mixture was extracted with EtOAc (3 x 5 mL), and the 

combined organic phase was washed with sat. brine solution (10 mL), dried over MgSO4. 

Filtration, followed by solvent removal under reduced pressure gave the crude product which 

was purified by flash column chromatography (c-Hex-EtOAc; 3:1) gave (R)-3.39 (66 mg, 87%) 
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as a yellow viscous liquid. Rf = 0.35 (c-Hex-EtOAc; 3:1); IR (film); 3059, 2921, 2861, 1478, 

1306, 1144, 1085, 783, 750, 719, 550. cm-1; HRMS (ES+): C22H24 N2O2NaS (M+Na+) calcd. 

403.1456; found 403.1454; 1H-NMR (500 MHz, CDCl3): δ = 7.84-7.79 (m, 2H, ArH), 7.63-

7.57 (m, 1H, ArH), 7.54-7.48 (m, 2H, ArH), 7.30-7.23 (m, 2H, ArH), 7.22-7.16 (m, 1H, ArH), 

7.06-7.01 (m, 2H, ArH), 7.06 (dd, J = 15.0, 4.8 Hz, 1H, CH), 6.00 (dd, J = 15.0, 1.7 Hz, 1H, 

CH), 5.80 (s, 1H, CH), 4.59 (dtd, J = 9.8, 4.8, 1.7 Hz, 1H, CH), 2.68-2.56 (m, 2H, CH2), 2.48-

2.38 (m, 1H, CH2), 2.25-2.15 (m, 1H, CH2), 2.21 (s, 3H, CH3), 1.95 (s, 3H, CH3) ppm; 13C-

NMR (125 MHz, CDCl3): δ = 148.5 (C), 145.3 (CH), 140.0 × 2 (C), 139.5 (C), 133.5 (CH), 

131.1 (CH), 129.3 (CH), 128.6 (CH), 128.5 (CH), 127.7 (CH), 126.3 (CH), 105.5 (CH), 56.4 

(CH), 34.2 (CH2), 31.8 (CH2), 13.7 (CH3), 10.7 (CH3) ppm; [α]D = -44.4 (c = 1.0, CHCl3). 

 

 

(S,E)-3,5-Dimethyl-1-(5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1H-pyrazole [(S)-3.39]: 

In an identical procedure to that described above hydrazine chloride salt (S)-3.33 (50 mg, 0.14 

mmol, 1.0 equiv.), 2,4-pentadione (16.4 μL, 0.16 mmol, 1.1 equiv.) and NaOAc (24 mg, 0.28 

mmol, 2.0 equiv.) in EtOH (1.4 mL) were stirred under refluxing for 1 h. After aqueous work 

up as described above, initial purification by column chromatography (c-Hex-EtOAc; 3:1) gave 

(S)-3.39 (48mg, 89%) as a viscous liquid. [α]D = +44.4 (c = 1.0, CHCl3). 

 

 

(R,E)-1-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1,2-dihydropyridazine-3,6-dione 

[(R)-3.40]: To a solution of hydrazine chloride salt (R)-3.33 (35 mg, 0.1 mmol, 1.0 equiv.) in 

AcOH (1 mL) was added maleic anhydride (11 mg, 0.11 mmol, 1.1 equiv.). The mixture was 
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heated under reflux in an oil bath for 4 h until it was consumed (monitored by TLC). The 

reaction was then cooled down, carefully quenched with saturated NaHCO3 (aq. 10 mL) and 

extracted with EtOAc (3 x 5 mL). The organic layers were combined, washed with sat. brine 

solution (10 mL) and, dried over MgSO4. Filtration, followed by solvent removal under 

reduced pressure gave the crude product which was purified by flash column chromatography 

(c-Hex-EtOAc; 3:1 to 1:1) gave (R)-3.40 (31 mg, 78%) as a white solid. M.P. = 109-113 °C; 

Rf = 0.2 (c-Hex-EtOAc; 3:1); IR (film); 3055, 2924, 2859, 1480, 1250, 1142, 1086, 843, 751, 

685, 589, 515. cm-1; HRMS (ES+): C21H20N2O4NaS (M+Na+) calcd. 419.1041; found 419.1035; 

1H-NMR (500 MHz, CDCl3): δ = 9.19 (S, 1H, NH), 7.85-7.79 (m, 2H, ArH), 7.62-7.56 (m, 1H, 

ArH), 7.52-7.46 (m, 2H, ArH), 7.23-7.18 (m, 2H, ArH), 7.16-7.12 (m, 1H, ArH), 7.08-7.03 (m, 

2H, ArH), 7.04 (dd, J = 15.5, 6.5 Hz, 1H, CH), 6.99 (d, J = 9.5 Hz, 1H, CH), 6.97 (d, J = 9.5 

Hz, 1H, CH), 6.42 (dd, J = 15.5, 1.5 Hz, 1H, CH), 5.68 (dddd, J = 9.5, 6.5, 5.5, 1.5 Hz, 1H, 

CH), 2.54 (ddd, J = 14.0, 9.5, 6.5 Hz, 1H, CH2), 2.46 (ddd, J = 14.0, 9.5, 5.5 Hz, 1H, CH2), 

2.29 (dtd, J = 13.5, 9.5, 5.5 Hz, 1H, CH2), 2.01 (dddd, J = 13.5, 9.5, 6.5, 5.5 Hz, 1H, CH2) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 159.4 (C), 153.3 (C), 143.3 (CH), 140.2 (C), 139.7 (C), 

133.7 (CH), 132.7 (CH), 132.4 (CH), 129.4 (CH), 128.5 (CH), 128.3 (CH), 127.7 (CH), 126.8 

(CH), 126.2 (CH), 56.2 (CH), 34.1 (CH2), 31.8 (CH2) ppm; Microanalysis C21H20N2O4S 

requires C: 63.63; H: 5.08; N: 7.07%; found C: 63.95; H: 5.39; N: 6.64%; [α]D = -0.9 ( c = 1.0, 

CHCl3). 

 

 

(S,E)-1-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1,2-dihydropyridazine-3,6-dione 

[(S)-3.40]: In an identical procedure to that described above hydrazine chloride salt (S)-3.33 

(28 mg, 0.08 mmol, 1.0 equiv.) and maleic anhydride (9 mg, 0.09 mmol, 1.1 equiv.) in AcOH 

(0.8 mL) were stirred under refluxing for 4 h. After aqueous work up as described above, initial 

purification by column chromatography ( c-HexEtOAc; 3:1 to 1:1) gave (S)-3.40 (24 mg, 75%) 

as a white solid. [α]D = +0.8 (c = 1.0, CHCl3). 
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Appendix 

     

Table S1.  Comparison of literature proton NMR spectroscopic data with data for synthetic 

compounds (S,S)-3.34 and (S,R)-3.34.  

Assignment 

CDCl3 
Synthetic (S,S)-3.34 

Reported (S,S)-3.34 

Bioorg. Med. Chem. 

1998, 6, 2477. 

Synthetic (S,R)-3.34 

Reporteded (S,S)-3.34 

and (S,R)-3.34. J. Org. 

Chem. 2019, 84, 2379 

 δH (500 MHz, CDCl3) δH (500 MHz, 

CDCl3) 

δH (500 MHz, CDCl3) δH (400 MHz, CDCl3) 

H-4’’ 1.73 (dtd, J = 14.4, 

8.5, 6.1 Hz, 1H, CH2), 

1.80-1.94 (m, 1H, 

CH2) 

1.72 (m, 1H), 

1.86 (m, 1H) 

1.64 (dtd, J = 13.0, 

8.5, 6.5 Hz, 1H, CH2),  

1.78 (dtd, J = 13.0, 

9.5, 5.0 Hz, 1H, CH2) 

1.59-1.92 (m, 2H, 

CH2) 

H-5’’ 2.48-2.61 (m, 2H, 

CH2) 

2.95 (m, 2H) 2.37-2.42 (m, 2H, 

CH2) 

2.38 (t, 1H, CH2), 

2.45-2.63 (m, 1H, 

CH2) 

H-3’ 2.90-3.07 (m, 2H, 

CH2) 

3.02 (m, 2H) 2.98 (dd, J = 13.5, 8.0 

Hz, 1H, CH2), 

3.10 (dd, J = 13.5, 6.0 

Hz, 1H, CH2) 

2.96-3.10 (m, 2H, 

CH2) 

H-2’ 4.30 (app. q, J = 7.5 

Hz, 1H, CH) 

4.30 (m, 1H) 4.32 (td, J = 7.5, 6.0 

Hz, 1H, CH) 

4.37 (pseudo-q, J = 7.5 

Hz, 1H, CH) 

H-3’’ 4.63 (dddd, J = 10.3, 

8.6, 5.0, 2.5 Hz, 1H, 

CH) 

4.64 (m, 1H) 4.61 (app. ttd, J = 8.5, 

5.0, 1.5 Hz, 1H, CH) 

4.58-4.68 (m, 1H, CH) 

H-1 5.05 (s, 2H, CH2) 5.05 (s, 2H) 4.96-5.10 (m, 2H, 

CH2) 

4.91-5.07 (m, 2H, 

CH2) 

NH-2’ 5.27 (d, J = 7.6 Hz, 

1H, NH) 

5.26 (d, J = 6.7, Hz, 

1H) 

5.16-5.25 (m, 1H, NH) 5.41 (dd, J = 14.7, 7.7 

Hz, 1H, NH) 
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NH-3’’ 5.99 (d, J = 7.9 Hz, 

1H, NH) 

5.97 (d, J = 7.4 Hz, 

1H) 

5.91 (d, J = 8.5 Hz, 

1H, NH) 

6.21-6.38 (m, 1H, NH) 

H-1’’ 6.06 (dd, J = 15.0, 2.0 

Hz, 1H, CH) 

6.05 (dd, J = 15.1, 

1.4 Hz, 1H, CH) 

6.42 (d, J = 15.0 Hz, 

1H, CH) 

6.03-6.08 (m, 1H, CH, 

diastereomer (S,S)-

3.34, 

6.49 (d, J = 14.7 Hz, 

1H, CH, diastereomer 

(S,R)-3.34) 

H-2’’ 6.76 (dd, J = 15.0, 5.0 

Hz, 1H, CH) 

6.76 (dd, J = 15.1, 

4.9 Hz, 1H, CH) 

6.82 (dd, J = 15.0, 5.0 

Hz, 1H, CH) 

6.76-6.88 (m, 1H, CH) 

o-ArH’’ 6.99-7.06 (m, 2H, 

ArH) 

7.03-7.32 (m, 15H) 6.99-7.04 (m, 2H, 

ArH) 

7.00-7.06 (m, 2H, 

ArH) 

o-ArH, P-ArH,  

m-ArH, o-ArH’,  

P-ArH’, m-

ArH’, P-ArH’’, 

 m-ArH’’ 

7.06-7.37 (m, 13H, 

ArH) 

7.03-7.32 (m, 15H) 7.08-7.37 (m, 13H, 

ArH) 

7.08-7.34 (m, 13H, 

ArH) 

m-SO2ArH’’ 7.51-7.56 (m, 2H, 

ArH) 

7.53-7.63 (m, 3H) 7.48-7.54 (m, 2H, 

ArH) 

7.45-7.63 (m, 3H, 

ArH) 

p-SO2ArH’’ 7.57-7.66 (m, 1H, 

ArH) 

7.53-7.63 (m, 3H) 7.57-7.62 (m, 1H, 

ArH) 

7.45-7.63 (m, 3H, 

ArH) 

o-SO2ArH’’ 7.79-7.88 (m, 2H, 

ArH) 

7.85 (m, 2H) 7.83-7.87 (m, 2H, 

ArH) 

7.82-7.87 (m, 2H, 

ArH) 

 

Table S1.  Comparison of literature carbon NMR spectroscopic data with data for synthetic 

compounds (S,S)-3.34 and (S,R)-3.34.  

Assignment 

CDCl3 
Synthetic (S,S)-3.34 

Reported (S,S)-3.34  

Bioorg. Med. Chem. 

1998, 6, 2477. 

Synthetic (S,R)-3.34 

Reported (S,S)-3.34 and 

(S,R)-3.34 J. Org. Chem. 

2019, 84, 2379 

 (125 MHz, CDCl3) δ (100 MHz, CDCl3) δ (125 MHz, CDCl3) δ (100 MHz, CDCl3) δ 

C-5’’ 31.8 (CH2) 31.7 (CH2) 31.6 (CH2) 31.7/31.9 (CH2) 

C-4’’ 35.4 (CH2) 35.4 (CH2) 35.4 (CH2) 2x35.5 (CH2) 

C-3’ 38.2 (CH2) 38.1 (CH2) 37.9 (CH2) 38.2/38.4 (CH2) 

C-3’’ 49.2 (CH) 49.2 (CH) 49.2 (CH) 2x49.3 (CH) 

C-2’ 56.6 (CH) 56.5 (CH) 56.7 (CH) 56.6/56.7 (CH) 

C-1 67.3 (CH2) 67.3 (CH2) 67.3 (CH2) 67.3 (CH2) 

p-CAr’’ 126.35 (CH) NA 126.3 (CH) 2x126.4 (CH) 

o-CArSO2 127.7 (CH) 127.6 (CH) 127.7 (CH) 127.7 (CH) 
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o-CAr 128.1 (CH) 128.1 (CH) 128.2 (CH) 128.1 (CH) 

o-CAr’’ 128.3 (CH) 128.3 (CH), 128.3 (CH) 128.4 (CH) 

m-CAr, p-CAr, 

m-CAr’, p-CAr’,  

m-CAr’’ 

 

127.4 (CH), 128.35 

(CH), 128.6 (CH), 

128.65 (CH), 128.9 

(CH) 

127.3 (CH),  

3x128.6 (CH),128.8 

(CH) 

127.3 (CH), 128.4 

(CH), 128.6 (2 x 

CH), 

128.9 (CH) 

127.3/127.4 (CH), 128.4 

(CH), 128.6 (CH), 

2x128.7 (CH), 2x128.9 

(CH) 

o-CAr’ 129.2 (CH) 129.2 (CH) 129.2 (CH) 2x129.3 (CH) 

C-1’’ 130.6 (CH) 130.6 (CH) 130.9 (CH) 130.8/130.5 (CH) 

m-CArSO2 129.3 (CH) 129.3 (CH) 129.3 (CH) 129.4 (CH) 

p-CArSO2 133.5 (CH) 135.5 (CH) 133.5 (CH) 2x133.6 (CH) 

Ipso-C 135.9 (C) 135.9 (C) 135.8 (C) 136.0 (C) 

Ipso-C’ 136.0 (C) 136.0 (C) 136.0 (C) 136.1 (C) 

Ipso-SO2C 140.1 (C) 140.0 (C) 140.1 (C) 140.1 (C) 

Ipso-C’’ 140.3 (C) 140.2 (C) 140.2 (C) 2x140.4 (C) 

C-2’’ 145.2 (CH) 145.2 (CH) 145.1 (CH) 145.5/145.6 (CH) 

C-2 156.0 (CO) 155.9 (CO) 156.0 (CO) 156.1 (CO) 

C-5 170.5 (CO) 170.4 (CO) 170.5 (CO) 170.7/170.8 (CO) 

 

 

Table S2.  Comparison of literature proton NMR spectroscopic data with data for synthetic 

compounds K11002 and (R)-3.37 

Assignment 

CDCl3 

Synthetic 

K11002 

Isolated 

k11002 

J. Med. Chem. 

1995, 38, 

3193. 

Isolated 

k11002   

  J. Enzyme. 

Inhib. Med. 

Chem 2013, 

28, 468 

Isolated 

k11002 

Chem 

Commum. 

2012, 48, 835 

Synthetic  

(R)-3.37 

Isolated (R)-

3.37  J. 

Enzyme. Inhib. 

Med. Chem 

2013, 28, 468 

 δH (500 MHz, 

CDCl3) 

δH (MHz 

(NA), CDCl3) 

δH (400 MHz, 

CDCl3) 

δH (500 MHz, 

CDCl3) 

δH (500 MHz, 

CDCl3) 

δH (400 MHz, 

CDCl3) 
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H-4’’ 1.67-1.76 (m, 

1H, CH2), 

1.79-1.88 (m, 

1H, CH2) 

1.68-1.93 (m, 

2H, CH2) 

1.79-1.89 (m, 

2H, CH2) 

1.74-1.90 (m, 

2H) 

1.61-1.70 (m, 

1H, CH2) 

1.75-1.84 (m, 

1H, CH2) 

1.68-1.82 (m, 

2H, CH2) 

H-5’’ 2.46-2.62 (m, 

2H, CH2) 

2.58 (2H, 

CH2) 

2.57 (m, 2H, 

CH2) 

2.55-2.60 (m, 

2H) 

2.38 (app. t, J 

= 7.8 Hz, 2H, 

CH2) 

2.41 (t, 2H, 

CH2) 

H-3’ 2.97-3.03 (m, 

2H, CH2) 

3.03 (d, J =7 

Hz, 2H, CH2) 

3.05 (m, 4H, 

CH2) 

3.25 (d, J = 

4.1 Hz, 2H) 

3.00-3.09 (m, 

2H, CH2) 

3.07 (m, 2H, 

CH2) 

H-2 3.19-3.00 (m, 

4H, CH2) 

3.27 (m, 4H, 

CH2) 

3.28 (m, 4H, 

CH2) 

3.25-3.34 (m, 

4H) 

3.20 (ddd, J = 

13.0, 6.0, 3.5 

Hz, 2H, CH2), 

3.27 (ddd, J = 

13.0, 6.0, 4.0 

Hz, 2H, CH2) 

3.25 (m, 4H, 

CH2) 

H-1 3.53-3.62 (m, 

4H, CH2) 

3.62 (m, 4H, 

CH2) 

3.62 (m, 4H, 

CH2) 

3.59-3.65 (m, 

4H) 

3.54-3.66 (m, 

4H, CH2) 

3.63 (m, 4H, 

CH2) 

H-2’ 4.53-4.65 (m, 

2H, CH) 

4.44 (q, J = 7 

Hz, 1H, CH) 

4.47 (q, 1H, 

CH) 

4.51 (m, 1H) 4.44 (app.q, J 

= 7.5 Hz, 1H, 

CH). 

4.42 (q, 1H, 

CH) 

H-3’’ 4.53-4.65 (m, 

2H, CH) 

4.62 (m, 1H, 

CH) 

4.62 (bs, 1H, 

CH) 

4.62 (m, 1H) 4.56-4.63 (m, 

1H, CH) 

4.62 (bs, 1H, 

CH) 

NH-2’ 5.20 (d, J = 

7.7 Hz, 1H, 

NH) 

4.93 (d, J = 7 

Hz, 1H, NH) 

4.96 (m, 1H, 

NH) 

5.06 (m, 1H) 5.04 (d, J = 

7.6 Hz, 1H, 

NH) 

4.88 (d, 1h, 

NH) 

H-1’’ 6.07 (dd, J = 

15.0, 1.5 Hz, 

1H, CH) 

6.08 (dd, J = 

15, 2 Hz, 1H, 

CH) 

6.10 (dd, J 

=15, 2 Hz, 1H, 

CH) 

6.10 (dd, J 

=15, 1.65 Hz, 

1H, CH) 

6.52 (dd, J = 

15.0, 2.0 Hz, 

1H, CH) 

6.52 (d, 1H, 

CH) 

H-2’’ 6.78 (dd, J = 

15.0, 5.0 Hz, 

1H, CH) 

6.77 (dd J = 

15, 5 Hz, 1H, 

CH) 

6.80 (dd J = 

15, 8 Hz, 1H, 

CH) 

6.79 (dd J = 

15.1, 4.85 Hz, 

1H, CH) 

6.83 (dd, J = 

15.0, 4.5 Hz, 

1H, CH) 

6.79 (dd, J = 

15, 5 Hz, 1H, 

CH) 

NH-3’’ 6.90 (d, J = 

8.5 Hz, 1H, 

NH) 

6.23 (d, J = 7 

Hz, 1H, NH) 

6.39 (d, 1H, 

NH) 

NA 6.44 (d, J = 

8.5 Hz, 1H, 

NH) 

6.18 (d, 1H, 

NH) 

o-ArH’’ 7.00-7.04 (m, 

2H, ArH) 

7.07-7.87 (m, 

15H, ArH) 

7.01-7.33 (m, 

10H, ArH) 

7.07 (d, J = 

7.65 Hz, 2H) 

7.00-7.04 (m, 

2H, ArH) 

7.06-7.37 (m, 

10H, ArH) 

o-ArH’ 7.08-7.13 (m, 

2H, ArH), 

7.07-7.87 (m, 

15H, ArH) 

7.01-7.33 (m, 

10H, ArH) 

7.15-7.28 (m, 

8H) 

7.16-7.21 (m, 

4H, ArH), 

7.06-7.37 (m, 

10H, ArH) 

P-ArH’,  

P-ArH’’ 

7.14-7.27 (m, 

6H, ArH) 

7.07-7.87 (m, 

15H, ArH) 

7.01-7.33 (m, 

10H, ArH) 

7.15-7.28 (m, 

8H) 

7.16-7.21 (m, 

4H, ArH), 

7.06-7.37 (m, 

10H, ArH) 
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m-ArH’, 

 m-ArH’’ 

7.14-7.27 (m, 

6H, ArH) 

7.07-7.87 (m, 

15H, ArH) 

7.01-7.33 (m, 

10H, ArH) 

7.15-7.28 (m, 

8H) 

7.23-7.28 (m, 

4H, ArH) 

7.06-7.37 (m, 

10H, ArH) 

m-SO2ArH’’ 7.51-7.56 (m, 

2H, ArH) 

7.07-7.87 (m, 

15H, ArH) 

7.50-7.91 (m, 

5H, ArH) 

7.57 (t, J = 7.8 

Hz, 2H) 

7.49-7.54 (m, 

2H, ArH) 

7.50-7.93 (m, 

5H, ArH) 

p-SO2ArH’’ 7.60-7.64 (m, 

1H, ArH) 

7.07-7.87 (m, 

15H, ArH) 

7.50-7.91 (m, 

5H, ArH) 

7.65 (t, J = 7.4 

Hz, 1H) 

7.59-7.63 (m, 

1H, ArH) 

7.50-7.93 (m, 

5H, ArH) 

o-SO2ArH’’ 7.82-7.85 (m, 

2H, ArH) 

7.07-7.87 (m, 

15H, ArH) 

7.50-7.91 (m, 

5H, ArH) 

7.87 (d, J = 

7.5 Hz, 2H) 

7.83-7.86 (m, 

2H, ArH) 

7.50-7.93 (m, 

5H, ArH) 

 

Table S2.  Comparison of literature carbon NMR spectroscopic data with data for synthetic 

compounds K11002 and (R)-3.37 

Assignment 

CDCl3 
Synthetic K11002 

Isolated K11002    J. 

Enzyme. Inhib. Med. 

Chem. 2013, 28, 468 

Synthetic (R)-3.37 

Isolated (R)-3.37  J. 

Enzyme. Inhib. Med. 

Chem. 2013, 28, 468 

 δ (100 MHz, CDCl3) δ (125 MHz, CDCl3) δ (125 MHz, CDCl3)  δ (100 MHz, CDCl3)  

C-5’’ 31.6 (CH2) 31.71 (CH2) 31.7 (CH2) 31.69 (CH2) 

C-4’’ 35.6 (CH2) 35.68 (CH2) 35.4 (CH2) 35.49 (CH2) 

C-3’ 38.5 (CH2) 38.14 (CH2) 38.0 (CH2) 37.86 (CH2) 

C-2 43.8 (CH2) 43.96 (CH2) 43.9 (CH2) 43.89 (CH2) 

C-3’’ 49.0 (CH) 49.13 (CH) 49.2 (CH) 49.20 (CH) 

C-2’ 55.9 (CH) 56.19 (CH) 56.3 (CH) 56.25 (CH) 

C-1 66.1 (CH2) 66.31 (CH2) 66.3 (CH2) 66.29 (CH2) 

p-CAr’’ 126.1 (CH) 126.35 (CH) 126.3 (CH) 126.31 (CH) 

p-CAr’ 127.0 (CH) 127.31 (CH) 127.1 (CH) 127.21 (CH) 

o-CArSO2 127.5 (CH) 127.68 (CH) 127.6 (CH) 127.64 (CH) 

o-CAr’’ 128.2  (CH) 128.33 (CH) 128.3 (CH) 128.34 (CH) 

m-CAr’’ 128.4 (CH) 128.58 (CH) 128.5 (CH) 128.57 (CH) 

m-CAr’ 128.5 (CH) 128.62 (CH) 128.8 (CH) 128.84 (CH) 

o-CAr’ 129.1 (CH) 129.15 (CH) 129.2 (CH) 129.21 (CH) 

m-CArSO2 129.15 (CH) 129.21 (CH) 129.3 (CH) 129.29 (CH) 

C-1’’ 130.3 (CH) 130.65 (CH) 130.7 (CH) 130.37 (CH) 

p-CArSO2 133.3 (CH) 133.50 (CH) 133.4 (CH. 133.44 (CH) 

Ipso-C’ 136.4 (C) 136.62 (C) 136.7 (C) 136.67 (C) 

Ipso-SO2C 140.0 (C) 128.92 (C) 140.2 (C) 140.26 (C) 

Ipso-C’’ 140.2 (C) 129.30 (C) 140.4 (C) 140.32 (C) 

C-2’’ 145.4 (C) 145.26 (C) 145.5 (C) 145.42 (C) 

C-4 157.0 (C) 157.13 (C) 157.2 (C) 157.21 (C) 

C-1’ 171.7 (C) 171.51 (C) 171.7 (C) 171.54 (C) 
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Table S3.  Comparison of literature proton NMR spectroscopic data with data for synthetic 

compounds K11777 and (R)-3.38. 

Assign

ment 

(CDCl3

) 

Synthetic 

K11777 

Isolated 

K11777 

J. Org. 

Chem. Soc. 

2016, 138, 

8332 

Isolated 

K11777 

Chem 

Commum 

2012, 48, 

835 

Isolated 

K11777 

J. Enzyme. 

Inhib. Med. 

Chem.  

2013, 28, 468 

 

Isolated 

K11777/(R)-

3.38 

J. Org. Chem. 

2019, 84, 2379 

Synthetic 

Diastereomer 

(R)-3.38 

Isolated  

(R)-3.38 

J. Enzyme. 

Inhib. Med. 

Chem.  

2013, 28, 468 

 

 δH (500 

MHz, 

CDCl3) 

δH (300 

MHz, 

CDCl3) 

δH (500 

MHz, 

CDCl3) 

δH (400 MHz, 

CDCl3) 

δH (400 MHz, 

CDCl3) 

δH (500 MHz, 

CDCl3) 

δH (400 MHz, 

CDCl3) 

H-4’’ 1.69-1.78 

(m, 1H, 

CH2); 

1.81-1.90 

(m, 1H, 

CH2) 

1.58-1.98 

(m,3H); 

1.21 (d, J = 

6.1 Hz, 3H) 

1.76-1.88 

(m,2H) 

1.74 (m, 1H, 

CH2), 

1.85 (m,1H 

CH2) 

1.61-1.91 (m, 

CH2) 

1.61-1.70 (m, 

1H, CH2); 

1.75-1.83 (m, 

1H, CH2). 

1.68 (m, 1H, 

CH2),  

1.80 (m, 1H, 

CH2) 

H-5 2.25 (s, 3H, 

CH3) 

2.38 (S, 3H) 2.35-2.27 

(m, 7H) 

2.25 (s, 3H, 

CH3) 

2.23-2.41 (m, 

9H, CH2 and 

(R)-3.38 CH3, 

CH2) 

2.27 (s, 3H, 

CH3) 

2.32 (s, 3H, 

CH3) 

H-3 2.24-2.32 

(m, 4H, 

CH2) 

2.32-2.42 

(m, 4H) 

2.27-2.35 

(m, 7H) 

2.31 (m, 4H, 

CH2) 

2.23-2.41 (m, 

9H, CH2 and 

(R)-3.38 CH3, 

CH2) 

2.24-2.36 (m, 

4H, CH2, CH3) 

2.41 (m, 6H, 

CH2) 

H-5’’ 2.48-2.61 

(m, 2H, 

CH2) 

2.46-2.68 

(m, 2H) 

2.55-2.60 

(m, 2H) 

2.54 (m, 2H, 

CH2) 

2.48-2.61 

(m, 2H, CH2) 

2.38 (t, J = 8.0 

Hz, 2H, CH2) 

2.41 (m, 6H, 

CH2) 
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H-3’ 2.99-3.05 

(m, 2H, 

CH2) 

3.03 (d, J 

=7.4 Hz, 

2H) 

3.05 (d, J 

=7.5 Hz, 

2H) 

3.00 (m, 2H, 

CH2) 

2.99-3.06 (m, 

2H, CH2) 

3.01-3.08 (m, 

2H, CH2), 

3.07 (m, 2H, 

CH2) 

H-2 3.23-3.37 

(m, 4H, 

CH2) 

3.28-3.36 

(m, 4H) 

3.29-3.37 

(m, 4H) 

3.28 (m, 4H, 

CH2) 

3.23-3.36 

(m, 4H, CH2) 

3.25 (ddd, J = 

13.0, 6.5, 4.0 

Hz, 2H, CH2), 

3.31 (ddd, J = 

13.0, 6.5, 4.0 

Hz, 2H, CH2) 

3.32 (m, 4H, 

CH2) 

H-2’ 4.51 (app. 

q, J =7.4 

Hz, 1H, CH) 

4.44 (q, J 

=7.5 Hz, 

1H) 

4.51 (m, 

1H) 

4.58 (broad, 

2H, α-H, 

α-H) 

4.37-4.52 

(m, 1H, CH) 

4.43 (q, J = 7.5 

Hz, 1H, CH) 

4.41 (m, 1H, 

CH) 

H-3’’ 4.57-4.63 

(m, 1H, CH) 

4.53-4.70 

(m, 1H) 

4.63 (m, 

1H) 

4.58 (broad, 

2H, α-H, α-H) 

4.54-4.63 (m, 

1H, CH) 

4.55-4.62 (m, 

1H, CH) 

4.62 (m, 1H, 

CH) 

NH-2’ 5.05 (d, J = 

7.5, 1H, 

NH) 

4.94 (d, 

J=7.2 Hz, 

1H) 

5.02 (m,1 

H) 

5.23 (d, 1H, 

NH) 

4.92-5.01 (m, 

1H, NH) 

4.99 (d, J = 7.5 

Hz, 1H, NH) 

4.91 (d, 1H, 

NH) 

H-1’’ 6.09 (dd, J 

= 15.0, 1.5 

Hz, 1H, CH) 

6.10 (dd, J 

= 15.1, 1.7 

Hz, 1H) 

6.12 (dd, J 

= 15.2, 

1.55 Hz, 

1H) 

6.10 (dd, 1H, 

J = 15 Hz, 2 

Hz, 1H) 

6.08 (dd, J = 

15.1, 1.7 Hz, 

1H, CH, 

K11777) 

6.51 (dd, J = 

15.1, 1.8 Hz, 

1H, CH, (R)-

3.38) 

6.51 (dd, J = 

15.0, 2.0 Hz, 

1H, CH) 

6.52 (dd, J = 

15, 2 Hz, 1H, 

CH) 

NH-3’’ 6.75 (d, J = 

7.5 Hz, 1H, 

CH) 

6.37 (d, J = 

8.4 Hz, 1H) 

NA 7.01–7.33 

(m, 11H, ArH, 

NH) 

6.57 (d, J = 8.5 

Hz, 1H, NH, 

K11777) 

6.45 (d, J = 8.8 

Hz, 1H, NH, 

(R)-3.38) 

6.52 (d, J = 9.0 

Hz, 1H, NH) 

6.33 (d, 1H, 

NH) 

H-2’’ 6.78 (d, J = 

15.0, 5.0 

Hz, 1H, CH) 

6.78 (dd, J 

= 15.0, 4.7 

Hz, 1H) 

6.79 (dd, J 

= 15.1, 

4.95, 1H) 

6.77 (dd, J = 

15 Hz, 8 Hz, 

1H) 

6.79 (dd, J = 

15.1, 4.8 Hz, 

1H, CH, 

K11777) 

6.82 (dd, J = 

15.0, 4.5 Hz, 

1H, CH) 

6.85 (dd, J = 

15, 8 Hz, 1H, 

CH) 
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6.83 (dd, J = 

15.1 Hz, 4.4H, 

CH, (R)-3.38) 

o-

ArH’’ 

7.02-7.06 

(m, 2H, 

ArH) 

6.94-7.11 

(m, 2H) 

7.07 (d, J = 

7.6 Hz, 2H) 

7.01–7.33 

(m, 11H, 

2×Ph, NH) 

7.00-7.07 (m, 

2H, ArH) 

6.99-7.04 (m, 

2H, ArH) 

7.01-7.22 (m, 

10H, 2xPh) 

o-ArH’ 7.11-7.14 

(m, 2H, 

ArH) 

7.12-7.26 

(m, 8H) 

7.15-7.30 

(m, 8H) 

7.01–7.33 

(m, 11H, 

2×Ph, NH) 

7.10-7.35 (m, 

9H, ArH) 

7.16-7.21 (m, 

4H, ArH) 

7.01-7.22 (m, 

10H, 2xPh) 

P-

ArH’, 

P-

ArH’’ 

7.15-7.21 

(m, 4H, 

ArH) 

7.12-7.26 

(m, 8H) 

7.15-7.30 

(m, 8H) 

7.01–7.33 

(m, 11H, 

2×Ph, NH) 

7.10-7.35 (m, 

9H, ArH) 

7.16-7.21 (m, 

4H, ArH) 

7.01-7.22 (m, 

10H, 2xPh) 

m-

ArH’ 

7.15-7.21 

(m, 4H, 

ArH) 

7.12-7.26 

(m, 8H) 

7.15-7.30 

(m, 8H) 

7.01–7.33 

(m, 11H, 

2×Ph, NH) 

7.10-7.35 (m, 

9H,ArH) 

7.22-7.28 (m, 

4H, ArH) 

7.01-7.22 (m, 

10H, 2xPh) 

m-

ArH’’ 

7.21-7.25 

(m, 2H, 

ArH) 

7.12-7.26 

(m, 8H) 

7.15-7.30 

(m, 8H) 

7.01–7.33 

(m, 11H, 

2×Ph, NH) 

7.10-7.35 (m, 

9H,ArH) 

7.22-7.28 (m, 

4H, ArH) 

7.01-7.22 (m, 

10H, 2xPh) 

m-

SO2Ar

H’’ 

7.52-7.56 

(m, 2H, 

ArH) 

7.46-7.70 

(m, 3H) 

7.57 (t, 

J=7.9 Hz, 

1H) 

7.50–7.91 

(m, 5H, ArH ) 

7.43-7.66 (m, 

4H, ArH) 

7.48-7.53 (m, 

2H, ArH) 

7.50-7.90 (m, 

5H, ArH) 

p-

SO2Ar

H’’ 

7.60-7.65 

(m, 1H, 

ArH) 

7.46-7.70 

(m, 3H) 

7.65 (t, J = 

7.25 Hz, 

1H) 

7.50–7.91 

(m, 5H, ArH) 

7.43-7.66 (m, 

4H, ArH) 

7.57-7.62 (m, 

1H, ArH) 

7.50-7.90 (m, 

5H, ArH) 

o-

SO2Ar

H’’ 

7.82-7.86 

(m, 2H, 

ArH) 

7.77-7.92 

(m, 2H) 

7.87 (d, J = 

1.3 Hz, 2H) 

7.50–7.91 

(m, 5H, ArH) 

7.81-7.84 

(m, 2H, ArH) 

7.82-7.86 (m, 

2H, ArH) 

7.50-7.90 (m, 

5H, ArH) 

 

Table S3.  Comparison of literature carbon NMR spectroscopic data with data for synthetic 

compounds K11777 and (R)-3.38. 

Assignme

nt 

(CDCl3) 

Synthetic 

K11777 

Isolated 

K11777 

J. Org. Chem. 

Soc. 

2016, 138, 8332 

Isolated K11777 

J. Enzyme. 

Inhib. Med. 

Chem. 2013, 28, 

468 

Isolated 

K11777/(R)-3.38 

J. Org. Chem. 

2019, 84, 2379 

Synthetic 

diastereomer 

(R)-3.38 

Isolated (R)-

3.34 

J. Enzyme. 

Inhib. Med. 
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 Chem. 2013, 

28, 468 

 

 δ (125 MHz 

MHz, CDCl3) 

δ (75 MHz, 

CDCl3) 

δ (100 MHz, 

CDCl3) 

δ (100 MHz, 

CDCl3) 

δ (125 MHz, 

CDCl3) 

δ (100 MHz, 

CDCl3) 

C-5’’ 31.8 (CH2) 31.88 (CH2) 31.77 (CH2) 31.9/31.8  (CH2) 31.7 (CH2) 31.7 (CH2) 

C-4’’ 35.7 (CH2) 35.83 (CH2) 35.67 (CH2) 35,8 (CH2) 35.5 (CH2) 35.52 (CH2) 

C-3’ 38.3 (CH2) 38.19 (CH2) 38.57 (CH2) 38.3/38.0 (CH2) 37.9 (CH2) 37.76 (CH2) 

C-2 43.8 (CH2) 43.76 (CH2) 43.73 (CH2) 43.8 (CH2) 43.7 (CH2) 43.65 (CH2) 

C-5 46.0 (CH3) 25.53 (CH3) 46.02 (CH3) 46.1 (CH3) 46.0 (CH3) 46.00 (CH3) 

C-3’’ 49.1 (CH) 49.24 (CH) 49.07 (CH) 49.3/49.2 (CH) 49.2 (CH) 49.17 (CH) 

C-3 54.5 (CH2) 54.52 (CH2) 54.45 (CH2) 54.5 (CH2) 54.4 (CH2) 54.41 (CH2) 

C-2’ 56.0 (CH) 56.32 (CH) 55.96 (CH) 56.4/56.2  (CH) 56.3 (CH) 56.28 (CH) 

p-CAr’’ 126.3 (CH) 126.44 (CH) 126.22 (CH) 126.4  (CH) 126.2 (CH) 126.27 (CH) 

p-CAr’ 127.1 (CH) 127.36 (CH) 127.08 (CH) 127.3/127.2 (CH) 127.1 (CH) 127.16 (CH) 

 

o-CArSO2 127.6 (CH)  127.81 (CH)  127.63 (CH)   127.8 (CH)  127.6 (CH)  127.64 (CH) 

o-CAr’’ 128.4 (CH) 128.50 (CH) 128.38 (CH) 2x128.5 (CH) 128.4 (CH) 128.36 (CH) 

m-CAr’’ 128.5 (CH) 128.73 (CH) 128.52 (CH) 128.7 (CH) 128.5 (CH) 128.56 (CH) 

m-CAr’ 128.7 (CH) 128.99 (CH) 128.64 (CH) 128.9 (CH) 128.7 (CH) 128.82 (CH) 

o-CAr’ 129.2 (CH) 129.32 (CH) 129.28 (CH) 129.2/129.1 (CH) 129.2 (CH) 129.23 (CH) 

m-CArSO2 129.3 (CH) 129.43 (CH) 129.30 (CH) 129.4/129.3 (CH) 129.3 (CH) 129.28 (CH) 

C-1’’ 130.5 (CH) 130.70(CH) 130.32 (CH) 130.6 (CH of 

K11777), 130.8 

(CH of (R)-3.38) 

130.6 (CH) 130.68 (CH) 

p-CArSO2 133.5 (CH) 133.61 (CH) 133.48 (CH) 133.6/133.5 (CH) 133.4 (CH) 133.43 (CH) 

Ipso-C’ 136.7 (C) 136.86(C) 136.67 (C) 136.9(C) 136.8 (C) 136.76 (C) 

Ipso-SO2C 140.2 (C) 140.33(C) 140.18 (C) 140.4/140.3(C) 140.2 (C) 60.41  

Ipso-C’’ 140.4 (C) 140.54 (C) 140.70 (C) 140.5 (C) 140.4 (C) 140.37 (C) 

C-2’’ 145.6 (CH) 145.58 (CH) 145.83 (CH) 145.7(CH) 145.6 (CH) 145.5 (CH) 

N-1-CO 157.0 (C) 157.10(C) 156.95 (C) 157.1 (C) 157.0 (C) 157.04 (C) 

C-1’ 171.8 (C) 171.8(C) 172.01 (C) 171.9/171.3(C) 171.8 (C) 171.68 (C) 
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Selected 1H and 13C NMR Spectra 

1H-NMR spectrum (400 MHz, CDCl3) for (R)-2.26. 

 

1H-NMR spectrum (400 MHz, CDCl3) for (S)-2.28. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (R)-3.24. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (R)-3.25. 

 

 


D

C
M
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1H-NMR (500 MHz, d6-DMSO, 80oC) and 1H-NMR spectrum (500 MHz, CDCl3) for (R)-3.26. 
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13C-NMR spectrum (125 MHz, CDCl3) for (R)-3.26. 
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1H-NMR (500 MHz, CD3OD) and 13C-NMR spectrum (125 MHz, CD3OD) for (S)-3.33. 
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1H-NMR (400 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) for (R)-2.29. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (R)-2.35. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (R)-2.38. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (S,S)-3.34. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for K11002. 

 

 



200 

 

1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for K11777. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (S,R)-3.34. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (R)-3.37. 
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1H-NMR (500 MHz, CDCl3) and 13C-NMR spectrum (125 MHz, CDCl3) for (R)-3.38. 
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1H-NMR (400 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) for (R)-3.39. 
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1H-NMR (400 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) for (S)-3.40. 
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Chiral phase HPLC traces for 3.24 – mixture of enantiomers. 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 90:10 (1.2 mL/min) [(S)-3.24 tr = 18.6 min; 

(R)-3.24 tr = 22.0 min]. 
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Chiral phase HPLC traces for (R)-3.24. 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 90:10 (1.2 mL/min) [(S)-3.24 tr = 18.9 min; 

(R)-3.24 tr = 22.4 min]. 88% ee. 
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Chiral phase HPLC traces for (S)-3.24. 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 90:10 (1.2 mL/min) [(S)-3.24 tr = 18.7 min; 

(R)-3.24 tr = 22.2 min]. 89% ee. 
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Chiral phase HPLC traces for 3.25 – mixture of enantiomers. 

 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 75:25 (1.0 mL/min) [(S)-3.25 tr = 7.4 min; 

(R)-3.25 tr = 13.3 min]. 
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Chiral phase HPLC traces for (R)-3.25. 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 75:25 (1.0 mL/min) [(S)-3.25 tr = 7.3 min; 

(R)-3.25 tr = 13.2 min]. 89% ee. 
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Chiral phase HPLC traces (S)-3.25. 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 75:25 (1.0 mL/min) [(S)-3.25 tr = 7.3 min; 

(R)-11 tr = 13.2 min]. 88% ee. 
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Chiral phase HPLC traces 3.26 – mixture of enantiomers. 

 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 75:25 (1.0 mL/min) [(S)-3.26 tr = 9.1 min; 

(R)-3.26 tr = 18.6 min]. 

 

 

 

 

 



213 

 

Chiral phase HPLC traces (R)-3.26. 

 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 75:25 (1.0 mL/min) [(S)-3.26 tr = 9.1 min; 

(R)-3.26 tr = 18.6 min]. 86% ee. 
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Chiral phase HPLC traces (S)-3.26. 

 

 

 

 

 

 

 

Chiralcel IA column, heptane/isopropyl alcohol; 75:25 (1.0 mL/min) [(S)-3.26 tr = 9.0 min; 

(R)-3.26 tr = 18.5 min]. 86% ee. 
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Chiral phase HPLC traces (S)-3.26. 

 

 

 

 

 

 

Chiralcel IA column, cyclohexane/isopropyl alcohol; 75:25 (0.65 mL/min) [(S)-3.26 tr = 8.4 

min; (R)-3.26 tr = 12.3 min]. 94% ee. 
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Chiral phase HPLC traces (R)-3.26 - overnight α-amination reaction. 

 

 

 

 

 

 

 

Chiralcel IA column, cyclohexane/isopropyl alcohol; 75:25 (0.65 mL/min) [(S)-3.26 tr = 8.4 

min; (R)-3.26 tr = 12.5 min]. 69% ee. 
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Chiral phase HPLC traces (S)-3.26 – obtained using (S)-Hayashi-Jørgensen catalyst. 

 

 

 

 

 

 

Chiralcel IA column, cyclohexane/isopropyl alcohol; 75:25 (0.65 mL/min) [(S)-3.26 tr = 8.4 

min; (R)-3.26 tr = 12.5 min]. 29% ee. 
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Chiral phase HPLC traces for 2.29 – mixture of enantiomers. 

 

 

 

 

 

 

 

Chiralpak IC column, heptane/isopropyl alcohol; 91:9 (1.0 mL/min) [(R)-2.29 tr = 17.5 min; 

(S)-2.29 tr = 19.9 min]. 
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Chiral phase HPLC traces (R)-2.29. 

 

 

 

 

 

 

Chiralpak IC column, heptane/isopropyl alcohol; 90:10 (1.0 mL/min) [(R)-2.29 tr = 16.4 min; 

(S)-2.29 tr = 18.1 min]. 86% ee. 
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Chiral phase HPLC traces (S)-2.29. 

 

 

 

 

 

 

 

Chiralpak IC column, heptane/isopropyl alcohol; 90:10 (1.0 mL/min) [(R)-2.29 tr = 16.5 min; 

(S)-2.29 tr = 18.2 min]. 86% ee. 
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X-Ray Crystallographic Data of the tautomer of pyridazine (S)-3.40. 

 

 

 

 

 

Molecular structure of the tautomer of pyridazine (S)-3.40. 

Thermal ellipsoids are drawn on the 50% probability level. 
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Table 1. Crystal data and structure refinement for (S)-3.40 

 

Identification code   
 

exp_129 

Empirical formula  
 

C21H20N2O4S  
 

Formula weight  
 

396.45  
 

Temperature/K  
 

99.8(6)  
 

Crystal system  
 

orthorhombic  
 

Space group   
 

P212121 

a/Å  
 

7.10380(10)  
 

b/Å  
 

13.9403(2)  
 

c/Å  
 

18.9188(2)  
 

/°  
 

90  
 

/°  
 

90  
 

/°  
 

90  
 

Volume/Å3  
 

1873.51(4)  
 

Z   
 

4 

ρcalcg/cm3  
 

1.406  
 

μ/mm-1   
 

1.800 

F(000)   
 

832.0 

Crystal size/mm3  
 

0.243 × 0.123 × 0.066  
 

Radiation   
 

Cu Kα (λ = 1.54184) 

2Θ range for data collection/°  
 

7.878 to 145.604  
 

Index ranges  
 

-8 ≤ h ≤ 8, -16 ≤ k ≤ 17, -23 ≤ l ≤ 22  
 

Reflections collected  
 

10448  
 

Independent reflections   
 

3502 [Rint = 0.0359, Rsigma = 0.0276] 

Data/restraints/parameters  
 

3502/0/254  
 

Goodness-of-fit on F2  
 

1.042  
 

Final R indexes [I>=2σ (I)]   
 

R1 = 0.0388, wR2 = 0.1038 

Final R indexes [all data]   
 

R1 = 0.0398, wR2 = 0.1050 

Largest diff. peak/hole / e Å-3  
 

0.37/-0.31  
 

Flack parameter 
 

-0.017(13) 
 

 


