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ABSTRACT 
 
CHIRAL β-AMINO SULFENATES: SYNTHETIC ACCESS AND DIASTEREOSELECTIVE 

ALKYLATION 
 
 
 
Joseph P. Findlay       Advisor: 
University of Guelph, 2019      Adrian L. Schwan 
 
 

Research into a new family of chiral sulfenates containing a β-substituted, N-protected β-

amino functionality, derived from amino acids, has been extended in this investigation for its 

diastereoselective alkylation reactions of sulfenates. Two L-phenylalanine derived precursors to 

the in-situ generation of a β-amino sulfenate were prepared by multiple convergent pathways, and 

each sulfenate liberation method was evaluated by alkylation with BnBr for both its 

diastereoselection, and overall sulfoxide yield. It was demonstrated that sulfenate liberation from 

the β-sulfinyl ester proved to be a superior method when employed with the base LiHMDS. 

Evaluation of this method by variation of temperature, showed no significant variance in dr’s, but 

affected yields depending on the electrophile utilized. Other β-amino sulfenates derived from N-

Boc protected D-phenylalanine, L-valine, L-alanine, as well as Cbz protected L-phenylalanine 

were also evaluated by alkylation with BnBr and showed mixed yields ranging from 58-90% and 

yields generally around 20:80.  

 
  



 iii 

ACKNOWLEDGEMENTS 
 
 

Firstly, I wish to thank Professor Adrian Schwan for allowing me to do both my undergrad 

research project, and my masters project in his group. You were always easily approachable, 

understanding, and incredibly knowledgeable. These are traits which are a luxury to have in an 

advisor. The experience I have gained in this lab will stay with me for the rest of my life (and so 

will the “dad jokes”) and for that I am forever thankful.  

I am very grateful for NSERC and the Ontario government for funding my project and 

making my education here at Guelph possible.   

I wish also to thank the members of both my advisory and defense committee: Professor 

William Tam, Professor Richard Manderville and Professor Wojciech Gabryelski for reviewing 

my thesis and providing educated feedback. 

I want to thank Dr. Robert Reed for the guidance he has given me regarding the safe 

disposal of lab chemicals, techniques in organic chemistry, and teaching organic chemistry. 

I also wish to thank Dr. Sameer Al-Abdul-Wahid for his help with setting up NMR 

experiments, his help with data interpretation and for being so easily approachable, as well as Dr. 

Andy Lo for his training in use of the use of the NMR, and helpfulness when I run into issues. 

I want to thank all past members who have shared the lab space with me and have supported 

me in my endeavors in both undergrad and in my masters here at Guelph. Thank you to Michelle 

Michalski, Scott Sammons, Adam Riddell, Nolan Frame, Eric Nicol, Matt Sing, Erwin Remigio, 

Monika Kulak, Farroq Raouf, Emma Cresswell, Aaron Moon, Nick Wilker, Austin Pounder, 

Tiffany Mills, Seren Zevker, Katie Lewis, and Marina Lazarakos. 



 iv 

I also wish to thank my family and friends, particularly both of my parents whom I love 

very much. My mother who has supported me every step of the way, and my father who has 

inspired me with the Scottish spirit.  Mòran taing dhuibh uile. 

  



 v 

TABLE OF CONTENTS 

ABSTRACT .................................................................................................................................................................. ii 
ACKNOWLEDGEMENTS ....................................................................................................................................... iii 
LIST OF ABBREVIATIONS ..................................................................................................................................... vi 
LIST OF TABLES .................................................................................................................................................... viii 
LIST OF FIGURES ..................................................................................................................................................... ix 
1 Introduction ......................................................................................................................................................... 2 

1.1 General Introduction .................................................................................................................................... 2 
1.1 Chiral Sulfoxide Ligands ............................................................................................................................. 3 
1.2 Literature Methods for Chiral Sulfoxide Preparation .................................................................................. 9 
1.3 Sulfenic Acid Anion Background ............................................................................................................. 13 
1.4 Sulfenate Functionalization and Synthetic Scope ..................................................................................... 13 
1.5 Sulfenate Generation Methods .................................................................................................................. 16 
1.6 Diastereoselective Sulfenate Alkylation .................................................................................................... 21 
1.7 Project Goal and Intended Pathway .......................................................................................................... 26 

2 Results and Discussion ...................................................................................................................................... 34 
2.1 Evaluation of Amino Acid Moieties Containing a Leaving Group ........................................................... 34 
2.2 Preparation of Sulfides .............................................................................................................................. 37 
2.3 Alternate Pathway to Sulfenate Alkylation Product .................................................................................. 44 
2.4 Sulfenate Release and Alkylation from a β-Sulfinyl Ester ........................................................................ 47 
2.5 Sulfenate Release and Alkylation from a β-Sulfinyl Acrylate .................................................................. 51 
2.6 Variable Temperature During Sulfenate Alkylation ................................................................................. 53 
2.7 Evaluating Alkylation with Other Electrophiles ....................................................................................... 55 
2.8 Unsuccessful Evaluations .......................................................................................................................... 58 
2.9 β-Amino Sulfenates Derived from Other Amino Acids ............................................................................ 59 
2.10 Sulfenate Release Varying the Protecting group ....................................................................................... 62 
2.11 Dr Analysis by Carbon Integration ............................................................................................................ 64 
2.12 Computational Explanation of dr’s. .......................................................................................................... 68 
2.13 Onward to bis(β-Aminoalkyl) Sulfoxides ................................................................................................. 71 
2.14 Conclusion and Future Work ..................................................................................................................... 74 

3 Experimental ..................................................................................................................................................... 77 
3.1 General Experimental ................................................................................................................................ 77 
3.2 General Procedure for N-protected Amino Acid Reduction ..................................................................... 79 
3.3 General Procedure for Preparation of N-protected β-amino iodides. ........................................................ 82 
3.4 General Procedure for preparation of thioacetate ...................................................................................... 84 
3.5 General Procedure for In-Situ Generation of Thiolate from Thiolester and its Functionalization ........... 87 
3.6 Preparation of 36a from methyl 3-mercaptopropionate ............................................................................ 91 
3.7 General Procedure for Oxidation to Sulfoxide .......................................................................................... 92 
3.8 General Procedures for Sulfenate Liberation from β-Sulfinyl Acrylate ................................................... 97 
3.9 General Procedures for Sulfenate Liberation from β-Sulfinyl Ester ......................................................... 98 

4 References ........................................................................................................................................................ 104 
 
 
  



 vi 

LIST OF ABBREVIATIONS 
 
BINAP = 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 
 
Bn = benzyl 
 
BnBr = benzyl bromide 
 
Boc = tert-butyloxycarbonyl 
 
Bpy = 2,2’-bipyridine 
 
Bu = butyl 
 
Cbz = benzoyloxycarbonyl 
 
CinBr = cinnamyl bromide 
 
COE = cis-cyclooctene 
 
DCM = dichloromethane 
 
DIPEA = N,N-diisopropylethylamine 
 
DMBQ = 2,6-Dimethoxybenzoquinone 
 
DMF = dimethylformamide 
 
D-Phe = D-phenylalanine 
 
Dr = diastereomeric ratio 
 
DTT = dithiothreitol 
 
EtOAc = ethyl acetate 
 
EBX = ethynylbenziodoxolone 
 
KHMDS = potassium hexamethyldisilazide 
 
L-Ala = L-Alanine 
 
LDA = lithium diisopropylamide 
 
LiHMDS = lithium hexamethyldisilazide 
 



 vii 

L-Phe = L-phenylalanine 
 
L-Val = L-valine 
 
MCBA = meta-chlorobenzoic acid 
 
MCPBA = meta-chloroperoxybenzoic acid 
 
Moc = methoxycarbonyl 
 
Ms = mesyl 
 
MsrA = methionine sulfoxide reductase A 
 
MeI = methyl iodide 
 
NaH = sodium hydride 
 
NaHMDS = sodium hexamethyldisilazide 
 
NMR = nuclear magnetic resonance 
 
NOE – nuclear Overhauser enhancement 
 
Nosyl = nitrobenzenesulfonyl 
 
o-BrBnBr = 2-bromobenzyl bromide 
 
PG = protecting group. 
 
SOX = sulfur oxazoline 
 
THF = tetrahydrofuran 
 
TLC = thin layer chromatography 
 
TMSE = (trimethylsilyl)ethyl 
  



 viii 

LIST OF TABLES 

 

Table 1. Asymmetric Conjugate Addition of Arylboronic Acids to  Cyanoalkanes ....................... 5 

Table 2. Chiral Sufloxide-Schiff Base ligand Utilized in the Cu-Catalyzed Henry Reaction ......... 6 

Table 3. Tridentate S/N/N Ligand in Ir-Catalyzed Asymmetric Hydrogenation ............................ 7 

Table 4. Chiral Tetradentate Ligand Involved in Asymmetric Allylations of Aldehydes .............. 8 

Table 5. Kinetic Resolution of Sulfoxides by Methionine Sulfoxide Reductase (MsrA) ............. 12 

Table 6. Asymmetric Sulfenate Alkylation By a Chiral Auxiliary ............................................... 21 

Table 7. Sulfenate Alkylation with Axially Chiral Auxilliary ...................................................... 22 

Table 8. Asymmetric Alkylations of Cysteinsulfenates ................................................................ 23 

Table 9. Asymmetric Alkylation of Arenesulfenates .................................................................... 25 

Table 10. Sulfenate Alkylation Trials from β-Sulfinyl Ester ........................................................ 48 

Table 11. Sulfenate Alkylation Trials from β-Sulfinyl Acrylate ................................................... 52 

Table 12. The Effect of Temperature on Sulfenate Alkylation with Phenylalanine-Derived N-Boc 

protected Sulfenates .................................................................................................................. 54 

Table 13. Sulfenate Alkylation by Varying Electrophile .............................................................. 56 

Table 14. Sulfenate Alkylation Trials Varying the Chiral Auxiliary ............................................ 61 

Table 15. Sulfenate Alkylation with Different Protecting Groups ................................................ 64 

 

  



 ix 

LIST OF FIGURES 

Figure 1. Pharmaceuticals Containing a Sulfinyl Moiety ............................................................... 2 

Figure 2. Omeprazole (Left), Esomeprazole (Right) ..................................................................... 10 

Figure 3. Resonance Structure of a Sulfenate ............................................................................... 13 

Figure 4. General Mode of Sulfenate Liberation ........................................................................... 16 

Figure 5. Internal Complexation of Cysteinesulfenates ................................................................ 24 

Figure 6. Internal Complexation of N-Moc Ester Substituted 2-Aminoethansulfenate ................ 24 

Figure 7. bis(β-Aminoalkyl) Sulfide ............................................................................................. 28 

Figure 8 IR Spectra of Sulfoxide Precursors 24a (left), 23a (middle) and Sulfone 42 (right) ...... 43 

Figure 9. 1H NMR Spectrum of Alkylation Product 26a .............................................................. 46 

Figure 10. 1H NMR of Alkylation Products 26g (left), 26h (middle), 26i (right) ......................... 57 

Figure 11. AB Quartet of Alkylation Product 26d ........................................................................ 65 

Figure 12 Dr Analysis by Decoupled Carbon NMR ..................................................................... 66 

Figure 13. Dr Analysis by Inverse Gated Decoupled Carbon NMR ............................................. 67 

Figure 14. Major and Minor Products from Sulfenate Benzylation .............................................. 68 

Figure 15. Moc-Protected Sulfenate Analogue ............................................................................. 68 

Figure 16. Lowest Energy Conformers of Moc Protected Sulfenate ............................................ 69 

Figure 17. Sulfenate Methylation Transition States ...................................................................... 70 

Figure 18. 1H NMR Spectrum of bis(β-Aminoalkyl) Sulfoxide 29aa ........................................... 73 



 
1 

  

1 Introduction 



 2 

1 Introduction 
 

1.1 General Introduction 

Chemical asymmetry has been an ubiquitous topic in chemistry since it’s discovery by 

Louis Pasteur (1822-1895).1 The distinction and separation of enantiomers is an especially 

important topic in the interest of public safety, as in the case of thalidomide, where one of the 

enantiomers posed a significant health risk to the population. Thus, asymmetric synthesis has 

arisen in order to address reaction pathways which might otherwise produce a compound in which 

a portion of a racemic mixture is not only ineffective or inert for its use, but perhaps even 

dangerous for public health. To highlight the importance of chirality in pharmaceuticals, from 

1992 to 2003, approximately 50% of approved drugs contained at least one stereogenic center.2 

 

 

Figure 1. Pharmaceuticals Containing a Sulfinyl Moiety 

The sulfinyl moiety adds a new chiral element to a wide variety of compounds for a wide 

variety of applications, notably in asymmetric synthesis when used in ligands, and as a functional 

group in a range of pharmaceuticals. Notable examples of commercially available bioactive 
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compounds containing sulfoxide groups include the antipeptic ulcer drug Omeprazole (1) (sold 

under the brand names Prilosec or Losec) which is sold both as a racemic mixture and as the S-

enantiomer under the name Esomeprazole (sold under the brand name Nexium).3–6 The 

wakefulness agent Modafinil (2) (sold under the brand name Provigil), as well as its commercially 

available enantiopure R-configuration sold under the name Armodafinil (sold commercially under 

the brand name Nuvigil).7,8 the NSAID Sulindac (3) (sold under the brand name Clinoril) which 

has gained recent interest in its anti-tumor properties when complexed with platinum.9 Other 

examples include the insecticide Ethiprole (4), which has shown enantioselective toxicity,10 and 

the immunosuppressant Oxisuran (5) (Figure 1).11 Many natural products that contain a chiral 

sulfinyl group are becoming widely reported in the literature. Naturals sources that are rich in 

sulfoxide containing natural products include those of garlic12 and onions,13 of which a 

considerable number of studies have been dedicated to their isolation and pharmaceutical use with 

ongoing research into their isolation and characterization.  

 

1.1 Chiral Sulfoxide Ligands 

The study of chiral bidentate ligands with donor heteroatoms has become a large field of 

research. Historically, sulfur containing compounds have a history of being classified as a catalyst 

poison since they have strong coordinating ability with catalytically active metal centers such as 

copper, nickel and palladium and so their use was generally avoided.14 However, in recent years, 

multidentate chiral sulfur and sulfoxide ligands have garnered increase attention in their use in 

asymmetric catalysis.  

The first literature account of the use of chiral sulfoxides in asymmetric catalysis was published 

by James et al. in 1976 whereby chiral sulfoxides were complexed with ruthenium and were 
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attempted unsuccessfully to asymmetrically hydrogenate alkenes.15 Since this time, and up until 

the past two decades, this field of chemistry had been relatively unexplored, but the emergence of 

this field of chemistry has been highlighted starting in 2003, when a series of reviews for the role 

asymmetric synthesis utilizing sulfur and sulfoxides began to appear, with reviews still being 

published quite recently.16–25 At this time, there are a plethora of examples of sulfur functionality 

being incorporated into ligand design, and combined with other functionalities such as alkenes,26,27 

phosphines,28–30 hydroxides,31 amine groups,32,33 or even with other sulfur functionalities.34,35 

 

  

Scheme 1.  
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alkylation. Subsequently in 2018, this research was extended by the same group by the use of 

sulfoxide containing MOP type ligands for asymmetric arylations with great success with 

satisfactory yields and ee’s generally above 90% (Scheme 1) .37 

Other sulfoxide containing hetero-donor ligands have also been in development quite recently 

such as sulfinyl-based olefin ligands. Work in 2018 by Xue et al. showed that sulfinyl-based olefin 

ligands for rhodium catalyzed conjugate addition of arylboronic acids to cyanoalkenes give 

moderate yields generally around 50%, and moderate ee’s ranging from 45-59% for a variety of 

aryl groups (Table 1) .38 

Table 1. Asymmetric Conjugate Addition of Arylboronic Acids to  Cyanoalkanes 

 

Entry Ar Yield (%) Ee (%) 
1 4-MeOC6H4 45 58 
2 2-MeOC6H4 43 45 
3 3-MeOC6H4 44 46 
4 2-MeC6H4 48 46 
5 3-MeC6H4 51 48 
6 1-naphthyl 45 59 
7 2-naphthyl 53 56 
8 4-FC6H4 54 43 
9 4-ClC6H4 57 47 
19 4-CF3C6H4 55 46 

 

Among the sulfoxide coordinating ligands, S/N type ligands are one of the earliest classes. 

Notable reactions that have evaluated the use of S/N ligands containing a chiral sulfoxide center 
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include hydrogen transfers,39 the Henry reaction,40 asymmetric allylic alkylation41 Pd-catalyzed 

C-H oxidation of terminal olefins,42 and the Simmons-Smith cyclopropanation.43  

In 2012 Xiao et al. employed the use of a series of tridentate ligands containing a Schiff base, 

a chiral sulfoxide, and a hydroxyl group in the Cu-catalyzed Henry Reaction in very high yields, 

as well as excellent enantiomeric excess upwards of 90% in most cases (Table 2).40  

Table 2. Chiral Sufloxide-Schiff Base ligand Utilized in the Cu-Catalyzed Henry Reaction 

 

Entry R R’ Yield (%) Ee (%) 
1 4-NO2Ph H 94 93 
2 3-NO2Ph  H 94 94 
3 2-NO2Ph  H 95 96 
4 4-CF3Ph  H 96 94 
5 4-ClPh  H 91 92 
6 4-BrPh� H 94 92 
7 2-FPh� H 93 93 
8 2,4-Cl2Ph H 98 95 
9 3,4-F2Ph H 90 94 

 

In 2017, Han et al. reported that for intramolecular asymmetric allylations, of the ligands 

tested, a chiral sulfoxide oxazoline (SOX) was found to give the highest yields and 

enantioselectivities when utilized in a Pd-catalyzed allylation/C-H functionalization 

reaction(Scheme 2).44  
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Scheme 2.  

Tridentate S/N/N type ligands containing a chiral sulfoxide and two nitrogen derived ligating 

functionalities have also been found in literature, for example in 2012 by Deng et al. demonstrated 

the use of a tridentate S/N/N type ligand to be competent for Ir-catalyzed asymmetric  

Table 3. Tridentate S/N/N Ligand in Ir-Catalyzed Asymmetric Hydrogenation 

 

R1 R2 R3 Conversion (%) Ee (%) 
H H H 96 74 

Me H H 92 69 
tBu H H 93 77 

OMe H H 68 70 
F H H 98 70 
H Cl H 81 43 
H OMe H 92 75 
H H CF3 98 69 
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hydrogenation reactions under a number of conditions with yields ranging from 81-91, and ee’s 

ranging from 43%-77% (Table 3).45 

Another relatively unknown family of S/N ligands, tetradentate ligands of the S/S/N/N 

type, have been reported in literature. These ligand types are quite rare with only a handful of 

literature examples so far. A series of chiral tetradentate S/S/N/N ligands were developed by 

Scettri et al.32,46 and were used as chiral activators for the allylation of aldehydes by 

trichlorosilane with moderate yields and ee’s ranging from 56-90% (Table 4). 

 

Table 4. Chiral Tetradentate Ligand Involved in Asymmetric Allylations of Aldehydes 

 

Entry R Time (h) Yield (%) Ee (%) 
1 Ph 20 60 56 
2 5-NO2-2-furyl 24 64 90 
3 5-NO2-2-thienyl 24 66 89 
4 p-NO2C6H4 24 62 82 
5 PhCH2CH2 24 60 72 
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1.2 Literature Methods for Chiral Sulfoxide Preparation  

Due to the extensive use of chiral sulfoxides as ligands and chiral auxiliaries, asymmetric 

sulfoxide synthesis is a wide area of study with not only a long history, but many recent 

publications. The first literature method for preparation of chiral sulfoxides was reported in 1926 

by Harrison et al by using a kinetic resolution technique.47 Since this seminal paper, a number of 

sulfoxide preparation techniques began to appear in literature including asymmetric oxidation 

techniques in the 1960s,48,49 and the inversion of configuration of sulfinate esters by Grignard 

reagents in 1961 by Andersen,50 a method colloquially referred to as the “Andersen method.” 

The most common literature methods for chiral sulfoxide preparation are by asymmetric 

oxidation. Since early studies using a titanium catalyst for asymmetric oxidation method in the 

mid 1980s,51,52 many metal catalyzed,53–60 organocatalytic61,62 and enzymatic63–68 methods have 

been developed. Two major obstacles must be overcome to achieve a chiral sulfoxide through 

asymmetric oxidation. The reagent must first be chemoselective, and second, the reagent must not 

be over reactive, as this leads to sulfone formation, particularly when the oxidizing reagent is in 

excess. 

The enantioselective epoxidation conditions developed by Katsuki and Sharpless in 1980 for 

the asymmetric oxidation of allylic alcohols can be applied to asymmetrically oxidize sulfides to 

sulfoxides. In 1984, two research groups had independently undertaken research to explore 

enantioselective sulfide oxidation. Furia et al.52 as well as Pitchen et al.51 showed that for a variety 

of simply alkyl and aryl sulfoxides, oxidation by the Sharpless reagents Ti(OiPr)4/(+)DET used in 

stoichiometric amounts could give the sulfoxide in moderate to good yields and enantiomeric 

excesses. In one case, methyl p-tolyl sulfide could be oxidized in 90% yield and 91% ee using 

these conditions. Since then, a number of improvements have been made to this method of 
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asymmetric sulfide oxidation. including the use of cheaper cumene hydroperoxide which increased 

the ee’s of many sulfoxides,69 or furylhydroperoxides which were shown to increase the ee’s of 

dialkyl sulfoxides.70 Other metal centers have also been used to asymmetrically oxidize sulfide 

such as Manganese Salen complexes which could achieve an ee as high as 90% in 51% yield when 

oxidizing o-nitrophenyl methyl sulfide.56 

One of the most well-known examples of sulfoxide-containing agents in the pharmaceutical 

industry is omeprazole (sold under the brand name Prilosec) an antipeptic ulcer agent and proton 

pump inhibitor which in 1997 became the world best-selling drug. Omeprazole is a sulfinyl-

substituted benzimidazole, and is sold as a racemic mixture of two enantiomers but is also 

commercially available as a single enantiomer, esomeprazole (Figure 2).  

 

Figure 2. Omeprazole (Left), Esomeprazole (Right) 

Typically, omeprazole is synthesized by a substitution reaction between 5-methoxy 

thiobenzimidazole (13) and 2-chloromethyl-4-methoxy-3,5-dimethyl-pyridine (14) to yield sulfide 

15 (Scheme 3). Sulfide 15 is then oxidized with either MCPBA or H2O2 to yield the racemic 

mixture omeprazole (1).71  
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Later, the pure (S)-enantiomer of omeprazole, esomeprazole was introduced to the market later 

and in 2003, became the world’s seventh best-selling drug.4 The single S-enantiomer has been 

demonstrated to have increased healing of erosive esophagitis when compared to omeprazole.5,6 

In order to access the enantiomerically pure esomeprazole, an asymmetric oxidation step 

performed by oxidation of prochiral sulfides under Sharpless conditions is usually employed.51,72,73  

 

 

Scheme 4. 
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(S,S)-1,2-diphenylethylenediamine. The use of 17 as a ligand retained the high enantioselectivity 

as when using 16, but increased yields from 56% to 72% (Scheme 4).  

Kinetic resolution to prepare sulfoxides is a field relatively unexplored compared to that of 

asymmetric oxidation methods. There have been a number of reports of deracemization catalyzed 

by transition metals,74–76 but investigations into enzymatic kinetic resolution is also an expanding 

field.77 In 2018, Nosek and Míšek reported the first one pot deracemization of chiral sulfoxides by 

a chemoenzymatic process using the enzyme methionine sulfoxide reductase A (MsrA), and an 

oxaziridine-based lipophilic oxidant (18) with good yields and consistent ee’s of 99% (Table 5).78 

The mechanism of this method is dependent on MsrA being able to stereoselectively reduce 

sulfoxide to sulfide, leaving an enantiomerically pure sulfoxide. The produced sulfide is then re-

oxidized to a racemic mixture, returning to the catalytic cycle for further stereoselective reduction.  

Table 5. Kinetic Resolution of Sulfoxides by Methionine Sulfoxide Reductase (MsrA) 

 

Entry R1 R2 Yield ee 
1 4-MeC6H12 Me 62 99 
2 3-MeC6H12 Me 70 99 
3 2-MeC6H12 Me 72 99 
4 4-MeC6H12 Et 54 99 
5 4-BrC6H12 Me 79 99 
6 4-CNC6H12 Me 61 99 
7 4-MeOC6H12 Me 90 99 
8 4-OHC6H12 Me 52 99 
9 Bn Me 75 99 
10 Bn Et 59 99 
11 Bn Me 88 99 
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1.3 Sulfenic Acid Anion Background 

The asymmetric synthesis of chiral sulfoxides through sulfenate anion quench is becoming 

an increasingly studied field of chemistry. A sulfenate anion, the conjugate base of a sulfenic acid 

is a nucleophilic sulfur species which is generally short lived. It can be represented by the 

resonance forms indicated in Figure 3. In the presence of molecular oxygen, sulfenate anion are 

immediately converted to their corresponding sulfinates.79 Due to this instability there are few 

examples of isolation of stable sulfenate salts,79,80 and sulfenates are regularly generated and 

functionalized in situ. Sulfenates are an ambident nucleophile,81 with partial charges residing on 

both the sulfur atom, as well as the oxygen atom, and so in the presence of an electrophile, a 

reaction between the two can result from either S-alkylation, or O-alkylation. Reaction of 

sulfenates with soft electrophiles like reactive alkyl halides (e.g., BnBr or MeI) will result in S-

alkylation, while reaction with harder alkylation agents (e.g. methyl fluorosulfonate) will result in 

O-alkylation.82 

 

Figure 3. Resonance Structure of a Sulfenate 

 
1.4 Sulfenate Functionalization and Synthetic Scope 

Sulfenate functionalization is a burgeoning area of study permitting access to a wide array 

of substituted sulfoxides through an increasing variety of reactions. Many synthetic methods to 

access a wide range of substituted sulfoxides have been reported within the past two decades. 

These reports include alkylations,83,84 alkynylations,85 allylations86 arylations87 and 

aminations88,89 (Scheme 5). While many of these reactions are metal-catalyzed, slowly metal free 

O
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and mild variants of these functionalizations are beginning to appear in the literature, with future 

prospects of developing these transformations into stereoselective methods. 

 

Scheme 5. 

In 2018, Zhang and Dai reported a new transformation available through sulfenate 

chemistry. The preparation of sulfonamides by copper catalyzed electrophilic amidation of 

sulfenate anions. 88 

 

Scheme 6.  

To extend seminal work by Madec and Poli for the first Pd-catalyzed sulfenate arylation,   

two different research groups have simultaneously reported a transition metal free arylation of 

sulfenates, each utilizing diaryliodinium salts. In 2018, Bolm et al. reported a metal-free 

arylation of sulfenates employing diaryliodonium triflates90 and in 2019, Zhang et al. reported 

metal-free arylation of sulfenates using a diaryliodinium triflouroborates (Scheme 7).91   
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Scheme 7. 

In 2018, Yu et. al reported the first example of C-S bond formation between sulfenates and 

hydrocarbons via a copper-catalyzed sulfoxidation of benzylic C-H bonds (Scheme 8).92  

 

Scheme 8.  

In early 2019, Waser et al. reported a novel route towards a unique family of compounds, 

alkynyl sulfoxides, through sulfenate chemistry under metal-free and mild conditions (Scheme 

9).85 In this publication it is reported that a wide variety of alkyl and aryl sulfenate can be 

generated in situ via a retro-Michael addition and by the addition of an ethynyl benziodoxolone 

will form alkynyl sulfoxides, a family of useful synthetic intermediates which provides easy 

access to a number other compound families such as allenes, ɑ-sulfinyl carbine precursors, and 

vinyl sulfoxides. 
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Scheme 9. 

1.5 Sulfenate Generation Methods 

Protocols for sulfenate generation are still being reported in literature, and thus, there is not 

yet a single widely accepted protocol for sulfenate generation. Most of the sulfenate precursors 

used in literature contain similar structure element. A sulfinyl group substituted with a functional 

group that upon reaction with an activating cofactor readily cleaves the S-C bond, yielding a 

sulfenate ready for functionalization (Figure 4). This general structure of a readily cleavable 

moiety has become colloquially known  in at least one yet unpublished literature report as a 

Sulfenate Releasing Group (SRG).93 

 

 

Figure 4. General Mode of Sulfenate Liberation 

One of the earliest methods of sulfenate release was by way of a trimethylsilyl ethyl 

functional group and a fluoride source. Sulfenate release of this type was has been recognized as 

early as the 1991, where Oida et al. described the liberation of an aryl sulfenate from a 2-
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(trimethylsilyl)ethyl sulfenate ester wherein the (trimethylsilyl)ethyl (TMSE) group is the SRG.94 

The use of TBAF cleaved the sulfenate ester’s S-O bond to liberate a sulfenate. 

 

Scheme 10.  

Metzner et al. in 2007 further developed this sulfenate release method using the 

corresponding sulfoxides rather than the sulfenate esters since they were more readily available 

than the sulfenate esters (Scheme 10).95 The mechanism of sulfenate liberation from a TMSE 

sulfoxide begins by nucleophilic attack of the fluoride anion to the silicon, followed by an 

elimination of fluorotrimethylsilane and ethene (Scheme 11). Literature examples of the use of 

this method include the investigation of a rearrangement of the natural product leinamycin, to 

demonstrate that a sulfenate intermediate is a competent functional group in the thiol-triggered 

conversion of leinamycin to a DNA-alkylating agent.96 

 

Scheme 11. 

Sulfenate generation by thiolate (RS-) oxidation is another method of sulfenate generation. 

This method was developed in 1997 by Sandrinelli et al. as a one pot synthesis of sulfoxides from 

aromatic thiols by oxidation of thiolates with an N-sulfonyloxaziridine (19), a specialized and 

unique oxidizing agent derived from pinacolone (Scheme 12).97 The reaction occurs in three steps, 

i) deprotonation of the thiol to thiolate, ii) oxidation of the thiolate to a sulfenate intermediate and 

iii) trapping of the sulfenate with an alkyl halide. Yields were reported as good to excellent and 
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had the considerable advantage of being carried out in one pot. Unfortunately, extension of this 

protocol to alkanesulfenates was unsuccessful. 

 

Scheme 12. 

Sulfenates from β-sulfinyl acrylates were developed in 2003 by Schwan and O’Donnell 

who found that through addition elimination chemistry, a variety of sulfenates could be generated 

(Scheme 13).98 It was found in this report that while n-butyllithium and methoxide showed merit 

as nucleophiles for this sulfenate generation method, cyclohexanethiolate was found to be the most 

effective. The mechanism of sulfenate release from β-sulfinyl esters involves a conjugate addition 

to the acrylate ester, initiating a retro-Michael addition which releases the sulfenate group (Scheme 

14). 

 

 

Scheme 13. 
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Scheme 14. 

Sulfenate generation from β-sulfinyl esters is a particularly common method of in situ 

sulfenate generation and is employed in a number of recent reports. This method was developed 

in 2005 by Perrio et al. starting from a β-sulfinyl ester and the sulfenate liberated by the addition 

of base (Scheme 15) .83  

 

 

Scheme 15. 

In the β-sulfinyl ester sulfenate pathway, sulfenate release occurs through a base promoted 

retro-Michael reaction. Deprotonation occurs ⍺ to the carbonyl group, and the formed enolate 

would then be susceptible to ionic fragmentation, releasing a sulfenate and an acrylate by-product 

(Scheme 16).  
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In 2010, Poli et al. developed a new sulfenate generation method that takes advantage of 

the Mislow-Braverman-Evans rearrangement (Scheme 17).99 This sulfenate generation method is 

initiated by rearrangement from a sulfoxide to a sulfenate ester via a [2,3] sigmatropic 

rearrangement. The sulfenate liberation from the sulfenate ester is then Pd(0) catalyzed, and the 

sulfenate can be successfully arylated with a variety of substituted aromatic groups in poor to good 

yields ranging from 15-60%.  

 

Scheme 17. 

In 2013, Nolan et al. reported the first sulfenate generation from an alkyl sulfoxide.100 The 

proposed mechanism of this reaction is through a sophisticated Pd-catalyzed reaction pathway, 

whereby methyl sulfoxides are deprotonated, and coordinate with Pd to form a complex which 

results in sulfenate liberation upon reaction with an alkoxide (Scheme 18). 

 

Scheme 18. 
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was built on the well-established102 process of sulfoxide fragmentation by reaction with hydrogens 

on a carbon β to the sulfinyl group yielding olefins (Scheme 19). 

 

Scheme 19. 

 
1.6 Diastereoselective Sulfenate Alkylation 

In addition to new sulfenate generation and functionalization methods, exploration towards 

asymmetric sulfenate functionalizing is a complementary area of research.  Once sulfenates are 
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Table 6. Asymmetric Sulfenate Alkylation By a Chiral Auxiliary 

 

Entry RX Additives T °C Rc,Rs : Rc,Ss yield (%) 
1 MeI - -40 84:16 70 
2 MeI - -78 85:15 82 
3 MeI LiBr (1eq) -40 83:17 89 
4 MeI LiBr (5 eq) -40 83:17 83 
5 MeI 12-crown-4 (1 eq) -40 80:20 80 
6 EtI - -40 84:16 86 
7 AllylBr - -40 81:19 70 
8 BnBr - -40 98:2 43a 
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generated in situ, they can be induced by various means to become a stereoselective nucleophile 

whether by a nearby chiral auxiliary, or by a chiral ligand. They can also be attacked 

stereoselectively by a chiral electrophile to induce chirality. Both metal-free and metal-catalyzed 

solutions have been sought in order to pursue stereoselective functionalization methods. 

Sandrinelli et al. in 2002 was able to achieve high stereoselectivity when using the 

oxaziridine method of sulfenate generation when the sulfenate contained a nearby chiral 

auxiliary.103 In order to determine whether chelating effects with the lithium cation were involved, 

stoichiometric and excess amounts of LiBr were added, as well as 12-crown-4, which indicated 

negligible effect of the lithium cation (Table 6).  

In 2008, Perrio et al. demonstrated that paracyclophanes with planar chirality could be used 

as a chiral auxiliary to sulfenates and induce a stereoselective effect on sulfenate alkylation.104 

Utilizing both the TMSE and β-sulfinyl ester SRGs, alkylation of a paracyclophane-based 

sulfenate was performed. The planar chirality of the cyclophane had an immense effect of the 

chiral induction upon the sulfenate, and reaction of the sulfenate with an electrophile resulted in 

only a single diastereomeric product (Table 7). The high diastereoselectivity observed was 

explained by the preference of the S-O bond lying in the plane of the aromatic ring oriented 

towards the ortho arene hydrogen, a transition state that was supported by molecular modeling.  

Table 7. Sulfenate Alkylation with Axially Chiral Auxilliary 

 
Entry RX Yield (%) Ee (%) 

1 BnBr 82 100% 
2 MeI 88 100% 
3 EtI 90 100% 
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In 2009, Schwan et al demonstrated the effectiveness of cysteinesulfenates to induce 

chirality.105 Employing the sulfenate release method from a β-sulfinyl acrylate, cysteinesulfenates 

were alkylated with a series of electrophiles with moderate yields ranging from 47-69% and high 

stereoselectivities yielding dr’s of approximately 9:1 (Table 8).To explain the diastereomeric 

outcome, two internal complexation modes were proposed (Figure 5). It was suggested that 

internal coordination, either by the lithium counterion to the sulfoxide, or by internal coordination 

from the sulfoxide to the carbamate proton in the N-protected cysteine derived moiety could 

explain the stereoselectivity of the alkylation. Evidence for the internal coordination with lithium 

counterion was substantiated by the use of 12-c-4 to sequester lithium cation. As the concentration 

of 12-c-4 increased, dr’s decreased progressively.  

Table 8. Asymmetric Alkylations of Cysteinsulfenates 

 
Entry RX Yield Dr (Rc,Rs:Rc,Ss) 

1 PhCH2Br 60 92:8 
2 p-MeC6H4CH2Br 69 92:8 
3 p-BrC6H4CH2Br 66 92:8 
4 m-MeOC6H4CH2Br 48 91:9 
5 m-NO2C6H4CH2Br 61 89:11 
6 p-CNC6H4CH2Br 68 89:11 
7 o-CNC6H4CH2Br 49 89:11 
8 o-BrC6H4CH2Br 67 95:5 
9 o-HC(O)C6H4CH2Br 53 93:7 
10 MeI 47 83:17 
11 Allyl Bromide 54 83:17 
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Figure 5. Internal Complexation of Cysteinesulfenates 

Work on cysteinsulfenate diastereoselection and the proposed internal coordination has been 

further expanded by the work of Schwan in 2019 who by using Density Functional Theory (DFT) 

calculations, optimized the geometries of a series of cysteinesulfenates and their transition states 

to explain the stereoselectivity.106 When an analogous structure, a methoxycarbonyl (Moc)-

protected, ester substituted, 2-aminoethansulfenate (20) in the presence of lithium cation was 

evaluated by optimization, the two lowest energy conformers were observed to adopt either 

internal complexation with lithium coordination to the carbamate carbonyl, or a combination of 

lithium-carbonyl coordination in addition to N-H bonding with S-O oxygen (Figure 6).  

 

Figure 6. Internal Complexation of N-Moc Ester Substituted 2-Aminoethansulfenate 

In 2013, Söderman demonstrated excellent results of chiral induction when arenesulfenates 

are alkylated with chiral amino iodides.107 Results indicated that lithium p-toluenesulfenate 

demonstrated the best chiral induction with sulfenate release through the use of  nBuLi giving the 

best results with a yield of 87% and a dr of 91:9 (Table 9). The use of 12-crown-4 ether to sequester 

lithium cations reduced the dr from 90:10 to 78:22, a result which underscored the importance of 
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the lithium counterion. While arenesulfenate anions gave good results, the same high yields and 

dr’s could not be replicated with aliphatic sulfenate anions. 

 

Table 9. Asymmetric Alkylation of Arenesulfenates 

 
Entry M+Nu- Solvent dr Yield (%) 

1 Li+ -OMe THF 90:10 52 
2 Na+ -OMe THF 78:22 88 
3 K+ -OMe THF 58:42 57 
4 Li+ -SCy THF 91:9 46 
5 Na+ -SCy THF 70:30 83 
6 Li+ -OMe THF/12-c-4 78:22 61 
7 Li+ -Bu THF 91:9 87 
8 Li+ -Bu THF/MeOH 68:32 61 

 

With arenesulfenates demonstrating promise as a suitable intermediate for chiral sulfoxide 

synthesis, ligand design has been performed by Remigio, who investigated heteroaryl sulfoxide 

synthesis through sulfenate chemistry.108 After sulfenate is generated in situ from a β-sulfinyl 

acrylate, heteroaryl sulfenates were released, and quenched with a chiral electrophile. 

Diastereomeric ratios of the product resulting from the 2-pyridyl sulfenate (21) indicated poor 

chiral induction upon sulfenate quench. In contrast, product from the 8-quinolyl sulfenate (22) 

yielded a single diastereomer of (Ss, Rc) chirality (Scheme 20). In typical fashion as previous 

reports which incurred internal lithium complexation,103,105,109 a transition state involving the 

complexation of sulfenate intermediates with the lithium cation is proposed to account for the 

diastereoselectivity. Both the 2-pyridyl and 8-quinoyl β-amino sulfoxides were screened for use in 

the Henry reaction as potential ligands but failed to impart any appreciable diastereoselectivity.  
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Scheme 20. 

 

 

1.7 Project Goal and Intended Pathway 

The intended purpose of this project was to prepare, in-situ, a number of N-protected β-

amino sulfenates (25) containing a variety of substituted alkyl groups of varying steric bulk, as 

well as a variety of N-protecting groups (Scheme 21).  This family of sulfenates once generated 

in-situ from either a β-sulfinyl acrylate (24) or a β-sulfinyl ester (23), were then to be alkylated to 

evaluate the stereoinductive effects of these groups, and their ability to impart chiral information 

onto a stereogenic sulfur which is being formed during alkylation by analysis of the alkylation 

product (26). The dr’s that result from these alkylation reactions would give insight into the nature 

of the intermediate transition state of sulfenate alkylation, and hopefully provide a direction in how 

to move forward in achieving higher diastereomeric ratios through sulfenate chemistry. Synthesis 

of homochiral N-protected β-amino sulfoxides has been described previously in the literature, and 

mostly encompass classical oxidation methods. A stereogenic center on the β-carbon have been 
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known to influence the stereochemical outcome of sulfide oxidation to sulfoxide to yield 

diastereoselective excesses of as high as 88%,110 making this investigation a good complement to 

the existing literature methods. 

 

Scheme 21. 

Tridentate ligands containing sulfur and nitrogen ligands have rarely been explored, and 

currently there is only one paper to date of a S/N/N ligand used for asymmetric catalysis containing 

a chiral sulfoxide.45 To enter this important area of research, a series of chiral bis(β-aminoalkyl) 

sulfoxides were intended to be synthesized through established sulfenate chemistry as well as 

traditional sulfide oxidation methods111 for comparison. Compounds of this general structure will 

potentially be a valuable investigative tool for both sulfide oxidation and the chiral induction 

effected by two nearby stereogenic carbons, as well as the intended ability to selectively deprotect 

each amine group separately. Selective deprotection would allow functionalization at each amine 

group exclusively to impart an effect on ligation when complexing with a metal center. An 

important area of investigation for this series of reactions will be the competing effects of chiral 

induction by either the chiral β-carbon of a sulfenate or a chiral β-carbon of an electrophile. While 
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the chiral inductive effects of both chiral sulfenates as well as chiral electrophiles have been 

evaluated in the past independently, these effects have never before competed with each other.  

Bis(β-aminoalkyl) sulfanes (28) have been described in the literature as potential chiral 

ligands for asymmetric synthesis and were prepared quite readily from a variety of amino acids,112 

yet their utilization in any asymmetric reactions has not yet been reported.  

 

Figure 7. bis(β-Aminoalkyl) Sulfide 

To complement this relatively unexplored family of compounds, the sulfoxide variant of 28, 

bis(β-aminoalkyl) sulfoxides (29) are envisioned to be prepared, and evaluated whether 

preparation of this family of compounds in diastereomeric excess is facile through sulfenate 

chemistry. In addition, the stereoinductive effect on dr’s by internally chiral alkyl groups, as well 

as N-protecting groups were to be competitively evaluated by sulfenate alkylation methods. Amino 

acid derived, N-protected, chiral sulfenates 25 were envisioned to be generated in-situ, and then 

alkylated with a family of amino acid derived N-protected chiral electrophiles 27 (Scheme 22). 

The dr’s that result from this series of reactions were envisioned to demonstrate the competitive 

stereochemical influences of both the protecting group and nearby alkyl substituted chiral carbons  

  

 

Scheme 22. 

The first phase of this project is to establish a facile synthetic pathway toward the sulfenate 
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from those compounds. Two commonly used sulfenate generation were intended to be analyzed 

for their ability to give acceptable yields and dr’s. Both β-sulfinyl acrylates, and β-sulfinyl esters 

are both common precursors to an in situ sulfenate and each of these SRGs generate a sulfenate 

through a similar mechanism. 

The counterion of these nucleophiles and bases has been established in previous 

investigations to have a significant effect on the diastereomeric outcome of the alkylation of the 

sulfenate. Söderman and Schwan noted in 2011, that bases with a lithium counterion gave 

significantly better yields when compared to their sodium and potassium counterparts.109 In 

anticipation of the effect of the counterion, each of these sulfenate generation methods were 

investigated with a variety of different nucleophiles and bases with a variety of different 

counterions before choosing a method to move forward as a standard for further investigation.  

The chiral aminoalkyl groups on this family of compounds were chosen to be derived from 

amino acids (30)  due to their low cost and availability, and for their variety of internally chiral, 

bulky alkyl groups. In addition, they can be purchased commercially as N-protected variants with 

a variety of N-protecting groups.  

 

Scheme 23. 

Access to each of these precursors was envisioned to be achievable by two different 

synthetic approaches, each of which would be evaluated for their efficacy for sulfenate precursor 

preparation. (Scheme 24). 
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acid can then be N-protected yielding a protected amino acid (31) and reduced to aminol (32). The 

hydroxyl group of this N-protected aminol can then be converted to a suitable leaving group, either 

a mesylate (33) or iodide (27) (Scheme 23), compounds that serve a number of purposes. Not only 

can it be used in the synthetic pathway as an easy way to functionalize an intermediate with an 

amino alkyl group, but it also has the potential to be used as a chiral, N-protected electrophile later 

in the project. With compounds 33 or 27 in hand, it can be substituted with a sulfur containing 

functional group (Scheme 24). Conversion to thioacetate (34) was preferable to conversion to a 

thiol due to thiols intense aroma which requires exceptionally more preparation, and aroma-control 

considerations when utilized in a typical lab.  Fortunately, thiolate anion can be liberated from 

thioacetates quite easily in-situ by a solvolysis reaction. The thiolate generated when subjected to 

a Michael acceptor will attack either an acrylate ester or a propiolate ester via a Michael addition 

forming either a β-thio acrylate (35) or a β-thio ester (36). These sulfides can then be oxidized to 

form the sulfenate release precursors β-sulfinyl acrylate (24) and β-sulfinyl ester (23). The 

oxidation step of this pathway was anticipated to give a mixture of diastereomers with 

stereochemical variation at the sulfur atom. Either of these diastereomers are equally able to 

generate a sulfenate, and since the sulfenate itself is a prochiral entity, the chirality of the sulfenates 

precursor is irrelevant.  

A separate synthetic pathway is available, where one can begin building up the sulfenate 

precursors starting with the SRG. Beginning the synthetic pathway with either a propiolate (37) or 

acrylate (38), and through a Michael-addition, a sulfur-containing functional group can be added, 

preferably thioacetate, forming a β-(thioacetyl) acrylate (40), or a β-(thioacetyl) ester (39). Once 

solvolyzed, the sulfur atom once liberated to a thiolate can be subjected to the either 33 or 27 with 

a readily substituted leaving group, forming 35 and 36.  
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Scheme 24. 

 

The divergent synthetic pathway available when 34 is prepared affords flexibility. Once 

the in-situ thiolate is generated from 34, the nucleophilic sulfur can be exposed to either propiolate 

ester 37  or  acrylate ester 38  as a flexible, facile, versatile way to access either sulfenate precursor. 

In addition, the amino acid derived alkyl halide 27 containing the variable amino acid specific 

alkyl group, as well as the variable N-protecting group, is utilized in each pathway as an elementary 

way to introduce the amino acid derived moieties in each pathway. Once the sulfenate generation 
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precursors 24 and 23 are in hand, they will to be evaluated with a variety of different bases and 

nucleophiles, and a method which affords the highest yields and dr’s will be chosen. This chosen 

method was then evaluated with a variety of different alkylating agents, amino acid derived 

auxiliaries, as well as protecting groups, and their dr’s evaluated by 1H NMR as a mixture of 

diastereomers.   
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2 RESULTS AND DISCUSSION 
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2 Results and Discussion 
 

2.1 Evaluation of Amino Acid Moieties Containing a Leaving Group 
 

To evaluate each sulfenate generation method, a standard protecting group and amino acid 

derived moiety was chosen as a starting point for sulfenate generation. Benzyl bromide has been 

commonly used as an alkylating agent for sulfenate quenching and was also readily available. 

Amino acids that are N-protected with the tert-butyloxycarbonyl (Boc) protecting group are also 

cheaply available, and more specifically N-Boc protected L-phenylalanine (L-Phe) (31a) happened 

to be on hand, and so was chosen as the amino acid for the first synthetic achievement of this series 

of sulfenate precursors. Reduction of N-protected amino acid to the alcohol (32a)  was achieved 

in a straightforward manner from literature methods (Scheme 25).113 Reduction of the carboxylic 

acid can be accomplished by first conversion into a mixed anhydride in THF by reaction with 

methyl chloroformate, followed by the addition of NaBH4  in water. The crude product from this 

reaction is generally pure enough to move onto the next synthetic step. Recrystallization of this 

product was also possible if the crude mixture needs further purification, but during some 

recrystallizations, it was found that heating too long caused degradation of the alcohol. 

Once alcohol 32a was in hand, two substitutions were considered to prepare an amino acid 

derived moiety with a leaving group for further functionalization. Conversion of the alcohol to 

alkyl iodide 27a can be achieved through a pseudo Mitsunobu style reaction known colloquially 

as the Lange reaction114 (Scheme 25). 

 Performing this reaction came with a number of disadvantages. Unlike most of the reactions 

performed in this investigation, this reaction cannot be monitored by TLC analysis. Analysis by 

TLC shows very rapid disappearance of starting material, followed by a slow appearance of the 
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intended product. In addition, this reaction cannot be monitored by NMR analysis of an aliquot of 

the reaction mixture since the large number of intermediate species crowds the peaks 

corresponding to the alkyl iodide product. Therefore, the length of time for this reaction to run had 

to be determined by trial and error and unfortunately the time required for reaction completion 

changed with the scale of the reaction. Worse, when this reaction was run overnight, yields fell to 

moderate levels of 50-60% instead of the anticipated 70-80%. This was proposed to be due to 

product degradation in solution. In previous investigations, this reaction was performed by starting 

at -78°C, adding the reagents, and allowing the mixture to warm to room temperature. Since this 

wasn’t a required step in the original protocol,114 trials of this reaction at room temperature, with 

a reaction duration  averaging 5 hours, normally gave satisfactory yields of 70-80%. Removal of 

the triphenylphosphine oxide was a prominent disadvantage of this reaction. Crude reaction 

mixtures obtained upon reaction completion gave masses much larger than the expected yield. 

Attempts with both liquid-liquid workup, as well as trituration methods with diethyl ether failed 

to totally separate the triphenylphosphine oxide and other impurities without losing alkyl iodide 

product. Inevitably flash chromatography with large amounts of silica gel was required to fully 

isolate pure alkyl iodide. Previous investigators108 who have synthesized the same L-Phe N-Boc 

protected alkyl iodide 27a have noted in the past that this compound is heat sensitive, but in this 

investigation, it was found that not only could solvent from this reaction be removed in vacuo with 

temperatures above 40°C but recrystallization by heating in hexane was also a facile purification 

method with good recovery. While the amino alkyl iodide is stable as solid and could be heated in 

solution for short periods, it was observed that over time, even at room temperature, breakdown 

of this compound occurred when kept in solution. 
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In addition to conversion to an alkyl iodide 27a , the alcohol can also be converted into the 

corresponding mesylate (33a) quite readily, by a very straightforward reaction. (Scheme 25) 

Deprotonation with trimethylamine, and reaction with methanesulfonyl chloride forms the 

corresponding mesylate 33a in good yields. This reaction provided high yields and was an easily 

accessible synthetic pathway to amino alkyl electrophiles as an alternative.  

 

Scheme 25. 

 
The pathway towards 33a gave a higher yield of 88%. While conversion to 27a offered a 

yield of 75%. Despite troubles early on with conversion to the amino alkyl iodide, refined 

methodology made conversion to the amino iodide much more facile. To evaluate their use in the 

synthetic pathway, each of these compounds were then moved forward onto the next reaction step 

towards a β-amino thioacetate by substituting the leaving group with potassium thioacetate in DMF 

(Scheme 26). The conversion from 27a to 34a typically gave very high yields above 95%. When 

monitored by TLC, this reaction typically took less than 1.5 hours to complete, and the crude 

product general required no purification. This reaction has also been successfully performed in 

CH3CN as the solvent with a comparable yield of 93% which avoids the use of DMF. In 

comparison, the conversion from 33a to 34a typically had yields below 70% and regularly had to 

be left overnight for the reaction to come to completion. In addition, the crude product also required 
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further purification by flash chromatography. In the end, the alkyl iodide pathway was chosen 

based not only on its quick reaction time and lack of purification required, but also because the 

iodide is an already established procedure in literature as a useful electrophile for sulfenate quench 

and is intended to be used as such in this project in addition to being a synthetic intermediate. It 

was then advantageous that instead of carrying out both mesylate and iodination reactions, it was 

more efficient to scale up production of 27a.  

 

Scheme 26.  

 

2.2 Preparation of Sulfides 
 
 

The synthetic pathway after 34a  proceeds in a divergent manner (Scheme 27). The 

thioacetate moiety of 34a can be solvolyzed by a methanolysis reaction conditions to yield a 

nucleophilic thiolate in situ. To achieve this, 34a is dissolved in methanol and by the addition of 

potassium carbonate deprotonates the solvent methanol to methoxide anions. The methoxide anion 

then attacks the carbonyl of the acetate group and causes the carbonyl group to eject from the 

sulfur atom, yielding a bare thiolate anion. Once this anion is generated, either methyl propiolate 

or methyl acrylate can be added, as each are susceptible to Michael addition by the thiolate to the 

corresponding ɑ,β-unsaturated ester. Yields from this reaction converting to either the 

corresponding acrylate 35a , or to the dialkylsulfide 36a  ranged from good to excellent, with 
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yields typically above 80% and often did not require flash chromatography for purification for 

either reaction. While conversion to 36a gives a single product, conversion to the 35a gave a 

mixture of both cis and trans isomers. 

 

Scheme 27.  

 
While these pathways were high yielding, alternative pathways to access each of these 

compounds were available and so were pursued and evaluated. For the preparation of 35a (Scheme 

28), methyl propiolate can be exposed to thiolacetic acid in acetonitrile with a catalytic amount of 

imidazole, catalyzing a Michael addition of the thiolacetic acid. The resulting β-thioacetyl acrylate 

40a is isolated as a mixture of both cis and trans isomer with a yield of 74%. 40a can then be 

solvolyzed to a thiolate in situ, and upon reaction with 27a, forms the acrylate 35a with an excellent 

yield of 97%. 

 

Scheme 28. 
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The alternative preparation of acrylate 36a proceeds in a similar fashion, differing only by 

starting with methyl acrylate instead of methyl propiolate. Yields from this pathway were equally 

satisfactory, with a Michael addition step to 39a with a yield of 84% and a 

methanolysis/substitution step to 36a with a yield of 71% (Scheme 29). The yields of either 

pathway for each precursor were comparable, and these options could be viewed as equally facile 

pathway for preparation of the sulfane. It was concluded that the pathway chosen towards sulfenate 

precursors synthesis would be through the β-amino thioacetate 34a pathway due to convenience 

and flexibility. The divergent synthesis to access both sulfenate precursors from 34a proceeds 

readily towards either and would allow these reactions to be scaled up to save time, rather than 

perform the alternate pathways individually. 

 

Scheme 29. 

 
 

Another synthetic option was also available by the commercial purchase of methyl 3-

mercaptopropionate (41) (Scheme 30). This molecule is essentially a synthetic equivalent of β-

thioacetate ester 39a  (Scheme 29), and both of these compounds have the potential to form the 

same thiolate anion in solution. The purchase of this compound and reaction with the amino acid 

derived alkyl iodide could potentially provide quick access to one of the target sulfides and 

eliminate the step from methyl acrylate to the β-thioacetyl ester 39a. Deprotonation of the thiol of 

41 of using an NaOH in MeOH solution, followed by nucleophilic attack of the resulting thiolate 

upon 27a provides the intended sulfide 36a  in a poor yield of 38%. Reasons for the poor yields 

could be due to the strong basic conditions of the reaction causing acid-base catalyzed breakdown 
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of either 27a or 41 . In the future, it would be beneficial to retry this reaction with the same reaction 

conditions as in the methanolysis methodology with potassium carbonate. The acrylate ester 

variant of this compound, methyl 3-mercaptoacrylate was not commercially available. Due to the 

low yields of this reaction, and the precautions needed to work with thiols, further optimizations 

for this reaction were not pursued. 

 

Scheme 30.  

 Oxidation to 24a and 23a from their corresponding sulfides 35a  and 36a could be 

performed by a wide variety of oxidants. For this preparation, the oxidation was performed using 

one equivalent of calibrated meta-chloroperoxybenzoic acid (MCPBA). The MCPBA is normally 

sold as an impure mixture of MCPBA, meta-chlorobenzoic acid (MCBA) and water, and is 

partially purified and calibrated before use as an oxidant for the sulfide to sulfoxide conversion. 

The choice to use MCPBA as the oxidant stemmed from an investigation by E. Remigio who has 

previously tested a number of oxidants for their potential as sulfur oxidizers108 and found that one 

of the most common oxidizers, MCPBA, was shown to be the most effective. Due to the presence 

of an alkenyl group in one of the sulfenate precursors in this investigation, the possibility of 

epoxide formation via oxidation of the alkene through electrophilic oxidation was a subject of 

consideration. Since the acrylate double bond is electron deficient, oxidation to an epoxide was 

not predicted. The use of hydrogen peroxide, an oxidizer which could form an epoxide through a 

different mechanism on electron deficient alkenes was purposely avoided for this reason 
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Scheme 31.  

The final oxidation step (Scheme 31) resulted in significant loss when purification by flash 

chromatography eluted with EtOAc/hexanes was performed for both 24a and 23a. The sulfoxide 

products were arguably too polar to be eluted efficiently with this solvent system and tended to 

precipitate within the column due to poor solubility. Scale up of this reaction became difficult and 

recrystallization became a last resort purification method.  Recrystallization gave unacceptable 

yields only as high as 40%. Despite the low yields, recrystallization gave pure samples. The mother 

liquors resulting recrystallization from multiple oxidation reactions were saved and either 

recrystallized or purified by flash chromatography with a different solvent system. Eventually, 

DCM/MeOH columns were explored and found to be a superior purification method. Oxidation of 

each thioether to sulfoxides resulted in a mixture of diastereomers. In the case of 23a, a mixture 

of only two diastereomers was observed, and in the case of 24a, four stereoisomers were observed 

in the crude, of which only the diastereomers of the trans isomer were isolated by recrystallization 

methods.  
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Scheme 32. 

IR spectroscopy was used in an attempt to confirm that sulfoxide, and not sulfone was 

present in the diastereomeric mixture (Figure 8). Sulfoxides are normally confirmed by IR 

spectroscopy by a strong S=O bond stretching peak in the 1060-1015 cm-1 range for a dialkyl 

sulfoxide. In both precursors, two strong absorption peaks were captured in this range for each 

respective sulfoxide. For the β-sulfinyl acrylate 24a, a strong absorption frequency of 1051 cm-1 

and another significant absorption frequency was present at 1037 cm-1. Unfortunately, two peaks 

exist in the same range in the corresponding sulfide 35a at 1048 cm-1 and 1025 cm-1. For the β-

sulfinyl ester 23a, an absorption peak of 1041 cm-1 and 1022 cm-1 were captured in this region, 

and in the IR spectra of its corresponding sulfide 36a, frequencies at 1042 cm-1 and 1025 cm-1 

were present. This lack of signature peak made the confirmation of sulfoxide by IR inconclusive.  

Since IR analysis could not confirm sulfone or sulfoxide, in order to confirm that there was 

indeed sulfoxide instead of sulfone, one of the precursors, the β-sulfinyl ester 23a, was subjected 

to an extra equivalent of MCPBA in DCM in order to isolate, and fully characterize its sulfone 

counterpart (42) (Scheme 32). The resulting β-sulfonyl ester 42 was shown to have a distinctly 

different Rf value on the TLC compared to the sulfoxide, as well as a distinct proton chemical shift 

at δ 3.44-3.35 ppm in the 1H NMR spectrum, a chemical shift region which is not present in the 

1H NMR spectrum of the sulfoxide mixture of 23a. In addition, oxidation of 23a to 42 only resulted 

in a single product, when the reactant material was a mixture of two distinct compounds. The 

expected IR stretching frequencies for a sulfone were anticipated to show two peaks. One in the 
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1370-1290 cm-1 range, and one in the 1170-1100cm-1 range for a dialkyl substituted sulfone. Two 

high absorbance peaks were present in this spectrum in these ranges, one at 1275 cm-1, and the 

other at 1121 cm-1. These peaks substantiate the presence of sulfone. In conclusion, the IR 

evidence, the spectral evidence, as well as the change from two diastereomers to a single product 

after oxidation, substantiated the character of the precursors being sulfoxides rather than sulfones. 

  

 

 
Figure 8 IR Spectra of Sulfoxide Precursors 24a (left), 23a (middle) and Sulfone 42 (right) 
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2.3 Alternate Pathway to Sulfenate Alkylation Product 
 

 

 

Scheme 33.  

For the first stage of the sulfenate generation methods, capture of the sulfenate was 

envisioned to be achieved via the addition of benzyl bromide as the electrophile leading to a S-

benzylation of a β-amino sulfenate. The result of this benzylation is anticipated to be benzyl 

sulfoxide 26a (Scheme 33) a compound that has already been described and characterized in a 

previous investigation of sulfenate alkylation by chiral electrophiles.109 Preparation of benzyl 

sulfoxide 26a through an alternate pathway was anticipated to be easily achievable through a two-

step synthetic preparation from a compound that was already on hand. The preparation of this 

easily accessible target compound was undertaken to provide a useful comparison to the sulfenate 

alkylation target, and to solidify the anticipated outcome of sulfenate release and alkylation. Not 

only was this compound useful as a reference but it could also be a point of comparison between 

classical oxidation methods of chiral sulfides vs sulfenate alkylation chemistry. The influence of 

a nearby stereogenic group to the sulfide was anticipated to have somewhat of an effect on the 
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oxidation from sulfide to sulfoxide and create a diastereomeric excess. In addition, the separation 

of this compound into each diastereomeric component was also a subject worth pursuing, and so 

this pathway could provide an opportunity to test separation methods for characterization purposes. 

Preparation of benzyl sulfoxide 26a can be achieved easily by reaction of benzyl bromide with 

34a under solvolysis conditions, followed by an oxidation from sulfide 43a to sulfoxide 26a. The 

oxidation step gave a satisfactory yield of 79% as a mixture of two different diastereomers with 

chiral variation at the sulfinyl group. In order to determine the diastereomeric ratio it was 

envisioned that 1H NMR analysis would be a preferable method compared with other analysis 

methods such as HPLC. When analyzed by 1H NMR as a mixture of two diastereomers (Figure 9), 

most of the chemical shifts of the protons for each diastereomer were too close to integrate 

individually with the exception of three distinct regions. 1) The protons in the peak range of δ 

4.12-3.93 ppm corresponding to the benzylic methylene hydrogens attached to the sulfinyl group, 

2) The chemical shifts corresponding to the carbamate proton on each diastereomers at a shift of δ 

5.46 ppm and δ 4.86 ppm, and 3) A lone diastereotopic proton at a chemical shift of δ 3.16 ppm. 

Within the benzylic range are two sets of diastereotopic protons coupling with each other as an 

AB quartet (or AB pattern) with each quartet corresponding to their respective diastereomer. One 

proton from each diastereomeric pair has a chemical shift distinct enough to allow for this 

integration, giving a diastereomeric ratio of 45:55. Integration of the lone diastereotopic peak at δ 

3.16 ppm gave a dr of 41:59. In comparison, by integration of the carbamate proton, the 

diastereomeric ratio observed was quite different, with a ratio of 38:62. The carbamate protons 

were concluded to be untrustworthy, and often integrated lower than the expected value most likely 

due to proton exchange in solution, and so the ratios derived from their integration were 

disregarded. Both the benzylic peaks as well as the diastereotopic alkyl peaks were determined to 



 46 

be equally viable for dr analysis or could even be averaged to get a satisfactory evaluation of the 

diastereomeric ratio of this target compound. 

 

 

 

Figure 9. 1H NMR Spectrum of Alkylation Product 26a  
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2.4 Sulfenate Release and Alkylation from a β-Sulfinyl Ester 

With each precursor in hand, and a fully characterized target product, sulfenate release trials 

including alkylation quench were then undertaken and analyzed for their diastereomeric ratio 

(Table 10). Sulfenate generation from β-sulfinyl ester 23a was performed utilizing literature 

protocol.83 The sulfenate precursor 23a is dissolved in anhydrous THF, and cooled to -78°C. After 

addition of base, either as a solid or as a commercially available liquid in THF, to the sulfenate 

precursor, the reaction mixture was stirred for 20 minutes to allow time for sulfenate release. After 

20 minutes, a solution of alkylating agent benzyl bromide is added. The reaction mixture is then 

stirred. TLC analysis showed starting material disappeared within 10 minutes at -78°C for most 

bases used. However, for some of the bases such as tBuOK, NaH, it was observed that sulfenate 

release does not occur at -78°C. Despite this, the electrophile can be added regardless of the 

sulfenate being released and warmed to room temperature resulting in a successful alkylation of 

the sulfenate. It was anticipated that without complete sulfenate release before addition of the 

electrophile, that the base could potentially nucleophilically attack the electrophile and quench the 

reaction. Despite the lack of sulfenate release for some bases at -78°C, the successful alkylation 

demonstrates that as the reaction warms to room temperature, the reaction between these 

electrophiles and bases are too slow to appreciably quench the reaction. As the reaction warms 

from -78°C, the rate of sulfenate release and alkylation becomes faster than the rate of base 

interaction with the electrophile resulting in a successful alkylation. 
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Table 10. Sulfenate Alkylation Trials from β-Sulfinyl Ester 

 

Entry Base Yield Drc 
Sulfenate release 

at 
-78°C? 

1 LiHMDSa 82% 13:87 Yes 
2 LiHMDSa +LiBrb 59% 14:86 Yes 
3 KHMDSa 55% 49:51 Yes 
4 KHMDSb+LiBr 63% 19:81 Yes 
5 NaHMDSa 52% 36:64 - 
6 tBuOLia 48% 29:71 No 
7 tBuOKb 49% 35:65 No 
8 tBuONab 18% 36:64 Yes 
9 LDAa 47% 21:78 Yes 
10 NaHb 61% 35:65 No 

aadded as a 1.0M solution in THF. badded as a solid in one addition 
cMajor Product determined to be (RC,SS) configuration by comparison with reported NMR from 
past report107 
 

This method proceeded readily for all bases employed, and crude product was quite pure 

even before purification by flash chromatography. Ratios of diastereomers were calculated by 

careful integration of the diastereotopic benzylic protons. The results of this experiment highlight 

the importance of the cation when selecting a base for sulfenate generation. When potassium or 

sodium counterion bases such as KHMDS or NaHMDS and KOtBu or NaOtBu were employed, 

the diastereomeric ratios resulting from alkylation were never better than  35:75. However, in most 

cases where lithium was utilized as the counterion, as in the case of LDA, LiHMDS, or tBuOLi 

diastereomeric ratios typically were around 20:80 or better.  
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An area of concern was the nature of the physical form of the bases employed. Many of the 

reagents on hand varied whether they were a commercially available solution in THF, or a solid. 

Adding solid bases at -78°C could result in solubility issues, leading to slower release of sulfenate, 

and in effect, more time for side reactions to occur.  

The lithium counterion has in previous investigations been noted for its importance in 

sulfenate alkylation stereoselectivity. This was demonstrated by the use of 12-crown-4 ether to 

sequester lithium counterion during sulfenate alkylation in two previous investigations, By both 

Söderman107 in 2013 who performed this experiment during sulfenate alkylation by chiral 

electrophile,  and by Schwan et. al105 in 2009 who performed this experiment during alkylation of 

cysteinesulfenates. In both of these cases, the sequestering of lithium counterions showed a 

decreased diastereomeric excess as the concentration of 12-c-4 increase in solution. For this 

investigation, a similar experiment was performed which establish the importance of the lithium 

counterion in a contrasting fashion by the addition of lithium counterion to the reaction solution 

rather than by sequestration. A sulfenate release employing KHMDS as the non-nucleophilic base 

was performed at -78°C and before addition of the electrophile, an equivalent of powdered LiBr 

was added to the reaction mixture (Table 10, entry 4). After ten minutes of stirring, the electrophile 

was added, and the reaction was warmed to room temperature. The ratio from this reaction under 

normal conditions was anticipated to be approximately 50:50, a normal alkylation dr outcome of 

a potassium sulfenate derived from this base. In a surprising discovery, the diastereomeric ratios 

obtained from this reaction matched closely to that of the ratios from LiHMDS release and also 

showed an increase in yields.  

Now that the exchange of one cation for another was established to be possible, it was 

theorized that the addition of more lithium cation to the sulfenate which already contains lithium 
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counterion would perhaps increase dr’s and yields even further. Another experiment was 

performed, whereby the sulfenate was released by LiHMDS, followed by the addition of an 

equivalent of solid LiBr to the reaction mixture before addition of the electrophile (Table 10, entry 

2). Disappointingly, the resulting dr’s saw no significant increase and in fact, a large decrease in 

yields from 82% to 59%. This experiment provides evidence that in solution, one equivalent of 

lithium counterion is enough to fully saturate the in-situ sulfenate.  

During trials of sulfenate release from β-sulfinyl ester 23a , dr’s could be evaluated in the 

crude, as well as the purified product. It was observed that occasionally there was a slight change 

of dr’s when purifying the crude product with flash chromatography. It was hypothesized that 

either an undetectable impurity from crude product was interfering with the dr determination by 

changing the integration, or that one of the diastereomers was either being lost or degrading 

through the column purification step. Benzylated product 26a resulting from the tBuOK sulfenate 

release had a dr ratio of 45:55 in the crude product. After purification by column chromatography, 

eluted with 5:95 MeOH/DCM, the excess of one diastereomer over another increase to 35:65. This 

mixture was then passed through a second column to see if further loss of dr’s occurred, resulting 

in a dr of 34:66. To further test the stability of product in silica, the 34:66 dr mixture was stirred 

alongside a small amount of silica in the same solvent system it was used to elute via flash 

chromatography 5:95 MeOH:DCM for four weeks. Both 1H NMR and TLC showed no evidence 

of degradation and no significant loss of yields. This experiment provides evidence that that the 

perceived dr losses were caused by extra impurities in the crude product that  
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2.5 Sulfenate Release and Alkylation from a β-Sulfinyl Acrylate 
 

The sulfenate generation and alkylation from β-sulfinyl acrylate 24a was performed under 

the same conditions as reported by Schwan and O’Donnell.84 (Table 11) These series of reactions 

was anticipated to work well, since very similar sulfenate alkylation trials have been performed 

previously on a family of very similar amino acid derived compounds, cysteine sulfenates.105 In a 

similar fashion as the previous method, sulfenate precursor 24a is dissolved in THF and cooled to 

-78°C. The nucleophile is then added, and after 20 minutes of stirring the electrophile is added. 

Following the addition of the electrophile, the reaction mixture is then warmed to rt.  

A 1H NMR spectrum of the crude material, even after liquid workup, was not clean enough 

to discern dr’s and contained a number of other impurities. Consumption of the starting material 

appears to be instantaneous at -78°C when analyzed by TLC using nBuLi as the nucleophile. Even 

after purification with flash chromatography, the resulting diastereomeric mixture contained other 

unwanted side products visible by TLC and 1H NMR and made dr analysis by 1H NMR integration 

of the product subject to question. It is hypothesized that the higher number of impurities are 

caused by deprotonation of the carbamate proton, leading to a number of possible side reactions 

such as intramolecular Michael addition, and N-alkylation of the carbamate. Cyclohexyl 

mercaptan in combination with nBuLi has been used in the past to act as a nucleophilic base with 

similar cysteine sulfenate systems.105 and was attempted without success. In one experiment, 

utilizing NaOMe as the base (Table 11, entry 6), the reaction mixture required warming to 30 °C 

before full consumption of starting material could be observed by TLC. Quenching with BnBr at 

these higher temperatures resulted in an unsuccessful reaction and no discernible alkylation 

product by TLC analysis.  In addition, the benzylation of the sulfenate by quench with BnBr also 

does not occur at -78°C. Even after 30 minutes, no benzylated product is visible after the addition 
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of BnBr at low temperatures. It is not until warming to room temperature overnight that alkylation 

product be detected by TLC analysis. Despite the poor yields from most of the nucleophiles 

employed, it is interesting to note that the dr’s obtained from bases with a lithium counterion had 

dr’s comparable  those obtained from lithium bases employed in the β-sulfinyl ester release method 

(Section 2.4), in the range of 13:87 to 21:79. Many impurities were present in the crude product 

when alkylation was performed using nBuLi, and to investigate what these impurities might be, 

the reaction was repeated with two equivalents of nBuLi, in the hopes that a large concentration of 

one of these impurities might appear. This experimental treatment resulted in no successfully 

alkylated product, and unfortunately no large quantities of any particular impurity that could be 

successfully isolated. Disappointingly, release using cyclohexanethiolate resulted in impurities 

that were still abundant, and no alkylation product or side product could be isolated. 

 

The results from these trials were disappointing. The low yields and significant impurities 

from each of these sulfenate trials make it clear that in-situ sulfenate generation from a β-sulfinyl 

ester is a superior method when compared with sulfenate generation from a β-sulfinyl acrylate for 

Table 11. Sulfenate Alkylation Trials from β-Sulfinyl Acrylate 

 

Entry Nu- Yield Drc  
1 nBuLia (1 eq) 28% 21:79 
2 nBuLia (2 eq) 0% - 
3 CysSH+nBuLia 0% - 
4 LiOMea 31% 13:87 
5 KOMeb 69% 25:75 
6 NaOMeb * 30°C 0% - 

aAdded as a 1.0M solution in THF. bAdded as a solid in one addition 
cMajor Product determined to be (RC,SS) configuration by comparison with reported NMR 
from past report107 

Bn S NHBoc

BnOS NHBoc

BnO

MeOOC

1)Nu-/THF
2)THF/BnBr
-78°C to rt24a 26a 
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these systems. However, it is clear from both methods that bases employed with a lithium 

counterion affords high yields and high diastereoselectivity. Moving forward, the sulfenate release 

method chosen for future optimization was with LiHMDS to liberate sulfenate from a β-sulfinyl 

ester. The high yields and high dr’s make these reagents a good starting point for sulfenate 

alkylation optimization.  

 

 
2.6 Variable Temperature During Sulfenate Alkylation 

With a sulfenate release method and base of choice established, the next area of analysis 

investigated was how temperature could potentially effect dr’s.  In previous investigations,107 

many electrophiles have been found to be unreactive towards the sulfenate at low temperature and 

refluxing for 2-3 hours after addition of the electrophile often encouraged alkylation. A subject of 

interest was the effect of temperature on not only the yields of this reaction, but also the role of 

temperature on the diastereomeric outcome. For entries from Section 2.4, Table 10 where the 

sulfenate is successfully released at -78°C, sulfenate alkylation product is not normally observed 

until after warming to room temperature. Alkylation product has not been apparent in solution at 

-78°C when analyzed by TLC. It is assumed that sulfenate alkylation is very slow at -78°C and 

does not occur. It is only when warming to a higher temperature that alkylation begins to occur 

somewhere between -78°C and room temperature. 
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It was hypothesized that rapid heating to a higher temperature from -78°C could not only 

result in an increase in yields, but also change the diastereomeric ratio. Temperature trials for 

sulfenate release and alkylation (Table 12) from sulfenate precursor 23a were undertaken, utilizing 

benzyl bromide as the alkylation agent. The experimental method involved sulfenate release 

at -78°C, followed by addition of the electrophile, and immediate transfer to a pre warmed bath of 

a specific temperature for 2 hours before reaction workup. The outcome of this series of 

experiments yielded dr’s and yields that were fairly consistent with those obtained from sulfenate 

alkylation at lower temperatures apart from alkylation at -40°C (Table 12, entry 2) which showed 

a lower than expected yield attributed to experimental losses during workup. Three conclusions 

were drawn from this experiment. The first conclusion is that BnBr as a reactive species is suitable 

for sulfenate alkylation without the need for higher temperatures, yet this may not be true for other 

electrophiles. The second is that sulfenate alkylation is unaffected by higher temperature during 

Table 12. The Effect of Temperature on Sulfenate Alkylation with Phenylalanine-Derived 
N-Boc protected Sulfenates 

 

 
 
Entry Temp Time Yield Dr 

1 -78 to rta Overnight 82% 13:87 
2 -40 2 h 58% 21:79 
3 -20 2 h 81% 17:83 
4 0 2 h 82% 18:82 
5 Room tempb 2 h 86% 21:79 
6 reflux 2 h 81% 17:83 

awarmed by letting the acetone/dry ice bath warm to room temperature overnight, from Table 
10, entry 1. 
bachieved by placing in a large room temperature bath immediately after electrophile addition 
at -78°C 

MeOOC

S NHBoc

BnO

Bn S NHBoc

BnO1)LiHMDS/THF -78°C
2) BnBr THF
3) heat23a 26a 
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alkylation, within in the time frame employed. It may be that either sulfenate alkylation occurs too 

quickly at a lower temperature close to -78 °C that further increases in temperature would no longer 

have a bearing on the diastereomeric outcome since the reaction would already have come to 

completion. The third conclusion is that the alkylation product is stable even when refluxing to 

higher temperatures for 2 hours, given there is no significant decrease the isolated yield. Moving 

forward from these trials, future sulfenate trials from this point forward were refluxed after the 

addition of electrophile to ensure complete alkylation in the case of unreactive electrophiles.  

 

2.7 Evaluating Alkylation with Other Electrophiles 

With a suitable sulfenate release method and temperature for alkylation established, another 

evaluation of sulfenate alkylation was undertaken to assess the diastereomeric excess that results 

from sulfenate alkylation with electrophiles other than BnBr. Three readily available alkylating 

agents 2-bromobenzyl bromide (o-BrBnBr), methyl iodide (MeI), and cinnamyl bromide (CinBr) 

were utilized as electrophiles in the currently established sulfenate alkylation methodology (Table 

13). The reactions of two of these electrophiles, MeI and o-BrBnBr were initially evaluated with 

warming only to room temperature for comparison. For these two alkylation agents, room 

temperature appeared to be insufficient for alkylation. Yields from o-BrBnBr and MeI were 30% 

and 25% respectively. Running these same reactions at a reflux temperature however had a 

different effect on each compound. In the case of o-BrBnBr, yields comparing low temperature 

and refluxing alkylation showed a great improvement from 30% to 90%. In comparison, yields 

from alkylation using MeI showed no reaction product at all. It is hypothesized that since MeI has 

a relatively low boiling point of 42 °C, that the reagent may have either stayed in the vapor phase 

during the course of the reaction, or simply wasn’t contained in the reaction vessel during reflux. 
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Yield of alkylation with CinBr at reflux also gave excellent yields with a reaction yield of 

87%. The resulting products from this series of reactions yielded a mixture of diastereomers that 

have not been described in the literature. For each alkylation product 26g-i, the only viable proton 

chemical shift that could be used for dr analysis was a lone proton peak at a chemical shift of 

around δ 3.10 ppm. (Figure 10) This signature peak is present in each product, and corresponds to 

either one of the protons on the benzylic carbon, or most likely from the carbon ɑ to the stereogenic 

sulfinyl group. Dr’s obtained from these reactions varied. In the case of two bulkier electrophiles, 

o-BrBnBr and CinBr, diastereomeric excesses were decreased when compared with that of BnBr. 

In comparison, MeI when reacted at room temperature showed very good dr’s consistent with 

those of BnBr with a dr of 19:81, were concluded to be obtained from the fact that MeI is a 

sterically unhindered electrophile. In comparison, both CinBr, and o-BrBn while having good 

yields, gave unsatisfactory dr’s. 

Table 13. Sulfenate Alkylation by Varying Electrophile 

 

Electrophile Temperature Yield Dra 

 

-78°C to rt 30% 32:68 
Reflux 90% 34:66 

MeI -78°C to rt 25% 19:81 
Reflux 0% - 

 

Reflux 87% 30:70 

adr’s are arbitrarily declared with the minor product first 

MeOOC

S NHBoc

BnO

R S NHBoc

BnO1)LiHMDS/THF -78°C
2) E+ THF
3) ∆

Br

Br

Br

23a 26 
  

g R = 2-BrBn 
h R = Me 
i R = Cinnamyl 
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Figure 10. 1H NMR of Alkylation Products 26g (left), 26h (middle), 26i (right) 
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2.8 Unsuccessful Evaluations 

Attempts were made to reduce the coordinating effect of the THF solvent by using different 

solvents for the alkylation procedure. Two other solvents were attempted with alkylation in place 

of THF, ether and methyl tert-butyl ether. Unfortunately, the precursors would not effectively 

dissolve into either of these solvents, and so solvent trials were not pursued.  

 

 

Scheme 34.  

 
Another area of investigation was the deprotection of β-sulfinyl acrylate 24a to the free 

amine 46a and internal sulfenate release to generate sulfenate 47a. It was envisioned that once 

deprotected β-sulfinyl acrylate 46a with its free amine could perform an intramolecular sulfenate 

release utilizing the free amine as a nucleophile (Scheme 34).  By reacting the Boc-protected 24a 

in TFA and DCM and removing solvent with no workup, it was anticipated that an ionic R-

NH3+TFA- salt 45a could be obtained. Analysis of the crude mixture by 1HNMR showed the 

disappearance of typical carbamate peaks, and new broad peaks that may correspond to the 

ammonium salt protons. Attempts to isolate unprotected precursor by column chromatography, or 

by purification by liquid workup results in the disappearance of these broad peaks, resulting in a 
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degradation product that has yet to be identified. Attempts at isolation of unprotected sulfenate 

precursors were not pursued further. 

 

2.9 β-Amino Sulfenates Derived from Other Amino Acids 

The steric bulk of the both the substituents of the amino acid derived moiety of the β-amino 

sulfenate was investigated for its effect on sulfenate alkylation stereoselectivity. In order to fully 

evaluated the effect of these moieties, a series of β-amino sulfenate precursors were synthesized 

with the intention of releasing a series of amino acid derived sulfenates in situ and alkylating them 

with BnBr for comparison. In addition to L-Phe derived sulfenates containing a benzyl group, two 

other β-amino sulfenate precursors derived from L-alanine (L-Ala) and L-valine (L-Val) were 

prepared. In addition, a D-phenylalanine (D-Phe) derived sulfenate precursors was also prepared 

to be evaluated in the same way as the L-Phe derived sulfenate in the expectation that it would 

yield a diastereomeric ratio similar to that of L-phenylalanine derived sulfenates, but instead 

yielding a different enantiomer in diastereomeric excess to demonstrate stereospecificity. These 

amino acids were purchased commercially as an N-Boc protected variants and their sulfenate 

precursor derivatives prepared by the methods described above, with the exception of D-Phe, 

which was readily available in the reduced form as (R)-(+)-2-amino-3-phenyl-1-propanol and was 

N-protected. 

Preparation of the D-Phe, L-Ala and L-Val derived sulfenate precursors proceeded with 

satisfactory yields comparable to those of the L-Phe derived precursor (Scheme 35).  The final 

oxidation step to sulfoxide saw higher yields due to an improvement in purification methods by 

flash chromatography with a more suitable solvent system rather than by recrystallization (Scheme 

36). 
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Scheme 35. 

  

Scheme 36.  

With the precursors 23b-d in hand, sulfenate release and alkylation was undertaken with 

this family of compounds. Alkylation of D-Phe derived sulfenates gave a comparable yield and dr 

compared with L-Phe derived sulfenate alkylation. (Table 14) When comparing NMR spectra, 

alkylation by both D-Phe and L-Phe derived sulfenates 26a and 26d gave identical spectra, and 

dr’s can be determined by the same integration method as with L-Phe derived alkylation product.  
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Table 14. Sulfenate Alkylation Trials Varying the Chiral Auxiliary  

 

Entry Precursor Product Yield Drb 

1a 23a 26a 82% 13:87 

3 23b 26b 58% 20:80 

2 23c 26c 82% 12:88 

4 23d 26d 90% 82:18 
aThis entry is from Table 10 entry 1 for comparison 
bdrs determined by 1HNMR integration 

 

Analysis of each of the alkylation product mixtures of both D-Phe and L-Phe derived 

sulfenate alkylations by optical rotation gives rotations of nearly the same magnitude in the 

opposite directions for each sample mixture. The identical spectra from each alkylation, as well as 

the opposing optical rotations, substantiates the presence, and dominance of enantiomers in each 

mixture, and highlights the stereospecificity of the alkylation reaction. L-Val and L-Ala derived 

products can each be analyzed for dr’s by integration of a signature peak in their respective 1H 

NMR spectra. When comparing L-Phe with both L-Val and L-Ala derived sulfenate alkylation 

products, no general trend of steric bulk is apparent in the ratios. L-Val derived alkylated product 

had near identical ratios to L-Phe, and had comparable yields. L-Ala suffered from lower yields 

than expected, but otherwise had comparable dr’s. This experiment established that the steric bulk 

of the R group β to the sulfenate doesn’t appear to have a significant effect when decreasing steric 

bulk to less than that of a benzyl group.  
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2.10 Sulfenate Release Varying the Protecting group  

The protecting group of the sulfenate was investigated to analyze the effects of not only 

steric bulk, but also its coordinating ability. Since the intermediate β-amino sulfenate is envisioned 

to intramolecularly interact in some manner, it was speculated that this internal coordination may 

involve electron donors that coordinate and stabilize the counter cation, or electron acceptors 

which may coordinate with the sulfur or oxygen. In addition to the Boc protected β-amino 

sulfenate, attempts to prepare two other N-protected β-amino sulfenates were undertaken. The 

protecting groups investigated were the benzyloxycarbamate (Cbz), a commonly used N-

protecting group, and a sulfonyl protecting group nitrobenzenesulfonyl (Nosyl) group. N-Cbz 

protected L-Phe was purchased commercially and moved forward in the now established pathway 

(Scheme 38). Undergraduate student Nolan Frame supplied N-Nosyl protected L-phenylalanine 

derived alkyl iodide 27e. Conversion from iodide 27e to thioacetate 34e gave less than anticipated 

yield with 56% (Scheme 37). Furthermore, conversion from a thioacetate 34e to a β-thio ester 36e 

was unsuccessful. TLC analysis showed a short-lived product in the crude reaction mixture which 

decomposed upon removing solvent in vacuo, and was followed by the appearance of a new spot 

which was isolated by flash chromatography. The product obtained has not yet been identified. 
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Scheme 37.  

 

 

 

 

Scheme 38.  

 

Preparation of N-Cbz protected sulfenate precursors 23f proceeded as expected, with 

satisfactory yields (Scheme 38). Due to difficulties with the N-Nosyl protected derivative, only 

one β-amino sulfenate with a protecting group other than Boc was prepared and alkylated for 
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Table 15. Sulfenate Alkylation with Different Protecting Groups 

 

 

Entry Precursor Product PG Yield dr 
1a 23a 26a Boc 82% 13:87 
2 23f 26f Cbz 63% 19:81 

aThis entry is from Table 10, entry 1 for comparison 

comparison (Table 15). The yield and dr results from this experiment shows that the change in 

protecting group from Boc to Cbz has a negligible effect on the diastereomeric outcome of 

sulfenate alkylation with comparable yields. 

2.11 Dr Analysis by Carbon Integration 
 

In the past, the dr’s of sulfenate alkylation products have been analyzed by HPLC to 

determine the ratio of diastereomers. In this investigation, an NMR method for dr analysis was 

sought out to provide quick access to dr information. 13C NMR peaks from most sulfenate 

alkylation products matched closely with those of their corresponding diastereomer. In typical 13C 

NMR, peak integration does not correlate well to the number of carbons within a molecule due to 

the decoupling methods used during acquisition. In a 1D decoupled carbon spectrum, broadband 

low-power irradiation of protons not only eliminates carbon peak splitting but also causes the 

signals of hydrogen rich carbons to be enhanced by the nuclear Overhauser enhancement (NOE) 

effect. Primary carbons for example often have large signal strength due to this NOE effect, while 

quaternary carbon signal strength has minimal benefit from the NOE and in general has lower 

signal strength. This effect, along with long longitudinal relaxation times (T1’s) make integration 

between 13C carbons in different environments differ greatly in their signal strength. The NOE 
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effect is a through-space rather than through-bond effect, and thus the enhancement is mostly 

determined by the number of hydrogens attached to a particular carbon. A component of this effect, 

however, is also determined by the number of hydrogens close to the carbon nucleus in space. 

Despite each diastereomers having different through-space interactions between their 

corresponding carbons and hydrogens due to stereochemistry, it was hoped that the NOE effect of 

the through-space hydrogens on other carbons, would be negligible compared to the NOE effect 

of the directly bonded hydrogen, and that the enhancement observed of 13C carbon signals might 

be similar enough between the pairs of diastereomers to allow for dr analysis.  

 

Figure 11. AB Quartet of Alkylation Product 26d 

To evaluate this method for dr analysis the 1H NMR and 13C NMR of alkylation product 26d 

derived from D-Phe (Table 14, entry 2) were compared. In the 1H NMR, the signature AB quartet 

pattern (Figure 11) that is distinctly split by diastereotopic protons belonging to each respective 
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diastereomer gives a clear area for integration, with only slight baseline overlap. Integrating each 

diastereotopic peak gives a dr of 82:18.  

In the 13C NMR, the carbon nuclear shifts in each respective diastereomer are fairly confined, 

with chemical shifts quite close to that of their corresponding diastereomer. The major and minor 

product peaks are also quite apparent in most cases, and peak separation is normally good enough 

to allow for precise integration. Integration between the major and minor peaks of a number of 

well separated carbon peaks yields slight variations in dr’s ranging from 23:77 to 18:82. The result 

of this investigation was that the peaks in the carbon spectrum were not only slightly different 

when compared to the ratios observed in the proton spectrum, and while not entirely consistent, 

may provide quick access to a rough dr.  

 

Figure 12 Dr Analysis by Decoupled Carbon NMR 

A separate NMR technique, inverse gated decoupling, whereby decoupling is applied only 

during the acquisition and not during the relaxation delay, significantly decreases the NOE effect 

generated by the decoupling. In addition, the delay between scans (T1) was set at 40 seconds to 

allow full relaxation between scans. One caveat of this method is that due to the lack of the NOE 

effect, more scans must be acquired for an adequate signal/noise ratio. While the carbon spectrum 
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in Figure 12 took under 10 minutes to acquire, the inverse gated decoupled spectrum (Figure 13) 

took a full hour to acquire, and gave less than satisfactory signal/noise. In addition, the variance 

of the dr’s was greater, ranging from 16:84 to 25:75. This variance was attributed to the lack of 

sufficient signal/noise. It was concluded that while the regular carbon acquisition is affected more 

by the NOE effect, it is a quick efficient method to access rough dr information from a mixture of 

diastereomers. The inverse gated decoupled carbon, however, suffers from long acquisition times, 

and was disregarded as a suitable method for dr analysis. 

 

Figure 13. Dr Analysis by Inverse Gated Decoupled Carbon NMR 
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2.12 Computational Explanation of dr’s.  

 The diastereomers of compound 26a (Figure 14) have been prepared before in a previous 

report107 through sulfenate chemistry with a chiral electrophile and assigned absolute 

configuration. By comparison of NMR data, it is apparent that sulfenate alkylations in both Section 

2.4 and Section 2.5 yielded the (RS,SC) configuration as the major product.  

  

 

Figure 14. Major and Minor Products from Sulfenate Benzylation 

Work by Adrian Schwan has been undertaken on the theoretical explanation of the 

stereoselectivity, but has yet to be published. Using DFT calculations, optimized sulfenates have 

been pursued. Geometry optimizations were performed using the M06-2X functional and the 6-

311++G(d,p) basis set and employed the conductor-like polarization continuum model (CPCM) 

using THF. Optimization was performed on an analogous sulfenate intermediate to that of the Boc 

protected sulfenate, a Moc protected variant (Figure 15). 

 

Figure 15. Moc-Protected Sulfenate Analogue 

 When this sulfenate analogues is optimized, several local minima were obtained, and the 

two lowest energy structures are presented here (Figure 16). The second-lowest energy conformer 

with a difference in energy of +1.6 kcal/mol, adopts an internal coordination complex by N-H 
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bonding with the sulfenyl oxygen. In this structure, the lithium counterion is not involved in the 

coordination and instead lies outside the coordination ring. Comparatively, in the lowest energy 

conformer, internal coordination with the lithium counterion, occurs both by coordination between 

the Moc group carbonyl oxygen, as well as the sulfenyl oxygen in an 8-membered coordination 

complex ring. It is interesting to note that the types of interactions displayed by the structures of 

Figure 16 were also found during the computational assessment of sulfenate 20 (Figure 6) but the 

various optimized local minima of 20 were of secondary importance to the bi-functional 

interactions that delivered the lowest energy form of 20 (Figure 6).93  

  

Figure 16. Lowest Energy Conformers of Moc Protected Sulfenate 

 
 Being the lowest energy conformer, transition states for methylation of the lower energy, 

8-membered coordination complex were pursued and optimized (Figure 17). Methylation can 

occur in two places on a sulfenate sulfur, resulting in either the R or S configuration at the sulfur 

in the alkylation product.  
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Figure 17. Sulfenate Methylation Transition States 

Axial attack upon the sulfur atom in the 8-member ring was found to be the second lowest 

energy transition state and yields the (SS,SC) benzylation product. Equatorial attack upon the sulfur 

atom was the lowest energy conformer, and yields the (RS,SC) product. The results of this 

computational work using analogous electrophile and sulfenate are in accordance with the 

observed major product in the sulfenate alkylation system employed in Section 2.4 and Section 

2.5. The use of benzyl bromide as an electrophile gave parallel outcomes.  
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2.13 Onward to bis(β-Aminoalkyl) Sulfoxides 
 
 

 

 

Scheme 39.  

In order to combine two areas of sulfenate chemistry, it was envisioned that sulfenate 

chemistry would be used to prepare a bis(β-aminoalkyl) sulfoxide 29 by reaction of a chiral amino 

acid derived sulfenate 25, with an amino acid derived amino iodide 27 (Scheme 39) . This area of 

chemistry would evaluate the strength of the chiral induction by the chiral auxiliaries of both the 

sulfenate and electrophile, and explore the potentially counteracting, or cooperative nature of 

chiral induction by each auxiliary. In order to enter this investigation, a reaction between N-Boc 

protected L-Phe derived β-amino sulfenate 25a and an N-Boc L-Phe derived chiral amino iodide 

27a was to be pursued using the established sulfenate generation method (Scheme 40). The choice 

of using these two reagents to enter this endeavor stems from the product of their reaction being 

rotationally symmetrical by a C2 rotation, yielding a single product. This is advantageous as a first 

step towards preparation of this family of compounds since it simplifies NMR analysis 

considerably, and allows the potential of optimization of the reaction conditions before mixing and 

matching amino acid derived components and generating mixtures of diastereomers. 

 

Scheme 40. 
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This target molecule was prepared by using an alternate method similar to the preparation 

of a sulfenate alkylation reference compound discussed in Section 2.3 (Scheme 41.) L-Phe derived 

thioacetate 34a was solvolyzed by methanolysis conditions to yield an in-situ thiolate and reacted 

with alkyl iodide 27a yielding bis(β-aminoalkyl) sulfide. This sulfide was recovered as an impure 

mixture and was moved forward towards the sulfoxide without purification.  

 

 

Scheme 41. 

  

 
The impure sulfide mixture was oxidized by MCPBA to yield the bis(β-aminoalkyl) 

sulfoxide 29aa. As anticipated, due to rotational symmetry, only one product is produced from this 

oxidation step. Despite rotational symmetry, the lack of a symmetry plane on this molecule makes 

the chemical environments on each alkyl substituent of the sulfoxide inequivalent, and each L-Phe 

derived component on both sides of the sulfinyl group displaying their own set of chemical shifts 

(Figure 18). The different chemical environments are exemplified, for instance, by the NH protons 

(b). It is suggested here that one end of the molecule partakes in intramolecular  N···O=S hydrogen 

bond, which creates the different environments recognized in the NMR analysis.  
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Figure 18. 1H NMR Spectrum of bis(β-Aminoalkyl) Sulfoxide 29aa  
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2.14 Conclusion and Future Work 

This investigation has solidified a facile preparation of two β-amino sulfenate precursors each 

with a distinct SRG. Pathways to both the amino acid derived β-sulfinyl ester, and β-sulfinyl 

acrylate were achieved in good to excellent yield. Sulfenate alkylation trials have concluded that 

for this system of β-amino sulfenates, sulfenate liberation from a β-sulfinyl ester by LiHMDS is 

the method of choice. Alkylation trials have re-established that lithium counterion is an essential 

aspect of the diastereoselective outcome of the alkylation reaction.  

Variation from a relatively bulky benzyl group to a smaller methyl group had a negligible 

effect on the diastereoselective outcome, and still gave dr’s of around 20:80 albeit with varying 

yields. The steric bulk of the alkyl group β to the sulfenate has been concluded to have a negligible 

effect on sulfenate alkylation with the alkyl groups evaluated, but further evaluation with groups 

much bulkier than a benzyl group should be pursued. Of the protecting groups, only the Boc and 

Cbz groups were compared which in the same fashion had negligible effect on the resulting dr’s 

from sulfenate alkylation. Future work for this project may involve expansion of the variety of 

chiral alkyl groups β to the sulfenate in terms of both coordinating ability, and steric bulk, to effect 

chiral induction further. The variety of N-protecting groups tested for their chiral inducing effects 

in this investigation is limited, and a larger variety of N-protecting groups are anticipated to be 

prepared and synthesized in the future. A successful β-amino sulfenate release and alkylation by 

an amino acid derived alkyl iodide has still not been achieved and is intended to be optimized in 

the future.  

Research into the preparation of the bis(β-aminoalkyl) sulfoxides through sulfenate chemistry 

is still in its infancy, and the competitive chiral inductive effect of chiral auxiliaries on both the 

sulfenate and the electrophile is an area worth pursuing.  
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 In order to gain further insight into the nature of the intermediate sulfenate, alkylation 

products from this investigation, or some alkylation products in the future should be pursued in 

their separation by chiral HPLC, and the ratios compared with the dr’s derived from NMR analysis.  

The absolute configurations of these compounds will only be fully established through  X-ray 

crystallographic analysis of some of the sulfoxides.  
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3 Experimental 
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3 Experimental 
 

3.1 General Experimental 
 
All reactions were carried out in flame, or oven dried glassware unless otherwise specified. 

Anhydrous solvents were obtained from a solvent dispensing system. Glass-backed plates with 

silica gel 60 containing a fluorescent indicator were used for thin layer chromatography (TLC). 

TLC Plates were visualized either under 254 nm UV light, charred with p-anisaldehyde staining 

solution, or by staining in an iodine chamber. Silica gel for column chromatography was 

performed using 230-400 mesh type 60 Å silica gel. 1H NMR and 13C NMR spectra were 

obtained using a Bruker Avance 400 (400 MHz 1H, 100.6 MHz 13C), or a Bruker Avance 600 

(600 MHz 1H, 150.9 MHz 13C) in CDCl3 unless otherwise specified. 1H NMR and 13C NMR are 

referenced to trace CHCl3 (δ 7.26 ppm) in CDCl3 and CDCl3, respectively, and  are recorded in 

parts per million (ppm). Chemical shifts and coupling constant were obtained from a first order 

analysis of one-dimensional spectra. 1H NMR data is reported as: δ (multiplicity, coupling 

constant J, number of protons) and using standard abbreviation: singlet (s), doublet (d), triplet (t), 

doublet of doublet (dd), quartet (q) and multiplet (m) to indicate multiplicities. Infrared (IR) was 

obtained neat using a Bruker ALPHA II FTIR spectrometer. Optical rotations were measured on 

a Rudolph Research Analytical Autopol IV Automatic Polarimeter in a 1 dm tube with the 

samples dissolved in chloroform. Melting points were recorded on a MEL-TEMP and are 

uncorrected. Mass. ESI HRMS was performed by the Mass Spectrometry Facility at Queens 

University, Kingston, ON. MCPBA was obtained commercially and calibrated by oxidation with 

dibenzyl sulfide before use. Air and water sensitive liquid reagents were transferred by oven-

dried argon-purged needles, and argon purged plastic syringes.  

(R)-tert-Butyl (1-hydroxy-3-phenylpropan-2-yl)carbamate (32d) 115 
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To a solution of D-phenylalaninol (9.01 g, 59.6 mmol, 1.0 eq ) in MeOH (60 

mL), protected with argon was added trimethylamine (9.50 mL, 68.1 mmol, 

1.1 eq) dropwise, and the solution was cooled to 0°C using an ice water bath.  After stirring for 10 

minutes under argon, di-tert-butyl dicarbonate (15.0 mL, 65.3 mmol, 1.1 eq) was added dropwise. 

The reaction was stirred while warming to room temperature. After 24 hours, the mixture was 

diluted with DCM (100 mL), washed with water (3 ⨉ 200 mL), washed with a saturated aqueous 

solution of brine (3 ⨉ 200 mL) and dried over MgSO4. The MgSO4 was then filtered off and the 

solvent removed in vacuo. Isolated as a white solid. 69% Yield; mp 79-81 °C; [%]'(( =	+20.6 (c = 

1.00, CHCl3) 1H NMR (400 MHz, CDCl3) δ 7.32-7.28 (m, 2H), 7.24-7.20 (m, 3H), 4.79 (d, J = 

6.3 Hz, 1H), 3.86 (m, 1H), 3.66 (dd, J = 3.6, 11.0 Hz, 1H), 3.54 (dd, J = 5.3, 11.0 Hz, 1H), 2.84 

(d, J = 7.1 Hz, 2H), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 156.1, 137.9, 129.2, 128.4, 126.3, 

79.5, 63.8, 53.6, 37.3, 28.2; IR (neat) cm−1: 3353, 1683, 1526, 1442, 1365, 1314, 1284, 1250, 1164, 

1004. 

 

Methyl 3-(acetylthio)propanoate (39a)116 

A solution of methyl acrylate (2.11 mL, 23.2 mmol, 1.0 eq) and thiolacetic 

acid (3.32 mL, 46.4 mmol, 2.0 eq) is protected with argon and heated to 50°C 

overnight. The reaction is then quenched with a saturated aqueous solution of sodium bicarbonate 

(25 mL). The solution is then extracted with ethyl acetate (3 ⨉ 20 mL), washed with saturated 

aqueous solution of sodium bicarbonate (3 ⨉ 50 mL) and dried over MgSO4. The MgSO4 was then 

filtered off and the solvent removed in vacuo to yield an orange oil. 84% Yield; mp 53-54 °C; 1H 

NMR (400 MHz, CDCl3) δ 3.61 (s, 3H), 3.02 (t, J = 7.0 Hz, 2H), 2.55 (t, J = 7.0 Hz, 2H), 2.24 (s, 

HO NHBoc
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3H); 13C NMR (101 MHz, CDCl3) δ 195.3, 172.0, 51.7, 34.0, 30.4, 24.0; IR (neat) cm−1: 2954, 

1734, 1687, 1436, 1354, 1248, 1223, 1197, 1175, 1132, 1019. 

  

 (Z/E)-Methyl 3-(acetylthio)acrylate (40a)117  

A solution of thiolacetic acid (9.25 mL, 131 mmol 1.0 eq) and imidazole (0.45 

g, 6.5 mmol, 0.05 eq) in acetonitrile (360 mL) was prepared. Then was added 

via an addition funnel, a solution of methyl propiolate (14.5 mL, 163 mmol, 1.2 

eq) in acetonitrile (80 mL). The reaction mixture was then heated to 45°C and stirred for 48 hours 

under argon. The solvent was removed in vacuo and crude was purified by flash chromatography 

eluted with 5:95 EtOAc:hexane to yield 15.52 g of a white crystalline solid composed of a mixture 

of cis and trans compounds (88:12 by NMR integration). 74%. mp 59-60 °C [lit.118 58-59 °C]  

Trans Isomer: 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 10.3 Hz, 3H), 6.08 (d, J = 10.3 Hz, 1H), 

3.75 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 191.6, 166.3, 137.2, 116.0, 51.6, 30.6; 

Mixture of isomers: IR (neat) cm−1: 1699, 1597, 1435, 1354, 1216, 1166, 1123, 998, 953, 932, 

810, 702, 617; Cis Isomer Partial Characterization: 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 10.3 

Hz, 1H), 6.09 (d, J = 10.2 Hz, 1H), 3.77 (s, 3H), 2.47 (s, 3H). 

 

3.2 General Procedure for N-protected Amino Acid Reduction 
 
To a 0°C solution of N-protected amino acid in THF (5.4 mL / mmol) was added triethylamine 

(1.0 eq) dropwise, followed by addition of methyl chloroformate (1.0 eq). The solution was stirred 

for 2 hours while warming to room temperature. The resulting precipitate was filtered off, and the 

eluent was collected in a round bottom flask. To the eluent was added a solution of NaBH4 (1.5 

eq) in H2O (2 mL / 1 mmol of NaBH4) in small additions, letting effervescence subside between 

MeOOC

O

S
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each addition. The reaction was stirred for 24 hours, and was then quenched with 1M solution of 

HCl until pH = 2. The solution was then extracted with ethyl acetate, washed with a saturated 

aqueous solution of sodium hydrogen carbonate and a saturated aqueous solution of brine then 

dried over magnesium sulfate. The magnesium sulfate was then filtered off and the solvent 

removed in vacuo to yield a white powder which was moved onto the next step without further 

purification. 

 

tert-Butyl (S)-(1-hydroxy-3-phenylpropan-2-yl)carbamate (32a)119 

Isolated as a white solid; 83% yield; mp 84-85 °C [ref.120 95-96 °C] [%]'(( =

	-20.6 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.30 (m, 2H), 7.22 (m, 

3H), 4.79 (s, 1H), 3.87 (m, 1H), 3.66 (dd, J = 3.6, 11.0 Hz, 1H), 3.54 (dd, J = 5.2, 11.0 Hz, 1H), 

2.84 (d, J = 7.1 Hz, 2H), 2.55 (s, 1H), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 156.1, 137.8, 

129.2, 128.3, 126.3, 79.5, 63.6, 53.5, 37.3, 28.2. IR (neat) cm-1: 3357, 3087, 3063, 3026, 2982, 

2964, 2937, 2875, 1686, 1602, 1529, 1445, 1390, 1367, 1316, 1269, 1252, 1170, 1087, 1052, 1035, 

1006. 

 

tert-Butyl (S)-(1-hydroxypropan-2-yl)carbamate (32b)119 

 Isolated as a white solid; 73% Yield; mp 50-51°C; [%]'(( =	-9.0 (c = 1.00, 

CHCl3) 1H NMR (600 MHz, CDCl3) δ 4.88 (s, 1H), 3.71 (m, 1H), 3.56 (dd, J = 

2.1, 10.9 Hz, 1H), 3.45 (dd, J = 5.9, 10.9 Hz, 1H), 1.40 (s, 9H), 1.10 (d, J = 6.7 Hz, 3H). 13C NMR 

(151 MHz, CDCl3) δ 156.3, 79.5, 66.8, 48.4, 28.3, 17.2; IR (neat) cm−1: 3365, 2976, 2934, 2883, 

1687, 1516, 1453, 1413, 1392, 1365, 1337, 1246, 1160, 1066, 1028, 940.  
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tert-Butyl (S)-(1-hydroxy-3-methylbutan-2-yl)carbamate (32c) 119 

Isolated as a clear colorless oil; 86% Yield; [%]'(+ =	-21.6 (c = 1.00, CHCl3); 

1H NMR (600 MHz, CDCl3) δ 4.78 (d, J = 7.4 Hz, 1H), 3.66-3.56 (m, 2H), 3.39 

(s, 1H), 2.87 (s, 1H), 1.81 (s, 1H), 1.42 (s, 9H), 0.92 (d, 3H), 0.89 (d, 3H);  13C NMR (151 MHz, 

CDCl3) δ 156.8, 79.4, 63.9, 58.0, 29.2, 28.3, 19.4, 18.4; IR (neat) cm−1: 3337, 2963, 2933, 2875, 

1683, 1505, 1390, 1365, 1311, 1246, 1167, 1077, 1047, 1027, 980. 

 

Benzyl (S)-(1-hydroxy-3-phenylpropan-2-yl)carbamate(32f) 121 

Isolated as a white solid. 71% Yield; mp 81-82°C; [%]'(+ =	-13.9 (c = 1.00, 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.38-7.16 (m, 10H), 5.34 (d, J = 6.2 Hz, 

1H), 5.08 (s, 2H), 4.16 (s, 1H), 3.97 (s, 1H), 3.65 (dd, J = 3.1, 10.8 Hz, 1H), 3.55 (dd, J = 4.5, 10.8 

Hz, 1H), 2.86 (d, J = 6.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 156.5, 137.6, 136.2, 129.2, 128.4, 

128.4, 128.0, 127.9, 126.4, 66.7, 63.5, 54.0, 37.2; IR (neat) cm−1: 3349, 3083, 3067, 3023, 3000, 

2954, 2930, 2879, 1690, 1533, 1496, 1464, 1454, 1312, 1252, 1216, 1189, 1140, 1053, 1013, 973. 

 

(S)-2-((tert-Butoxycarbonyl)amino)-3-phenylpropyl methanesulfonate (33a)122  

A solution of amino alcohol (3.0029 g, 11.94 mmol, 1.0 eq) in anhydrous 

DCM (18 mL) was cooled in an ice water bath to 0°C. Triethylamine (4.20 

mL, 30.0 mmol, 2.51 eq) was added dropwise, followed by dropwise addition of methanesulfonyl 

chloride (2.40 mL, 31.0 mmol, 2.59 eq). The solution was warmed to room temperature overnight. 

After 18 hours, reaction was diluted with ethyl acetate (70 mL) and washed with saturated aqueous 

solution of brine (3 ⨉ 100mL), then dried over MgSO4. Filtration of MgSO4 and evaporation of 

the solvent yielded a crystalline white powder. 88% Yield; mp 105-107°C; [%]'(, = 	−18.4 (c = 
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1.00, CHCl3) 1H NMR (400 MHz, CDCl3) δ 7.32 (m, 2H), 7.23 (m, 3H), 4.74 (s, 1H), 4.24 (m, 

1H), 4.11 (m, 2H), 3.02 (s, 3H), 2.89 (m, 2H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 155.0, 

136.6, 129.2, 128.6, 126.8, 79.8, 69.8, 50.8, 37.1, 28.1. IR (neat) cm-1: 3358, 3013, 2978, 2934, 

1680, 1523, 1457, 1443, 1390, 1340, 1283, 1241, 1163. 

 

3.3 General Procedure for Preparation of N-protected β-amino iodides. 

To a flame dried round bottom flask was added anhydrous DCM (200 mL). To this flask was  

added, in order, imidazole (1.20 eq) triphenylphosphine (1.21 eq) and iodine (1.30 eq). The 

mixture was stirred for ten minutes under argon. Then was added an anhydrous solution of N-

protected aminol (1.00 eq) in anhydrous (DCM (5 mL / 1 mmol aminol) via cannulation. The 

reaction mixture was stirred for 3-5 hours. The resulting precipitate was filtered off. The solvent 

was removed in vacuo and the crude mixture purified by flash chromatography with EtOAc:hexane 

to yield pure product. 

 

tert-Butyl (S)-(1-iodo-3-phenylpropan-2-yl)carbamate (27a)109 

Isolated as a white solid. 71% yield; Mp 116-117°C;  [%]'(( = +18.5 (c = 1.44, 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.28 (m, 6H), 4.69 (s, 1H), 3.60 (m, 1H), 

3.40 (dd, J = 4.4, 10.2 Hz, 1H), 3.16 (dd, J = 3.8, 10.2 Hz, 1H), 2.91 (dd, J = 5.6, 13.6 Hz, 1H), 

2.77 (dd, J = 8.1, 13.6 Hz, 1H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 154.8 137.0 129.1 

128.6 126.8 79.8 50.9 40.6 14.0 IR (neat) cm−1: 3353, 2981, 1690, 1524, 1454, 1420, 1364, 1354, 

1265, 1251, 1162, 1046, 1032, 1003, 855. 
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tert-Butyl (R)-(1-iodo-3-phenylpropan-2-yl)carbamate (27d)109  

Isolated as a white solid. 58% Yield; mp 116-117°C [%]'(( = -17.9 (c = 1.44, 

CHCl3) [lit. -18.4 c 1.44, CHCl3] 1H NMR (400 MHz, CDCl3) δ 7.33-7.29 (m, 

2H), 7.26-7.22 (m, 3H), 4.68 (d, J = 7.0 Hz, 1H), 3.60 (s, 1H), 3.40 (dd, J = 3.8, 9.8 Hz, 1H), 3.17 

(dd, J = 3.8, 10.2 Hz, 1H), 2.91 (dd, J = 5.9, 13.6 Hz, 1H), 2.77 (dd, J = 8.1, 13.6 Hz, 1H), 1.44 (s, 

9H); 13C NMR (101 MHz, CDCl3) δ 154.8, 137.0, 129.2, 128.6, 126.8, 79.8, 51.0, 40.6, 28.3, 13.9. 

IR (neat) cm−1: 3353, 2973, 1690, 1525, 1454, 1364, 1265, 1251, 1163, 1046, 1003, 866. 

 

tert-Butyl (S)-(1-iodopropan-2-yl)carbamate (27c)123 

Isolated as a white solid; 65% Yield; mp 49-51 °C;	[%]'(+ = -10.7 (c = 1.00, 

CHCl3); 1H NMR (600 MHz, CDCl3) δ 4.66 (s, 1H), 3.50 (m, 1H), 3.37 (m, 1H), 

3.26 (dd, J = 3.8, 9.8 Hz, 1H), 1.41 (s, 9H), 1.17 (d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, CDCl3) 

δ 154.7, 79.6, 45.8, 28.3, 21.0, 15.9; IR (neat) cm−1: 3276, 2973, 2930, 1721, 1698 1676, 1528, 

1453, 1419, 1391, 1366, 1328, 1270, 1248, 1155, 1096, 1058, 1032, 1010, 941. 

 

tert-Butyl (S)-(1-iodo-3-methylbutan-2-yl)carbamate (27d)109 

Isolated as a white solid; 47% Yield; mp 52-54 °C; [%]'(( = -3.1 (c = 1.00, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.58 (d, J = 9.7 Hz, 1H), 3.39 (dd, J = 4.1, 10.2 

Hz, 1H), 3.31 (dd, J = 4.5, 10.2 Hz, 1H), 3.12-3.06 (m, 1H), 1.79-1.71 (m, 1H), 1.43 (s, 9H), 0.94 

(d, J = 6.6 Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 155.3 79.4, 55.4, 

32.2, 28.3, 19.3, 18.2, 13.4; IR (neat) cm−1: 3352, 2962, 2934, 2906, 2874, 1717, 1600, 1583, 1496, 

1471, 1418, 1392, 1368, 1310, 1286, 1242, 1209, 1164, 1118, 1081, 1067, 1045, 1014, 979. 

 

I
NHBoc

Bn

I
NHBoc

I
NHBoc



 84 

Benzyl (S)-(1-iodo-3-phenylpropan-2-yl)carbamate (27f)124 

Isolated as a white solid; 71% Yield; mp 88-89 °C; [%]'(+ = +10.1 (c = 1.00, 

CHCl3);  1H NMR (400 MHz, CDCl3) δ 7.41-7.25 (m, 10H), 5.12 (s, 2H), 5.04 

(d, J = 8.1 Hz, 1H), 3.76-3.68 (m, 1H), 3.42 (dd, J = 4.7, 10.4 Hz, 1H), 3.19 (dd, J = 3.8, 10.3 Hz, 

1H), 2.94 (dd, J = 6.0, 13.6 Hz, 1H), 2.82 (dd, J = 8.1, 13.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) 

δ 155.3, 136.7, 136.2, 129.1, 128.7, 128.5, 128.1, 128.0, 126.9, 66.9, 51.5, 40.4, 13.4; IR (neat) 

cm−1: 3322, 3059, 3030, 2950, 2918, 1689, 1655, 1603, 1585, 1542, 1495, 1446, 1422, 1350, 1279, 

1263, 1214, 1186, 1143, 1129, 1080, 1049, 1018, 998. 

 

3.4 General Procedure for preparation of thioacetate 

To a solution of potassium thioacetate (1.5 eq) and DMF (6.75 mL / 1 mmol) was added N-

protected β-amino iodide (1.0 eq) and stirred under argon. After 1.5 to 3 hours, the solution was 

diluted with water and was extracted with ethyl acetate. The organic fractions were combined and 

washed with a saturated aqueous solution of brine and dried over magnesium sulfate. The 

magnesium sulfate is then filtered off to give a crude product which is then purified by flash 

chromatography. 

 

(S)-S-(2-((tert-Butoxycarbonyl)amino)-3-phenylpropyl) ethanethioate (34a)119  

Isolated as a beige powder; 97% Yield; mp 95-96 °C; [%]'(2 = 	+1.2 (c = 

1.00, CHCl3)  1H NMR (400 MHz, CDCl3) δ 7.31-7.27 (m, 2H), 7.24-7.19 

(m, 1H), 7.18 (d, J = 7.0 Hz, 2H), 4.62 (d, J = 7.1 Hz, 1H), 3.99 (m, 1H), 3.07 (dd, J = 4.8, 14.1 

Hz, 1H), 2.96-2.88 (m, 2H), 2.77 (dd, J = 7.1, 13.7 Hz, 1H), 2.35 (s, 3H), 1.40 (s, 9H). 13C NMR 

(101 MHz, CDCl3) d 195.8, 155.2, 137.3, 129.3, 128.5, 126.6, 79.4, 51.7, 40.4, 32.7, 30.6, 28.3; 
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IR (neat) cm−1: 3370, 2981, 1685, 1526, 1444, 1390, 1369, 1353, 1170, 1138, 1111, 1045, 1028, 

959. 

 

(R)-S-(2-((tert-Butoxycarbonyl)amino)-3-phenylpropyl) ethanethioate (34d)  

 Isolated as a beige solid; 94% Yield; mp 65-66 ° C [%]'(( = 	−2.6 (c = 1.00,  

CHCl3) 1H NMR (400 MHz, CDCl3) δ 7.32-7.27 (m, 2H), 7.26-7.18 (m, 3H), 

4.60 (d, J = 6.7 Hz, 1H), 3.98 (m, 1H), 3.08 (dd, J = 4.8, 14.1 Hz, 1H), 2.97-2.88 (m, 2H), 2.78 

(dd, J = 7.1, 13.7 Hz, 1H), 2.36 (s, 3H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 195.6, 155.2, 

137.3, 129.3, 128.4, 126.5, 79.3, 51.7, 40.3, 32.7, 30.5, 28.2. IR (neat) cm−1: 3374, 2979, 1690, 

1523, 1440, 1366, 1267, 1250, 1215, 1155, 1080, 1042. 

 

(S)-S-(2-((tert-Butoxycarbonyl)amino)propyl) ethanethioate (34c)119 

Isolated as a colorless oil; 85% Yield; [%]'(( = 	−27.0 (c = 1.00, CHCl3); 1H 

NMR (400 MHz, CDCl3) δ 4.53 (s, 1H), 3.85 (s, 1H), 3.08-2.98 (s, 2H), 2.35 

(s, 3H), 1.43 (s, 9H), 1.16 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 195.4, 155.0, 79.1, 

46.2, 34.9, 30.4, 28.2, 19.9; IR (neat) cm−1: 3363, 3007, 2978, 2934, 1689, 1678, 1524, 1510, 1447, 

1385, 1368, 1351, 1323, 1246, 1168, 1139, 1099, 1061, 1048, 1026, 956. 

 

(S)-S-(2-((tert-Butoxycarbonyl)amino)-3-methylbutyl) ethanethioate (34d)119 

Isolated as a white solid. 91% Yield; mp 52-53 °C; [%]'(( = -20.8 (c = 1.00, 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 4.49 (d, J = 11.2 Hz, 1H), 3.52 (m, 

1H), 3.02 (dd, J = 4.4, 13.8 Hz, 1H), 2.91 (dd, J = 9.3, 13.7 Hz, 1H), 2.29 (s, 3H), 1.73 (m, 1H), 

1.38 (s, 9H), 0.90 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
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196.2, 155.7, 79.0, 55.6, 31.9, 31.7, 30.4, 28.3, 19.1, 17.8; IR (neat) cm−1: 3361, 2978, 2875, 1683, 

1517, 1370, 1247, 1168, 1128, 1100, 1016, 953. 

 

(S)-S-(2-(((Benzyloxy)carbonyl)amino)-3-phenylpropyl) ethanethioate (34f)125 

Isolated as an off-white solid. 82% Yield; mp 70-72 °C; [%]'(( = + 0.6 (c = 

1.00, CHCl3);  1H NMR (400 MHz, CDCl3) δ 7.38-7.10 (m, 10H), 5.08 (s, 

2H), 5.00 (d, J = 8.1 Hz, 1H), 4.07 (m, 1H), 3.10 (dd, J = 4.6, 13.9 Hz, 1H), 

3.01-2.91 (m, 2H), 2.82 (dd, J = 7.1, 13.6 Hz, 1H), 2.33 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

195.7, 155.7, 137.0, 136.4, 129.2, 128.5, 128.4, 127.9, 127.9, 126.6, 66.4, 52.4, 40.2, 32.6, 30.4. IR 

(neat) cm−1: 3360, 1688, 1526, 1498, 1455, 1423, 1349, 1270, 1216, 1132, 1041, 960. 

 

(S)-S-(2-((2-Nitrophenyl)sulfonamido)-3-phenylpropyl) ethanethioate (34e) 

Isolated as an orange solid. 56% Yield; mp 94-96 °C; [%]'(( = +60.5 (c 

= 1.00, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.93-7.91 (m, 1H), 7.78-

7.75 (m, 1H), 7.65-7.61 (m, 2H), 7.09-7.02 (m, 1H), 5.55 (d, J = 7.4 Hz, 

1H), 3.91 (m, 1H), 3.12-3.06 (m, 1H), 2.90 (dd, J = 5.9, 14.0 Hz, 1H), 2.77 (dd, J = 8.2, 14.1 Hz, 

1H), 2.29 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 195.0, 147.0, 136.1, 134.3, 133.0, 132.9, 130.2, 

129.0, 128.3, 126.8, 125.3, 56.4, 40.6, 33.9, 30.4; IR (neat) cm−1: 3308, 3063, 3026, 2949, 2924, 

1728, 1682, 1538, 1419, 1353, 1295, 1163, 1124, 1060, 952; HRMS (ESI) Calc’d for 

C17H19O5N2S2 [M + H]+: 395.07299; found: 395.07478. 
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3.5 General Procedure for In-Situ Generation of Thiolate from Thiolester and its 
Functionalization 

 

Potassium carbonate was added to a solution of a thioester in MeOH (10 mL / 1 mmol of thioester) 

and protected with argon. After stirring the solution for 40 minutes, a THF solution ( in THF (2 

mL / 1 mmol) of either methyl acrylate (5.0 eq), methyl propiolate (1.0 eq), benzyl bromide (5.0 

eq) or an alkyl iodide (1.0 eq), was added to the carbonate mixture dropwise. The reaction was 

stirred overnight and quenched with saturated NH4Cl aqueous solution. The solution was diluted 

with EtOAc and water was added until two separate layers were visible. The organic layer was 

separated, and the aqueous layer was extracted twice more with EtOAc. The organic layers were 

combined and washed with a saturated aqueous solution of brine and dried over magnesium 

sulfate. The magnesium sulfate was then filtered off, the solution was concentrated, and the crude 

product was purified by flash chromatography. 

 

 tert-Butyl (S)-(1-(benzylthio)-3-phenylpropan-2-yl)carbamate (43a) 

Starting with 34a and adding BnBr. Purified by flash chromatography eluted 

with 10:90 EtOAc:hexane Isolated as a white solid; 73% Yield; mp 86-88 

°C; [%]'(( = + 24.1 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.31-7.16 (m, 10H), 4.63 (s, 

1H), 4.02 (s, 1H), 3.72 (s, 2H), 2.91-2.80 (m 2H), 2.57-2.47 (m, 2H), 1.44 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 155.2, 138.0, 137.6, 129.3, 128.8, 128.4, 128.4, 127.0, 126.4, 79.2, 50.8, 39.7, 

36.6, 35.0, 28.3; IR (neat) cm−1: 3372, 2922, 1683, 1509, 1494, 1360, 1267, 1249, 1159, 1081, 

1021, 701; HRMS (ESI) Calc’d for C21H28O2NS [M + H]+: 358.18353; found: 358.18486. 
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(S,E/Z)-Methyl 3-((2-((tert-butoxycarbonyl)amino)-3-phenylpropyl) thio)acrylate (35a)  

When starting from 34a and adding methyl propiolate. Crude product 

required no purification 82%; When starting from 40a and adding 

27a: Crude product required no purification. 97% Yield as a mixture 

of cis and trans isomers. Yield as a mixture of cis and trans isomers; mp 105-107 °C; [%]'(( = + 

20.9 (c = 1.00, CHCl3);   

Major Trans Isomer 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 15.2 Hz, 1H), 7.31-7.16 (m, 5H), 

5.78 (d, J = 15.2 Hz, 1H), 4.70 (d, J = 10.9 Hz, 1H), 4.09-4.01 (m, 1H), 3.69 (s, 3H), 2.96-2.86 (m, 

4H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.4, 154.9, 146.6, 136.9, 129.2, 128.6, 126.7, 

114.1, 79.9, 51.3, 51.2, 39.3, 35.8, 28.2 

Minor Cis Isomer 1H NMR (400 MHz, CDCl3) δ 7.31-7.16 (m, 5H), 7.05 (d, J = 10.1 Hz, 1H), 

5.86 (d, J = 10.0 Hz, 1H), 4.70 (d, J = 10.9 Hz, 1H), 4.09-4.01 (d, 1H), 3.73 (s, 3H), 2.96-2.86 (m, 

4H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.5, 154.9, 146.6, 136.9, 129.2, 128.6, 126.7, 

114.1, 79.4, 51.3, 51.2, 39.4, 36.0, 28.2. 

Mixture of isomers: IR (neat) cm−1: 3375, 1708, 1682, 1582, 1521, 1436, 1368, 1271, 1252, 1165, 

1048, 1025, 948, 823, 700; HRMS (ESI) Calc’d for C18H26O4NS [M + H]+: 352.15771; found: 

352.15915. 

 

Methyl (S)-3-((2-((tert-butoxycarbonyl)amino)-3-phenylpropyl)thio)propanoate (36a) 

Isolated as a white solid; When starting from 34a and adding methyl 

acrylate; Crude product required no purification 71% Yield; When 

starting from 39a and adding 27a Crude product required no 

purification. 90% Yield; mp 60-61 °C; [%]'(( = + 10.0 (c = 1.00, CHCl3);  1H NMR (400 MHz, 
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CDCl3) δ 7.34-7.30 (m, 2H), 7.27-7.21 (m, 3H), 4.73 (d, J = 8.5 Hz, 1H),  4.03 (m, 1H), 3.72 (s, 

3H), 2.89 (d, J = 7.4 Hz, 2H), 2.83 (t, J = 7.3 Hz, 2H), 2.66 (d, J = 5.6 Hz, 2H), 2.62 (t, J = 7.3 Hz, 

2H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 172.1, 155.1, 137.5, 129.3, 128.4, 126.5, 79.3, 

51.7, 51.0, 39.3, 36.0, 34.6, 28.3, 27.7; IR (neat) cm−1: 3375, 3085, 3060, 3029, 2979, 2954, 2908, 

1722, 1690, 1604, 1523, 1495, 1440, 1424, 1367, 1352, 1267, 1250, 1215, 1171, 1155, 1080, 1042, 

1025, 980. HRMS (ESI) Calc’d for C18H28O4NS [M + H]+: 354.17336; found 354.17476. 

 

Methyl (R)-3-((2-((tert-butoxycarbonyl)amino)-3-phenylpropyl)thio)propanoate (36d) 

 When starting from 34d and adding methyl acrylate. Crude product 

required no purification. Isolated as a white solid; 92% Yield; mp 59-

60 °C; [%]'(+ = -6.9 (c = 1.00, CHCl3) 1H NMR (400 MHz, CDCl3) δ 

7.32-7.27 (m, 2H), 7.24-7.19 (m, 3H), 4.71 (d, J = 8.4 Hz, 1H), 4.00 (m, 1H), 3.69 (s, 3H), 2.87-

2.78 (m, 4H), 2.64-2.57 (m, 4H), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 172.2, 155.2, 137.5, 

129.3, 128.4, 126.5, 79.3, 51.7, 51.0, 39.4, 36.0, 34.6, 28.3, 27.7. IR (neat) cm−1: 3374, 3059, 3028, 

2980, 2954, 2907, 1730, 1690, 1603, 1524, 1495, 1440, 1424, 1367, 1352, 1284, 1267, 1250, 1215, 

1170, 1155, 1080, 1042, 1025, 980; HRMS (ESI) Calc’d for C18H28O4NS [M + H]+: 354.17336; 

found 354.17209. 

 

Methyl (S)-3-((2-((tert-butoxycarbonyl)amino)propyl)thio)propanoate (36b) 

When starting from 34b and adding methyl acrylate. Crude Product 

required no purification. Isolated as a white solid. 86% Yield; mp 25-

26 °C, [%]'(+ = -2.5 (c = 1.00, CHCl3)  1H NMR (600 MHz, CDCl3) δ 

4.61 (s, 1H), 3.84 (s, 1H), 3.70 (s, 3H), 2.82 (t, J = 7.3 Hz, 2H), 2.70 (dd, J = 5.2, 13.5 Hz, 1H), 
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2.63-2.51 (m, 3H), 1.44 (s, 9H), 1.20 (d, J = 6.7 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 171.7, 

154.7, 78.5, 51.2, 45.6, 38.4, 34.3, 28.0, 27.2, 19.3; IR (neat) cm−1: 3363, 2973, 1729, 1682, 1510, 

1437, 1364, 1246, 1163, 1105, 1045, 1024, 984; HRMS (ESI) Calc’d for C12H23O4NSNa [M + 

Na]+: 300.12400; found 300.12442. 

 

Methyl (S)-3-((2-((tert-butoxycarbonyl)amino)-3-methylbutyl)thio)propanoate (36c) 

When starting from 34c and adding methyl acrylate. Purified by flash 

column chromatography eluted with 10:90 EtOAc:hexane. Isolated as 

a colorless oil; 90% Yield; [%]'(+ = +15.0 (c = 1.00, CHCl3) 1H NMR 

(400 MHz, CDCl3) δ 4.59 (d, J = 8.7 Hz, 1H), 3.63 (s, 3H), 3.55-3.49 (m, 1H), 2.74 (t, J = 7.4 Hz, 

2H), 2.61 (d, J = 5.8 Hz, 2H), 2.55 (t, J = 7.2 Hz, 2H), 1.80 (m, 1H), 1.39 (s, 9H), 0.87 (d, J = 6.8 

Hz, 3H), 0.83 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.1, 155.7, 79.0, 54.9, 51.6, 

35.3, 34.5, 30.7, 28.2, 27.4, 19.4, 17.6; IR (neat) cm−1: 3376, 2962, 2933, 2874, 1738, 1699, 1506, 

1436, 1390, 1364, 1243, 1164, 1089, 1041, 1014, 995. HRMS (ESI) Calc’d for C14H28O4NS [M + 

H]+: 306.17336; found: 306.17355. 

 

Methyl (S)-3-((2-(((benzyloxy)carbonyl)amino)-3-phenylpropyl)thio)propanoate (36f) 

When starting from 34f and adding methyl acrylate. Purified by flash 

column chromatography eluted with 5:95 MeOH:DCM. Isolated as a 

white solid, 70% Yield; mp 51-53 °C; [%]'(+ = +1.9 (c = 1.00, CHCl3); 

1H NMR (600 MHz, CDCl3) δ 7.33-7.18 (m, 10H), 5.34 (d, J = 9.2 Hz, 1H), 5.06 (s, 2H), 4.08 (s, 

1H), 3.65 (s, 3H), 2.91-2.84 (m, 2H), 2.77 (t, J = 6.8 Hz, 2H), 2.64 (d, J = 5.1 Hz, 2H), 2.55 (t, J = 

6.9 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 171.8, 155.5, 137.2, 136.3, 129.0, 128.2, 128.1, 127.7, 
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127.6, 126.2, 66.1, 51.6, 51.4, 39.1, 35.8, 34.2, 27.3; IR (neat) cm−1: 3326, 3063, 3025, 2949, 2918, 

1728, 1686, 1539, 1434, 1348, 1264, 1218, 1148, 1045, 746; HRMS (ESI) Calc’d for C21H26O4NS 

[M + H]+: 388.15771; found 388.15697. 

 

di-tert-Butyl ((2S,2'S)-thiobis(3-phenylpropane-1,2-diyl))dicarbamate (28aa)126 

Starting from 34a and adding iodide 27a. This compound was 

moved onto the oxidation step without purification. Signature NMR 

peaks from impure crude are in agreement with literature.126 1H NMR (600 MHz, CDCl3) δ 7.30-

7.19 (m, 5H), 4.73 (s, 2H), 3.99 (s, 2H), 2.90-2.83 (m, 4H), 2.65-2.63 (m, 4H), 1.41 (s, 18H). 

 

3.6 Preparation of 36a from methyl 3-mercaptopropionate  

To a solution of NaOH (0.0805 g, 2.01 mmol, 2.4 eq ) in MeOH (20 

mL) was added methyl 3-mercaptopropionate dropwise. Then tert-

butyl (S)-(1-iodo-3-phenylpropan-2-yl)carbamate (0.301 g, 0.833 

mmol, 1.0 eq)  was added solid in one addition. After one hour of stirring, the reaction mixture 

was diluted with 5 mL of water and acidified with dilute HCl. Reaction mixture was then extracted 

with ether (3 ⨉	5 mL). The organic fractions were combined and washed with saturated aqueous 

solution of brine and dried over magnesium sulfate. The magnesium sulfate was then filtered off, 

and the ether removed in vacuo to yield a pure white solid. (38%, 0.113g). Compound 

characterization above.  
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3.7 General Procedure for Oxidation to Sulfoxide 

A solution of N-protected β-amino sulfanes (1.0 eq) in dichloromethane (2 mL / 1 mmol sulfane) 

was cooled to -78°C. To this solution was added dropwise, via an addition funnel, a solution of 

MCPBA (0.95 eq) in dichloromethane (20 mL / 1 mmol active MCPBA). The solution was stirred 

for 3 hours at -78°C before warming to room temperature. Reaction mixture was washed with a 

50:50 mixture of saturated aqueous solutions of Na2S2O4 and NaHCO3, washed with a saturated 

aqueous solution of brine, and dried over magnesium sulfate. The magnesium sulfate was then 

filtered off, and the crude mixture was purified by either recrystallization or flash chromatography 

eluted with MeOH/DCM to yield a diastereomeric mixture of sulfoxides. 

 

Methyl (E)-3-(((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpropyl)sulfinyl)acrylate (24a) 

 Purified by recrystallization as a white solid containing a mixture of 

diastereomers of only trans isomer. Cis isomers were visible in the 

crude reaction mixture, but its isolation was not pursued. Isolated as 

a white solid: 40% Yield.; Major Trans Product 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 15.0 

Hz, 1H), 7.34-7.18 (m, 5H), 6.67 (d, J = 15.0 Hz, 1H), 5.19 (d, J = 7.9 Hz, 1H), 4.28-4.19 (m, 

1H), 3.80 (s, 1H), 3.22-2.85 (m, 4H), 1.41 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 164.1, 155.0, 

149.7, 136.5, 129.4, 128.7, 127.0, 125.8, 79.9, 57.2, 52.2, 49.1, 40.5, 28.2. 

Minor Trans Product 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 15.0 Hz, 1H), 7.34-7.18 (m, 

5H), 6.65 (d, J = 15.0 Hz, 1H), 4.78 (d, J = 7.32 Hz, 1H), 4.28-4.19 (m, 1H), 3.80 (s, 1H), 3.22-

2.85 (m, 4H), 1.43 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 164.0, 155.0, 149.9, 136.9, 129.3, 

128.7, 126.9, 125.8, 80.0, 56.4, 52.3, 48.0, 39.8, 28.3. Mixture of isomers: IR (neat) cm−1: 3354, 

NHBoc

Bn
S

MeOOC

O



 93 

3013,1711, 1698, 1522, 1300, 1236, 1163, 1051, 1037, 754, 699, 651. HRMS (ESI) Calc’d for 

C18H26O5NS [M + H]+: 368.15262; found 368.15366. 

 

Methyl 3-(((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpropyl) sulfinyl)propanoate (23a)  

Purified by recrystallization as a white solid containing a mixture of 

diastereomers. 37% Yield; mp 144-145 °C; Major Diastereomer 1H 

NMR (400 MHz, CDCl3) δ 7.30-7.17 (m, 5H), 5.06 (d, J = 7.6 Hz, 

1H), 4.23-4.12 (m, 1H), 3.68 (s, 3H), 3.18-2.69 (m, 8H), 1.39 (s, 9H). 13C NMR (101 MHz, CDCl3) 

δ 171.6, 155.1, 136.7, 129.4, 128.6, 126.8, 79.8, 56.6, 52.0, 48.5, 46.6, 40.5, 28.2, 26.4; 

Minor Diastereomer 1H NMR (400 MHz, CDCl3) δ 7.30-7.17 (m, 5H), 5.44 (d, J = 7.7 Hz, 1H), 

4.23-4.12 (m, 1H), 3.68 (s, 3H), 3.18-2.69 (m, 8H), 1.39 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

171.5, 155.0, 137.2, 129.2, 128.5, 126.6, 79.4, 55.1, 52.0, 49.0, 47.1, 39.8, 28.2, 26.6; 

Mixture of isomers: IR (neat) cm−1: 3353, 2978, 1735, 1685, 1532, 1452, 1366, 1353, 1271, 1249, 

1172, 1041, 1022, 739; HRMS (ESI) Calc’d for C18H28O5NS [M + H]+: 370.16827; found: 

370.16965. 

 

Methyl 3-(((R)-2-((tert-butoxycarbonyl)amino)-3-phenylpropyl) sulfinyl)propanoate (23d) 

Purified by flash chromatography yielding a white solid containing a 

mixture of diastereomers. mp. 145-146°C; Major Diastereomer: 1H 

NMR (400 MHz, CDCl3) δ 7.33-7.28 (m, 2H), 7.25-7.19 (m, 3H), 

4.90 (s, 1H), 4.28-4.15 (m, 1H), 3.70 (s, 3H), 3.19-2.76 (m, 8H), 1.41 (s, 9H); 13C NMR (151 MHz, 

CDCl3) δ 171.4, 155.0, 136.7, 129.3, 128.5, 126.7, 79.4, 56.5, 52.0, 48.5, 46.6, 39.8, 28.2, 26.6; 

Minor Diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.33-7.28 (m, 2H), 7.25-7.19 (m, 3H), 5.39 
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(d, J = 9.0 Hz, 1H), 4.28-4.15 (m, 1H), 3.71 (s, 3H), 3.19-2.76 (m, 8H), 1.41 (s, 9H); 13C NMR 

(151 MHz, CDCl3) δ 171.5, 155.0, 137.2, 129.2, 128.5, 126.6, 79.4, 55.2, 52.0, 48.9, 47.1, 39.8, 

28.2, 26.6; Mixture of isomers: IR (neat) cm−1: 3364, 2979, 2949, 1732, 1688, 1520, 1439, 1365, 

1248, 1168, 1042, 1012, 981, 740, 700; HRMS (ESI) Calc’d for C18H28O5NS [M + H]+: 

370.16827; found: 370.16898. 

Methyl 3-(((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutyl)sulfinyl)propanoate (23b) 

Purified by flash chromatography yielding a white solid containing a 

mixture of diastereomers. 68% Yield; mp 99-100 °C; Major 

Diastereomer: 1H NMR (600 MHz, CDCl3) δ 4.84 (s, 1H), 4.13-4.08 (m, 1H), 3.75 (s, 3H), 3.18-

2.82 (m, 8H), 1.45 (s, 9H), 1.43 (d, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 171.7, 154.9, 

79.6, 59.4, 52.1, 47.2, 43.5, 28.2, 26.7, 20.8; Minor Diastereomer: 1H NMR (600 MHz, CDCl3) δ 

5.26 (s, 1H), 4.20-4.16 (m, 1H), 3.74 (s, 3H), 3.19-2.83 (m, 8H), 1.45 (s, 9H), 1.38 (d, J = 7.3 Hz, 

1H); 13C NMR (101 MHz, CDCl3) δ 171.6, 154.9, 79.3, 59.3, 52.2, 46.8, 43.2, 28.2, 26.7, 20.4; 

Mixture of isomers: IR (neat) cm−1: 3353, 3246, 2975, 2944, 1742, 1728, 1688, 1526, 1437, 1367, 

1252, 1233, 1196, 1168, 1110, 1065, 1047, 1022, 979, 895, 874, 778, 646; HRMS (ESI) Calc’d 

for C12H24O5NS [M + H]+: 294.13697; found 294.13796. 

 

Methyl 3-(((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutyl)sulfinyl)propanoate (23c) 

Purified by flash chromatography yielding a white solid containing a 

mixture of diastereomers.54% Yield; mp 68-69 °C;  

Major Diastereomer: 1H NMR (400 MHz, CDCl3) δ 5.04 (s, 1H), 

3.76-3.64 (m, 4H), 3.18-2.68 (m, 6H), 1.86-1.78 (m, 1H), 1.35 (s, 9H), 0.88 (m, 6H); 13C NMR 

(101 MHz, CDCl3) δ 171.5, 154.7, 79.5, 56.8, 52.0, 51.7, 46.4, 32.1, 28.2, 26.5, 18.7, 17.9; Minor 
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Diastereomer: 1H NMR (400 MHz, CDCl3) δ 5.26 (s, 1H), 3.76-3.64 (m, 4H), 3.18-2.68 (m, 6H), 

2.011.93 (m, 1H), 1.35 (s, 9H), 0.88 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 171.6, 155.3, 79.1, 

55.4, 52.1, 52.0, 47.1, 31.8, 28.2, 26.7, 19.2, 18.4; Mixture of isomers: IR (neat) cm−1: 3359, 3265, 

2959, 1733, 1684, 1522, 1435, 1363, 1247, 1168, 1027, 986; HRMS (ESI) Calc’d for C14H28O5NS 

[M + H]+: 322.16827; found: 322.16879. 

 

Methyl 3-(((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropyl)sulfinyl)propanoate (23f) 

Purified by flash chromatography yielding a white solid containing a 

mixture of diastereomers; Major Diastereomer: 1H NMR (600 MHz, 

CDCl3) δ 7.33-7.16 (m, 10H), 5.72 (d, 1H), 5.08-5.03 (m, 2H), 4.28-

4.20 (m, 1H), 3.67 (s, 3H), 3.15-2.70 (m, 8H); 13C NMR (151 MHz, CDCl3) δ 171.5, 155.5, 

136.6, 136.2, 129.3, 128.6, 128.4, 128.0, 127.9, 126.9, 66.7, 56.2, 52.1, 49.1, 46.7, 40.4, 26.5. 

Minor Diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.33-7.16 (m, 10H), 5.95 (d, J = 7.9 Hz, 

1H), 5.08-5.03 (m, 2H), 4.28-4.20 (m, 1H), 3.67 (s, 3H), 3.15-2.70 (m, 8H); 13C NMR (151 

MHz, CDCl3) δ 171.5, 155.7, 137.0, 136.4, 129.2, 128.6, 128.4, 128.0, 127.9, 126.8, 66.5, 55.0, 

52.1, 49.4, 47.1, 39.7, 26.6; Mixture of isomers: IR (neat) cm−1: 3329, 3062, 3034, 2950, 2903, 

1731, 1690, 1606, 1532, 1497, 1454, 1432, 1355, 1303, 1262, 1246, 1191, 1171, 1153, 1138, 

1083, 1063, 1045, 1030, 1012, 983; HRMS (ESI) Calc’d for C21H26O5NS [M + H]+: 404.15262; 

found: 404.15399. 

 
tert-Butyl ((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)carbamate (26a) 

Starting from sulfide 43a. Purified by flash chromatography yielding a white 

solid containing a mixture of diastereomers in approximately 45:55 ratio; 

65% Yield; mp 211-215 °C; Major Diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.38-7.09 (m, 
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10H), 5.48 (d, J = 6.7 Hz, 1H), 4.26-4.14 (m, 1H), 4.05 (d, J = 12.9 Hz, 1H), 3.98-3.91 (m, 2H), 

3.17-2.65 (m, 8H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 155.1, 137.4, 130.0, 129.4, 129.2, 

129.0, 128.5, 128.5, 126.6, 79.7, 58.5, 53.1, 49.5, 39.7, 28.3. Minor Diastereomer: 1H NMR (400 

MHz, CDCl3) δ 7.38-7.09 (m, 10H), 5.93 (d, J = 7.2 Hz, 1H), 4.26-4.14 (m, 1H), 4.10 (d, J = 12.2 

Hz, 1H) 3.98-3.91 (m, 2H), 3.17-2.65 (m, 8H), 1.40 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 155.1, 

136.7, 130.2, 129.5, 129.4, 128.8, 128.6, 128.3, 126.8, 79.9, 58.8, 55.1, 48.5, 40.8, 28.3; Mixture 

of isomers: IR (neat) cm−1: 3353, 3062, 3027, 2964, 2922, 1689, 1525, 1495, 1454, 1444, 1409, 

1390, 1364, 1354, 1266, 1251, 1169, 1158, 1081, 1043, 1016, 914. 

 

di-tert-Butyl ((2S,2'S)-sulfinylbis(3-phenylpropane-1,2-diyl))dicarbamate (29aa) 

Starting from impure 28aa. Purified by flash chromatography 

yielding a white solid containing a single product. 25% Yield; mp 

195-196 °C; [8]'(+= +32.2 (c = 1.00, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.32-7.16 (m, 10H), 

5.49 (d, J = 6.7 Hz, 1H), 4.89 (s, 1H), 4.29-4.23 (m, 1H), 4.15-4.06 (m, 1H), 3.20-2.78 (d, J = 

249.4 Hz, 8H), 1.41 (s, 9H), 1.41 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 155.4, 155.0, 137.4, 

136.5, 129.3, 128.7, 128.6, 128.5, 127.0, 126.7, 80.2, 79.5, 57.3, 55.1, 48.9, 48.4, 41.0, 40.1, 

28.3; IR (neat) cm−1 3351, 3061, 3027, 2978, 2932, 2867, 1686, 1603, 1520, 1496, 1454, 1443, 

1391, 1365, 1268, 1248, 1166, 1079, 1043, 1020, 918. HRMS (ESI) Calc’d for C28H41O5N2S [M 

+ H]+: 517.27307; found: 517.27518. 

 

Methyl (S)-3-((2-((tert-butoxycarbonyl)amino)-3-phenylpropyl)sulfonyl)propanoate (42) 

To a solution of methyl 3-(((S)-2-((tert-butoxycarbonyl)amino)-3-

phenylpropyl) sulfinyl)propanoate (0.113 g, 0.305 mmol, 1.0 eq) in 
MeOOC

S NHBoc

BnOO

S NHBoc

BnO

BocHN

Bn
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DCM (30 mL) was added solid 59.7% MCPBA (0.093 g, 0.320 mmol, 1.05 eq) at room 

temperature. The reaction mixture was allowed to stir for one hour. The solution was then washed 

with saturated aqueous solution of NaHCO3 (3 ⨉	50 mL), washed with saturated aqueous solution 

of Na2S2O3 (3 ⨉	50 mL) and then washed with saturate aqueous solution of brine (3 ⨉	50 mL). 

The organic layer was then dried with magnesium sulfate, which was then filtered off, and the 

solvent removed in vacuo to yield a white solid containing a single product. 60% Yield; mp 180-

182 °C; [%]'(+ = -12.6 (c = 1.00, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.32 (dd J = 7.4 Hz,  J = 

7.4 Hz, 2H), 7.25 (dd, J = 7.4 Hz,  J = 7.4 Hz, 1H), 7.21 (d, J = 7.4 Hz, 2H), 4.99 (d, J = 8.60 Hz, 

1H), 4.23 (s, 1H), 3.71 (s, 3H), 3.44-3.35 (m, 2H), 3.16-3.01 (m, 2H), 2.89-2.80 (m, 2H), 1.41 (s, 

9H); 13C NMR (151 MHz, CDCl3) δ 170.74, 155.10, 136.66, 129.38, 128.75, 127.01, 80.14, 55.29, 

52.36, 49.55, 48.52, 39.82, 28.24, 26.67; IR (neat) cm−1: 3376, 2985, 2956, 1735, 1688, 1511, 

1275, 1252, 1166, 1121, 1047, 1027, 858; HRMS (ESI) Calc’d for C18H28O6NS [M + H]+: 

386.16318; found: 386.16337. 

 

3.8 General Procedures for Sulfenate Liberation from β-Sulfinyl Acrylate 

A solution of β-sulfinyl acrylate (~150 mg 1.0 eq), in anhydrous THF (8 mL ) was stirred 

under argon until solid reagent was dissolved and cooled to -78°C. Then was added a nucleophilic 

base (either nBuLi, or Lithium cyclohexanethiolate). After 20 minutes of stirring, a solution of 

electrophile (2 eq) in THF (2 mL) was added dropwise. The solution was then warmed to room 

temperature overnight. The solvent was then removed in vacuo, and a saturated aqueous solution 

of NH4Cl was added. The solution was then extracted with EtOAc. The organic layers were 

combined and washed with saturated aqueous solution of brine, and dried over magnesium sulfate. 
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Magnesium sulfate was filtered off and the resulting crude mixture was purified with flash 

chromatography eluted with MeOH/DCM. 

 

tert-Butyl ((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)carbamate (26a)  

 Utilizing LiOMe as the nucleophile. Adding electrophile at -78°C and 

warming to r.t. Isolated as a white solid containing a mixture of two 

diastereomers; 31% Characterized above.  

 

3.9 General Procedures for Sulfenate Liberation from β-Sulfinyl Ester 

A solution of β-sulfinyl ester (150 mg, 1.0 eq), in anhydrous THF (8 mL ) was stirred under 

argon until solid reagent was dissolved and cooled to -78°C. Then was added base, either as a solid 

or as a solution in anhydrous THF. After 20 minutes of stirring, a solution of electrophile (2 eq) in 

THF (2 mL) was added dropwise. The solution was either warmed to room temperature overnight 

or immediately transferred to a warmed bath for 2 h. The solvent was then removed in vacuo, and 

a saturated aqueous solution of NH4Cl was added. The solution was then extracted with EtOAc. 

The organic layers were combined and washed with saturated aqueous solution of brine, and dried 

over magnesium sulfate. Magnesium sulfate was filtered off, and the solvent removed in vacuo. 

the resulting crude mixture was purified with flash chromatography eluted with MeOH/DCM. 

 

tert-Butyl ((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)carbamate (26a) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and warming to 

rt.  Isolated as a white solid containing a mixture of two diastereomers; 82% 

Yield; [8]'(9= +38.7 (c = 1.00, CHCl3); Characterized above.  

Bn S NHBoc

BnO

Bn S NHBoc

BnO
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tert-Butyl ((2R)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)carbamate (26d) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and immediately 

refluxing for 2 h. Isolated as a white solid containing a mixture of two diastereomers; 90% Yield; 

mp 210-214°C; [8]'(+  = -37.8 (c = 1.00, CHCl3);  

Major Diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.37-7.09 (m, 1H), 5.49 (s, 1H), 4.23-4.17 (m, 

1H), 4.02 (d, J = 13.2 Hz, 1H), 3.96-3.88 (m, 1H), 2.92 (m, 4H), 1.41 (s, 9H); 13C NMR (101 MHz, 

CDCl3) δ 155.1, 137.4, 130.0, 129.4, 129.2, 128.9, 128.5, 128.4, 126.6, 79.5, 58.8, 53.3, 49.4, 39.8, 

28.3. Minor Diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.37-7.09 (m, 1H), 4.95 (s, 1H), 4.23-

4.17 (m, 1H), 4.08 (d, J = 12.2 Hz, 1H), 3.96-3.88 (m, 1H), 2.92 (m, 4H), 1.41 (s, 9H); 13C NMR 

(101 MHz, CDCl3) δ 155.1, 136.7, 130.2, 129.4, 129.4, 128.8, 128.6, 128.3, 126.8, 79.8, 58.8, 

55.1, 48.4, 40.8, 28.3; Mixture of isomers: IR (neat) cm−1: 3354, 3031, 2970, 1689, 1526, 1495, 

1454, 1364, 1355, 1302, 1266, 1251, 1222, 1170, 1158, 1080, 1033, 1017, 1004, 769; HRMS (ESI) 

Calc’d for C21H28O3NS  [M + H]+: 374.17844; found: 374.17923. 

 

tert-Butyl ((2S)-1-(benzylsulfinyl)propan-2-yl)carbamate (26b) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and 

immediately refluxing for 2 h. Isolated as a white solid containing a mixture 

of two diastereomers; 58% Yield; mp 155-156 °C; [8]'(+= +37.9 (c = 1.00, CHCl3);  

Major Diastereomer: 1HNMR (400 MHz, CDCl3) δ 7.36-7.24 (m, 5H), 5.37 (s, 1H), 4.15-3.93 (m, 

3H), 2.82-2.67 (m, 2H), 1.38 (s, 9H), 1.30 (d, J = 6.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 

154.9, 130.0, 129.6, 128.8, 128.3, 79.3, 59.0, 56.6, 43.5, 28.2, 20.3; 

Minor Diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.36-7.24 (m, 5H), 5.01 (s, 1H), 4.15-3.93 

(m, 3H), 2.82-2.67 (m, 2H), 1.39 (s, 9H), 1.25 (d, J = 6.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 

Bn S NHBoc

BnO

Bn S NHBoc

O
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154.9, 130.0, 129.5, 128.7, 128.2, 79.3, 58.7, 57.9, 43.1, 28.2, 20.9; Mixture of isomers: IR (neat) 

cm−1: 3356, 2969, 2935, 2911, 2900, 2877, 1686, 1520, 1456, 1409, 1391, 1365, 1347, 1266, 1248, 

1174, 1157, 1104, 1078, 1068, 1046, 1022, 949, 907; HRMS (ESI) Calc’d for C15H24O3NS [M + 

H]+: 298.14714; found 298.14754. 

 

tert-Butyl ((2S)-1-(benzylsulfinyl)-3-methylbutan-2-yl)carbamate (26c) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and 

immediately refluxing for 2 h. Isolated as a white solid containing a mixture 

of two diastereomers; 82% Yield; Mp 176-177 °C; [8]'(+= +59.2 (c = 1.00, CHCl3);  

Major Diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.38-7.28 (m, 5H), 5.21 (d, J = 9.0 Hz, 1H), 

4.05 (d, J = 13.1 Hz, 1H), 3.98 (d, J = 13.0 Hz, 1H), 3.82-3.75 (m, 1H), 2.87-2.73 (m, 2H), 2.05-

1.97 (m, 1H), 1.42 (s, 9H), 0.90 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 155.3, 129.9, 129.7, 

128.8, 128.3, 79.3, 59.2, 54.2, 52.4, 31.8, 28.3, 19.3, 18.6; Minor Diastereomer: 1H NMR (400 

MHz, CDCl3) δ 7.38-7.28 (m, 5H), 4.92 (d, J = 9.3 Hz, 1H), 4.20 (d, J = 12.9 Hz, 1H), 3.96 (d, J 

= 12.9 Hz, 1H), 3.82-3.75 (m, 1H), 2.87-2.73 (m, 2H), 1.85-1.77 (m, 1H), 1.44 (s, 9H), 0.90 (m, 

6H); 13C NMR (101 MHz, CDCl3) δ 155.3, 129.9, 129.7, 128.8, 128.3, 79.3, 58.8, 53.9, 52.4, 31.8, 

28.3, 19.3, 18.6; Mixture of isomers: IR (neat) cm−1: 3298, 2981, 2962, 2929, 2895, 2876, 1699, 

1528, 1497, 1457, 1414, 1397, 1390, 1362, 1313, 1269, 1252, 1173, 1157, 1085, 1026, 1001, 891, 

874; HRMS (ESI) Calc’d for C17H28O3NS [M + H]+: 326.17844; found 326.17885. 
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Benzyl ((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)carbamate (26f) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and 

immediately refluxing for 2 h. Isolated as a white solid containing a mixture 

of two diastereomers; 63% Yield; mp 183-185 °C; [8]'(+= +31.6 (c = 1.00, CHCl3);  

Major Diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.35-7.07 (d, J = 162.9 Hz, 15H), 5.77 (d, J 

= 7.0 Hz, 1H), 5.09-5.05 (m, 2H), 4.27 (s, 1H), 4.03-3.93 (m, 2H), 3.18-2.71 (m, 4H). 13C NMR 

(101 MHz, CDCl3) δ 155.6, 137.0, 136.4, 130.0, 129.3, 129.2, 129.0, 128.6, 128.5, 128.5, 128.0, 

128.0, 126.7, 66.6, 58.8, 53.0, 50.2, 39.7; Mixture of isomers: IR (neat) cm−1: 3339, 3086, 3063, 

3030, 2962, 2947, 2911, 1688, 1601, 1531, 1495, 1454, 1404, 1353, 1259, 1216, 1169, 1080, 

1027, 1016, 914; HRMS (ESI) Calc’d for C24H26O3NS [M + H]+: 408.16279; found: 

408.162328. Minor Diastereomer present but too low in concentration to be characterized.  

 

tert-Butyl ((2S)-1-((2-bromobenzyl)sulfinyl)-3-phenylpropan-2-yl)carbamate (26g) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and 

immediately refluxing for 2 h. Isolated as a beige solid containing a 

mixture of two diastereomers; 90% Yield; mp 181-183 °C; [8]'(+= 

+11.8 (c = 1.00, CHCl3); Major Diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.61-7.56 (m, 1H) 

7.36-7.13 (m, 8H), 5.48 (d, J = 7.1 Hz, 1H), 4.27-4.19 (m, 2H), 4.12 (d, J = 12.7 Hz, 1H), 3.20-

2.76 (m, 4H), 1.40 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 155.0, 137.1, 133.2, 132.4, 130.1, 129.8, 

129.3, 128.6, 127.9, 126.6, 124.8, 79.7, 59.6, 53.0, 49.5, 39.9, 28.3; Minor Diastereomer: 1H NMR 

(400 MHz, CDCl3) δ 7.61-7.56 (m, 1H) 7.36-7.13 (m, 8H), 5.91 (s, 1H), 4.27-4.19 (m, 2H), 4.06 

(d, J = 12.9 Hz, 1H), 3.20-2.76 (m, 4H), 1.40 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 153.7, 136.7, 

133.2, 132.5, 130.0, 129.9, 129.5, 128.6, 127.8, 126.8, 125.1, 79.6, 58.4, 55.1, 48.7, 40.5, 28.3; 

Bn S NHCbz
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Mixture of isomers: IR (neat) cm−1: 3349, 3062, 3030, 2969, 2919, 2857, 1689, 1524, 1496, 1471, 

1441, 1408, 1390, 1366, 1355, 1267, 1249, 1170, 1162, 1044, 1033, 1018, 892; HRMS (ESI) 

Calc’d for C21H27O3NBrS [M + H]+: 452.08895; found: 452.09018. 

 

tert-Butyl ((2S)-1-(methylsulfinyl)-3-phenylpropan-2-yl)carbamate (26h) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and warming to 

rt. Isolated as a white solid containing a mixture of two diastereomers; 38% 

Yield; mp 157-158 °C; [8]'(+= +35.6 (c = 1.00, CHCl3); Major Diastereomer: 1H NMR (400 MHz, 

CDCl3) δ 7.32-7.19 (m, 5H), 5.47 (d, J = 7.9 Hz, 1H), 4.18 (m, 1H), 3.21-2.82 (m, 4H), 2.57 (s, 

3H), 1.41 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 155.3, 137.5, 129.3, 128.7, 126.8, 79.4, 57.1, 

49.5, 40.2, 39.2, 28.4; Minor Diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.32-7.19 (m, 5H), 4.95 

(d, J = 6.5 Hz, 1H), 4.18 (m, 1H), 3.21-2.82 (m, 4H), 2.59 (s, 3H), 1.40 (s, 9H); 13C NMR (101 

MHz, CDCl3) δ 156.2, 137.0, 129.5, 128.7, 126.9, 80.0, 59.0, 48.6, 40.8, 39.0, 28.3; Mixture if 

isomers: IR (neat) cm−1: 3358, 3025, 2980, 2947, 2907, 2857, 1686, 1520, 1495, 1445, 1410 1392, 

1369, 1355, 1267, 1247, 1168, 1072, 1048, 1021, 970; HRMS (ESI) Calc’d for C15H24O3NS [M + 

H]+: 298.14714; found 298.14754. 

 

tert-Butyl ((2S)-1-(cinnamylsulfinyl)-3-phenylpropan-2-yl)carbamate (26i) 

Utilizing LIHMDS as the base. Adding electrophile at -78°C and 

immediately refluxing for 2 h. Isolated as a beige solid containing 

a mixture of two diastereomers; 87% Yield; mp 172-173 °C; [8]'(+= +11.8 (c = 1.00, CHCl3);  

Major Diastereomer 1H NMR (400 MHz, CDCl3) δ 7.38-7.16 (m, 10H), 6.64 (d, J = 16.2 Hz, 1H), 

6.24-6.14 (m, 1H), 5.47 (d, J = 6.2 Hz, 1H), 4.30-4.19 (m, 1H), 3.79-3.56 (m, 2H), 3.24-2.80 (m, 

S NHBoc

BnO
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4H), 1.41 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 155.1, 138.3, 136.7, 135.8, 129.3, 128.6, 128.6, 

128.3, 126.7, 126.6, 116.0, 79.5, 56.0, 54.8, 49.4, 39.9, 28.3; Minor Diastereomer: 1H NMR (400 

MHz, CDCl3) δ 7.38-7.16 (m, 10H), 6.62 (d, J = 15.6 Hz, 1H), 6.24-6.14 (m, 1H), 4.82 (s, 1H), 

4.30-4.19 (m, 1H), 3.79-3.56 (m, 2H), 3.24-2.80 (m, 4H), 1.42 (s, 9H). 13C NMR (151 MHz, 

CDCl3) δ 155.2, 138.2, 137.4, 135.9, 129.4, 128.6, 128.5, 128.2, 126.8, 126.6, 116.0, 79.9, 54.9, 

53.3, 48.4, 40.9, 28.3; Mixture of isomers: IR (neat) cm−1: 3354, 3060, 3025, 2972, 2924, 2906, 

1688, 1525, 1495, 1442, 1391, 1366, 1354, 1268, 1250, 1214, 1169, 1081, 1044, 1010, 969; HRMS 

(ESI) Calc’d for C23H30O3NS [M + H]+: 400.19409; found: 400.19330. 
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