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ABSTRACT 

 

DIASTEREOSELECTIVE ALKYLATIONS OF MONOXIDIZED ORGANOSULFUR SPECIES  

AND ASSOCIATED REACTIVITY OF AMINO IODIDES 

 

Scott R. Sammons        Advisor: 
University of Guelph, 2021       Dr. Adrian L. Schwan 
   

 

Organosulfur species are prevalent and bountiful through nature, biological systems, and pharmaceutical 

compounds. The chemistry presented herein explores synthetic transformations of organosulfur species to 

evaluate accessibility and diastereomeric ratios. 

 

Chapter 1 explores β-amino iodide systems and their associated reactivity patterns in attempting to access 

biologically active ant venom alkaloids. Creative reaction pathways were introduced in an endeavour to 

expedite the synthesis previously seen for these compounds. 

 

Chapter 2 focuses on the diastereomeric ratios produced from alkylations of sulfenate species. Density 

Functional Theory (DFT) was employed to predict that altering the protecting group (PG) from a Boc to a 

trifluoroacetyl resulted in a different stabilization conformation for the transition state. N-C(O)CF3 sulfoxides 

were synthesized through sulfenate releases and compared to previously generated N-Boc sulfoxides to 

see if inversion of stereochemistry prevailed upon changing the PG.  
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1 DISCOVERING REACTIVITY OF β-AMINO IODIDE SYSTEMS 

Maladies, disease and unpleasantries are prevalent through humanity, though the design and 

synthesis of biologically active molecules, inspired by naturally occurring bioactive compounds, can aid in 

the prevention and treatment of many of these ongoing conditions. 1,5-pyrrolidines, or ant venom alkaloids 

from the genera Megalomyrmex, Monomorium, and Solenopsis contain nitrogen-based heterocycles that 

impart many biologically beneficial effects. Cytotoxicity, neurotoxicity, and potency against microbial 

pathogens in conjunction with specific target protein binding present them as promising precursors and 

candidates for pharmaceutical drug synthesis.1 Previous efforts by Sӧderman,2 Kulak3 and Schwan4 have 

led to the characterization and diastereoselective reactive outcomes of accessing these alkaloids through 

cis- and trans-alkenyl sulfoxide and sulfone systems. Synthetic efforts were made towards the synthesis of 

cis-alkenyl sulfoxides from chiral amino acid scaffolds incorporating previously unseen chemistry with the 

intention to minimize reaction pathway steps and effectuate superior yields. The pathway was ultimately 

unsuccessful in accessing the coveted cis-alkenyl sulfoxides, though reactivity patterns and inferences 

were drawn for the β-amino iodide systems utilized.  

 

1.1 INTRODUCTION 

1.1.1 BIOLOGICALLY ACTIVE HETEROCYCLES 

Ring systems containing heteroatoms have emerged as significant contenders in the development 

of new therapeutic drugs and biologically active compounds through their synthetic accessibility and 

pharmacological properties.1 Heterocyclic scaffolds impart lipophilicity and solubility, thereby increasing 

drug efficacy and bioavailability when moving through phospholipid bilayers and areas of hydrophobicity.5 

In conjunction with the stability of the ring systems, most of these heterocyclic systems are bioisosteres 

and mirror their naturally occurring counterparts.5 Approximately 70% of all pharmaceuticals and 

agrochemicals contain a minimum of one heterocyclic ring, which provides a scaffold for various functional 

groups to attach. Interestingly, a multitude of heterocycles contribute biological activity without any 

additional substituents to augment activity; all pointing towards the heterocyclic core behaving as the 

pharmacophore. Examples of these minimally substituted, yet biologically relevant species include bipyridyl 
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systems amrinone (1), milrinone (2) and paraquat (3) (Figure 1). As pyridine phosphosdiesterase III 

inhibitors (PDE), amrinone (1) and milrinone (2) act as vasodilators by preventing the decomposition of 

cAMP of cGMP, leading to an increase in intracellular cAMP, and improving myocardial contractility and 

vascular smooth muscle vasodilation.6 Paraquat (3), classified as a viologen (families of redox-active 

bipyridyl compounds) acts to disrupt biological activity in cells by interfering with electron transfer.7 

Commonly used as a herbicide, paraquat inhibits photosynthesis through accepting electrons from 

ferredoxin in photosystem 1 and creating reactive oxygen species in the form of the superoxide free radical. 

These reactive oxygen species regenerate the oxidized form of paraquat, and are again able to remove 

electrons from ferredoxin in photosystem 1.8 Though both show structural similarity with the heterocyclic 

core remaining the same, the substitutions account for a momentous discrepancy in their organic role.  

 

Figure 1. Heteroaromatic bipyridyl analogs that display divergent biological activity. 

 Biological activity from heterocyclic compounds does not discriminate between structures; even 

rudimentary frameworks can facilitate adverse effects. The gem-diethyl barbituric acid barbital (4), marketed 

as Veronal by Bayer AG in 1904 as the first commercially available barbiturate, contains a simple structure 

that is very synthetically accessible, though displays potent hypnotic-sedative effects through its use as a 

sleeping aid. Barbital, like most barbiturates, acts as positive allosteric modulators and GABAA receptor 

agonists at higher concentrations.9 Through binding to the GABAA receptor, barbiturates modify the ligand-

gated ion channel and extend the period that the chloride ion channel remains open, therein steadying the 

resting potential and making it onerous for the generation of action potential and depolarization of the 

neuron.10 Despite the profound biological effect this barbiturate has, its’ synthesis is relatively facile and 

can be altered to modify drug activity. Condensation of diethyl malonic ester with urea and the addition of 

two equivalents of sodium ethoxide results in the coveted barbital (4) (Scheme 1). Interestingly, substitution 

of the gem-diethyl group for diethylacetyl and dipropyl alters the strength of the drug with the latter 
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increasing the potency by four-fold.9 Other heterocycles include the antihypertensive pempidine (5),11 

insecticidal thiocyclam (6)12,13 and soil fumigant dazomet (8). Pempidine (5) inhibits the action of 

acetylcholine and is therein classified as nicotinic receptor agonist and ganglionic blocker, preventing 

communication between preganglionic and postganglionic neurons through the autonomous nervous 

system.11 The six-membered unsaturated trisulfide thiocyclam (6) has gained popularity as a proinsecticide, 

which rapidly breaks down into the active five-membered constituent nereistoxin (7) (Figure 2).12,13  

 

Scheme 1. Facile synthesis of potent barbiturate barbital.  

 

Figure 2. Simple bioactive saturated N- and S-heterocycles. 

 
Despite the basic structures shown above, commonly marketed drugs of the 21st century are 

generally more complex structures; fused rings of saturation and unsaturation combined with unique 

functionalities generate an infinite supply of molecular concoctions (Figure 3). These constructs can be 

assembled through a plethora of synthetic procedures, though many involve the reactions incorporating 

transition metal catalysts. These catalysts are extremely attractive from a multitude of perspectives, 

considering they are environmentally sustainable, and have found numerous uses in countless heterocyclic 

ring forming reactions in addition to C-H functionalization.14 Past candidates as metal oxide nano catalysts 

include copper (II), silicon, cerium (IV), iron (IV), calcium, indium (III), zirconium (IV) oxides, and many 

more. Recent methods have demonstrated the application of nano-ZnO as an inexpensive, environmentally 

benign, non-toxic, regenerative heterogeneous catalyst in the synthesis of bioactive heterocycles.14  
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Figure 3. Array of diverse pharmaceutical compounds containing heterocyclic moieties. 

 
Banerjee14 validated the robust and widely applicable uses of nano-ZnO catalysts in the formation of 

polysubstituted pyrroles, imidazoles, quinoxalines, pyridine/pyrimidines, furans, xanthenes, and many 

more. In conjunction with its other qualities, nano-ZnO have been widely applied to many fields such as 

gas sensors,15 optoelectronics,16 ferromagnetism,17 solar cells,18 and piezoelectric transducers,19 resulting 

in its growing popularity as a superior Lewis acidic nano catalyst. In 2015, Nikoofar20 synthesized and 

characterized ZnO-nanorods by X-ray diffraction (XRD) and scanning electron microscopy (SEM) 

techniques, and demonstrated its use in the one-pot, three-component generation of imidazole 9 in water 

(Scheme 2). This technique holds value for the anti-fungal, anti-tumor,21 and anti-inflammatory22 biological 

effects that imidazoles possess, in conjunction that modified imidazoles are included as a core constituent 
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of some marketed pharmaceutical compounds.23 Despite the numerous advantages of a transition metal 

catalysis for the formation of cycles, transition-metal free chemistry certainly exists in developing large 

molecules. 

 

 

Scheme 2. ZnO-nanorod catalyzed synthesis of imidazoles. 

 

1.1.2 SYNTHESIS OF VARIOUS MEMBERED HETEROCYCLES FROM AMINO ACID 

DERIVATIVES 

Multicomponent reactions (MCRs) or one-pot reactions have gained traction for their automated 

aspects and synthetic efficiency. Reactions such as Ugi, Petasis, Passerini, Hantzsch and Gewald 

reactions approach assembling various heterocyclic compounds in a simple yet effective manner through 

the use of one-pot reactions.24 Amino acids present an interesting approach to MCRs in the sense of their 

bifunctional nature of containing an amine and carboxylic functional group. Despite this alluring 

characteristic, amino acids are still in their early stages for use in MCRs. However, a multitude of reactions 

are currently available for the assembly of heterocycles from four- to seven-membered, with the inclusion 

of fused rings too. When four-membered heterocyclic rings are mentioned in nature and antibiotics, -

lactams are very commonly brought up. Proven to be capable antibacterial and enzyme inhibitors (serine 

and cysteine proteases),25,26 novel methods for the generation of these compounds have brought great 

interest to synthetic chemists and pharmaceutical companies.27,28 Developed in 1959 by Ivar Karl Ugi, the 

Ugi reaction remains a staple in the MCR synthesis of -lactams.29 This reaction involves the use of an 

aldehyde or ketone, amine, carboxylic acid, and isocyanate to generate a bis-amide.29 The reaction is 

exothermic, proceeds quickly once the isocyanate reagent is added, has proven to be high yielding in high 

concentrations (0.5 M – 2.0 M), and has excellent atom conservation through only the loss of water in the 
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reaction.30 In 2011, Szakonyi31 reported a new method for the generation of conformationally constrained 

tricyclic -lactam enantiomers using Ugi reactions (Scheme 3). The reactions were completed in MeOH, 

water and solvent free, with the highest yields being reported in MeOH likely due to a slight water insolubility 

of the imine formed in step one of the reaction mechanism.31 

 

Scheme 3. Synthesis of conformationally locked tricyclic β-lactam enantiomers through Ugi 
coupling. 

 
Five-membered heterocycles have been synthesized using MCRs to produce products such as 

peptidomimetics, which mimic natural peptides or proteins but generally improve on the pharmacological 

potency. Using a PADAMa reaction sequence, benzimidazole isosteres of the norstatine scaffole have been 

produced in good yields. This method incorporates TFA-assisted microwave-promoted cyclization 

incorporating ortho-N-Boc-phenylisonitrile, N-Boc--aminoaldehydes, and carboxylic acids (Scheme 4). 

The reaction conditions shift from acidic for the Boc deprotection, to basic for the acyl migration, succeeded 

by acidic conditions again for the induced cyclization of the benzimidazole system. Due to the delocalization 

stabilizing effect of the benzimidazole fused system, the lowered pKa ~5.2 drastically modifies the 

physicochemical properties of the varied products.32  

 
a Passerini reaction-amine deprotection-acyl migration 
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Scheme 4. Microwave-promoted PADAM cyclization pathway in the synthesis of novel norstatine 
analogs.  

 

In addition to forming four-membered -lactams, Ugi coupling has been utilized in the generation 

of diketopiperazine derivatives (DKPs), which are present in a multitude of bioactive and natural 

compounds, and have become dependable biologically active scaffolds in therapeutic compounds.33 These 

compounds have relevance in drug discovery due to being able to copy preferred peptide formations 

through their rigid backbone structure, and the 2,5-DKP variants are easily formed through a condensation 

of two α-amino acids.34 The DKPs exhibited below have been constructed using SPOT-synthesis; a method 

that suspends the reactants on a planar cellulose membrane and minimizes the quantities of reactants 

used. SPOT-synthesis demonstrates multiple qualities through being highly efficient and reliable, easy to 

reproduce, inexpensive (considering cellulose membranes are highly cheap and accessible), and the ability 

for high throughput screening of molecular libraries.35 Previous endeavours in this technique have been 

successful in: attaching linkers/spacers, peptide synthesis incorporating Fmoc chemistry, cleavage of 

protecting groups, and peptide cleavage. Campbell and Blackwell proposed the SPOT-synthesis depicted 

below, which used an Ugi deprotection cyclization (UDC) dogma, with cleavage from the cellulose scaffold 
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occurring in the cyclization step with NH3 vapour after the Boc group was deprotected using TFA vapour 

(Scheme 5).36 

 

Scheme 5. Highly efficient SPOT-synthesis of 2,5-diketoperazines on planar cellulose membrane.  

 1,4-Benzodiazepenes (BZDs), are psychoactive fused ring systems which exhibit profound 

pharmacological activity37,38 including sedative, axiolytic, anticonvsulsant, and hypnotic effects through 

enhancing the effect of the GABAA receptor.39 Examples of these pharmaceutical fused-heterocyclic BZDs 

generally end in the ‘azepam’ suffix, and include drugs like diazepam (10), flunitrazepam (11), flurazepam 

(12) and lorazepam (13) (Figure 4). All these compounds exhibit very similar biological effects as described 

earlier, and act on the GABAA receptor; the primary difference between them is the substituent and 

functional groups attached. Slight differences arise because of discrepancies in functionalities, such as 

metabolites produced upon biological processing of the compound. For examples, flurazepam (12) 

generates the active metabolite N-desalkylflurazepam, which as a result of its 47-100 hour half-life, may 

result in inhibition of cognitive function and sleepiness over succeeding days.40 The pharmocogenicity 

delineation of the compound depends substantially on the geometry of the heterocyclic core, as this 

structure dictates the controlling ligand/receptor interactions.41 BZDs adopt a boat conformation, which 

exhibits chirality in itself without the presence of any stereogenic centers in the molecule (Figure 5). 

However, the barrier for racemization between the two enantiomers has shown to be low, with the exclusion 

of a single substituent at position C3 stabilizing one racemate, or a comparably large substituent at position 
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C1.41 Carlier42 demonstrated that conformational inversion occurs at 55-100 °C at ΔG‡ = 25-28 kcal/mol 

using DFT B3LYP/6-31G* in the presence of bases such as KH or tBuOK through an enolate intermediate. 

Like barbiturates, BZDs bind to the GABAA receptor to upregulate the effectiveness of suppressing neuronal 

activity. The BZD binding site is formed by residues in a minimum of six noncontiguous regions at the α/γ 

interface, located on the extra-cellular region of the receptor.43 Both barbiturates and BZDs modulate the 

GABA receptor through allosterically modulating GABA-induced current (IGABA) responses, though the 

binding effects are slightly different. While barbiturates increase the time the chloride channel remains open, 

BZDs increase the frequency of the chloride channel opening.44 A recent paper by Azuaje et al.41 in 2015 

applied an Ugi four-component reaction (U-4CR) scheme in the genesis of a large BZD library, exemplifying 

that structurally complex molecules can be derived from simplistic experimental design (Scheme 6).  

 

Figure 4. Pharmaceutical drugs built around the bioactive 1,4-benzodiazepin-2-one scaffold. 

 

 
Figure 5. Conformational enantiomers of 1,4-benzodiazepin-2-ones. 
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Scheme 6. Synthesis of 1,4-benzodiazepin-2-one compounds through an UDC strategy. 

 

1.1.3 GENERATION OF ANTI-CANCER HETEROCYCLIC COMPOUNDS 

Cancer is a major health problem worldwide, impacting a plethora of societies through its high 

annual cases and death rate; however, with the emergence of modern medicine and chemistry, novel 

compounds and naturally occurring biological compounds have grown in the fight to treat this relentless 

disease. Cancer encompasses a group of diseases that are characterized by uncontrolled cell growth with 

the capability to invade other regions of the body and can be differentiated from benign tumours which do 

not spread. Characteristics of tumours that exhibit the hallmarks of cancer include: unregulated cell 

growth/division without cell signals, continuous cell growth without signals, circumvention of programmed 

cell death, infinite number of cell divisions, blood vessel assembly, and cancerous cell migration/generation 

of metastases.45 Mutations in the DNA that govern cell growth, differentiation and apoptotic pathways are 

the cause for the unregulated cell processes. Genes affected are generally divided into two categories; 

oncogenes with affect cell growth and regulation, and tumour suppressor genes, which governs cell division 

and survival. Due to the complexity of the genetic code and numerous cell checkpoints in the regulation of 

growth, multiple mutations in the DNA are required to remodel a normal cell line into a cancerous one.46 A 

multitude of drugs are currently available on the market to target various types of cancer, though numerous 

hurdles exist: emerging drug resistance, low tumour selectivity, drug toxicity, and diversity of cancers 

provide overwhelming cause for the generation of new compounds that exhibit lower levels of toxicity and 



 
 

12 
 

increased efficacy. Agents that inhibit cellular growth and proliferation, prevent metastasis, all while 

avoiding healthy cells are at the forefront of drug targets.47  

 Targeting the structural integrity of the cell is an effective approach at inhibiting cancerous cell 

growth. The cytoskeleton provides the necessary framework and structure to support all the organelles, 

with microtubules as the subunits that polymerize to form this fabric. In conjunction with providing the 

cellular scaffold, microtubules play a role in cell signaling and mitotic spindle formation involved in cell 

division.48 Inhibition of microtubule polymerization and growth has been seen in compounds such as the 

anti-inflammatory colchicine49 and anthelmintic properties of benzimidazole carbamates.50 Specifically, 

compounds that target tubulin polymerization act as inhibitors of cell division through promoting mitotic 

arrest at the G2/M step of the cell cycle, with cell apoptosis soon following.51 It has been shown that tubulin 

binders are able to selectively target the vascular network of tumours, impeding blood flow to the affected 

areas and inducing morphological changes to the endothelial cells.52,53 A variety of compounds have been 

classified and utilized in clinical trials as tubulin targeting drugs including: Vinca alkaloids, taxanes, 

halochondrin B analog eribulin and antibody-drug conjugates containing maytansine-derivative DM1 and 

monomethyl auristatin E.54  

With antimitotic agents in mind, Flynn et al.53 synthesized potent benzo[b]furan and indole-based 

tubulin polymerization inhibitors through multicomponent coupling of o-iodophenols with terminal alkynes 

and aryl iodides using Sonogashira coupling (Scheme 7). Interestingly, the acyl introduction of compound 

14 made a profound impact on both tubulin polymerization inhibition and cell growth inhibition in comparison 

to 15. Inhibition assays were tested on MCF-7 human breast carcinoma cells and evaluated the IC50 and 

% inhibition of colchicine binding (as binding of colchicine to tubulin inhibits polymerization through multiple 

pathways such as suppressing expression of NF-κβ). Benzo[b]furan 15 did not exhibit any inhibition effects 

with a tubulin polymerization of IC50 >40 µM, no colchicine inhibition, and IC50 >1000 nM for cell growth 

inhibition. In contrast, 14 showed substantial efficacy with an IC50 of 0.41 µM for tubulin inhibition, 77% 

colchicine binding inhibition, and IC50 of 34 nM for cell growth inhibition. Assessing the structure-activity 

relationship, previously tested benzo[b]thiophene derivatives exhibited the same trend in that absence of 

the carbonyl linking resulted in absolute loss of biological relevancy.53 Additionally, and recently (2021), 

Waltemate et al.54 generated acridone-based derivatives through a series of coupling reactions to be used 
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as antiproliferation agents against K562 human chronic myelogenous leukemia cells. The acridone series 

of novel compounds were constructed using palladium-catalyzed coupling between aryl nitrile 16 and aryl 

boronic acid 17, followed by N-acylation of aniline system 18, and succeeded by cyclization to acridone 20 

under Buchwald-Hartwig amination conditions (Scheme 8). Tubulin polymerization, competitive inhibition 

with N,N’-ethylenebis(iodoacetamide) (EBI) of the colchicine binding site of β-tubulin, and apoptosis 

induction assays were performed while evaluating for cell cycle arrest. Several compounds exhibited 

inhibitive effects, with a notable lowest IC50
 of 1.3 µM for cell growth, and an IC50 of 1.6 µM for tubulin 

polymerization when R1 = H; R2 = H; R3 = OH; R4 = OMe. However, the synthetic procedure was marginally 

altered to adapt to a piperidine electrophile, resulting in compound 21. This modification demonstrated a 

substantial increase in biological efficacy, reducing the IC50 to 0.026 µM for cell growth and 0.33 µM for 

tubulin polymerization.54 To add to the structural-reactivity relationship, when the methoxy substituent was 

changed to the para position on the phenyl ring, or substituted to a nitro or amine group at the para position, 

the biological efficacy substantially dropped with a IC50 increasing by a factor of 100. 

 

Scheme 7. Multicomponent synthesis incorporating Sonogashira coupling to produce 
benzo[b]furan tubulin polymerization inhibitors. Reagents and conditions: (a) MeMgCl, 

Pd(PPh3)Cl2 3 mol%, THF, 65 °C, N2; (b) DMSO, 25 °C to 80 °C, 16-18 h; (c) AlCl3 3 equiv., DCM. 
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Scheme 8. Synthesis of antiproliferation acridone-based derivatives. (a) Pd(TFA)2, 5,5’-dimethyl-
2,2’-bipyridine, methanesulfonic acid (MSA), 2-methyltetrahydrofuran (Me-THF)/H2O, 90 °C, 36 h; 

(b) benzoyl chloride, pyridine, CH2Cl2, rt, TLC control; (c) Pd(OAc)2/Xantphos or 
Pd2(dba)3/Me4tBuXphos, Cs2CO3, 1,4-dioxane, 115 °C, TLC control. 

 

1.1.4 ANT VENOM ALKALOIDS 

Ant venom alkaloids and naturally occurring biologically active heterocycles show great 

significance in the generation of new therapeutic drugs, through their synthetic accessibility and 

pharmacological properties.1 The venom of ants from the genera Megalomyrmex, Monomorium, and 

Solenopsis contain nitrogen-based heterocycles that impart many biologically beneficial effects. This class 

of compounds excel in specific target protein binding, cellular membrane adhesion and exhibit properties 

including cytotoxicity, neurotoxicity, and potency against microbial pathogens. The inherent properties of 

ant venom alkaloids present them as promising precursors and candidates for pharmaceutical drug 

synthesis. Piperidine alkaloids, known as solenopsins, can be isolated from the Brazilian fire ant, 

Solenopsis invicta. Solenopsins induce necrosis in human tissue and inhibit nitric oxide production, thus 

inhibiting angiogenesis.1 Studies performed by Arbiser et al. in 2006 investigated the mode of action of 

solenopins and structure-activity relationship through SVRb angiogenesis and kinase inhibition assays.55 

Antiangiogenic activity was observed and determined to work through inhibition of the PI3K signaling 

 
b SVR cells are immortalized murine endothelial cells through infection with an ecotropic retrovirus encoding SV40 large T antigen, 
and transformed with oncogenic H-ras.55,153 
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pathway, and all subsequent phosphorylation events downstream of PI3K such as Aktc at Thr308 and 

Ser473 residues.55  

Solenopsins have been previously assembled (Fuji et al.,56 1979; Oppolzer,57 1994; Poerwono et 

al.,58 1998; Kumareswaran and Hassner,59 2001; Takahata et al.,60 2002; Amat et al.,61 2003), though the 

syntheses presented have encountered various obstacles and lengthy pathways.62 Recently, Arévalo-

García62 demonstrated the efficient and straight-forward synthesis of (2R, 6R)-solenopsin A starting from 

an allyl adduct of N-protected alanine 22 (Scheme 9). Alanine 22 was subjected to hydroboration-oxidation 

conditions to produce alcohol 23, followed by protection of the alcohol through a mesylation to produce 24. 

Catalytic hydrogenation of the benzyl group of 24 led to an intramolecular cyclization to produce piperidine 

25. The introduction of sBuLi/TMEDA at -30 °C produced a carbanion which reacted with DMF to form the 

formylated product 26. Wittig conditions were performed using a decyltriphenylphosphonium 

bromide/nBuLi/THF system to produce the piperidine 27, followed by catalytic hydrogenation of the π bond 

to yield alkyl piperidine 28. Fluoride anions facilitated the cleavage of the silyl protecting group using 

Bu4NF/THF to yield 29. Finally, NaBH3CN and AcOH permitted reduction and removal of the hydroxyl 

group, followed by TFA for the deprotection to the free amine and product 30. This synthesis drastically 

improved previous attempts at synthesizing solenopsins due to high yields, accessible starting materials, 

and efficient reactions. Similar to solenopsins, the ant venom isolated from Myrmicaria melanogaster, 2,5-

disubstituted pyrrolidines, 31, exhibit these similar properties, and can be accessed synthetically through 

an oxidized thiomorpholine precursor.1 

 
c Serine/threonine kinase c-Akt-1 (also known as protein kinase Bα), is a common downstream pharmacological target for the 
treatment of cancer for its role in the regulation of cytoskeletal formation, survival, and proliferation.  
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Scheme 9. Synthesis of (2R, 6R)-solenopsin A based on allyl adducts of N-protected amino 
aldehydes 

 
A second class of biologically active and valuable heterocycles, chiral 3,5-disubstituted thiazane S-

oxides (32) exhibit a multitude of medicinal effects, while still being synthetically accessible in the lab.4 The 

cyclic sulfoxide cycloalliin (32), found in Allium vegetables such as garlic (Allium sativum L.), presents 

numerous health benefits.63 Cycloalliin (32) has been proclaimed to reduce the possibility of cancer and 

cardiovascular disease, increase fibrinolytic activity of blood without affecting platelet coagulative activity, 

and minimize serum triacylglycerols without disrupting hepatic triacylglycerol production. Further value of 

these chiral heterocycles is the capability for the stereodivergent synthesis of cis- and trans-2,4-

disubstituted pyrrolidine alkaloids, 33, from 3,5-thiazane oxides 32.4,63,64,65,66  

 

Figure 6. Ant venom alkaloids and cycloalliin. 
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1.1.5 PRECEDING ALKALOID SYNTHESIS AND HETEROATOM REARRANGEMENTS 

Significant progress towards the synthesis of chiral 3,5-thiazane-S-oxides, cycloalliin (32), has 

been achieved by Sӧderman and Schwan.4 Cyclization of isoalliin to cycloalliin was first achieved in the 

1950s and 1960s, though the stereoselectivity and mechanism were never understood at the time.2 At the 

time, oxidation of thiomorpholine derivations were unreliable for diastereoselective preferences and low 

yielding.4 Alternately, achieving the cyclization chemistry through conjugate addition to alkenyl sulfoxides 

and sulfones provides a new direction that can select for stereoselectivity. Ramberg-Bäcklund conditions 

were envisioned for the ring rearrangement to a five-membered alkenyl-pyrrolidine. A retrosynthetic scheme 

was devised for the synthesis of trans-2,4-pyrrolidine ant venom alkaloids (Scheme 10). For accessing 

trans-alkaloid 34a, catalytic hydrogenation on Pt/C could be performed on alkenyl pyrrolidine 35a, followed 

by N-deprotection and conversion to the TFA salt. Pyrrolidine 35a could be produced by modified Ramberg-

Bäcklund conditions of sulfone 36a. Cbz protection of free amine 37a, followed by sulfinyl oxidation could 

yield sulfone 36a. Boc deprotection of sulfoxide 38a, followed by base-induced conjugate addition of the 

free amine could yield thiazane 37a. To initiate the synthesis, a chiral thiirane S-oxide 39a could be 

deprotonated at the α-alkyl substituted position to yield a trans-1-propenesulfenate intermediate and 

alkylated with a chiral amino acid system to yield alkenyl sulfoxide 38a.  

 

Scheme 10. Retrosynthetic scheme for the synthesis of trans-2,4-pyrrolidine ant venom alkaloids. 
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Sӧderman investigated forming a trans-1-propenesulfenate (40a) for diastereoselective alkylations 

with chiral iodide 41. This synthetic scheme was envisioned to start from anti-methyl thiirane S-oxide (39b) 

and treated with a base to from the lithiated species 40a, which is in resonance with the conjugated 

sulfenate 40b. Treatment of the lithiated sulfenate intermediate 40b with chiral iodide 41 results in the 

formation of the conjugated sulfoxide species 38b, containing chiral centres at the sulfur and carbon. 

Furthermore, Sӧderman demonstrated that the use of the trans-1-propenesulfenate system could be 

exclusively generated without any cis isomer formation when using the anti-methyl thiirane S-oxide (39b). 

This reaction can be classified as doubly diastereoselective regarding both the configuration of the alkenyl 

R group in the sulfenate intermediate 40b, and orientation of the oxygen of the sulfinyl group in the sulfoxide 

product 37a. 

 

Scheme 11. Doubly diastereoselective alkylation of conjugated sulfenate species to produce β-
amino sulfoxides.  

 
 Generation of the trans-1-propenesulfenate and alkylation attempts were optimized through 

employing a variety of bases and solvent, using a homochiral benzylated β-amino iodide as the test 

electrophile. Previously seen in research pertaining to arenesulfenates, employing a lithiated base resulted 

in exceptional dr’s compared to the sodium and potassium counterparts (Table 1, Trials 1-3). Increasing 

temperature and switching to the MeLi•LiBr base exhibited no substantial change in both dr’s and yields 

(Table 1, Trials 4,5). Non-polar solvents (1,4-dioxane, pentane, Et2O) were found to provide superior dr’s 

of ~9:1 compared to THF’s 84:16 dr (Table 1, Trials 6, 8, 9). DMSO was employed as a polar solvent, 

though sulfenate alkylations were only seen in trace quantities. The configurations at the chiral sulfinyl sulfur 

and chiral Bn carbon exhibited a syn relationship when performing sulfenate alkylations under these 

conditions. Solvent coordination interactions in the transition state can explain higher dr’s witnessed with 

less polar solvents. Less solvent coordination assumed by 1,4-dioxane, pentane, and Et2O interact less 
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with the lithium-oxygen bond formed in the sulfenate intermediate, resulting in a shorted bond length, a 

tighter arrangement of atoms in the transition state, and therefore improved diastereoselectivity.2 

 

Table 1. Optimization conditions for diastereoselective alkylations of 1-propenesulfenates.  

 

Trial Basea Solvent Temp Yield (%) drb 

1 LiHMDS THF -78 °C to 25 °C 68 84:16 

2 NaHMDS THF -78 °C to 25 °C 62 76:24 

3 KHMDS THF -78 °C to 25 °C 31 73:27 

4 MeLi•LiBrc THF -78 °C to 25 °C 70 87:13 

5 LiHMDS THF -40 °C to 25 °C 77 86:14 

6 LiHMDS 1,4-dioxane/THF (25:1) 25 °C 54 90:10 

7 LiHMDS DMSO/THF (12:1) 25 °C trace -- 

8 LiHMDS pentane/THF (6:1) -78 °C to 25 °C 70 89:11 

9 LiHMDS Et2O/THF (4.5:1) -78 °C to 25 °C 81 90:10 

a Bases dissolved in THF unless otherwise noted. b Chiral HPLC using a Daicel chiralpak OJ-H or OD-H column were used to 
determine dr ratios. c Base in ether. 

 

 The syn relationship observed between the sulfinyl oxygen and chiral carbon can be rationalized 

from a stereoinductive perspective. The trials conducted employing the sodium, potassium, and lithium 

counterions of the HMDS base suggest lithium plays an essential role in coordinating and aligning the 

sulfenate lone pair orbitals for a backside attack on the chiral iodide carbon. Previous models studied have 

led to the conclusion that intramolecular precoordination of the lithium coordinated to the sulfinyl oxygen 

and nitrogen lone pair plays a critical role.67 A six-membered precoordination complex ring can be 

envisioned as likely transition states between the lithiated sulfenate with Li-N coordination. Transition states 

42a and 42b led to the major syn diastereomer, while 42c and 42d led to the minor anti diastereomer. To 
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form the major diastereomer, transition state 42b is the lower energy state due to avoidance of the 1,3-

diaxial interaction present in 42a and be achieved through a ring flip of 42a. The eclipsing interactions 

between the R and I groups on 42a decrease the stability of the state, though can be lowered through 

flipping to state 42b where this interaction is minimized through eclipsing between the H and I instead. As 

a result of minimizing the destabilizing interactions mentioned, 42b produces the major syn diastereomer 

through alkylation over 42a (Figure 7).  

 

Figure 7. Potential transition states for lithiated sulfenate alkylations of chiral amino iodides.  

 
 Transition states 42c and 42d result from flipping positions between the R´ group and lone pairs 

on the sulfenate sulfur atom and can be speculated to lead to the minor anti diastereomer. Like transition 

state 42a, 42d is destabilized through unfavourable 1,3-diaxial interactions between the R and R´. It can 

be extrapolated that this interaction destabilizes the transition state to a greater degree than seen in the 

42a state due to the R and R´ interaction versus the R´ and H previously seen. Both 42d and 42c possess 

undesired eclipsing interactions with I and R/H. Since 42c only possesses the one destabilizing feature, it 

is predicted it is the predominant TS leading to the minor anti diastereomer. Sӧderman reinforced these 

transition state predictions through experimentally demonstrating that the syn-β-amino sulfoxide formed 

was the major diastereomer (Figure 7).2 Further trials demonstrated that the configuration at the homochiral 
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iodide affected the configuration of the resulting sulfoxide. Switching the configuration to the R iodide had 

the same diastereoselective effect, and that the major isomer produced was the syn product.  

 With sulfenate generation and alkylations optimized, the synthesis of ant venom alkaloid 34a was 

initiated with thiirane-S-oxide 39a. R-iodide 41 was used for the alkylation to produce alkenyl sulfoxide 38a 

in an excellent dr and following the syn trend previously seen. The major diastereomer was purified by flash 

chromatography or by recrystallization to achieve the pure product. Deprotection of the Boc group on 38a 

was achieved with TFA, followed by deprotonation with NEt3 and cyclization of the nucleophilic N by 

conjugate addition at the β-position to the sulfoxide. Thiazane 37a was re-protected at the N with a Cbz 

group and selected as the protecting group due to reliable deprotection later via catalytic hydrogenation on 

Pd/C. MCPBA oxidation of 37b yielded sulfone 36a in excellent yields. In-situ Ramberg-Backlünd conditions 

were utilized to form pyrroline 35a, with standard yields seen for this chemistry. Catalytic hydrogenation on 

a Pt/C scaffold was chosen over Pd/C for chemoselectivity purposes of the alkenyl reduction over Cbz 

deprotection to afford 34b in superior yields and dr. An inability to separate the diastereomers resulted in 

carrying the 93:7 (trans:cis) isomers to the next step involving the Cbz protection with H2/Pd/C to afford the 

free amine. Conversion to the TFA salt 34a was executed due to the highly volatile nature of the free amine 

(Scheme 12).  
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Scheme 12. Synthesis of trans-pyrrolidine 34a. 

 
 Cyclization trials conducted with sterically encumbering groups (tBu, PhCH2CH2) at the R group of 

40b proved unsuccessful despite prolonged heating and alteration of reaction conditions. To speed up the 

reaction times and improve the electrophilicity of the Michael acceptor, alkenyl sulfoxides were oxidized to 

the corresponding sulfone prior to cyclization. This transformation to a sulfone results in a relatively lower 

energy transition state for the α,β-unsaturated sulfone in comparison to the α,β-unsaturated sulfoxide. 

Sulfoxide 38a was oxidized to the corresponding sulfone 38b prior to cyclization with a high yield of 95%. 

Deprotection of the Boc group was facilitated with TFA with excellent yields, and the cyclization was 

attempted with triethylamine. An unexpected, but welcome result was observed upon analysis of the sulfone 
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37c product; cis-3,5 stereochemistry was determined to be the major diastereomer, in stark contrast to the 

trans-3,5 stereochemistry observed in the sulfoxide major isomer. Following the cyclization, thiazane 37c 

was subjected to the same reactions as the trans isomer; Cbz protection, RBR, catalytic hydrogenation of 

the pyrroline to pyrrolidine, Cbz deprotection, and conversion to the TFA salt 34b (Scheme 13).  

 

Scheme 13. Synthesis of cis-pyrrolidine 34b. 

 
 Transition state geometries can be envisioned for both sulfoxide and sulfone cyclizations through 

alignment of the nitrogen long pair with the p orbital of the alkenyl group attached to the sulfoxide/sulfone. 

The stereochemical dependence of the cyclization can be related to the oxidation state of the sulfur. 

Sulfoxides have been reported as one of the greater H-bond acceptors, while sulfones have comparably 

been observed as less effective H-bond acceptors.68 Extrapolating from this observation by Hunter, it can 

be assumed that the sulfoxide TS I will assume a H-bonding acceptor role, while the sulfone TS II is less 

inclined to participate. Modelling the sulfone TS I as a six-membered chair transition state allows for R and 

R’ to be positioned at pseudoequatorial positions, allowing for the cis isomer 43 to be achieved. However, 

assuming this same transition state for sulfoxide TS II would not result in the experimentally trans 44 isomer 
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observed. Adopting an Occam’s razor philosophy,d an H-bonding model between the sulfinyl oxygen and 

amine H can be assumed, forming a pseudotwist-boat conformation. This pseudotwist-boat adaptation 

circumvents the unfavourable 1,4-flagpole interactions, disperses the R and R’ groups from steric 

encumbrance, and generates the desired trans stereochemistry observed in thiazane 44 (Figure 8).  

 

Figure 8. Transition states and potential geometries for sulfoxide and sulfone cyclizations.   

 
 In pursuit of revealing related diastereochemical outcomes of sulfoxide/sulfone cyclizations, Kulak3 

investigated cis-alkenyl sulfoxides/sulfones. A diastereomeric mixture of sulfoxides 45a/45b were reacted 

with NEt3 to produce thiazane 46 and the starting material 45b, respectively. NMR analysis using 

techniques such as COSY, HSQC, NOESY and HMBC shed light on the associated configurations of the 

3 chiral centres, and were compared to the thiazane compounds seen in Sӧderman’s2 research to confirm 

the stereochemistry. Unlike Sӧderman’s trans-alkenyl systems demonstrating cyclization with both syn and 

anti sulfoxides, only the syn isomer cyclized while the anti counterpart remained unreacted. This could be 

attributed to the hydrogen bonding in TS IV imparts too high of a free energy of activation, ΔG‡, to be 

achieved under these conditions despite an attempt to drive the reaction to completion with refluxing (ΔG‡ 

TS III << ΔG‡ TS IV) (Scheme 14).  

 
d A problem-solving principle attributed to English Franciscan friar William of Occam that states items should not be multiplied 
without necessity, and that the simplest solution is generally the correct one.  
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Scheme 14. Observed cyclization products of syn- and anti-alkenyl sulfoxides, and hypothesized 
transition states. a Sulfoxides were reacted as a diastereomeric mixture. 

 
 Investigation of cis-alkenyl sulfones did not have such defined diastereochemical outcomes as the 

sulfoxide analogs. Nevertheless, conclusions can be drawn from the results obtained. It was shown 

experimentally that the sulfone only has a slight preference for one diastereomer with a Bn group, exhibiting 

a 62:38 ratio for the trans major isomer 48a. A chair transition state TS V can be assumed for this model, 

with no major unfavourable interactions to retard reaction kinetics. For accessing minor cis isomer 48b, a 

chair transition state is unlikely due to severe steric clash between 1,3-diaxial Me and Bn groups; therefore, 

a pseudotwist-boat TS VI has been adopted, which exhibits no energetically unfavourable environments. 

The absence of a superior dr can be rationalized by how both transition states lack any steric hindrance, 

and therefore the free energy of activation for TS V must be equal to or slightly lower than TS VI (ΔG‡ TS 

V ≤ ΔG‡ TS VI) (Scheme 15). Furthermore, these cyclizations proceeded at 25 °C compared to the sulfoxide 
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analogs which required reflux. It can be extrapolated that the sulfones in general must possess a lower 

overall free energy of activation than their sulfoxide counterparts for these alkenyl cyclizations, and that an 

SO2 alkenyl system is a more powerful Michael acceptor.  

 
Scheme 15. Cyclization products of cis-alkenyl sulfone 47.  

 

1.1.6 PROJECT DIRECTIONS 

The objective of this research is to expand the synthetic scope behind the induced cyclization of 

cis-alkenyl sulfoxides through exploring diverse methods for formation of β-amino sulfur compounds, but 

also to probe for additional methods to assemble sulfenate precursors. The methods would be adopted 

broadly within the Schwan group for various studies. Sӧderman had demonstrated the diastereoselective 

alkenyl sulfenate alkylation and subsequent cyclizations to thiazanes through sulfoxides and sulfones. 

Since this synthetic pathway required many steps to reach the coveted thiazane heterocycle, procedures 

were envisioned to reduce this phlegmatic process. Inspiration was derived from Jacquot et al.69 with his 

work involving stereoselective tantalum-mediated reductions of alkynylsulfides to cis-alkenylsulfides in the 

synthesis of 11-thialinoleic acid and 14-thialinoeic acid. Additionally, leaving groups bearing a sulfur atom 

were hypothesized to work by attack at the sulfur through a vinyl Grignard reaction, leaving behind an 

alkenyl sulfide system. Finally, phase transfer catalysis trials were conducted to aim in achieving the desired 

leaving groups into the β-amino scaffolds. 
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1.2 RESULTS AND DISCUSSION 

1.2.1 THE TANTALUM APPROACH  

Achieving a cis-alkenyl sulfoxide began with an attempt at introducing an alkynyl system into a 

sulfur substrate. Though subsequent steps in the pathway were proposed to have been achieved by 

Jacquot et al.69 through reduction of an alkynyl sulfide to cis-alkenyl sulfide employing a novel TaCl5 

reagent, the first step involving a stepwise addition of an alkyne was a model reaction and had not yet been 

achieved. Variable length alkyne 49 was envisioned to react with elemental sulfur and a model electrophile 

(BnBr shown) to yield alkynyl sulfide 50. Employing the TaCl5 reagent, alkynyl reduction could then be 

performed to achieve the desired cis-alkenyl selectivity to produce 51, followed by oxidation to alkenyl 

sulfoxide 52. Subsequent steps could then be taken to introduce a nitrogen into the system and cyclize via 

an intramolecular conjugate addition to form thiazane S-dioxide 53 (Scheme 16).  

 

Scheme 16. Alkynyl sulfide approach to the synthesis of thiazane S-oxides.  

The model reaction using 1-hexyne was initiated with a deprotonation at the terminal position with 

nBuLi in Et2O (0.44 M) to yield the anion, followed by attack at the eight-atom elemental sulfur substrate. 

Fragmentation of the ring followed by a second attack at the α-position yielded an alkynyl thiolate 

intermediate. Quenching with benzyl bromide then allowed for benzylation of the thiolate nucleophile to 

form 50b in a modest yield of 60%. Moving forward, a stereoselective tantalum-mediated reduction was 

attempted on substrate 50b in hopes of yielding cis-alkenyl sulfoxide 51b. The reaction flask was charged 

with TaCl5, the benzene/DME (1:1) solvent, and Zn. The solution started as an electric yellow and evolved 

to a blood-orange colour, followed by brown to bluish-black following Zn addition. Changing to different zinc 

and tantalum oxidation states could be attributed to the variation in colour. Pyridine was then added, stirred 

for 5 min and 50b was added as a solution in DME/benzene. The reaction was stirred for 1 h and quenched 

with KOH to produce a green/gray slurry (Scheme 17). TLC (80:20 hexanes:EtOAc) indicated reaction 
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completion, though analysis of the crude reaction product lacked any notable H signals around the 5-6 ppm 

range (denoting alkenyl protons) using 1H NMR, indicating that reduction had not taken place. The reaction 

was performed a second time under identical conditions for reproducibility to yield the same result. Due to 

the lack of progress seen using this sequence of reagents and ideas in other areas of synthesis, this 

synthetic pathway was abandoned. Lindlar’s catalyst could be employed for future revisits at this synthesis 

for cis-stereoselective reduction of the alkynyl system, though was not attempted due to not possessing the 

Pd-CaCO3 catalyst.  

 

Scheme 17. Unsuccessful synthesis of cis-alkenyl sulfide 51b.  

 

1.2.2 SYNTHESIS OF A SULFUR DERIVED LG ON β-AMINOALKYL SYSTEMS 

Following synthetic advances made by Kulak,3 β-aminoalkyl systems were employed starting from 

already N-Boc-protected amino acids L-phenylalanine and L-valine acquired from AK Scientific, Inc. and 

Sigma Aldrich. These amino acids were reduced to the corresponding carbinols via selective reduction 

through a methyl chloroformate anhydride intermediate, followed by double attack of hydride anions on the 

carbonyl to yield 53a/53b in respectable yields. A pseudo-Mitsunobu reaction also known as the Lange 

reaction was performed through the formation of a phosphonium adduct with PPh3 via nucleophilic attack 

by carbinol 53a/53b, deprotonation of the buildup of positive charge on the resulting oxonium anion, 

followed by an SN2 by I- on the α-carbon to the oxygen to yield 54a/54b. Yields were reported in the range 

previously observed for this reaction, and required flash chromatography to obtain a pure product (gradient 

elution initiated with 95:5 hexanes:ethyl acetate to 80:20 hexanes:ethyl acetate).  
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Scheme 18. Assembly of homochiral β-aminoalkyl iodides 54a/54b.  

 Inception of a leaving group bearing a nucleophilic sulfur was developed for substitution of the 

terminal iodo-position on the amino acid scaffold. Hypothetically, this reaction scheme appeared 

deceptively perspicuous, though experimental testimony would unfortunately disagree with this assumption. 

Two thiolate nucleophiles came to mind that contained a respectable leaving group; thiocyanate and 

thiotoyslate nucleophiles. Thiotosylate salt 55 was successfully synthesized70 starting from sodium p-

toluene sulfinate through two methods, though in lower yields due to low crystallization yields from hot 

ethanol. The product was re-crystallized as beautiful transparent obelisk-like crystals for use on the 

aminoalkyl substrates.  

 

Scheme 19. Hypothetically apprehensible attachment of a S-bearing LG to an aminoalkyl scaffold.  

 

Scheme 20. Generation of a disulfurating reagent 55.  

 With the thiocyanate and thiotosylate reagents in mind, a multitude of trials were performed to 

assemble a sulfur-LG bearing aminoalkyl system. Trial 1 (Table 2) introduced the newly made thiosulfonate 



 
 

30 
 

55 (1.2 eq) in CH3CN, with TBAI as a catalyst. After flash column chromatography (90:10 hexanes:EtOAc), 

a dismal pure yield of 17% was achieved for S-tosyl sulfide 56a (Figure 9). Phase transfer catalysis 

procedures were then envisioned as way to increase the reaction rate and yields through vigorously 

reacting the nucleophile and electrophile between a biphasic solvent system. Trials 2-5 utilized TBAI as a 

catalyst, and a 1:1 solvent system of DCE/H2O, though no product was formed unfortunately. For Trials 2-

3, temperatures were increased to a reflux over 18 h to drive the reaction, though decomposition of the 

aminoalkyl system was observed when the Boc group was not present in the resulting 1H NMR analysis. 

To circumvent the decomposition, Trials 4-5 were performed again at 25 °C, though no SM consumption 

was observed, and the reaction did not proceed. Evaluating the nucleophilic character of the KSCN and 

thiotosylate nucleophiles, the propensity of the thiolate to perform an SN2 needs to be assessed based on 

the α substituents. The thiotosylate has a sulfone α to the thiolate in stark comparison to the cyano group 

of the KSCN nucleophile. It can be extrapolated that the KSCN might be more nucleophilic in character due 

to a larger charge buildup on the thiolate and less delocalization through the α-sulfone seen in the 

thiotosylate. Additionally, it can rationalized that sterics may attenuate the thiotosylate nucleophile, 

compared to the sterically unencumbered KSCN. Trial 6 replicated the conditions used for the only 

successful Trial 1 using the KSCN nucleophile instead, though no formation of product was observed. 

Phase transfer conditions were again employed in Trials 7-8 in hope of a different result, though no reaction 

was again observed. A final effort at addition of the thiocyanate functionality on the aminoalkyl system was 

attempted through changing the substrate to a valine based system, with an iPr R group. To our 

amazement, this reaction proceeded in DMF and was the only successful KSCN trial! The analysis of the 

cyanosulfide 56b was reviewed thoroughly to ensure this was not a miscalculation. 13C NMR (400 MHz) 

and FT-IR data provided concrete evidence of the presence of the nitrile peak (~112 ppm, 13C NMR; 2148 

cm-1, FT-IR) at its conventional chemical shift and wavenumber, in conjunction with all the other anticipated 

peaks on the amino scaffold (Figure 10, Figure 11).   
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Table 2. Optimization trials for the synthesis of a β-amino alkyl sulfide  

 

Trial Nucleophile Substrate Conditions Temp Time (h) Yield (%) Product 

1 55 (1.2 eq) (S)-54a TBAI, CH3CN 25 °C 18 h 17 56a 

2 55 (1.2 eq) (S)-54a TBAI, DCE, H2Oa 70 °C 18 h 0 -- 

3 55 (5 eq) (S)-54a TBAI, DCE, H2Oa 70 °C 18 h 0 -- 

4 55 (1.2 eq) (S)-54a TBAI, DCE, H2Oa 25 °C 72 h 0 -- 

5 55 (5 eq) (S)-54a TBAI, DCE, H2Oa 25 °C 72 h 0 -- 

6 KSCN (20 eq) (S)-54a K2CO3, CH3CN 25 °C 24 h 0 -- 

7 KSCN (5 eq) (S)-54a TBAI, DCE, H2Oa 25 °C 24 h 0 -- 

8 KSCN (5 eq) (S)-54a TBAI, DCE, H2Oa 25 °C 72 h 0 -- 

9 KSCN (5 eq) (S)-54b DMF 25 °C 24 h 53% 56b 

a Reaction performed as a biphasic phase transfer catalysis.  

 

 

Figure 9. 1H NMR (400 MHz) of tosylsulfide 56a and assignments (scale in ppm).  
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Figure 10. 13C NMR of cyanosulfide 56b and assignments (scale in ppm).  

 

Figure 11. FT-IR of cyanosulfide 56b (scale in cm-1).  

Despite the success, it is suspected that the R group wasn’t the defining feature of the KSCN 

reaction proceeding, but rather the solvents used. Linking Trials 1 and 9, a common denominator exists as 

both used polar aprotic solvents (CH3CN and DMF, respectively) (Table 2). Solvation of the Na+ and K+ 

counterions must be occurring, increasing the nucleophilic character and charge build-up on the thiocyanate 

and thiotosylate species. Drawing from this observation, DMSO and THF solvents should be employed in 

future uses of these substrate/nucleophile combinations for the reactions to proceed. Due to the relatively 

low yields seen and extrapolated total synthesis yield from this limiting step, the project was put aside. 

Incorporating the limiting yield observed with the pseudo-Mitsunobu Lange reaction, combined with the 

 
 
 

 
 
 

a 

b 
c 

d e f 

g 

h h 

trace impurity 

 
 
 
 



 
 

33 
 

succeeding thiolate SN2 reaction would drastically bring down the overall yield of synthesizing the coveted 

3,5-thiazane S-oxides prior to cyclization. The synthesis performed by Sӧderman from thiirane species 

exhibited a higher overall yield through a comparable number of steps and should be performed in lieu of 

this synthetic pathway. 

 

1.3 CONCLUSION 

The current synthetic accessibility of biologically active compounds is an absolute asset to human 

life and preventing/treating disease. Many of these synthesized pharmaceuticals include heterocycles of 

varying geometries, stereocenters and functionalities. Previous research in the Schwan group established 

an efficient method to synthesize 2,4-pyrrolidines, or ant venom alkaloids from the genera Megalomyrmex, 

Monomorium, and Solenopsis which contain nitrogen-based heterocycles that impart many biologically 

beneficial effects including cytotoxicity and potency against microbial pathogens. A novel synthetic pathway 

was envisioned and attempted at maximizing atom efficiency and yields through β-aminoalkyl systems, 

employing innovative reagents such as TaCl5, though it was unsuccessful experimentally. Reactivity 

patterns were established for β-aminoalkyl iodides, which could extend to a multitude of halo-amino acid 

systems, therein endowing utility for pharmaceutical drug synthesis.  

 

1.4 EXPERIMENTAL 

General Experimental 

 Reactions were performed under an argon atmosphere using oven-dried or flame-dried glassware 

to eliminate H2O present. Dry, degassed solvents were dispensed from an LC solvent purification system, 

using dry packed columns containing 3 Å molecular sieves, from solvent kegs filled by Caledon 

Laboratories. Air-sensitive reactions/reagents were transferred using cannulation techniques or via an 

oven-dried needle and plastic syringe. All reactions were checked for completion using thin layer 

chromatography (TLC) on glass-backed silica plates. Purification of compounds was carried out either 

through trituration, recrystallization, or flash column chromatography using SilicaFlash P60 silica gel (40-

63 m (230-400 mesh)).  
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 1H NMR, 13C NMR, and 19F NMR were carried out on a Bruker Avance 300 (1H NMR: 300.1 MHz; 

13C NMR: 75.5 MHz; 19F NMR: 282.4 MHz), Bruker Avance 400 (1H NMR: 400.1 MHz; 13C NMR: 100.6 

MHz; 19F NMR: 376.5 MHz), or Bruker Avance 600 (1H NMR: 600.1 MHz; 13C NMR: 150.9 MHz; 19F NMR: 

564.7MHz) using CDCl3 as the solvent unless stated otherwise. Chemical shifts (ppm) and coupling 

constants (J, Hz) were measured using first-order analysis of 1-D spectra and assignments. NMR data is 

expressed as  (multiplicity, J, # protons), using the follow standard NMR abbreviations: singlet (s), doublet 

(d), broad doublet (br d), triplet (t), doublet of doublet (dd), doublet of triplet (dt), quartet (q), AB quarter 

(ABq), and multiplet (m). A MEL-TEMP melting point apparatus was used to determine melting points (C) 

which are uncorrected. Infrared spectra (IR) (cm-1) were acquired using a Bruker FT-IR spectrometer as a 

neat film on KBr plates. Optical rotations were carried out with a Rudolph Research Autopol III automatic 

polarimeter in a 1 dm glass tube. All polarimeter sample concentrations are in g/100 mL.   

 

General Procedure for the Reduction of N-Protected Amino Acids 

 Amino acids used were pre-protected with N-Boc groups and obtained from MilliporeSigma and 

AK Scientific, Inc. To a solution N-protected amino acid (1 eq) dissolved in THF (0.2 M) at 0 °C was added 

triethylamine (1.0 eq) and the mixture was stirred for 10 min. Methyl chloroformate (1.2 eq) was then added 

dropwise and stirred for 2 h. The resulting precipitate was filtered off, and the filtrate was collected. Sodium 

borohydride (1.55 eq) dissolved in H2O (0.26 M), was slowly added to the mixture, and effervescence was 

observed. The solution was let to stir for 24 h. The next day, the solution was quenched with HCl (1 M) to 

pH 2. Volatiles were then removed under reduced pressure. The product was extracted with ethyl acetate, 

and the combined extracts were washed with sodium bicarbonate and brine. Magnesium sulfate was added 

as a drying agent, and then filtered off. The solvent was removed in vacuo to obtain the aminoalkanol.  

 

Synthesis of Boc-L-Phenylalaninol 53a71,72,3,73   

Using the general procedure for the reduction of N-protected amino acids; 

triethylamine (2.15 mL, 15.4 mmol) was added to Boc-L-phenylalanine (4.06 g, 

0.0153 mol) in THF (75.0 mL) and stirred. Methyl chloroformate (1.43 mL, 18.4 

mmol) was added and stirred. Following filtering, the solution was treated with NaBH4 (91 mL, 0.262 M, 



 
 

35 
 

aq). HCl (30 mL, 1 M, aq) was added to quench. After washing and isolation steps, tert-butyl (S)-(1-hydroxy-

3-phenylpropan-2-yl)carbamate was isolated as an opaque white solid (78%, 3.01 g). Mp: 90.9-92.9 °C [lit. 

95-97 °C]; 1H NMR (400 MHz, CDCl3) δ 7.32-7.28 (m, 2H), 7.25-7.20 (m, 3H), 4.71 (m, 1H), 3.87 (m, 1H) 

3.69 (d, J = 3.4 Hz, 1H), 3.66 (d, J = 3.4 Hz, 1H), 3.57 (d, J = 5.3 Hz, 1H), 3.54 (d, J = 5.4 Hz, 1H), 2.84 

(d, J = 7.2 Hz, 1H), 1.41 (s, 9h); 13C NMR (101 MHz, CDCl3) δ 156.2, 138.0, 129.4, 128.5, 126.4, 79.7, 

63.9, 53.7, 37.4, 28.4; IR (neat) cm-1: 3354, 3024, 2985, 2873, 1687, 1528, 1497, 1443, 1389, 1365, 1315, 

1269, 1251, 1169, 1053, 1036, 1006, 886, 850; [𝛼]𝐷
22 = -27.9 (c = 1.0, MeOH); TLC (hexanes/EtOAc, 8:2) 

Rf = 0.16. The spectral data matches that previously obtained in our group.3,73 

 

Synthesis of Boc-L-Valinol 53b3,73,74,75  

Using the general procedure for the reduction of N-protected amino acids; 

triethylamine (0.63 mL, 4.5 mmol) was added to Boc-L-valine (1.00 g, 0.00461 mol) 

in THF (35 mL) and stirred. Methyl chloroformate (0.41 mL, 5.3 mmol) was added 

and stirred. Following filtering, the solution was treated with NaBH4 (27 mL, 0.262 M, aq). HCl (10 mL, 1 M, 

aq) was added to quench. After washing and concentration steps, tert-butyl (S)-(1-hydroxy-3-methylbutan-

2-yl)carbamate was isolated as a transparent, clear, viscous oil (83%, 0.77 g). 1H NMR (400 MHz, CDCl3) 

δ 4.76 (br s, 1H), 3.70-3.59 (m, 2H), 3.43 (s, 1H), 2.78 (br s, 1H), 1.86-1.83 (m, 1H), 1.45 (s, 9H), 0.96 (d, 

J = 6.8 Hz, 3H), 0.94 (d, J = 6.8 Hz, 3H). The spectral data matches that previously obtained in our group.3,73      

 

General Procedure for the Preparation of N-Protected -Amino Iodides  

 To a flame/oven-dried RBF under an argon atmosphere was added triphenylphosphine (2 eq), 

imidazole (2.4 eq), I2 (1.5 eq), and were dissolved in dry DCM (0.13 M with respect to PPh3), cooled to 0 

C, light protected, and stirred for 40 min. In a separate oven-dried RBF, N-protected aminol (1 eq) was 

dissolved in THF (0.2 M) and added to the reaction mixture via cannulation. The reaction flask was stirred 

for 4 h, then the resulting triphenylphosphine oxide precipitate was filtered off. The resulting solution was 

washed with Na2S2O3 and brine, dried over MgSO4, filtered and volatiles were removed in vacuo. Flash 

column chromatography was performed to purify the final product.   
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Synthesis of Boc-L-Phenylalanine Iodide 54a3,73,76,77 

Using the general procedure for the preparation of N-protected -amino iodides; PPh3 

(6.46 g, 0.0246 mol), imidazole (2.00 g, 0.0293 mol), and I2 (4.66 g, 0.0184 mol) were 

dissolved in dry DCM (275 mL), and cooled. t-Butyl 2-hydroxy-1-benzylethyl 

carbamate (3.03 g, 0.0120 mol) starting material was added and the mixture stirred for 4 h. After filtering, 

washing, and concentration steps, tert-butyl (S)-(1-iodo-3-phenylpropan-2-yl)carbamate was obtained as 

an impure, opaque white solid with a slight yellow tinge. Flash column chromatography (gradient elution of 

hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) yielded the pure product as fluffy white needles (59%, 

2.55 g). Mp: 119.3-120.9 °C [lit. 121-122 °C]; 1H NMR (400 MHz, CDCl3) δ 7.37-7.26 (m, 5H), 4.74 (br d, J 

= 6.7 Hz, 1H), 3.64 (m, 1H), 3.45-3.42 (dd, J = 9.8, 4.1 Hz, 1H), 3.22-3.19 (dd, J = 10.2, 3.9 Hz, 1H), 2.97-

2.92 (dd, J = 13.6, 5.6 Hz, 1H), 2.83-2.78 (dd, J = 13.6, 8.1 Hz, 1H), 1.47 (s, 9H); 13C NMR (101 MHz, 

CDCl3) δ 154.9, 137.1, 129.3, 128.7, 126.9, 79.9, 51.0, 40.6, 28.4, 14.0; IR (neat) cm-1: 3352, 3060, 3033, 

2974, 2931, 1704, 1690, 1603, 1525, 1497, 1455, 1438, 1420, 1390, 1365, 1354, 1267, 1191, 1165, 1077, 

1047, 1003, 856; [𝛼]𝐷
22 = +19.6 (c = 1.0, CHCl3); TLC (hexanes/EtOAc, 9.5:0.5) Rf = 0.28. The spectral 

data matches that previously obtained in our group.3,73 

 

Synthesis of Boc-L-Valine Iodide 54b3,73,78,79 

Using the general procedure for the preparation of N-protected -amino iodides; PPh3 

(6.96 g, 26.5 mmol), imidazole (2.16 g, 31.7 mmol), and I2 (4.86 g, 19.1 mmol) were 

dissolved in dry DCM (350 mL), and cooled. tert-Butyl (S)-(1-hydroxy-3-methylbutan-

2-yl)carbamate (2.69 g, 13.2 mmol) starting material was added and the mixture was stirred for 4 h. After 

filtering, washing, and concentration steps, tert-butyl (S)-(1-iodo-3-methylbutan-2-yl)carbamate was 

obtained as an impure, opaque white solid with a slight yellow tinge. Flash column chromatography 

(gradient elution of hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) yielded the pure product as fluffy off-

white needles (47%, 1.96 g). Mp: [lit. 69.72 °C]; 1H NMR (400 MHz, CDCl3) δ 4.56 (br d, J = 8.2 Hz, 1H), 

3.43-3.40 (dd, J = 10.2, 4.2 Hz, 1H), 3.35-3.31 (dd, J = 10.2, 4.4 Hz, 1H), 3.14-3.08 (m, 1H), 1.81 (oct, J = 

6.9 Hz, 1H), 1.45 (s, 9H), 0.96 (d, J = 6.7 Hz, 1H), 0.92 (d, J = 6.7 Hz, 1H). The spectral data matches that 

previously obtained in our group.3,73 
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Synthesis of Boc-L-Valine Thiocyanate 56b  

To a flame/oven-dried RBF under an argon atmosphere was added potassium 

thiocyanate (0.561 g, 5.77 mmol) and dissolved in DMF (5.0 mL), in which a 

colour change from royal blue to deep blue-black was observed. Starting 

material tert-butyl (S)-(1-iodo-3-methylbutan-2-yl)carbamate (0.345 g, 1.11 mmol) was added, and the 

reaction mixture was stirred for 3 h at 25 °C. After reaction completion by TLC, H2O was added to aid in the 

extraction process. The solution was extracted with EtOAc, washed with brine, dried over MgSO4, filtered 

and volatiles were removed in vacuo to produce tert-butyl (S)-(3-methyl-1-thiocyanatobutan-2-yl)carbamate 

as a transparent yellow crystalline solid (0.144 g, 53%). Mp: 57.5-58.1 °C; 1H NMR (400 MHz, CDCl3) δ 

4.59 (br d, J = 8.4 Hz, 1H), 3.71-3.64 (m, 1H), 3.25 (dd, J = 13.1, 4.2 Hz, 1H), 3.12 (dd, J = 13.1, 7.7 Hz, 

1H), 1.95-1.87 (m, 1H), 1.45 (s, 9H), 0.98 (d, J = 6.9 Hz, 3H), 0.96 (d, J = 7.7 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 155.4, 112.5, 80.1, 55.9, 37.5, 30.8, 28.3, 19.5, 18.1; IR (neat) cm-1: 3359, 2977, 2958, 2148, 

1685, 1524, 1446, 1410, 1391, 1370, 1340, 1304, 1247, 1171, 1042, 1019, 933, 875; [𝛼]𝐷
22= +36.0 (c = 0.1, 

CHCl3); TLC (hexanes/EtOAc, 8:2) Rf = 0.57. 

 

Synthesis of Sodium 4-Methylbenzenesulfonothioate (55)70 

To a flame/oven-dried RBF under an argon atmosphere was added sodium p-

toluenesulfinate (3.01 g, 16.9 mmol), elemental sulfur (0.545 g, 2.13 mmol) and 

suspended in pyridine (14.4 mL, 0.178 mol) to produce an opaque yellow 

slurry. The solution was stirred for 3 h, in which the formation of an opaque greyish-white jelly was observed. 

The precipitate was filtered from the pyridine solvent and dried over a high vac. Recrystallization was 

performed in H2O/ethanol to yield the pure product as semi-translucent angular crystals (38%, 1.36 g). Mp: 

365.5 °C (decomp.); 1H NMR (400 MHz, DMSO-d6) δ 7.62-7.60 (m, 2H), 7.15-7.13 (m, 2H), 2.30 (s, 3H); 

13C NMR (101 MHz, DMSO-d6) δ 153.1, 138.8, 128.6, 124.5, 21.2; IR (neat) cm-1: 3039, 2920, 1595, 1494, 

1398, 1301, 1191, 1115, 1059, 1012, 814. 
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Alternate Synthesis of Sodium 4-Methylbenzenesulfonothioate (55)70 

To a flame/oven-dried RBF under an argon atmosphere was added sodium p-

toluenesulfinate (2.01 g, 11.3 mmol), elemental sulfur (0.371 g, 1.45 mmol) and 

suspended in H2O/EtOH (1:1) (20 mL) to produce an opaque yellow slurry. The 

solution was refluxed overnight, in which the formation of an opaque greyish-white jelly was observed. 

Unreacted sulfur was then filtered off and the solvent was removed under high vac. Recrystallization was 

performed in H2O/ethanol to yield the pure product as semi-translucent angular crystals (30%, 0.72 g). 

Compound characterization shown above.  

 

Synthesis of Boc-L-Phenylalanine Thiotosylate 56a 

To a flame/oven-dried RBF under an argon atmosphere was added 

sodium 4-methylbenzenesulfonothioate (0.104 g, 0.495 mmol), iodide 

54a (0.214 g, 0.594 mmol), TBAI (7.80 mg, 0.024 mmol), and dissolved 

in CH3CN (2 mL). The reaction was stirred for 24 h, until reaction completed was perceived by TLC (80:20 

hexanes:EtOAc). Water was added to aid in the extraction process, and the solution was extracted with 

EtOAc, washed with brine, dried over MgSO4, filtered and volatiles were removed in vacuo to produce (S)-

S-(2-((tert-butoxycarbonyl)amino-3-phenylpropyl) 4-methylbenzenesulfonothioate as a transparent yellow 

crystalline solid (0.043 g, 17%). 1H NMR (400 MHz, CDCl3) δ 7.84-7.10 (m, 9H), 4.69 (br s, 1H), 4.06-3.98 

(m, 1H), 3.16-2.89 (m, 3H), 2.76 (dd, J = 13.7, 7.4 Hz, 1H), 2.44 (s, 3H), 1.41 (s, 9H). 

 

Synthesis of Alkynyl Benzylsulfide 50b 

To a flame/oven-dried RBF under an argon atmosphere was added 1-hexyne (2.00 

mL, 17.4 mmol), dissolved in dry Et2O (40 mL) and cooled to -78 °C. nBuLi (10.9 

mL, 17.4 mmol) was added and the solution was stirred for 10 min. Elemental sulfur 

(0.558 g, 2.18 mmol) was added and a colour change from transparent clear to opaque yellow/orange was 

observed. The resulting solution was stirred for 1 h, and the temperature was brought up to 25 °C. BnBr 

(2.10 mL, 17.4 mmol) was added and the solution was left to stir for 48 h. The solution was then quenched 

with NaCO3 (aq) and extracted with Et2O. The combined organic extracts were washed with brine and dried 
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over MgSO4. After filtration, volatiles were removed in vacuo to produce benzyl(hex-1-yn-1-yl)sulfane as an 

oil (2.15 g, 60%). 1H NMR (400 MHz, CDCl3) δ 7.42-7.28 (m, 5H), 3.89 (s, 2H), 2.27 (t, J = 6.8 Hz, 2H), 

1.49-1.32 (m, 4H), 0.89 (t, J = 7.2 Hz, 3H); TLC (hexanes/EtOAc, 8:2) Rf = 0.76.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

40 
 

 

 

 

 

 

 

 

 

 

CHAPTER 2: DIASTEREOSELECTIVE ALKYLATIONS OF N-PROTECTED -AMINO SULFENATE 

ANIONS 
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2 DIASTEREOSELECTIVE ALKYLATIONS OF N-PROTECTED β-AMINO SULFENATE ANIONS 

Chirality and asymmetry in chemistry dictate profound effects on the interactions of substrates and 

biological systems. Diastereochemically enriched sulfoxides have been used in a plethora of blockbuster 

drugs in the pharmaceutical industry and inherently possess a chiral centre at the sulfoxide when two 

different R substituents are present. Previous endeavours in the Schwan group have been directed toward 

the synthesis of sulfoxides with superior diastereomeric ratios through the generation of a transient, reactive 

sulfenate anion in situ, followed by alkylation. Research has demonstrated that N-Boc protected sulfoxides 

can generate sulfenates and alkylate to the corresponding sulfoxides in up to 87:13 diastereomeric ratios. 

DFT (density functional theory) methods were employed (M06-2X/6-311++G(d,p); CPCM(THF)) to predict 

the lowest energy conformation and preferred stabilization mode for N-C(O)CF3 aminosulfenates versus N-

Moc aminosulfenates. Optimizations demonstrated that N-Moc aminosulfenates adopt a lowest energy 

conformation through an eight-membered boat with Li coordination between the sulfinyl oxygen and 

carbamate carbonyl (S-O- -Li- -O-C-N), while N-C(O)CF3 aminosulfenates prefer a minimum energy 

conformation of a six-membered chair H-bonding intramolecular interaction between the sulfinyl oxygen 

and carbamate N proton (S-O- -H-N). Due to the variation seen in the preferred modes of stabilization of 

the transition states, the favoured face of alkylation of the sulfur atom is predicted to be opposite for both 

species during a sulfenate release. The synthesis of the N-C(O)CF3 sulfoxides and sulfenate release with 

subsequent alkylation were performed to evaluate the dr and yields compared to previous N-Boc 

aminosulfenate work. The minor diastereomer of the N-C(O)CF3 aminosulfoxide final product matched the 

experimental spectra of the major diastereomeric compound from Findlay’s and Sӧderman’s previous 

analysis. The trifluoroacetyl PG provides the opposite diastereochemical preference compared to the Boc 

PG in sulfenate releases due to the divergent stabilization conformations assumed in the transition states.  
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2.1 INTRODUCTION 

2.1.1 MOLECULAR TO MACROSCOPIC ASYMMETRY 

The prevalence of asymmetry and unique, non-superimposable elements in this world has a 

profound effect on how all life and animate objects operate and behave. Cars are engineered with the driver 

positioned on one side of the vehicle; doors rotate a predetermined radian with a handle situated on one 

side; shoes and gloves are assembled and designed for a specific hand or foot. These often overlooked 

but essential details in our macroscopic life directly influence how we interact with the physically palpable 

matter around us, but what about on the atomic level? Chemical and molecular asymmetry is just as 

prominent and persuasive in its ability to direct us on the macroscopic level. The overly sweet frappucino 

you ordered this morning at your favourite coffee chain is most likely peppered with an artificial non-

saccharide sweetener discovered in 1965 by James Schlatter, known as N-L--aspertyl-L-phenylalanine 

methyl ester, or L-aspartame, which is 200 times sweeter than sucrose.80,81 Out of the four diastereoisomers 

present due to the two stereogenic centers, only one diastereomer, L-L-aspartame contributes to the sweet 

taste, while even the enantiomeric racemate is entirely tasteless.82 The olfactory system of your body works 

quite similarly to taste in its ability to discriminate enantio- and diastereomers, in that a ligand binds to an 

olfactory receptor in your nasal cavity with certain specificity, therein leading to an action potential in the 

receptor neuron.83,84,85 This is exemplified in the terpenoid carvone, which in spearmint leaves is present in 

the R-(-)-carvone enantiomer and gives off the characteristically sharp and sweet aroma, while in caraway 

seeds exhibits a spicy aroma and is present in the S-(+)-carvone enantiomer.86,87 Perhaps the most widely 

circulated and prevalent tale of chemical asymmetry affecting human lives is that of thalidomide, the over 

the counter drug first marketed in 1957 in West Germany to help relieve anxiety, sleeping disorders and 

morning sickness in pregnant women.88,89 Initially thought to be safe due to a different sedative mechanism 

than barbiturates acting through CNS depression via GABA-mediated neurotransmission, thalidomide was 

withdrawn by 1961 from the market due to the uncovering of teratogenic effects in humans, resulting in 

internal and external developmental deformities.90 Prescribed as the racemic mixture of (+)-R- and (-)-S-

thalidomide, it was later discovered that the (+)-R- enantiomer corresponded to the sedation, while the (-)-

S- enantiomer was responsible for the immunomodulative effects governing child birth defects.   These 

slight geometric variations between molecules of the same chemical makeup, only differing in configuration, 
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exemplify the profound and influential effect of asymmetry in chemistry and its relationship with the 

macroscopic world.  

 

Figure 12. Enantiomeric pairs with profoundly divergent effects.  

 

2.1.2 THE FUNDAMENTALS OF CHIRALITY 

The defining characteristic of asymmetrical molecules is the presence of chirality, whether it be 

through a stereogenic centre or through a functionality that imposes a 3-D orientation which cannot be 

replicated without breaking and reforming chemical bonds. A molecule can be defined as chiral if it 

possesses the inability to superimpose itself through any translational movement or rotation of the molecule 

and lacks any symmetrical element. In point chirality, a chiral molecule will possess at least one stereogenic 

center, in which that specific atom will be connected to entirely different substituents. Carbon is the most 

common candidate for introducing chirality to new students, as the concept of chirality can be easily 

visualized if four different substituents are present. Chirality doesn’t discriminate against other chemical 

elements, as stereogenic centres can be present in elements such as phosphorus and sulfur. Though, 

chirality can still exist without a stereogenic centre if no elements of symmetry are present. In axial chirality, 

the 3-D spatial arrangement of the molecule inhibits any superposable on its mirror image.91 The binaphthyl 

organophosphorus ligand commonly used in enantioselective synthesis through coordination to ruthenium, 

rhodium and palladium, BINAP (S)-57 and (R)-57 exhibits axial chirality based on the relative orientations 

of the naphthyl systems to each other, with a dihedral angle of approximately 90 °.92 Spiro compounds (S)-

58 and (R)-58  also have the propensity to exhibit chirality and are seen in two or more ring systems with a 
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single sp3 hybridized carbon fusing the rings. Like the axial chirality observed in the BINAP systems, the 

compounds are devoid of a chiral center and cannot be superimposed upon themselves (Figure 13).93   

 

Figure 13. Instances of axial chirality and spiro compounds.  

 
 Recently reported by Corra et al.,94 mechanically interlocked molecules (MIMs) were designed 

through acid-base catalyzed molecular shuttling of a cationic rotaxane. These chiral MIMs were generated 

through interlocking Cs symmetry ring and C∞v symmetry axle achiral molecular compounds. Positively 

charged species 59pro is prochiral, meaning it is achiral but can be converted to a chiral species in a single 

step. The crown ether macrocyclic ring hydrogen bonding around the dibenzyl ammonium cation can be 

shuttled to the triazolium recognition sites located towards the outer region of the axle through introducing 

basic conditions (polymer-bound phosphazene base) to 59pro, resulting in deprotonation of the central 

quaternary ammonium cation. The R group was chosen to be a pyrenyl tether and H in two different 

experiments. When R is the pyrenyl tether, the ring skeleton is desymmetrized and enhances the transfer 

of chiral information due to the large aromatic moiety, and contains a fluorophore for tracking the exchange 

process; in contrast the proton R group allows for a symmetric ring. Deprotonation of 59pro when R = H led 

to the formation of 59a
chir  ≡ 59b

chir, since they are the same molecule, while when R = pyrenyl tether, a 

50:50 racemic mixture of the enantiomers 59a
chir / 59b

chir was observed. 1H NMR signals of Hc and Hd split 

at low temperature into two separate peaks, indicative of the movement of the macrocycle around the 

triazolium region and deshielding. Meanwhile, protons Ha and Hb are enantiotopic in 59pro, and become 

diastereotopic in 59a
chir / 59b

chir (Scheme 21).  
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Scheme 21. Chemical on/off switching of mechanical planar chirality in a [2]rotaxane molecular 
shuttle.  

 
 The sulfinyl moiety is an exemplary candidate for chirality in chemistry. It is frequently expressed 

as a double bonded oxygen to a sulfur bearing two R groups, though computational and calorimetric studies 

have revealed that the sulfur-oxygen bond is not a true double bond, and is better represented as a dipolar 

species.95 Equally important, the lone pair present on the sulfur assumes the place of a 4th substituent when 
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determining absolute configuration, resulting in a sulfoxide functionality assuming a pseudo-tetrahedral 

geometry (Figure 14). Appreciable pharmacodynamic and pharmacokinetic properties of enantiopure 

sulfoxides holds significance for drugs like esomeprazole ((S)-60), armodafinil ((R)-61), and (R)-sulindac 

((R)-62) with the correct configuration at the sulfur (Figure 15).96 Recently, Schwan et al.4,67,78,79,97,98 

performed research in accessing sulfoxides with specific chirality through diastereoselective alkylations of 

reactive sulfenate intermediates.   

 
Figure 14. Carbonyl compared to sulfoxide chirality.  

 

 

Figure 15. Sulfoxide containing pharmaceutical compounds.  

 

2.1.3 SULFENIC ACID AND SULFENATE ANION CHEMISTRY 

 Sulfenate anions, the conjugate bases of sulfenic acids, have recently emerged as important 

intermediates through their extensive utility in biological and synthetic applications.99 Sulfenic acids are 

inherently unstable and highly reactive, making them onerous entities to isolate due to self-condensation. 

Nonetheless, sulfenic acids have been successfully isolated through specific methods including: oxidation 

of a sterically hindered thiol,100 steric protection, or stabilization through a hydrogen bond network,101 to 

name a few. Intuitively, it is rationalized that sulfenates can be generated through sulfenic acids 63a, though 

this not observed in literature and is rare to occur.  Antagonistically, sulfenates are commonly generated 

from sulfoxides 63b through a deprotonation (Perrio102) or nucleophilic attack (Schwan97) on a -sulfinyl 

(acrylate) ester substituent, releasing the sulfenate from the  SRG substituent. The sulfenate anion can be 

expressed as two resonance forms (64a and 64b), with the most substantial difference between the two 

structures being the position of the counterion and charge. When treated with an electrophile, S-alkylation 

and O-alkylation can occur at both sites depending on the electrophile, as both the sulfur and oxygen 
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possess nucleophilic capability. Though, the argument between soft and hard electrophiles is speculated 

to determine the preference between either alkylation. As sulfenates are inherently difficult to isolate and 

purify, they are generally S-alkylated to the sulfoxide using methyl iodide or benzyl bromide to generate 

sulfoxides 65a and/or 65b (Scheme 22).  

 

Scheme 22. Generation of sulfenate anions and subsequent alkylation. 

 
 Due to the inherent instability and reactivity of sulfenic acids, isolation of this class of compounds 

is achieved through specific structural approaches. A structurally unique approach to a stabilized sulfenic 

acid can be seen through a m-xylylene-bridged calix[6]arene macrocycle, which suppresses the tendency 

for self-condensation, the typical fate of the reactive sulfenic acid moiety. Saiki et al.103 generated sulfenic 

acid 67 through thermolysis of sulfoxide 66b in solution and solid state. The sulfenic acid functionality is 

then directed into the cavity, immersed and protected by the calix[6]arene macrocycle, inhibiting any self-

condensation or dimerization (Scheme 23). 
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Scheme 23. Generation and macrocyclic stabilization of sulfenic acid 67.  

 
 Steric hindrance and protection from over-oxidation as a stabilization tactic is observed in the 

preparation of sulfenic acid 70.100 Specifically, treatment of thiophenetriptycene-8-thiol (68) with NaH forms 

the corresponding sodium salt 69, and a single oxidation step with MCPBA produces the coveted sulfenic 

acid 70 (Scheme 24.100 Expanding the sulfenic acid capture to chemistry involving hypervalent boron, 

arylboronic acids can be utilized to form reversible complexes with sulfenic acids, demonstrating the novel 

formation of a RSO-B bond.104 Fries sulfenate 71, can be trapped using boronic acid 72 to form adduct 73, 

with the σ bond forming between the nucleophilic oxygen and hypervalent boron species, and exclusion of 

hydroxide relieving the hypervalency present on the boron to form compound 74 (Scheme 25).104 

 

Scheme 24. Peroxy oxidation of sterically hindered thiolate salt 69 to sulfenic acid 70. 
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Scheme 25. Trapping of Fries sulfenate 10 using boronic acid 11 to form hypervalent boron 
species 12. 

 
 In nature, sulfenic acids are generated in situ in plants belonging to the genus Allium (onions, garlic, 

shallots, leek, chives) through enzymatic decomposition of the alkylated sulfinyl cysteines (e.g, alliin, 75) 

by alliinase following tissue damage.105 Principally found in homogenized garlic, alliin ((+)-S-allyl-L-cysteine 

S-oxide) 75 is cleaved by alliinase to yield 2-propenesulfenic acid 76 and ammonium pyruvate as a by-

product.106 Subsequently, 76 is susceptible to self-condense to produce diallyl thiosulfinate allicin (77) 

(Scheme 26).106 Alternatively, 1-propenesulfenic acid is produced following cutting raw onions, which is 

rearranged to syn-propanethial-S-oxide (EtCH=S+-O-) by the enzyme lachrymatory factor synthase.105 In 

conjunction to providing aroma and taste, the sulfenic acid derivatives formed through the enzyme 

catalyzed reactions present in the Allium genus display useful pharmacological utility through their 

antioxidant properties and activity.105 

 

Scheme 26. Equation (1): Enzymatic decomposition of alliin to 2-propenesulfenic acid 76. 
Equation (2): self-condensation of 2-propenesulfenic acid to allicin. 

 
 As an antioxidant, allicin (77) has proven to possess numerous medicinal properties that 

demonstrate potential for inclusion in novel drug candidates, as well as in traditional Chinese medicine that 



 
 

50 
 

dates back 5000 years.107,108 Atherosclerosis, the disease characterized by the buildup of plaque in the 

arteries, develops through the oxidative conversion of low density lipoproteins, leading to cerebral 

hemorrhage and coronary heart disease.109 It was suggested that allicin possesses the ability to suppress 

methyl linoleate oxidation and inhibit lipid peroxidation by quenching of free radicals through cleavage of a 

C-H bond in allicin.110 It has since been shown that allicin thermally produces a small population of 1-

propenesulfenic acid, which is the active chain-breaking agent by hydrogen atom donation from the 

transient sulfenic acid.106,111   

 

2.1.4 GENERATION OF SULFENATE ANIONS 

 Initially, the methods to synthesize and isolate sulfenates were limited in number but have grown 

over the past couple decades due to additional research. Some methods to access sulfenates include: 

base-mediated hydrolysis,112,113,114,115,116,117 addition-elimination chemistry involving thiolate and ethoxide 

nucleophiles,118,119 fluoride anion-mediated desilylations,120 and ring manipulation procedures of thiirane S-

oxides.121 Recent contributions by Schwan and co-workers,98,122 and Perrio and co-workers123 involving -

sulfinyl esters have led to reliable nucleophilic attack and proton abstraction mechanisms for eventual 

release of sulfenic acid anions.  

 Arenesulfenate esters have been a reliable source of arenesulfenate anion generation via alkaline 

hydrolysis. In 1974, Hogg and co-workers112–116 demonstrated the equilibrium between the in situ formed 

sulfenate anion and sulfenic acid intermediates, as well as the dehydrative self-condensation to thiosulfinate 

80 by monitoring the chemical kinetics spectrophotometrically. Mechanistically, the reaction involves a 

nucleophilic substitution at sulfur through hydroxide ion attack. Rates were extrapolated from the UV data, 

through the disappearance of the ethyl sulfenate ester species at 395 nm, and the appearance of the 

sulfenate anion signal at 588 nm.112 Alkaline hydrolysis via base addition yielded arenesulfenic acid 78 (eq. 

4), deprotonation in the second step yielded arenesulfenate anion 79 (eq. 5), and self-condensation of 78 

and 79 yielded thiosulfinate ester 80 (eq. 6) (Scheme 27). Two years after Hogg and co-workers, Davis and 

Friedman117 investigated the alkaline hydrolysis of the trimethylsilyl group of trimethylsilyl 2-

nitrobenzenesulfenate (81) to generate the 2-nitrobenezenesulfenate anion in EtOH-H2O and NaOH. Likely 

due to the stabilizing effects of the benzene ring and inductive stabilization of the ortho nitro group, sulfenate 



 
 

51 
 

82 was able to exist for more than 6 hr in solution, and was indicated by the blue colour in aprotic media 

(using crown-6-ether in benzene and potassium tert-butoxide) (Scheme 28).117 

 

Scheme 27. Reaction steps in the alkaline hydrolysis of arenesulfenate esters (X = OEt). 

 

 

Scheme 28. tert-Butoxide mediated alkaline hydrolysis of trimethylsilyl protected 2-
nitrobenzenesulfenate (81). 

 
 Furukawa and co-workers used ethoxide and thiolate nucleophiles to effect addition-elimination 

chemistry on azaheterocyclic sulfoxides to release sodium and lithium metal coordinated sulfenates.118 

Electrophilic capture of the sulfenate was achieved through addition of methyl iodide119 to afford the 

sulfoxide moiety. Sulfoxide yields employing n-butylthiolate generally exceeded those from ethoxide 

treatment (Table 3).118,122 Additionally, superior yields were observed in sulfenates that contained a strongly 

electron-withdrawing substituent such as the 2-pyridyl group with intramolecular metal chelating potential.  
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Table 3. Ipso substitution of azaheterocyclic sulfoxides and subsequent sulfenate anion capture. 

 
 

Azaheterocycle R Group Nucleophile 85 Yield (%) 

83 4-methylphenyl EtONa+ trace 

83 phenyl EtO-Na+ 54 

83 2-pyridyl EtO-Na+ 94 

83 4-pyridiyl EtO-Na+ 53 

83 2-benzothiazolyl EtO-Na+ 55 

84 4-methylphenyl EtO-Na+ 89 

84 phenyl EtO-Na+ 61 

84 4-methylphenyl nBuSLi+ 91 

84 phenyl nBuS-Li+ 84 

84 2-pyridyl nBuS-Li+ 87 

  
  

Arenesulfenate anion generation through fluoride-catalyzed fragmentation was explored by Oida 

and co-workers120. Fluoride anions were reacted with 2-(trimethylsilyl)ethyl benzenesulfenate ester 86 to 

liberate benzenesulfenate anion 87. The reaction makes use of the strong affinity fluoride anions possess 

for silyl groups (Scheme 29, Path A).120 Sulfenate capture proceeded through addition of benzyl halide, 

affording diaryl sulfoxide 88. Alternately, sulfur could be alkylated to produce oxosulfonium salt 89, 

increasing the feasibility for elimination of the silyl moiety via a fluoride attack, based on the positively 

charged oxosulfonium salt. From oxosulfonium salt 89, attack of fluoride anions (TBAF in THF with 5% H2O 

as a stabilizer) afforded a deprotonation of the -proton to the oxygen, to obtain undesired sulfane 90 
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(Scheme 29, Path B). Oida also discovered in a follow up study that if KF was used in place of TBAF for a 

fluoride source, no side-products and higher yields were obtained, affording sulfoxide 91 through the silyl 

elimination pathway (Scheme 29, Path C).  

 
Scheme 29. Mechanisms for the fluoride-catalyzed desilylation of 2-(trimethylsilyl)ethyl 

benzenesulfenate (86) using various fluoride sources. 

 

 The Maccagnani research group utilized lithium bases for the generation of , - unsaturated 

sulfenates through a thiirane S-oxide substrate.121 Diastereomerically pure cis and trans-stillbene thiirane 

S-oxides (92syn and 92anti, respectively) can undergo a stereospecific desulfurization, through intermediates 

93syn and 93anti, respectively, and represent competitive reactions on these substrates. Mechanistically, 

thiirane S-oxide 92syn undergoes deprotonation from the less sterically hindered face, resulting in the 

carbanion being stabilized through a coordination  complex with the lithium and syn sulfinyl oxygen.121,122 

Rearrangement occurs for the lithium coordinated intermediate 94syn to form sulfenate 95, which is alkylated 

using methyl iodide to the vinylic sulfoxide 96 (Scheme 30, Path A). Thiirane S-oxide 92anti is sterically 

hindered on both faces, and deprotonation can occur at either  carbon, resulting in lithium coordinated 

carbanions 94anti and 97. Carbanion 97 is formed through deprotonation of the proton anti to the sulfinyl 

oxygen, which then undergoes inversion due to a stereochemical coordination preference of the lithium to 

the oxygen, followed by rearrangement to vinylic sulfenate 95 and quenching with alkyl halide to yield 

sulfoxide 96. Lithium coordinated intermediate 94anti undergoes a stereoselective ring opening through the 

carbanion resonating to form a  bond, and breaking the carbon-sulfur  bond, thus opening the cyclic 
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thiirane moiety to vinylic sulfenate 98. Quenching with alkyl halide yields Z-vinylic sulfoxide 99 (Scheme 30, 

Path B).121,122,124  

 

Scheme 30. Diastereoselective generation of 1-alkenyl sulfenates through thiirane S-oxides. 
aOrganolithium bases include nBuLi, PhLi, MeLi, though amide bases and MeLi-LiBr complexes 

undergo attack at hydrogen.121,122,124 

 
 Prior to the work performed by the Maccagnani research group,121,122,124 examples of vinylic 

sulfenates were seen through a cyclofragmentation reaction of oxathiolane heterocycles by Schank.125 

Potassium tert-butoxide was employed for deprotonation of the  proton to the sulfoxide moiety of 

oxathiolane 100, fragmenting the heterocycle to potassium coordinated alkenyl sulfoxide 101 and 

formaldehyde by-product (Scheme 31). Extending from alkenyl sulfenates to dienyl sulfenates, and after 
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the work performed by the Maccagnani and Schank groups, Crumbie and Ridley126 were able to show the 

base mediated ring opening of cyclic sulfoxide 102 to generate lithium coordinated dienyl sulfenate 103, 

followed by quenching with alkyl halide RX to yield dienyl sulfoxide 104. In a testament to the highly reactive 

nature of sulfenates, the lithium coordinated sulfenate 103 ring opening had to be performed at -78 C, and 

had to be quenched with alkyl halide within 3 seconds of generation of the sulfenate, otherwise a substantial 

decrease in yield of sulfoxide 104 would be seen.126 

 

Scheme 31. Mechanistic perspective for the base-mediated cyclofragmentation of 1,3-oxathiolane-
3-monoxide (42). 

 

 

Scheme 32. Base-mediated ring opening and generation of dienyl sulfenate 103. 

 
 In 2003, Schwan and O’Donnell established a novel method for the general synthesis of alkane 

and arene sulfenate anions through -sulfinyl acrylate esters.97 The reactivity and generation of sulfenates 

was discovered while exploring Grignard reactions of optically enriched , -unsaturated esters, when it 

was realized that an alkenyl sulfoxide connected to a (E)-2-carbomethoxyethenyl unit exhibited electrophilic 

character.97 Cyclohexyl (E)-2-carbomethoxyethenesulfinate (105) was employed as a model compound to 

test the reactivity with methyl magnesium bromide, only to find <5% yield of the resulting sulfoxide 106, and 

22% for the trans alkene 107 (Scheme 33).97  
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Scheme 33. Investigating the behavior of Grignard reagents with cyclohexyl (E)-2-
carbomethoxyethenesulfinate (105).  

 

 Mechanistically it is believed that the sulfur substitution is occurring to form -sulfinyl acrylate ester 

106, though a counterattack is probable by the alkoxide anion displaced in the Grignard reaction at the  

vinylic position to the sulfoxide group.98 In a Michael-type attack, the alkoxide nucleophile attacks at the  

position to the carboxylate unit.122 The negatively charged oxygen relocates its charge to reform the 

carbonyl, moving the  bond back to the vinylic position and releasing sulfenate 108. The hypothesized 

mechanism was confirmed through the addition of benzyl bromide to afford the predicted sulfoxide 109, 

with a purified yield of 47% (Scheme 34).122,98  

 

Scheme 34. Mechanistic perspective of Grignard reaction with -sulfinyl acrylate ester 105. 

 
 Utilizing -sulfinyl ester 110 and a base-mediated retro-Michael attack, Perrio and co-workers123 

demonstrated a novel way of releasing sulfenates, using a similar mechanism to the one seen in the 

Schwan group’s research. Deprotonations were performed using amide, alkoxide and organolithium bases 

in high yields to procure the allylic sulfoxide intermediate 111 through a retro-Michael reaction. Closure of 

the anionic oxygen to reform the carbonyl releases sulfenate 112, which is subsequently quenched at low 

temperature to yield major product 113 (sulfoxide) and minor product 114 (sulfenate ester) (Scheme 35).  
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Scheme 35. Deprotonation of -sulfinyl ester 110 via a retro-Michael attack to release sulfenate 
112. 

 
 Quenching sulfenate 112 with alkyl halide yielded a racemic mixture, as nothing was done to 

perturb the fully expected alkylation of either lone pair. To improve upon the racemic outcome, 

enantioselective alkylation was attempted through the addition of an enantiopure coordinating ligand. 

 

Table 4. (−)-Sparteine-mediated alkylation of sulfenate 54 and solvent effects at -40 C. 

 
 

Entry R3X Solvent Yield (%) ee (%) Configuration 

1 MeI THF 42 0 -- 

2 MeI Et2O 47 0 -- 

3 MeI cumene 59 0 -- 

4 MeI pentane 4 0 -- 

5 MeI TMTHF 44 5 S 

6 MeI toluene 54 23 S 

7 BnBr toluene 59 17 S 
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The tetracyclic lupine alkaloid (−)-sparteine, can differentiate the prochiral lone pairs on sulfur, and has 

been used broadly in asymmetric symmetric synthesis previously.123,127 Enantiomeric excess was resolved 

through enantioselective stationary phase HPLC (OB-H) column, which revealed no ee for THF, Et2O, 

cumene, and pentane (entries 1-4). Low yield for the pentane reaction was explained by poor solubility of 

the reactants. Interestingly, the S configuration of the sulfoxide was obtained in up to 23% ee in THF and 

toluene (Entries 5-7) (Table 4).123 

 

2.1.5 CHIRAL SULFOXIDE LIGANDS IN ASYMMETRIC CATALYSIS 

 Asymmetric catalysis and transition-metal-catalyzed reactions hold an important place in synthetic 

chemistry for obtaining optically active materials.128 Chiral ligands have taken a prominent hold in this 

branch of chemistry due to their enantioselective properties, and have been majorly governed by 

phosphorus and nitrogen ligands.129 The incorporation of sulfoxide ligands presents unique opportunities 

through the chiral nature of sulfoxides, steric and electronic discrepancy between oxygen and carbon 

components, and facile synthetic methods to obtain chiral sulfoxides.130 The first chiral sulfoxide ligands 

were employed by James and co-workers131 who utilized them in Ru-catalyzed asymmetric hydrogenations. 

Greater enantioselectivities were seen incorporating the chelating bis(sulfoxide) ligand with tartrate-derived 

structures.  

 

Scheme 36. James and McMillan first Ru catalyzed asymmetric catalysis incorporating sulfoxide 
chiral ligand. 

 
 Williams and co-workers131 incorporated chiral sulfoxide ligands in pendant amines and imines for 

the palladium catalyzed asymmetric allylic alkylation in 1994. To probe for yield and enantiomeric selection, 

a small library of chiral sulfoxide-oxazolidine ligands were prepared, with combinations of chirality present 

in the oxazolidine ring and/or on the sulfur atom. Chiral sulfoxides 115a and 115b coordinate effectively to 

form the Pd complex, based on the observed yields of 96% and 42%, and 88% ee and 55% ee, respectively. 

The yield and enantiomeric excess obtained through the use of chiral sulfane ligand 116 indicates that the 
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sulfoxide stereocenter is not necessary, and that Pd ligates to one of the two enantiotopic lone pairs to form 

a diastereomerically pure Pd complex.128 The reduced ee% of chiral sulfoxide 117 proposes the significance 

of the oxazolidine chirality, as the only stereocenter present in this ligand was at the sulfur ligand (Table 

5).128  A significant advance was seen in 1997 by Hiroi and Suzuki132 through the introduction of a chiral 

sulfoxide ligand with only one stereocenter present at the sulfur atom. S,N sulfoxide ligand 119 was tested 

amongst a library of ligands not containing backbone chirality, and was found to provide the greatest 

enantioselectivity. Astonishingly, when the solvent was exchanged from THF to 1,2-DME, the absolute 

configuration of product 118 at the chiral carbon was reversed, likely due to a change from sulfur to oxygen 

coordination (Scheme 37).128 

 
Table 5. Oxazolidine-sulfoxide ligands utilized in Pd-catalyzed allylic alkylations. 

 

Entry Ligand (L) Yield (%) ee (%) 

1 115a 96 88 (R) 

2 115b 42 55 (R) 

3 116 69 93 (R) 

4 117 60 49 (R) 
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Scheme 37. Hiroi and Suzuki Pd-catalyzed allylic alkylation with single sulfur stereocenter chiral 
ligand 88. 

 

2.1.6 ASYMMETRIC ALKYLATIONS OF SULFENATES 

 Sulfenic acid anion chemistry has been recently explored for diastereoselective alkylation using 

chiral electrophiles. The now well-characterized sulfenate release utilizing -sulfinyl esters and -sulfinyl 

acrylate esters, and subsequent alkylation has been a hot area of sulfur chemistry due to respectable yields 

and enantiomeric/diastereomeric selection between products obtained. In 2008, the Perrio group123 drew 

upon [2.2]paracyclophanes with -sulfinyl ester and trimethylsilyl substituents for liberating sulfenate 

anions.133 [2.2]Paracyclophanes have been applied in polymer chemistry, materials chemistry, and as 

planar chiral catalysts due to the powerful electronic interaction between the bridged benzene rings 

stabilizing the molecular geometry of the molecule. Contrary to its utility, this class of molecules has not 

been commonly used with sulfur incorporated into its structure. PCP sulfoxide 120a was submitted to 

deprotonation by potassium tert-butoxide at low temperature (-78 C) to release the sulfenate anion 121. 

TBAF was used as a fluoride source for the desilylation of the trimethylsilyl group present on PCP sulfoxide 

120b, yielding sulfenate anion salt 121 as well. Subsequent in situ quenching with alkyl halides yielded 

single diastereomers for entries 1-3, and perfect diastereoselectivity at higher temperatures for entries 4 

and 5. The TBAF catalyzed desilylation of Entry 6 also garnered the sole diastereomeric product, indicating 

the robust diastereoselective manner of this reaction (Table 6).133 
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Table 6. [2.2]Paracyclophane sulfoxides produced from asymmetric alkylation of sulfenic acid 
anions. 

 
 

Entry Precursor R2X Conditions a Product b Yield (%) 

1 120a BnBr tBuOK, -78 C 122a 82 

2 120a MeI tBuOK, -78 C 122b 88 

3 120a EtI tBuOK, -78 C 122c 90 

4 120a BnBr tBuOK, -40 C 122a 80 

5 120a BnBr tBuOK, 0 C 122a 77 

6 120b BnBr TBAF, 60 C 122a 72 

a S-alkylation was observed. b Yields are given as isolated.  

 
 

 Schwan and co-workers67 utilized various sulfenates with aromatic, alkenyl and alkyl substituents 

and asymmetrically alkylated them using a variety of R group electrophiles to determine diastereoselectivity. 

Cysteinesulfinyl acrylate (E)-123 was generated through the conjugation addition of Boc-Cys-OEt to methyl 

propiolate, followed by peroxyacid oxidation. To release the cysteinesulfenate anion, lithium thiolate 

nucleophiles were evaluated and added at -78 C to sulfoxide acrylate (E)-123. Immediate release of the 

sulfenic acid anion prompted the addition of the electrophile (see RX column, Table 7), otherwise a 

significant decrease in yields was observed. Modest yields and excellent dr ratios were seen for all chiral 

sulfoxide products, due to the presence of the lithium counterion involved in a chair conformation complex 
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formed with the sulfinyl oxygen and carbamate nitrogen. Dr values were determined through use of HPLC 

on a CHIRACEL-OJ chiral HPLC column.67  

 
Table 7. Cysteinesulfenate anion trapping with a small library of chiral electrophiles. 

 

Entry RX Product Yielda (%)  drb 

1 PhCH2Br 124a/125a 60 (65) 92:8 

2 p-MeC6H4CH2Br 124b/125b 69 (75) 92:8 

3 p-BrC6H4CH2Br 124c/125c 66 (72) 92:8 

4 m-MeOC6H4CH2Br 124d/125d 48 (52) 91:9 

5 m-O2NC6H4CH2Br 124e/125e 61 (66) 89:11 

6 p-NCC6H4CH2Br 124f/125f 68 (74) 89:11 

7 o-NCC6H4CH2Br 124g/125g 49 (53) 89:11 

8 o-BrC6H4CH2Br 124h/125h 67 (73) 95:5 

9 o-HC(O)C6H4CH2Br 124i/125i 53 (58) 93:7 

10 MeI 124j/125j 47 (51) 83:17 

11 Allyl bromide 124k/125k 54 (60) 83:17 

a First value indicates sulfur substrate yield. Second number is limiting reagent yield. b Dr values derived from NMR based peak 
integrations.  

 

 As a means of understanding the superior stereoselective manner observed in the sulfenate 

alkylations, Schwan134 performed Density Functional Theory (DFT) calculations methods adopting simple 

aminosulfenate anions as a model study, and then cysteinesulfenate anions. Gaussian 09 was employed 

with the M06-2X functional and 6-311++G(d,p) basis due to previous success in gauging energetics in 

sulfenate chemistry. N-Moc-2-Aminoethanesulfenate was used as the model with the inclusion of the Li 

counterion (present when generating sulfenate anions). Three adaptations of the structure were 

investigated; (a) linear chain with Li coordinated to the sulfenate O, (b) H-bonding between the carbamate 
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N and sulfenate O, and (c) Li coordination to the carbamate O. The linear chain (a) was optimized and 

converged to a local minima energy value, and set at 0 kcal/mol as the standard for the succeeding trials. 

Optimization (b) with H-bonding assumed a pseudo-boat conformation and was calculated to -4.5 kcal/mol, 

and a r(O-H) = 1.857 Å. Assuming an eight-membered ring, Li coordination (c) reached the lowest relative 

free energy of -5.8 kcal/mol, with a r(O-Li) = 1.920 Å. The structures arising from the H-bonding and lithium 

coordination models are energetically preferred and impart direction for the succeeding cysteinesulfenate 

optimizations.134  

 Moving towards the cysteinsulfenate anion, a methyl ester was added to the carbon α the N atom 

(see 124 for reference, Table 7). It was determined from preceding trials that placement of the carbamate 

H and carbonyl in an s-trans alignment results in a lower free energy by 0.8-1.5 kcal/mol, and accordingly 

the less stable rotamer was not brought forth. Again, the linear molecule was optimized and set to 0 

kcal/mol, with all other calculated conformations resulting in a lower free energy. H-bonding between the 

sulfenate O and carbamate H benefitted by 6.3 kcal/mol, while Li coordination between the carbamate O 

and sulfenate O was 4.3 kcal/mol more stable than the linear chain. Interestingly, a new conformation with 

stabilization by Li coordination between the carbamate O and sulfenate O, with potential for transannular 

N-H---O interaction was calculated to -7.0 kcal/mol. Better yet, Li coordination between the ester carbonyl 

and sulfenate O resulted in -7.3 kcal/mol, indubitably due to less ring strain from the previously seen eight-

membered ring. The lowest energy conformation was identified as having both the H-bonding between the 

sulfenate O and carbamate H, and the ester Li coordination at -8.2 kcal/mol. It can be concluded that internal 

lithium complexation results in a lower free energy state and a preferential stabilization mode.134,135  

 Further endeavours in investigating sulfenate release and alkylation were explored by Findlay73 

through the use of the Perrio102 sulfenate release method. The tert-butyloxycarbonyl (Boc) protecting group 

was initially employed with various bases for β-amino sulfenate trials to evaluate if Li coordination was 

prevalent and superior in the Boc system compared to the calculations on cysteinesulfenates.134 Various 

metallated bases were employed to determine the validity of the lithium coordinate in the transition state 

pocket, and if other metals would fit in that same coordination pocket. LiHMDS was used as a standard for 

comparative reasons, and seen in a superior dr of 13:87 with 82% yield (Entry 1, Table 8). When spiked 

with LiBr to provide a further quench of Li cations, an analogous dr of 14:86 was observed and accompanied 
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by a drop in yield (Entry 2, Table 8).  When potassium was used in lieu of lithium in HMDS, a significant 

drop in the dr was witnessed at 49:51, likely due to the increased ionic radii and inability to appropriately fit 

into the coordination pocket between the sulfinyl and carbamate oxygens (Entry 3, Table 8). KHMDS was 

spiked with LiBr to introduce lithium cations into solution in an attempt to promote lithium stabilization of the 

transition state. A compelling transition in the dr ratio was observed from 49:51 to 19:81, signifying that the 

LiBr played an essential role in forming the stabilized eight-membered transition state (Entry 4, Table 8). 

NaHMDS was employed too, with lower drs and yields seen than LiHMDS (Entry 5, Table 8). Additionally, 

alkoxide bases, LDA and NaH were evaluated but were seen to not have much influence regarding the 

stereoselectivity of the reactions (Entries 6-10, Table 8).   

 
Table 8. Sulfenate release trials on β-amino acid substrate with various bases. 

 

Entry Base Yield (%) drc 

1 LiHMDSa 82 13:87 

2 LiHMDSa + LiBrb 59 14:86 

3 KHMDSa 55 49:51 

4 KHMDSb + LiBrb 63 19:81 

5 NaHMDSa 52 36:64 

6 tBuOLia 48 29:71 

7 tBuOKb 49 35:65 

8 tBuONab 18 36:64 

9 LDAa 47 21:78 

10 NaHb 61 35:65 

a Dissolved in THF (1.0 M). b Added neat in one addition. c Major diastereomer determined to be (SS, SC) configuration through 1H 
and 13C NMR integration.  
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2.1.7 PROJECT DIRECTIONS  

The purpose of this research is to expand the computational and synthetic methods previously 

implemented on cysteinesulfenate anions and Boc-protected amino acids to additional β-amino acid 

substrates. Altering the N-protecting group to a trifluoroacetyl (C(O)CF3) from a Boc or Moc group is the 

principal investigation of this project, and its relativistic effect on the concomitant dr observed in the 

associated sulfoxide product. Optimistically, a change in dr through a different predominant stabilization 

mode will be observed due to the superior inductive effects of the C(O)CF3 PG compared to the Boc or Moc 

PG. The synthetic methods for the β-amino acid substrate evolution would be adopted from Findlay’s 

work73, though divergent pathways would be explored for expediting the volume of steps. For the sulfenate 

releases, the Perrio method employing a β-sulfinyl ester would be used in lieu of the Schwan method 

(alternatively β-sulfinyl acrylate ester) due to previously recorded higher yields and dr’s.73 

To achieve the desired sulfoxide bearing an SRG and amino backbone, two synthetic routes were 

envisioned. Intuitively, Route A (Scheme 38) was designed to start with a free base aminol, the reduced 

version of the corresponding amino acid. Protection of the free amine was to be then achieved, followed by 

conversion of the alcohol to a leaving group via an SN2 thioacetate substitution. Alternatively, it has been 

seen in literature that an alcohol can be directly transformed to a thioacetate in a highly efficient and 

stereoselective manner.136 The thioacetate could then be subjected to a solvolysis reaction to generate a 

thiolate species and attack a Michael acceptor to generate the sulfide. To circumvent the thioacetate 

species, a leaving group could be substituted by an alkyl thiolate nucleophile. Oxidation of the sulfide would 

generate the sulfoxide, and previously established sulfenate release conditions followed by addition of BnBr 

would produce the coveted benzylated sulfoxide. Route B (Scheme 38) takes an alternate pathway; first by 

condensing two SRG groups with sodium hydrosulfide to form the sulfide, followed by oxidation and an 

initial sulfenate release and alkylation with a chiral amino species. A second sulfenate release and 

benzylation could then be performed to reach the same product (Scheme 38).  
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Scheme 38. Retrosynthetic approach to achieving the targeted alkylated amino sulfoxide.  

 
 
2.2 RESULTS AND DISCUSSION 

2.2.1 COMPUTATIONAL MODELLING OF AMINOSULFENATE CONFORMATIONS   

 DFT (density functional theory) methods were employed (M06-2X/6-311++G(d,p); CPCM(THF)) to 

predict the lowest energy conformation and preferred stabilization mode for N-C(O)CF3 aminosulfenates 

versus N-Moc aminosulfenates. The valence triple-zeta polarized basis set 6-311++G(d,p) was employed 
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due to the incorporation of six d-type Cartesian-Gaussian polarization functions, namely for the sulfur atoms 

d orbital contributions. As the sulfenate release and subsequent alkylation are performed in THF, THF was 

employed as the model solvent for the calculations. Lithiated N-Moc aminosulfenates were first optimized 

to determine their preferred face of alkylation based on the conformation they assume. Data obtained 

predicted that the lithium counterion coordination between the sulfinyl oxygen and N-Moc carbamate 

oxygen in 126b is predominant and most stabilizing interaction of the N-Moc sulfenate model, assuming an 

eight-membered boat structure. The resulting conformer 126b was calculated to be lower in energy by 1.1 

kcal/mol compared to the hydrogen bonding stabilization model 126a, which assumed a six-membered 

chair conformation (Figure 16).  

 

Figure 16. Optimized structures and relative free energies for lithiated N-Moc β-aminosulfenate 
structures (126). a Preferred face of alkylation. b Free energy output in Hartrees converted to 

kcal/mol and set to 0 kcal/mol for relativistic comparison. Colour code: grey = carbon; white = 
hydrogen; red = oxygen; yellow = sulfur; pink = lithium. 

 
 With the N-Moc sulfenate alkylation face determined based on the Li coordination model 126b, 

lithiated N-C(O)CF3 β-aminosulfenate structures were targeted to determine the optimized conformation. A 

baseline free energy model was set with linear structure 127a, in which no intramolecular interactions were 

present. Structure 127b was evaluated by holding the lithiated sulfenate over the benzene ring, resulting in 

a loss of 1.2 kcal/mol of stabilization. Rotating the C-S σ bond away from the benzene, a lower energy 

conformation was seen for 127c at -2.6 kcal/mol, though still possesses a slightly unfavourable interaction 

of the sulfenate over the C-N carbamate. Li coordination through an eight-membered boat structure 127d 
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126b 
0 kcal/molb 

8-mem. boat Li coord. (S-O- -Li- -O-C) 
 

126a 
+1.1 kcal/mol 

6-mem. chair H-bonding (S-O- -H-N) 
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was evaluated to lower the free energy to -3.5 kcal/mol, though a lower energy conformer 127e was 

observed at -4.9 kcal/mol when the eight-membered Li coordination ring (S-O- -Li- -O-C) was flattened. 

Adopting the H-bonding system, a six-membered ring flip 127f was formed (S-O- -H-N) with the lithium ion 

on the sulfenate oxygen, resulting in a relative energy of -7.3 kcal/mol, indicating that the H-bonding 

stabilization mode was energetically preferred (Figure 17). Structure 127g adopted a six-membered H-

bonding system (S-O- -H-N), instead with the lithium ion on the carbamate carbonyl; this simple alteration 

of the counterion further lowered the free energy to -8.0 kcal/mol. To complete the model of the lithiated 

structures, the Li ion was placed back on the sulfenate oxygen, and a six-membered H-bonding chair 

conformation 127h was assumed, resulting in the lowest energy conformer at -9.1 kcal/mol (Figure 18). To 

compare the Moc and C(O)CF3 models, the Moc system achieves its lowest free energy conformation 

through a Li coordination, while the C(O)CF3 assumes an H-bonding conformation. The alkylation face of 

the sulfenate sulfur for the C(O)CF3 model was predicted to be divergent juxtaposed to the Moc-sulfenate 

126b model. Based on this theory, to contrast the previous N-Boc amino sulfenate work,73 synthesis of N-

C(O)CF3 versions of the amino sulfoxides were undertaken to study a sulfenate release and alkylation 

chemistry.  
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Figure 17.  Optimized structures and relative free energies for lithiated N-C(O)CF3 β-
aminosulfenate structures (127a-f). a Free energy output in Hartrees converted to kcal/mol and set 

to 0 kcal/mol for relativistic comparison. 
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Figure 18. Lowest energy optimized structures and relative free energies for lithiated N-C(O)CF3 β-
aminosulfenate structures (127g-h). a Preferred face of alkylation. b Free energy output in Hartrees 

converted to kcal/mol and set to 0 kcal/mol for relativistic comparison. 

 

2.2.2 SYNTHESIS OF THE C(O)CF3 SULFOXIDE 

Adopting the truncated synthetic scheme of Path B (Scheme 38), an expedited approach was 

initially taken to incorporate the SRG onto an amino backbone.  A sulfoxide with 2 SRG groups would first 

be generated, and then sequentially released; first to incorporate the amino backbone through an SN2 

reaction, and second to benzylate the substrate. A paper dating back to 1914137 in the Journal of Inorganic 

Chemistry brought insight regarding the condensation of methyl acrylate and sodium hydrosulfide to form 

sulfide 128. The reaction of smelly sodium hydrosulfide hydrate and 2.5 eq methyl acrylate produced a 

clear transparent liquid and required argon bubbling through both solutions for 30 min prior to addition, to 

ensure no oxygen was present. Additionally, the reaction required a vacuum distillation to separate the 

excess methyl acrylate and purify the product. Dimethyl 3,3’-thiodipropionate (128) was distilled at 106 C 

@ 0.15 torr and was obtained in low yield of 24%. Controlled oxidation of the product was performed using 

sodium meta-periodate in a 50:50 acetone/H2O mixture to provide sulfoxide 129 in a 77% yield (Scheme 

39).  
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Scheme 39. Sodium hydrosulfide hydrate with methyl acrylate, proceeded by oxidation to 
generate the di-SRG compound.  

 
With the di-SRG sulfoxide 129 assembled, procedures for the generation of chiral β-amino iodides 

were undertaken for the first sulfenate release on this substrate. Chiral β-amino iodides, derived from L/D-

phenylalanine, L-valine and L-alanine were prepared starting with the regioselective protection of the 

nitrogen group with trifluoroacetic anhydride. The reaction was initiated by a nitrogen attack on 

trifluoroacetic anhydride, followed by deprotonation of the ammonium cation, generating products 130-132. 

Yields were good for the phenylalanine substrates, though suffered drastically with the valine substrate 

despite repeating the procedure under the same conditions. It is speculated that some product was washed 

away in the aqueous layer due to insufficient addition of acid in the acidification step. Yields for the alanine 

substrate were moderate, though the same problem likely occurred with the acidification affecting the yields 

(Table 9). The Lange reaction was performed through the introduction of triphenylphosphine, imidazole and 

iodine in dry DCM to produce a thick orange solid that required purification. Triphenylphosphine oxide was 

a common impurity due to the nature of the pseudo-Mitsunobu reaction, and often unreacted 

triphenylphosphine needed to be separated out too. Post flash-column purification (gradient elution initiated 

with 95:5 hexanes:ethyl acetate to 80:20 hexanes:ethyl acetate) yielded sparkling white fluffy crystals 

visually comparable to cotton candy. Yields between 66-79% were observed for the reactions, which was 

typically seen with this type of reaction (Table 10).3,73 Additional leaving group amino substrates were 

assembled through incorporating a mesylate group for the alcohol. Exceptional yields were observed at 

92% and 90% for the S and R configurations, respectively (Scheme 40).  
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Table 9. N-Trifluoroacetyl protection of amino acids.  

 

Entry Amino acid R Configuration Yield (%) Product 

1 L-Phe Bn S 85 130a 

2 D-Phe Bn R 76 130b 

3 L-Val iPr S 12 131 

4 L-Ala Me S 49 132 

 

Table 10. Aminol conversion to iodides using the Lange reaction.   

 

Entry Amino acid R Configuration Yield (%) Product 

1 L-Phe Bn S 79 133a 

2 D-Phe Bn R 74 133b 

3 L-Val iPr S 75 134 

4 L-Ala Me S 66 135 

    

 

Scheme 40. Mesylations of phenylalaninol substrates.  
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 Sulfenate releases of the di-SRG sulfoxide 129 could then be attempted with the concurrent 

assembly of the chiral amino electrophiles. The starting material di-SRG sulfoxide was added to dry THF 

with base (1.0 eq LiHMDS (1.0 M in THF)) at -78 C, stirred for 20 min, and 2.0 eq of BnBr was then added 

while bringing the solution to reflux for 2 h. The benzylated sulfoxide 137 was successfully produced in a 

58% yield, indicating the potential for sulfenate releases from substrate 129. Next, L-phenylalanine derived 

chiral iodide (S)-133a was introduced during the sulfenate release (Scheme 41). Effervescence and a 

colour change to a bright mandarin-red was observed to produce the crude product in a 103% yield. Flash 

column chromatography was performed to separate the 3 TLC spots using DCM/MeOH 9.8:0.2. The 

separation was successful, though 1H NMR analysis of the main fraction with the amino backbone revealed 

that the sulfenate had not attacked the amino acid substrate, based on the absence of a methoxy peak 

around 3.7 ppm corresponding to the anticipated methoxy group from the sulfenate ester (Figure 19). A 

new, unknown product was formed during this reaction and was not understood at the time. New protocols 

were adopted in the synthetic pathway, though the unknown products would later be returned to with 

interpretation of the results.  

 

Scheme 41. Sulfenate release trials for di-SRG sulfoxide 129.  
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Figure 19. 1H NMR spectra of the failed reaction between di-SRG sulfoxide 129 and (S)-133a.  

 
 Approaching the synthesis from now Route A (Scheme 38), a pathway for substituting an SRG 

group onto the -carbon to the iodide directly was envisioned through the incorporation of methyl 3-

mercaptopropinate (M3MP). Theoretically, this was expected to react mechanistically in a simple SN2, 

replacing the iodide on the amino backbone. A multitude of reactions were setup in various conditions to 

drive the reaction forward, though problems were encountered. The major obstruction was the inability of 

M3MP to attack the amino acid substrate due to competitive disulfide formation, as the indicative ~3.7 ppm 

methoxy was never present among the rest of the amino peaks in 1H NMR. In the presence of atmospheric 

air, thiolate nucleophiles self-react to form disulfide dimers. The self-dimerization of the M3MP was believed 

to be occurring instead of the SN2 on the amino substrates. Unfortunately, the Rf and polarity of the N-

C(O)CF3 protected phenylalanine iodide ironically are very similar to that of the disulfide impurity and 

separation was not possible via flash column chromatography. Due to this, starting material was not easily 

recovered for repeated trials. The base trials were initially started with K2CO3, though full dissolution was 

not achieved (Entries 1-6, Table 11). As a result, NEt3 was employed for a comparable basicity while being 

capable of full dissolution, though this did not avoid the disulfide issue (Entries 6-9, Table 11). As a final 

attempt to drive the reaction, nBuLi was implemented to no success (Entries 10-11, Table 11). Different 

polar aprotic solvents (DMF, DMSO, THF, ACN) were tested suspecting that the disulfide was forming 

based on some sort of solvent interaction impeding the amino substrate. Unfortunately, the disulfide 

persisted and continued to form despite the solvent changes.   
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Table 11. Attempted reactions of M3MP with chiral amino acid substrates. 

 

Entry Base E+ LG Conditions Yield (%) 

1 K2CO3 (S)-133a I- DMF, reflux, 1 h -- 

2 K2CO3 (R)-133b I- DMF, reflux, 1 h -- 

3 K2CO3 (S)-136a OMs- DMF, reflux, overnight -- 

4 K2CO3 (R)-136b OMs- DMF, reflux, overnight -- 

5 K2CO3 (S)-136a OMs- DMF, 25 °C, overnight -- 

6 K2CO3 (R)-136b OMs- DMF, 25 °C, overnight -- 

7 NEt3 (R)-136b OMs- ACN, 25 °C, overnight -- 

8 NEt3 (R)-136b OMs- DMSO, 25 °C, overnight -- 

9 NEt3 (R)-136b OMs- THF, 25 °C, overnight -- 

10 nBuLi (R)-136b OMs- THF, 0 °C, 1 h -- 

11 nBuLi (R)-133b I- THF, 0 °C, 1 h -- 

 

Despite a congregation of failed reaction attempts, some useful information was obtained from 

these trials: i) the M3MP nucleophile was self-dimerizing despite completely anhydrous/air free conditions, 

increasing the strength of the base, varying the polar aprotic solvent, chiral amino acid electrophiles and 

temperature, and ii) a secondary product was forming alongside the chiral amino electrophile when exposed 

to heat, independent of the disulfide peaks present. This was explored through dissolving (S)-133a in DMF, 

refluxing, and analyzing the corresponding 1H NMR spectrum. Based on the observed peaks, the mixture 

appeared consisting of starting material (S)-133a, and a predicted five-membered heterocycle formed 

through a heat-induced intramolecular SN2 cyclization (Figure 20).  To probe for the temperature at which 

this cyclization occurred, iodide (S)-133a starting material was heated at 15 °C increasing temperature 

intervals/20 min and monitored by TLC for change in polarity (as it was predicted that the cyclized species 
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would be more polar). No cyclization was observed when heated to 85 C, though disappearance of the 

original spots were seen >100 C, therefore assuming the cyclization had taken place (Scheme 42). The 

previous sulfenate release trial involving di-SRG 129 and (S)-133a was now understood, as the five-

membered heterocycle was also forming here under the higher temperature conditions (Scheme 41, Figure 

19).  

 

 

Figure 20. 1H NMR (400 MHz) comparison between pure (S)-133a (blue, below) and the reaction 
mixture when exposed to heat containing unreacted (S)-133a and newly formed 138 (red, above) 

(ppm).  

 

 

Scheme 42. Intramolecular SN2 cyclization of iodo-amino compound to a five-membered 
heterocycle. 
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 To circumvent the disulfide formation issue with M3MP nucleophile and the unwanted 

intramolecular cyclization, potassium thioacetate was employed in N,N-dimethylformamide (DMF) to initiate 

attack in an SN2 fashion, installing the thioacetate moiety. DMF solvated thioacetate appeared as a 

transparent indigo colour, which transitioned to transparent brown as iodide accumulated in solution from 

the nucleophilic substitution. The reaction produced moderate yields, in which thioacetate (S)-139a and 

(R)-139b were seen with the highest yields containing the benzyl R group. All reactions produced fluffy 

white crystals with a distinct skunky aroma. A methanolysis was then performed with potassium carbonate 

to release the thiolate nucleophile, and upon addition of methyl acrylate in a Michael addition, yielded the 

coveted sulfides bearing the SRG. Again, the superior yields of 91% and 88% were seen in the Bn sulfide 

products (S)-142a and (R)-142b, while the valine and alanine derivatives were comparatively lower. 

Advancing after formation of the sulfide using the acrylate pathway, an oxidation was then performed with 

sodium meta-periodate in H2O/acetone (1:1) at 0°C to yield the desired sulfoxides in a racemic mixture. 

Since the subsequent sulfenate proceeds through a sulfenate anion and loses its chirality, the diastereomer 

used for the release was not a priority. Interestingly, diastereomers produced from the oxidation were able 

to be easily separated by column likely due to different intramolecular interactions within each diastereomer, 

resulting in different polarities (Scheme 43).  

 

Scheme 43. Thioacetate conversion of iodo-amino compound, followed by a methanolysis, 
subsequent Michael addition and oxidation to the corresponding sulfoxide.  
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 As an alternate procedure, additional oxidation protocols were pursued in an attempt to raise the 

overall yield. Perrio in 2008133 investigated diastereoselective alkylations of [2.2]paracyclophanes 

sulfenates, and compared his findings with conventional generation of sulfoxides through sulfoxidation of a 

thioether. H2O2 and MCPBA were tested to find that little to no diastereoselectivity was observed, though a 

Davis N-sulfonyloxiziridine oxidant exhibited up to 9:91 diastereoisomeric compositions. Sulfoxidation was 

adapted from Perrio’s H2O2 procedure and performed with H2O2 (30% in H2O) as the oxidant, with 

hexafluoroisopropanol (HFIP) as the solvent, resulting in a comparative yield (70% vs the 72% from meta-

periodate).  

 

Scheme 44. H2O2 alternate oxidation procedure to sulfoxides.  

 

2.2.3 SULFENATE RELEASE PRELIMINARY RESULTS 

 With the computational methods predicting opposite diastereochemical preferences for the 

sulfenate alkylation of the N-C(O)CF3 PG versus the N-Moc PG, the next step was to release the sulfenate 

in solution and benzylate to test if the computations matched the experimental results. Prior to achieving 

this goal, preliminary sulfenate release trials were performed to accumulate more insight into the 

mechanism of the reaction. The initial test used standard sulfenate release conditions previously optimized 

by Findlay:73 LiHMDS was employed for the sulfenate release at -78 °C for 20 min, followed by BnBr addition 

and refluxing for 2 h. A lower yield of 56% was observed for the reflux sulfenate release to generate major 

and minor diastereomers (RS, SC)-148a and (SS, SC)-148b (Scheme 45). Though, a barely 

diastereoselective ratio was recorded at 56:46 via 1H NMR integration. Pertaining to the primary project 

goal of stereoselectivity, this dr was unacceptable. The sulfenate release was repeated, but this time the 

temperature was not brought up from -78 °C to reflux for 2 h, but rather to 25 °C overnight. Hopefully, this 

would allow for the product with the lower ΔG‡ to form in a higher proportion. Excitingly, a better yield of 

62% and an improved dr of 68:32 was seen from this result through 1H NMR integration of the chiral amino 
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proton (Figure 21). These 25 °C overnight conditions would now become the “standard” conditions that all 

subsequent sulfenate releases would use.  

 

Scheme 45. Initial sulfenate release trials with (S)-145a.  

 

 

Figure 21. 1H NMR (400 MHz) comparison between reflux (below, blue) and rt (above, red) 
sulfenate release trials (ppm). a Dr calculated through integration of the highlighted (green) chiral 

protons from each diastereomer. 

 The presence of the trifluoroacetyl PG is an asset for determining stereoselectivity of compounds; 

integration of the single CF3 peak using 19F NMR provides a much cleaner representation of the ratio of 

diastereomers. In this case, the dr’s (Figure 22) were determined to be nearly identical compared to the 1H 

NMR analysis (Figure 21), though for future dr determination, the 19F NMR spectra will be used solely for 

integration. Trichlorofluoromethane was added as an internal standard to calibrate the spectrum. 

 

 

 

 

rt: dr = 68:32a 

reflux: dr = 55:45 
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Figure 22. 19F NMR (377 MHz) comparison between reflux (blue, below), and rt (above, red) 
sulfenate release trials (ppm). CFCl3 added as internal standard for reference (not shown). a Dr 

calculated through integration of the peaks corresponding to the trifluoroacetamide group.  

 
The generation of sulfenates in situ has been recorded to be relatively fast on the 10-15 min time 

scale, since lack of introduction of an electrophilic substrate past 30 min results in self-dimerization of the 

sulfenate.73 With this time parameter already established, the rate of sulfenate attack to the electrophile 

was studied. Reaction time was monitored every 5 min for the sulfenate release in situ, and every 30 min 

post BnBr addition. 1H NMR and TLC evidence revealed that the sulfenate was released within 15 min 

based on disappearance of the starting material. 19F NMR was used to track the consumption of the 

intermediates formed post sulfenate release (Figure 23). The blue spectrum is post 10 min BnBr addition 

where consumption of the diastereomeric intermediates (two inner peaks) and formation of the 

diastereomeric products (two outer peaks) is concurrently witnessed; the red spectrum is 2.5 h post BnBr 

addition where it can be seen that nearly all intermediates have been consumed. Interestingly, a small inner 

right peak can be seen around -76.47 ppm, providing evidence that one diastereomer is consumed faster 

than the other. This same asymmetric rate of consumption of intermediates is also seen in the first blue 

spectra. The green spectrum was measured 5 h post BnBr addition while the magenta spectrum was 7 h 

post base addition (Figure 23). From this time monitoring analysis, it can be concluded that benzylation of 

the sulfenate intermediate starts to occur in <10 min, though takes >2.5 h to fully consume all intermediates. 

 

reflux: dr = 55:45 

rt: dr = 69:31a 
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Observation of this retarded period to benzylate is intriguing, since generation of the reactive sulfenate only 

took <15 min. It would be assumed that the fast step would be the benzylation due to the transient, 

nucleophilic character of the sulfenate holding a negative charge, rather than the deprotonation step of a 

neutral species and retro release of the sulfenate. 

                                  

Figure 23. 19F NMR (377 MHz) spectra of time monitored sulfenate release (ppm). CFCl3 added as 
internal standard for reference (not shown).  

 
 Previously synthesized benzylated Boc-sulfoxide diastereomers of Findlay73 proved difficult in 

separating the diastereomers. Despite numerous methods including flash column chromatography and 

triturations, Findlay was unable to find a separation protocol. This inability to separate diastereomers 

manifested a flaw in his dr analytical interpretation since a primary source of his dr’s were from deceptively 

overlapping AB quartet benzylic proton peaks. Prior to Findlay, Sӧderman2 was able to recrystallize out one 

diastereomer of the Boc-sulfoxides, though with significant loss of yield. Unseen recently with 

diastereomeric sulfoxides in the Schwan group, the C(O)CF3 sulfoxides were able to be separated using 

flash column chromatography to recover both diastereomers fully from the crude reaction product. Not only 

10 min  
post BnBr addition 

2.5 h 
post BnBr addition 

5 h 
post BnBr addition 

7 h 
post BnBr addition 
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does this allow for facile spectral acquisition, data interpretation is facile. As a result of this, experimental 

listings of specific diastereomers are ensured to be accurate.  

 

 
Figure 24. 1H NMR (400 MHz) comparison between minor diastereomer (below, blue) and major 

diastereomer (above, red) from sulfenate release trials (ppm). a Overlapping AB quartets 
corresponding to benzylic protons highlighted.  

 

2.2.4 SULFENATE RELEASE BASE OPTIMIZATIONS 

 Due to the low observed diastereoselectivity, steps were planned to increase the theoretical ratio 

of transition states being stabilized by the hydrogen bonding interaction (predicted to be the predominant 

stabilizing interaction with the N-C(O)CF3 sulfenate) rather than the lithium ion coordination (predicted for 

the N-Moc sulfenate). KHMDS was tested in lieu of LiHMDS to increase the diastereomeric ratio due to the 

larger cation not stabilizing the transition state to the same degree as Li+. The lowest calculated free energy 

Li coordination conformer 127e possesses an intramolecular distance of 3.27 Å between the S-O and 

carbamate C-O. Since it has been previously shown that the Li+ cation coordinates in this pocket with an 

ionic radius of 0.76 Å, it can be extrapolated that the larger cationic radius of K+ (1.38 Å) would be too 

large.138 Substitution for KHMDS proved otherwise, as the yield depreciated significantly, and the dr 

dropped as well 55:45 (Entry 2, Table 12). The emergence of cyclic polyethers in 1967 by Pedersen139 and 

 

 

 

 

  

a 

Major diastereomer 

Minor diastereomer 
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their ability to sequester cations has made them powerful reagents for improving nucleophilicity of 

compounds by rendering the anion naked, similar to a polar aprotic solvent effect. It is known that 12-crown-

4 ethers and 15-crown-5 ethers specialize in sequestering both Li+ and K+ cations in solution.139 Based on 

the rationale of inhibiting a cationic coordination sphere between the S-O and carbamate C-O, crown ethers 

were added. Addition of 12-crown-4 resulted in a slightly diastereoselective dr of 63:37, the best yield 

observed so far with 76%, and can be attributed to an increase in the basicity of the HMDS for deprotonation 

of the SRG (Entry 3, Table 12). Recently, Popov et al.140 demonstrated the potential for lithium 15-crown-5 

complexes by calculating relative stabilities of the coordination sphere in various polar aprotic solvents. 

LiHMDS spiked with 15-crown-5 was evaluated to discover a dismal dr of 54:46 and standard yield of 64% 

(Entry 4, Table 12).  

 
Table 12. Variation of base conditions in sulfenate release trials.  

 

Entry Base/Conditions Yield (%) drc 

1 LiHMDSa (1.1 eq)  62 69:31 

2 KHMDSa (1.1 eq) 19 55:45 

3 LiHMDSa (1.1 eq), 12-crown-4b (2.2 eq) 76 63:37 

4 LiHMDSa (1.1 eq), 15-crown-5b (2.2 eq) 64 54:46 

5 LiHMDSa (2.2 eq) 60 56:44 

6 1) Triton B (5 mol%), BnBr, DCM/toluene 
8:2, 0 °C, 2 h 

2) NaOH 33% Aq 

-- -- 

a Dissolved in THF (1.0 M). b Added neat in one addition. c Major diastereomer determined to be (RS, SC) configuration through 19F 
NMR integration.  

 

An increase in equivalents of base was tested to determine if any side products would form, though based 

on 1H NMR, the reaction proceeded without ancillary products; however a barely diastereoselective dr of 

56:44 was seen (Entry 5, Table 12). Inspiration was drawn from Perrio’s 2011 publication141 on sulfenate 
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alkylations using quaternary ammonium bases. In lieu of the unique and novel Cinchona-derived phase-

transfer catalyst, Triton B in DCM/toluene 8:2 was substituted, followed by addition of 33% aq NaOH. Loss 

of the amino substrate was observed in the 1H NMR analysis, indicative by the lack of AB quartet peaks 

around 4.0 ppm and chiral carbon at ~4.4 ppm (Entry 6, Table 12). Ironically, all base optimization schemes 

failed in improving the dr seen in Entry 1 (Table 12). Moving forward, all further sulfenate releases would 

operate under the same previously established standard conditions. 

 

2.2.5 SUBSTRATE AND ELECTROPHILIC EFFECT ON SULFENATE RELEASES 

The (R)-phenylalanine 145b, (S)-valine 146 and (S)-alanine 147 were tested for their 

stereochemical preferences in relation to the 69:31 dr observed for the (S)-phenylalanine 145a (Table 13). 

Excellent yields in terms of sulfenate releases were observed for all the additional substrates, with much 

variation in the dr. (R)-145b was seen in 55:45 dr, though should be revisited for reproducibility as the dr 

should match that of 145a (Entry 2, Table 13). Alternatively, the highest dr was observed with the iPr valine 

system (S)-146 with 73:27, with a yield of 77% (Entry 3, Table 13). The Me alanine system (S)-147 failed 

to show much diastereoselectivity, though maintained the highest yield yet seen at 78% (Entry 4, Table 13).  

 

Table 13. Sulfenate release trials with varying amino acid substrates.  

 

Entry Substrate R Yield (%) dra Product 

1 (S)-145a Bn 62 69:31 (RS, SS)-148ab; (SS,SS)-148bb 

2 (R)-145b Bn 76 55:45 (RS,SS)-149c; (SS,SS)-149c 

3 (S)-146 iPr 77 73:27 (RS,SS)-150c; (SS,SS)-150c 

4 (S)-147 Me 78 52:48 (RS,SS)-151c; (SS,SS)-151c 

a Major diastereomer determined to be (RS, SC) configuration through 19F NMR integration. b Diastereomeric products isolated via 

flash column chromatography (DCM/MeOH 9.8:0.2). c Product characterized as a diastereomeric mixture.  
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 A variety of electrophiles were introduced to the reactive sulfenate generated in situ to determine if 

the R group had any effect on alkylation and diastereomeric ratios. MeI was first introduced with a superior 

yield of 84% and 69:31 dr. (Entry 1, Table 14). Crotyl bromide, a more structurally rigid molecule due to the 

fixed trans system around the sp2 hybridized carbons, reacted to produce product 153 in a moderate 48% 

yield with 61:39 (Entry 2, Table 14). Iodopropane, propargyl bromide, and cyclopropyl bromide were all 

attempted, though no sulfenate alkylation reaction was evident. FTIR of the crude propargyl bromide 

product lacked any vibration around 2100 cm-1 indicative of a C≡C stretch (Entries 3-5, Table 14). Anisyl 

chloride was used  only to yield trace amounts with <1% anticipated product based on integrations to side 

products forming, and therefore was not pursued (Entry 6, Table 14).  

 
Table 14. Sulfenate release trials with varying electrophiles.  

 

Entry RX Yield (%) dra Product 

1 Methyl iodide 84 69:31 (RS, SS)-152ab; (SS,SS)-152bb 

2 Crotyl bromide 48 61:39 (RS,SS)-153c; (SS,SS)-153c 

3 Iodopropane -- -- -- 

4 Propargyl bromide -- -- -- 

5 Cyclopropyl bromide -- -- -- 

6 p-Anisyl chloride trace -- -- 

a Major diastereomer determined to be (RS, SC) configuration through 19F NMR integration. b Diastereomeric products isolated via 
flash column chromatography (DCM/MeOH 9.8:0.2). c Product characterized as a diastereomeric mixture.  
 

 

2.2.6 EVIDENCE SUPPORTING THE INVERSION OF STEREOCHEMISTRY HYPOTHESIS 

The absolute configuration of previously synthesized and characterized N-Boc amino sulfoxides of 

Sӧderman were determined using single crystal X-ray structural analysis.2 The major and minor Boc-

sulfoxide diastereomers synthesized by Findlay73 were directly compared to the X-ray crystallographic 

structure for determining the configurations of the major and minor products. Using the major and minor 
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Boc-sulfoxide assignments would either provide evidence or disprove that alteration of the N-PG would 

invert the predicted dr ratio. To approach this solution and develop a non-discriminatory and equitable 

comparison, the benzylated N-C(O)CF3 sulfoxide (148) was to be deprotected of the trifluoroacetamide 

group to produce the free amine, and then re-protected with the Boc group. This would generate the 

identical (or identical with opposite configuration at the sulfur) that Sӧderman submitted for X-ray structures, 

as well as the same molecule Findlay assigned major and minor diastereomers to in his sulfenate releases. 

Retention of the sulfoxide stereochemistry was certain, as required energy barriers for pyramidal inversion 

is in the range of 38.7-47.1 kcal/mol, and above 200 °C.142 Arbitrarily, the minor sulfoxide diastereomer was 

selected for trifluoroacetamide deprotection in alkaline conditions to produce free amine 154 in a 73% yield. 

Protection was achieved with base and Boc anhydride to yield the N-Boc sulfoxide 155 in a 55% yield 

(Scheme 46). 

 

 

Scheme 46. Deprotection of minor diastereomer 148 and re-protection with Boc group. 

 Boc sulfoxide 155 was then directly compared to the X-ray crystallography Boc structure of 

Sӧderman, and the same major diastereomer by Findlay. Since the minor diastereomer was used for the 

conversion to the Boc-sulfoxide, if the experimental spectra matched, then there was sufficient evidence in 

providing support for the inversion of stereochemistry hypothesis. The 1H NMR comparison for Sӧderman 

nearly matched for all the peaks; the N proton 5.48 ppm, chiral proton at 4.20 ppm, ABq at 3.99 ppm, and 

protons α to the sulfoxide all aligned. Comparison to Findlay’s sulfoxide also matched up excellently, though 

the comparison to Sӧderman was closer since Findlay grouped the four diastereotopic protons in the 3.17-

2.65 ppm range in one listing. 13C NMR provided compelling evidence that the compounds were the same; 

nearly every identified peak recorded matched the experimental spectra for 155. Optical rotation values 

from Sӧderman were seen to be nearly identical in the same solvent and concentration, indicative that 155 

was the same compound as Sӧderman’s and Findlay’s. It can be resolutely declared that this spectral 

comparison provides exhaustive evidence that the major diastereomeric product seen in the Sӧderman and 
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Findlay Boc sulfenate releases is the same configuration as the minor diastereomer in this research 

performed with the C(O)CF3 group.  

 
Table 15. Spectral comparison between the major and minor diastereomers.  

Sӧderman2 Findlay73 Sammons 

Major Major Minor 

   

Mp: 203-204 °C Mp: 211-215 °C Mp: 201.3-203.8 °C 

1H NMR (400 MHz, CDCl3) δ 

7.50 (m, 3H), 7.26−7.21 (m, 

5H), 7.10 (d, J = 6.8 Hz, 2H), 

5.47 (br d, J = 6.4 Hz, 1H), 4.20 

(m, 1H), 4.00 (ABq, 2H), 

3.18−3.15 (m, 1H), 2.91 (dd, J = 

12.8, 8 Hz, 1H), 2.83−2.78 (m, 

1H), 2.72−2.69 (m, 1H), 1.40 (s, 

9H) 

1H NMR (400 MHz, CDCl3) δ 

7.38-7.09 (m, 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, 4H), 1.40 (s, 9H) 

1H NMR (400 MHz, CDCl3) δ 

7.36-7.35 (m, 3H), 7.25-7.18 (m, 

5H), 7.11-7.10 (m, 2H), 5.46 (br 

d, J = 6.8 Hz, 1H), 4.23-4.17 (m, 

1H), 3.99 (ABq, JAB = 12.9 Hz, 

2H), 3.17-3.09 (m, 1H), 2.91 

(dd, J = 13.7, 8.3 Hz, 1H), 2.81 

(dd, J = 12.5, 6.3 Hz, 1H), 2.71 

(dd, J = 13.1, 3.4 Hz, 1H), 1.40 

(s, 9H) 

13C NMR (100.6 MHz, CDCl3) δ 

155.2, 137.4, 130.1, 129.4, 

129.3, 129.0, 128.6, 128.5, 

126.7, 79.6, 58.9, 53.3, 49.5, 

39.9, 28.4 

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 

13C NMR (151 MHz, CDCl3) δ 

155.1, 137.4, 130.0, 129.4, 

129.3, 129.0, 128.6, 128.5, 

126.7, 79.6, 58.9, 53.3, 49.6, 

39.9, 28.4 

IR (neat) cm−1: 3354, 3028, 

2962, 2932, 1688, 1523, 1266, 

1251, 1170, 1045, 1013 

-- IR (neat) cm-1: 3356, 2958, 

2924, 2853, 1689, 1521, 1496, 

1456, 1444, 1391, 1366, 1354, 

1266, 1251, 1170, 1082, 1044, 

1014, 861 

[𝛼]𝐷
25= +70.0 (c = 0.1, CHCl3) -- [𝛼]𝐷

22= +68.0 (c = 0.1, CHCl3) 
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2.3 CONCLUSION 

The Schwan group has previously explored and synthesized sulfoxides in superior diastereomeric 

ratios through the generation of sulfenates and alkylating, with superior dr’s reaching 87:13 for 

aminosulfenate compounds. DFT (density functional theory) methods were utilized (M06-2X/6-

311++G(d,p); CPCM(THF)) to predict the minima energy conformation and adopted stabilization mode for 

N-C(O)CF3 aminosulfenates versus N-Moc aminosulfenates. Optimizations demonstrated that N-Moc 

aminosulfenates prefer a lowest energy conformation through an eight-membered boat with Li coordination 

between the sulfinyl oxygen and carbamate carbonyl (S-O- -Li- -O-C-N), while N-C(O)CF3 aminosulfenates 

adopt a lowest energy conformation of a six-membered chair H-bonding intramolecular interaction between 

the sulfinyl oxygen and carbamate N proton (S-O- -H-N). Based on the variation in favoured stabilization 

conformations of the transition states, the reactive face of alkylation of the sulfur atom should be opposite 

for both species during a sulfenate release. N-C(O)CF3 sulfoxides were synthesized and sulfenates 

generated in situ, followed by subsequent alkylation to evaluate the dr and yields compared to the N-Boc 

aminosulfenate work. The diastereomeric mixture was resolved for the N-C(O)CF3 aminosulfoxide final 

products, and the minor diastereomer was isolated and used for comparison to the previous works. 

Conversion of the N-C(O)CF3 minor diastereomer sulfoxide to N-Boc sulfoxide allowed for direct 

comparison to previous works and determined that the major diastereomer seen in Findlay’s and 

Sӧderman’s work matched the minor diastereomer of this work. It could then be concluded that the 

trifluoroacetamide PG provides the opposite diastereochemical preference compared to the Boc PG in 

sulfenate releases due to the divergent stabilization conformations assumed in the transition states.   

 

2.4 EXPERIMENTAL 

Synthesis of Diethyl-Ester Sulfide 128143 

To a flame/oven-dried three-neck RBF under an argon atmosphere was 

added methyl acrylate (44.0 mL, 0.486 mol) in MeOH (250 mL). An 

addition funnel was charged with H2O (100 mL), a saturated NaHCO3 

solution (100 mL, aq), NaSH·xH2O (10.4 g, 0.186 mol), and mixed until dissolution. Both the charged 

addition funnel and the three-neck RBF were degassed using argon for 30 min, and the addition funnel 
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solution was slowly added to the RBF. The solution was stirred for 2 h until reaction completion. The solution 

was then diluted with H2O, extracted with ether, washed with brine and dried over MgSO4. After filtration, 

the volatiles were removed in vacuo to yield the crude product as dimethyl 3,3’-thiodipropionate. A vacuum 

distillation was performed to yield the pure product as a transparent liquid (24%, 9.02 g). Bp: 106-108 °C 

(0.15 torr) [lit.143 Bp: 110-112 (0.5 torr)]; 1H NMR (400 MHz, CDCl3) δ 3.63 (s, 6H), 2.74 (t, J = 7.8 Hz, 4H), 

2.55 (t, J = 7.2 Hz, 4H); 13C NMR (151 MHz, CDCl3) δ 172.1, 51.7, 34.5, 26.9; IR (neat) cm-1: 2954, 1738, 

1437, 1359, 1248, 1173, 1019, 981, 830; TLC (hexanes/EtOAc, 8:2) Rf = 0.38; the spectral data matches 

that previously obtained in literature.143  

 

Synthesis of Diethyl-Ester Sulfoxide 129102 

To a RBF under an argon atmosphere was added dimethyl 3,3’-

thiodipropionate (128) (0.539 g, 2.61 mmol), dissolved in 1:1 

acetone/water (25 mL) and cooled to 0 °C. NaIO4 (0.565 g, 2.64 mmol) 

was added portion wise to the solution. After 1 h of stirring, the transparent solution turned opaque white, 

and was continued to stir for 24 h, letting warm to 25 °C overnight. The next day, the acetone was removed 

in vacuo, and the solution was extracted with EtOAc, washed with brine, and dried over MgSO4. After 

filtration, the volatiles were removed in vacuo to yield dimethyl 3,3’-thiodipropionate as an opaque white 

powder (77%, 0.446 g). Mp: 45.3-47.7 °C; 1H NMR (400 MHz, CDCl3) δ 3.69 (s, 6H), 3.07-2.99 (m, 2H), 

2.92-2.85 (m, 2H), 2.82-2.78 (m, 4H); 13C NMR (151 MHz, CDCl3) δ 171.6, 52.2, 47.1, 26.9; IR (neat) cm-

1: 2955, 1733, 1442, 1423, 1363, 1236, 1170, 1053, 1027, 990, 968, 902, 792; TLC (hexanes/EtOAc, 8:2) 

Rf = 0.04. 

 

General Procedure for the Base-Mediated Sulfenate Release of -Sulfinyl Esters and Subsequent 

Alkylation 

 To a flame/oven-dried RBF under an argon atmosphere was added N-protected -amino sulfinyl 

acrylate (1 eq), and THF (0.02 M) and the mixture was cooled to -78 C. Base (1.1 eq) was then added 

either as a solution in anhydrous THF or as a solid, and stirred for 25 min to liberate the sulfenate. 

Electrophile (2 eq) dissolved in anhydrous THF (0.5 M) was added dropwise, and the solution was either 



 
 

90 
 

brought to reflux for 2 h, or left ON warming up to rt. After the alkylation/benzylation had taken place, the 

solution was quenched with NH4Cl, extracted with EtOAc, the combined extracts were washed with brine, 

dried over MgSO4, filtered and volatiles were removed in vacuo. The product was subjected to flash column 

chromatography (DCM/MeOH, 9.8:0.2) to yield the final pure product.  

 

Synthesis of Benzylated Methyl-Ester Sulfoxide 137 

Using the general procedure for the base-mediated sulfenate release of -sulfinyl 

esters and subsequent alkylation/benzylation; dimethyl 3,3’-thiodipropionate 

(0.213 g, 0.960 mmol) was dissolved in anhydrous THF (25 mL), cooled to -78 °C, 

and a 1.0 M solution of LiHMDS in THF (1.1 mL, 1.1 mmol) was added dropwise. After 25 min, BnBr (0.25 

mL, 2.10 mmol) in THF (0.5 M) was added dropwise, and the solution was left to stir overnight warming up 

to 25 °C. The next day after a standard workup procedure (defined in the general procedure), methyl 3-

(benzylsulfinyl)propanoate was obtained as an opaque white powder (58%, 0.120 g). Mp: 53.5-55.8 °C; 1H 

NMR (400 MHz, CDCl3) δ 7.41-7.28 (m, 5H), 4.02 (AB quartet, J = 12.9 Hz, 2H), 3.70 (s, 3H), 2.90-2.74 

(m, 4H); IR (neat) cm-1: 3030, 2925, 1733, 1602, 1495, 1454,1418, 1168, 1072, 1040, 912; TLC 

(DCM/MeOH, 9.8:0.2) Rf = 0.13. 

 

General Procedure for the Trifluoroacetyl (C(O)CF3) Protection of -Amino Alcohols 

 To a flame/oven-dried RBF under an argon atmosphere was added -amino alcohol starting 

material and anhydrous DCM (0.15 M). NEt3 (3.5 eq) was added via syringe and the mixture was stirred at 

0 C for 10 min. Trifluoroacetic anhydride (1.4 eq) was then added slowly via syringe, in which thick white 

gas evolution was observed in the reaction flask. The white gas was carefully vented and flushed with argon 

to prevent substantial pressure build up in the vessel. The reaction was then stirred overnight and allowed 

to warm up to 25 °C. The next day, the reaction mixture was concentrated in vacuo, and diluted with EtOAc 

(0.3 M). The solution was washed with NaHCO3, 1 M aq. HCl, brine, and dried over MgSO4. After filtration, 

the volatiles were removed in vacuo to yield the product.  
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Synthesis of C(O)CF3-L-Phenylalaninol 130a 

Using the general procedure for the trifluoroacetyl (C(O)CF3) protection of -

amino alcohols; L-phenylalaninol (10.1 g, 0.0667 mol) was dissolved in dry 

DCM (350 mL). NEt3 (32.5 mL, 0.233 mol) was added. Trifluoroacetic anhydride (13.2 mL, 0.0936 mol) was 

added slowly and the mixture was stirred. After washing and concentration steps, (S)-2,2,2-trifluoro-N-(1-

hydroxy-3-phenylpropan-2-yl)acetamide was isolated as white fluffy crystals (85%, 13.9 g). Mp: 131.1-

132.9 °C; 1H NMR (600 MHz, CDCl3) δ 7.37-7.23 (m, 5H), 6.69 (br s, 1H), 4.30-4.22 (ddd, J = 15.1, 11.5, 

7.4 Hz, 1H), 3.76-3.68 (ABX, JAB = 9.2 Hz, JAX = 3.9 Hz, JBX = 3.8 Hz, 2H), 2.98 (d, J = 7.4 Hz, 2H); 13C 

NMR (101 MHz, CDCl3) δ 157.0 (q, J = 37.2 Hz), 136.6, 129.2, 128.8, 127.1, 115.8 (q, J = 287.9 Hz), 62.2, 

52.7, 36.6; 19F NMR (565 MHz, CDCl3) δ -75.8; IR (neat) cm-1: 3299, 3023, 2962, 1698, 1557, 1490, 1456, 

1362, 1297, 1223, 1204, 1176, 1153, 1086, 1055, 1032, 917, 877, 858; [𝛼]𝐷
22= -1.4 (c = 1.0, MeOH); HRMS 

(TOF, ESI) calcd for C11H12F3NO2 [M+Na]+: 247.082; found: 247.081; TLC (hexanes/EtOAc, 8:2) Rf = 0.086. 

 

Synthesis of C(O)CF3-D-Phenylalaninol 130b 

Using the general procedure for the trifluoroacetyl (C(O)CF3) protection of -

amino alcohols; D-phenylalaninol (10.2 g, 0.0616 mol) was dissolved in dry 

DCM (400 mL). NEt3 (30.0 mL, 0.215 mol) was added. Trifluoroacetic anhydride 

(12.2 mL, 0.0867 mol) was added slowly, stirred. After washing and concentration steps, (R)-2,2,2-trifluoro-

N-(1-hydroxy-3-phenylpropan-2-yl)acetamide was isolated as white fluffy crystals (76%, 11.5 g). Mp: 131.0-

133.5 °C; 1H NMR (600 MHz, CDCl3) δ 7.34-7.21 (m, 5H), 6.65 (br s, 1H), 4.24 (ddd, J = 15.1, 11.5, 7.4 Hz, 

1H), 3.74-3.65 (ABX, JAB = 9.0 Hz, JAX = 3.8 Hz, JBX = 3.7 Hz, 2H), 2.95 (d, J = 7.3 Hz, 2H); 13C NMR (101 

MHz, CDCl3) δ 157.0 (q, J = 36.5 Hz), 136.6, 129.2, 128.8, 127.1, 115.8 (q, J = 287.9 Hz), 62.2, 52.7, 36.6; 

19F NMR (565 MHz, CDCl3) δ -75.8; IR (neat) cm-1: 3299, 3024, 2893, 1698, 1557, 1490, 1456, 1382, 1362, 

1297, 1223, 1205, 1177, 1153, 1086, 1055, 1032, 917, 877, 858, 821; [𝛼]𝐷
22= +4.3 (c = 1.0, MeOH); HRMS 

(TOF, ESI) calcd for C11H12F3NO2 [M+Na]+: 247.0820; found: 247.0809; TLC (hexanes/EtOAc, 8:2) Rf = 

0.086. 
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Synthesis of C(O)CF3-L-Valinol 131144,145,146 

Using the general procedure for the trifluoroacetyl (C(O)CF3) protection of -

amino alcohols; L-valinol (5.40 mL, 0.0482 mol) was first melted by heating the 

stock bottle under running warm water. Then, the L-valinol was dissolved in dry 

DCM (175 mL). NEt3 (23.5 mL, 0.169 mol) was added to the reaction mixture. Trifluoroacetic anhydride 

(9.50 mL, 0.0674 mol) was added slowly and the mixture was stirred. After washing and concentration 

steps, the crude product was obtained as a pale-yellow solid. A recrystallization was performed in hexanes 

with a small volume of EtOAc, and heating. After cooling, the pure product, (S)-2,2,2-trifluoro-N-(1-hydroxy-

3-methylbutan-2-yl)acetamide crystallized out as pale-yellow crystals (12%, 1.19 g). Mp: 89.4-90.9 °C; 1H 

NMR (600 MHz, CDCl3) δ 6.64 (br s, 1H), 3.81-3.73 (m, 3H), 1.99-1.93 (m, 1H), 1.00 (d, J = 6.8 Hz, 3H), 

0.96 (d, J = 6.8 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 157.6 (q, J = 36.4 Hz), 116.0 (q, J = 287.9 Hz), 62.2, 

57.2, 28.9, 19.3, 18.8; 19F NMR (565 MHz, CDCl3) δ -75.8; IR (neat) cm-1: 3291, 1728, 1699, 1558, 1368, 

1215, 1198, 1160, 1152, 1084, 1034, 976, 872; [𝛼]𝐷
23= +4.3 (c = 1.0, MeOH); TLC (hexanes/EtOAc, 8:2) Rf 

= 0.33.  

 

 Synthesis of C(O)CF3-L-Alaninol 132147,148,149 

Using the general procedure for the trifluoroacetyl (C(O)CF3) protection of -

amino alcohols; L-alaninol (10.3 mL, 0.132 mol) was was dissolved in dry DCM 

(350 mL). NEt3 (64.6 mL, 0.463 mol) was added to the reaction mixture. Trifluoroacetic anhydride (26.1 mL, 

0.185 mol) was added slowly and the mixture was stirred. After washing and concentration steps, the crude 

product was obtained as a brown solid. A recrystallization was performed in hexanes with a small volume 

of EtOAc, and heating. After cooling, the pure product, (S)-2,2,2-trifluoro-N-(1-hydroxypropan-2-

yl)acetamide crystallized out as off-white crystals (49%, 11.0 g). Mp: 60.9-62.5 °C; 1H NMR (600 MHz, 

CDCl3) δ 6.58 (br s, 1H), 4.17-4.11 (m, 1H), 3.78-3.76 (dd, J = 11.0, 3.8 Hz, 1H), 3.65-3.63 (dd, J = 11.0, 

4.6 Hz, 1H), 1.78 (br s, 1H), 1.28 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz, DMSO-d6); 156.3 (q, J = 35.9 

Hz), 116.4 (q, J = 288.4 Hz), 63.9, 48.4, 16.6; 19F NMR (565 MHz, CDCl3) δ -76.5; IR (neat) cm-1: 3297, 

2986, 2888, 1700, 1563, 1466, 1387, 1374, 1331, 1247, 1211, 1186, 1050, 929, 891, 858; [𝛼]𝐷
22= -12.1 (c 

= 1.0, CHCl3); TLC (hexanes/EtOAc, 8:2) Rf = 0.17. 
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Synthesis of C(O)CF3-L-Phenylalanine Iodide 133a145,150 

Using the general procedure for the preparation of N-protected -amino iodides; 

PPh3 (16.0 g, 0.0304 mol), imidazole (4.98 g, 0.0727 mol), and I2 (11.7 g, 0.0459 

mol) were dissolved in dry DCM (450 mL), and cooled. (S)-2,2,2-Trifluoro-N-(1-

hydroxy-3-phenylpropan-2-yl)acetamide (130a) (7.51 g, 0.0304 mol) starting material was added and 

stirred for 4 h. After filtering, washing, and concentration steps, (S)-2,2,2-trifluoro-N-(1-iodo-3-

phenylpropan-2-yl)acetamide was obtained as an impure, opaque white solid with a slight yellow tinge. 

Flash column chromatography (gradient elution of hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) 

yielded the pure product as fluffy white needles (79%, 8.54 g). Mp: 127.0-128.9 °C; 1H NMR (600 MHz, 

CDCl3) δ 7.39-7.28 (m, 5H), 6.42 (br d, 1H), 4.04-3.99 (ddd, J = 14.0, 5.6, 4.5 Hz, 1H), 3.47-3.44 (dd, J = 

10.7, 4.5 Hz, 1H), 3.27-3.24 (dd, J = 10.6, 4.2 Hz, 1H), 3.05-3.03 (dd, J = 13.7, 6.0 Hz, 1H), 2.95-2.92 (dd, 

J = 13.7, 8.2 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ 156.6 (q, J = 37.4 Hz), 135.6, 129.2, 129.0, 127.5, 

115.7 (q, J = 287.8 Hz), 50.6, 39.9, 10.3; 19F NMR (565 MHz, CDCl3) δ -75.8; IR (neat) cm-1: 3297, 3112, 

3061, 3027, 2938, 1701, 1603, 1585, 1564, 1495, 1453, 1426, 1374, 1333, 1280, 1213, 1197, 1179, 1161, 

1151, 1085, 1073, 1028, 1013, 998, 917, 881, 870; [𝛼]𝐷
21= +22.0 (c = 1.0, CHCl3); TLC (hexanes/EtOAc, 

9:1) Rf = 0.50.  

 

Synthesis of C(O)CF3-D-Phenylalanine Iodide 133b 

Using the general procedure for the preparation of N-protected -amino iodides; 

PPh3 (10.70 g, 0.0408 mol), imidazole (3.34 g, 0.0491 mol), and I2 (7.68 g, 0.0303 

mol) were dissolved in dry DCM (300 mL), and cooled. (R)-2,2,2-trifluoro-N-(1-

hydroxy-3-phenylpropan-2-yl)acetamide (130b) (5.01 g, 0.0203 mol) starting material was added and 

stirred for 4 h. After filtering, washing, and concentration steps, (R)-2,2,2-trifluoro-N-(1-iodo-3-

phenylpropan-2-yl)acetamide was obtained as an impure, opaque white solid. Flash column 

chromatography (gradient elution of hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) yielded the pure 

product as fluffy white needles (74%, 5.36 g). Mp: 128.6-129.8 °C; 1H NMR (600 MHz, CDCl3) δ 7.38-7.26 

(m, 5H), 6.40 (d, 1H), 4.02-3.97 (ddd, J = 14.3, 10.4, 5.7 Hz, 1H), 3.45-3.43 (dd, J = 10.7, 4.5 Hz, 1H), 3.24-

3.22 (dd, J = 10.7, 4.2 Hz, 1H), 3.03-2.99 (dd, J = 13.7, 6.0 Hz, 1H), 2.93-2.89 (dd, J = 13.7, 8.2 Hz, 1H); 
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13C NMR (151 MHz, CDCl3) δ 156.6 (q, J = 37.4 Hz), 135.6, 129.1, 129.0, 127.5, 115.6 (q, J = 288.0 Hz), 

50.8, 39.9, 10.2; 19F NMR (565 MHz, CDCl3) δ -75.8; IR (neat) cm-1: 3297, 3112, 3061, 3025, 2935, 1701, 

1602, 1563, 1495, 1453, 1426, 1374, 1333, 1280, 1213, 1196, 1179, 1160, 1151, 1085, 1073, 1028, 1013, 

998, 917, 881, 870, 846, 817; [𝛼]𝐷
24= -17.6 (c = 1.0, CHCl3); HRMS (TOF, ESI) calcd for C11H11F3INO 

[M+Na]+: 356.9837; found: 356.9828; TLC (hexanes/EtOAc, 9:1) Rf = 0.54. 

 

Synthesis of C(O)CF3-L-Valine Iodide 134145 

Using the general procedure for the preparation of N-protected -amino iodides; 

PPh3 (2.65 g, 0.0101 mol), imidazole (0.826 g, 0.01213 mol), and I2 (1.94 g, 7.63 

mmol) were dissolved in dry DCM (50 mL), and cooled. (S)-2,2,2-Trifluoro-N-(1-

hydroxy-3-methylbutan-2-yl)acetamide (131) (1.01 g, 5.05 mmol) starting material was added and stirred 

for 4 h. After filtering, washing, and concentration steps, (S)-2,2,2-trifluoro-N-(1-iodo-3-methylbutan-2-

yl)acetamide was obtained as an impure, opaque white solid with a slight yellow tinge. Flash column 

chromatography (gradient elution of hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) yielded the pure 

product as off-white needles (75%, 1.17 g). Mp: 102.1-103.2 °C; 1H NMR (400 MHz, CDCl3) δ 6.22 (br s, 

1H), 3.51-3.34 (m, 3H), 1.94-1.82 (m, 1H), 1.00 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.7 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 156.8 (q, J = 37.7 Hz), 115.8 (q, J = 288.3 Hz), 54.9, 32.3, 19.0, 18.4, 10.1; 19F NMR (565 

MHz, CDCl3) δ -76.3; IR (neat) cm-1: 3277, 3111, 2975, 1703, 1564, 1473, 1460, 1429, 1394, 1370, 1270, 

1170, 933, 887; [𝛼]𝐷
20= -41.0 (c = 1.0, CHCl3); TLC (hexanes/EtOAc, 9.9:0.1) Rf = 0.11. 

 

Synthesis of C(O)CF3-L-Alanine Iodide 135147 

 Using the general procedure for the preparation of N-protected -amino iodides; 

PPh3 (6.15 g, 0.0234 mol), imidazole (1.91 g, 0.0280 mol), and I2 (4.45 g, 0.0175 

mol) were dissolved in dry DCM (100 mL), and cooled. (S)-2,2,2-Trifluoro-N-(1-hydroxypropan-2-

yl)acetamide (132) (2.00 g, 0.0117 mol) starting material was added and stirred for 4 h. After filtering, 

washing, and concentration steps, (S)-2,2,2-trifluoro-N-(1-iodopropan-2-yl)acetamide was obtained as an 

impure, opaque white solid with a slight yellow tinge. Flash column chromatography (gradient elution of 

hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) yielded the pure product as fluffy white needles (66%, 
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2.18 g). Mp: 83.1-84.4 °C; 1H NMR (400 MHz, CDCl3) δ 6.36 (br s, 1H), 3.94-3.85 (m, 1H), 3.49-3.45 (dd, 

J = 10.5, 4.7 Hz, 1H), 3.32-3.29 (dd, J = 10.5, 4.1 Hz, 1H), 1.32 (d, J = 6.6 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 156.4 (q, J = 37.4 Hz), 115.6 (q, J = 287.9 Hz), 45.5, 20.7, 12.5; 19F NMR (565 MHz, CDCl3) δ -

76.5; IR (neat) cm-1: 3290, 1699, 1564, 1375, 1212, 1146, 1049, 892; [𝛼]𝐷
22= -45.4 (c = 1.0, CHCl3); TLC 

(hexanes/EtOAc, 6:4) Rf = 0.086. 

 

Heat-Induced Cyclization of C(O)CF3-L-Phenylalanine Iodide to Oxazoline 138151 

 To a flame/oven dried RBF under argon protection was added (S)-2,2,2-trifluoro-N-(1-iodo-3-

phenylpropan-2-yl)acetamide (133a) (0.0607 g, 0.170 mmol) and dissolved in DMF (10 mL). 

The solution was stirred and heated at rate of 1 °C/min, with TLC being taken every 10 min to 

test for reaction completion. At 125 °C, disappearance of the starting material and the 

formation of a more polar spot was observed via TLC. By 135 °C, the starting material had completely 

disappeared. The solution was then cooled to 25 °C, diluted with H2O, extracted with EtOAc, washed with 

brine, and dried over MgSO4. After filtration of the MgSO4, the volatiles were removed in vacuo to produce 

(S)-4-benzyl-2-(trifluoromethyl)-4,5-dihydrooxazole as a transparent oil (93%, 0.0363 g). 1H NMR (600 

MHz, CDCl3) δ 7.38-7.26 (m, 5H), 4.11-4.05 (m, 1H), 3.54 (t, J = 5.8 Hz, 2H), 2.98 (dd, J = 13.7, 5.1 Hz, 

1H), 2.78 (dd, J = 13.7, 9.4 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ 156.4 (q, J = 36.0 Hz), 138.8, 129.4, 

128.6, 126.6, 116.4 (q, J = 288.5 Hz), 62.7, 54.3, 36.3; 19F NMR (565 MHz, CDCl3) δ -73.9; TLC 

(hexanes/EtOAc, 8:2) Rf = 0.093. 

 

Mesylation of C(O)CF3-L-Phenylalaninol 136a152 

 To a flame/oven dried RBF under argon protection was added (S)-2,2,2-

trifluoro-N-(1-hydroxy-3-phenylpropan-2-yl)acetamide (130a) (1.01 g, 4.11 

mmol), dissolved in dry DCM (50 mL) and stirred. Et3N (1.20 mL, 8.61 mmol) 

was then added dropwise, in which the solution became transparent. MsCl (0.40 mL, 5.17 mmol) was added 

slowly, and the reaction was stirred 2 h and TLC evidence dictated reaction completion. The solution was 

quenched with NaHCO3 (50 mL), extracted with DCM, washed with 0.1 M (HCl), washed with brine and 

dried over MgSO4. After filtration steps, the product was concentrated through removal of the organic 
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volatiles in vacuo, to produce (S)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl methanesulfonate as an 

opaque white solid (92%, 1.23 g). Mp: 141.5-143.6 °C; 1H NMR (600 MHz, DMSO-d6) δ 9.50 (br d, J = 8.2 

Hz, 1H), 7.31-7.22 (m, 5H), 4.36-4.32 (m, 2H), 4.27-4.24 (m, 1H), 3.20 (s, 3H), 2.95 (dd, J = 13.7, 4.6 Hz, 

1H), 2.80 (dd, J = 13.7, 9.5 Hz, 1H); 13C NMR (151 MHz, DMSO-d6) δ 156.6 (q, J = 36.4 Hz), 137.5, 129.5, 

128.7, 127.0, 116.2 (q, J = 288.4 Hz), 70.5, 51.1, 37.2, 35.7; 19F NMR (565 MHz, DMSO-d6) δ -74.1; IR 

(neat) cm-1: 3303, 2935, 1699, 1563, 1496, 1457, 1410, 1353, 1253, 1181, 1034, 987, 979, 972, 912, 885, 

838; [𝛼]𝐷
22= +52.0 (c = 0.1, MeOH); TLC (hexanes/EtOAc, 8:2) Rf = 0.11. 

 

Mesylation of C(O)CF3-D-Phenylalaninol 136b 

To a flame/oven dried RBF under argon protection was added (R)-2,2,2-

trifluoro-N-(1-hydroxy-3-phenylpropan-2-yl)acetamide (130b) (1.02 g, 4.12 

mmol), dissolved in dry DCM (50 mL) and stirred. Et3N (1.20 mL, 8.61 mmol) 

was then added dropwise, in which the solution became transparent. MsCl (0.40 mL, 5.17 mmol) was added 

slowly, and the reaction was stirred 2 h and TLC evidence dictated reaction completion. The solution was 

quenched with NaHCO3 (50 mL), extracted with DCM, washed with 0.1 M (HCl), washed with brine and 

dried over MgSO4. After filtration steps, the product was concentrated through removal of the organic 

volatiles in vacuo, to produce (R)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl methanesulfonate as an 

opaque white solid (90%, 1.20 g). Mp: 144.5-145.9 °C; 1H NMR (600 MHz, DMSO-d6) δ 9.51 (br d, J = 8.2 

Hz, 1H), 7.31-7.22 (m, 5H), 4.38-4.32 (m, 2H), 4.27-4.24 (m, 1H), 3.20 (s, 3H), 2.95 (dd, J = 13.7, 4.6 Hz, 

1H), 2.80 (dd, J = 13.7, 9.5 Hz, 1H); 13C NMR (151 MHz, DMSO-d6) δ 156.6 (q, J = 36.4 Hz), 137.5, 129.5, 

128.7, 127.0, 116.2 (q, J = 288.4 Hz), 70.5, 51.1, 37.2, 35.7; 19F NMR (565 MHz, DMSO-d6) δ -74.1; IR 

(neat) cm-1: 3305, 2935, 1699, 1562, 1496, 1457, 1410, 1353, 1253, 1101, 1034, 987, 979, 972, 912, 884, 

839; [𝛼]𝐷
22= +86.0 (c = 0.1, MeOH); HRMS (TOF, ESI) calcd for C12H14F3NO4S [M+Na]+: 325.0596; found: 

325.0584; TLC (hexanes/EtOAc, 8:2) Rf = 0.14.  

 

General Procedure for the Preparation of N-Protected -Amino Thioacetates 

 To a flame/oven-dried RBF under an argon atmosphere was added potassium thioacetate (1.5 eq) 

and dissolved in N,N-dimethylformamide (0.10 M), in which a colour change from royal blue to deep blue-
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black was observed. Starting material N-protected -amino iodide (1 eq) was added, and the reaction flask 

was stirred for 3 h at 25 °C. To aid in the extraction process H2O was then added (equal volume to volume 

of DMF). The solution was extracted with EtOAc, washed with brine, dried over MgSO4, filtered and volatiles 

were removed in vacuo. Flash column chromatography was performed to purify the compound.  

 

Synthesis of C(O)CF3-L-Phenylalanine Thioacetate 139a 

Using the general procedure for the preparation of N-protected -amino 

thioacetates; potassium thioacetate (2.41 g, 0.0211 mol) was dissolved in 

DMF (140 mL). (S)-2,2,2-trifluoro-N-(1-iodo-3-phenylpropan-2-yl)acetamide 

(133a) (5.06 g, 0.0142 mol) starting material was added and stirred for 3 h. After extracting, washing, and 

concentration steps, (S)-S-(3-phenyl-2-(2,2,2-trifluoroacetamido)propyl) ethanethioate was obtained as an 

impure, opaque yellow solid. Flash column chromatography (gradient elution of hexanes/EtOAc (9.5:0.5) 

to hexanes/EtOAc (8:2)) yielded the pure product as fluffy pale-yellow needles with a slight skunky odour 

(81%, 3.48 g). Mp: 100.3-103.8 °C; 1H NMR (600 MHz, CDCl3) δ 7.34-7.20 (m, 5H), 6.88 (d, 1H), 4.33-4.27 

(ddd, J = 18.7, 7.8, 2.5 Hz, 1H), 3.08-3.01 (m, 2H), 3.06-3.04 (dd, J = 13.7, 7.7 Hz, 1H), 2.89-2.85 (dd, J = 

13.8, 7.9 Hz, 1H), 2.38 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 197.4, 157.1 (q, J = 37.2 Hz), 136.1, 129.3, 

128.9, 127.2, 115.8 (q, J = 287.8 Hz), 52.6, 39.8, 31.7, 30.5; 19F NMR (565 MHz, CDCl3) δ -76.0; IR (neat) 

cm-1: 3304, 3029, 1699, 1605, 1557, 1495, 1455, 1367, 1334, 1225, 1197, 1163, 1131, 1106, 1084, 1030, 

1021, 952, 916, 872, 828; [𝛼]𝐷
22= -30.5 (c = 1.0, CHCl3); HRMS (TOF, ESI) calcd for C13H14F3NO2S [M+Na]+: 

305.0697; found: 305.0697; TLC (hexanes/EtOAc, 8:2) Rf = 0.42.  

 

Synthesis of C(O)CF3-D-Phenylalanine Thioacetate 139b 

Using the general procedure for the preparation of N-protected -amino 

thioacetates; potassium thioacetate (1.91 g, 0.0168 mol) was dissolved in 

DMF (100 mL). (R)-2,2,2-Trifluoro-N-(1-iodo-3-phenylpropan-2-

yl)acetamide (133b) (4.00 g, 0.0112 mol) starting material was added and stirred for 3 h. After extracting, 

washing, and concentration steps, (R)-S-(3-phenyl-2-(2,2,2-trifluoroacetamido)propyl) ethanethioate was 

obtained as an impure, opaque yellow solid. Flash column chromatography (gradient elution of 
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hexanes/EtOAc (9.5:0.5) to hexanes/EtOAc (8:2)) yielded the pure product as fluffy pale-yellow needles 

with a slight skunky odour (72%, 2.47 g). Mp: 99.6-101.2 °C; 1H NMR (600 MHz, CDCl3) δ 7.34-7.20 (m, 

5H), 6.83 (d, 1H), 4.32-4.26 (ddd, J = 18.3, 7.8, 1.5 Hz, 1H), 3.08-3.00 (m, 2H), 3.07-3.03 (dd, J = 13.8, 7.7 

Hz, 1H), 2.88-2.84 (dd, J = 13.7, 7.9 Hz, 1H), 2.38 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 197.5, 157.1 (q, 

J = 37.1 Hz), 136.1, 129.3, 128.9, 127.2, 115.8 (q, J = 288.0 Hz), 52.6, 39.8, 31.7, 30.5; 19F NMR (565 

MHz, CDCl3) δ -76.0; IR (neat) cm-1: 3294, 3025, 1699, 1604, 1558, 1495, 1454, 1375, 1334, 1281, 1224, 

1197, 1163, 1133, 1084, 1029, 999, 953, 918, 872, 818; [𝛼]𝐷
22= +49.5 (c = 1.0, CHCl3); HRMS (TOF, ESI) 

calcd for C13H14F3NO2S [M+Na]+: 305.0697; found: 305.0695; TLC (hexanes/EtOAc, 8:2) Rf = 0.35. 

 

Synthesis of C(O)CF3-L-Valine Thioacetate 140 

 Using the general procedure for the preparation of N-protected -amino 

thioacetates; potassium thioacetate (0.556 g, 4.87 mmol) was dissolved in 

DMF (35 mL). (S)-2,2,2-Trifluoro-N-(1-iodo-3-methylbutan-2-yl)acetamide 

(134) (0.903 g, 2.92 mmol) starting material was added and stirred for 3 h. After extracting, washing, and 

concentration steps, (S)-S-(3-methyl-2-(2,2,2-trifluoroacetamido)butyl) ethanethioate was obtained as an 

impure, opaque yellow solid. Flash column chromatography (gradient elution of hexanes/EtOAc (9.5:0.5) 

to hexanes/EtOAc (8:2)) yielded the pure product as fluffy pale-yellow needles with a slight skunky odour 

(68%, 0.511 g). Mp: 67.5-69.4 °C; 1H NMR (600 MHz, CDCl3) δ 6.51 (br d, J = 6.2 Hz, 1H), 3.94-3.89 (m, 

1H), 3.12 (dd, J = 14.4, 10.5 Hz, 1H), 2.99 (dd, J = 14.4, 3.7 Hz, 1H), 2.34 (s, 3H), 1.91 (oct, J = 6.7 Hz, 

1H), 0.99 (d, J = 6.8 Hz, 3H), 0.97 (d, J = 6.8 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 197.0, 157.4 (q, J = 

36.9 Hz), 115.9 (q, J = 288.0 Hz), 56.3, 32.1, 30.4, 30.3, 18.8, 18.0; 19F NMR (565 MHz, CDCl3) δ -76.4; IR 

(neat) cm-1: 3297, 2968, 1699, 1564, 1473, 1390, 1356, 1283, 1251, 1220, 1183, 1161, 1100, 960, 934, 

885; [𝛼]𝐷
21= -101.2 (c = 0.5, CHCl3); HRMS (TOF, ESI) calcd for C9H14F3NO2S [M+H]+: 257.0697; found: 

257.0698; TLC (hexanes/EtOAc, 9:1) Rf = 0.33.  
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Synthesis of C(O)CF3-L-Alanine Thioacetate 141 

Using the general procedure for the preparation of N-protected -amino 

thioacetates; potassium thioacetate (0.920 g, 8.05 mmol) was dissolved in 

DMF (50 mL). (S)-2,2,2-Trifluoro-N-(1-iodopropan-2-yl)acetamide (135) 

(1.50 g, 5.34 mmol) starting material was added and stirred for 3 h. After extracting, washing, and 

concentration steps, (S)-S-(3-methyl-2-(2,2,2-trifluoroacetamido)propyl) ethanethioate was obtained as an 

impure, opaque yellow solid. Flash column chromatography (gradient elution of hexanes/EtOAc (9.5:0.5) 

to hexanes/EtOAc (8:2)) yielded the pure product as fluffy pale-yellow needles with a slight skunky odour 

(63%, 0.769 g). Mp: 41.2-43.0 °C; 1H NMR (600 MHz, CDCl3) δ 6.82 (br s, 1H), 4.19-4.13 (m, 1H), 3.11 

(dd, J = 14.4, 8.4 Hz, 1H), 3.02 (dd, J = 14.4, 4.3 Hz, 1H), 2.37 (s, 3H), 1.30 (d, J = 6.6 Hz, 3H); 13C NMR 

(151 MHz, CDCl3) δ 196.9, 156.9 (q, J = 37.1 Hz), 115.7 (q, J = 287.9 Hz), 47.3, 33.9, 30.3, 19.5; 19F NMR 

(565 MHz, CDCl3) δ -76.7; IR (neat) cm-1: 3306, 1699, 1557, 1360, 1221, 1176, 1053, 967, 907, 864; [𝛼]𝐷
22= 

-63.8 (c = 0.5, CHCl3); HRMS (TOF, ESI) calcd for C7H10F3NO2S [M+H]+: 229.0384; found: 229.0373; TLC 

(hexanes/EtOAc, 8:2) Rf = 0.31.  

 

General Procedure for the in situ Methanolysis and Michael Addition of N-Protected -Amino 

Thioacetates to Sulfides 

To a flame/oven-dried RBF under an argon atmosphere was added starting material N-protected 

-amino thioacetate (1 eq) and dissolved in MeOH (0.18 M). K2CO3 (2 eq) was then added and stirred for 

40 min, in which a solution change from transparent to opaque was observed after 10 min. Methyl acrylate 

(5 eq) was then dissolved in THF (1.0 M) and added to the reaction flask and stirred overnight at 25 °C. 

The next day, the solution was quenched with NH4Cl, and H2O was added to solubilize any salts. The 

solution was extracted with EtOAc, the combined extracts were washed with brine, dried of MgSO4, filtered 

and the volatiles were removed in vacuo. The opaque white solid was broken up and pumped on the high 

vac for 2 days to remove all excess methyl acrylate.  
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Synthesis of C(O)CF3-L-Phenylalanine SRG-Sulfide 142a 

Using the general procedure for the in situ methanolysis and Michael 

addition of N-protected -amino thioacetates to sulfides; (S)-S-(3-

phenyl-2-(2,2,2-trifluoroacetamido)propyl) ethanethioate (139a) 

(4.01 g, 0.0132 mol) was dissolved in MeOH (70 mL). K2CO3 (3.65 g, 0.0264 mol) was added, followed by 

the addition of methyl acrylate (5.95 mL, 0.0657 mol) dissolved in THF (60 mL). After ON stirring, extracting, 

washing, and concentration steps, methyl (S)-3-((3-phenyl-2-(2,2,2-

trifluoroacetamido)propyl)thio)propanoate was obtained as an opaque white powder (91%, 4.19 g). Mp: 

57.3-59.9 °C; 1H NMR (600 MHz, CDCl3) δ 7.43-7.26 (m, 5H), 6.82 (d, 1H), 4.49-4.44 (ddd, J = 12.7, 8.0, 

6.1 Hz, 1H), 3.80 (s, 1H), 3.06-3.04 (dd, J = 8.3, 7.0 Hz, 2H), 2.93-2.91 (dd, J = 7.1, 0.90 Hz, 2H), 2.82-

2.81 (dd, J = 5.6, 2.0 Hz, 2H), 2.71-2.69 (t, 7.0 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 172.3, 156.8 (q, J = 

37.1 Hz), 136.1, 129.2, 128.8, 127.2, 115.7 (q, J = 288.1 Hz), 51.9, 50.7, 38.7, 35.1, 34.5, 27.7; 19F NMR 

(565 MHz, CDCl3) δ -76.4; IR (neat) cm-1: 3336, 2954, 1726, 1699, 1551, 1495, 1438, 1424, 1369, 1333, 

1283, 1215, 1197, 1159, 1084, 1055, 1028, 1018, 976, 946, 918, 871, 846; [𝛼]𝐷
21= +14.4 (c = 1.0, CHCl3); 

HRMS (TOF, ESI) calcd for C15H18F3NO3S [M+H]+: 349.0959; found: 349.0949; TLC (hexanes/EtOAc, 8:2) 

Rf = 0.34. 

 

Synthesis of C(O)CF3-D-Phenylalanine SRG-Sulfide 142b 

Using the general procedure for the in situ methanolysis and Michael 

addition of N-protected -amino thioacetates to sulfides; (R)-S-(3-

Phenyl-2-(2,2,2-trifluoroacetamido)propyl) ethanethioate (139b) 

(2.01 g, 6.59 mmol) was dissolved in MeOH (35 mL). K2CO3 (1.81 g, 0.0131 mol) was added, followed by 

the addition of methyl acrylate (3.00 mL, 0.0331 mol) dissolved in THF (30 mL). After ON stirring, extracting, 

washing, and concentration steps, methyl (R)-3-((3-phenyl-2-(2,2,2-

trifluoroacetamido)propyl)thio)propanoate was obtained as an opaque white powder (88%, 2.02 g). Mp: 

57.5-61.3 °C; 1H NMR (600 MHz, CDCl3) δ 7.33-7.17 (m, 5H), 6.70 (d, 1H), 4.39-4.34 (m, 1H), 3.71 (s, 1H), 

2.97-2.94 (dd, J = 6.5, 2.5 Hz, 2H), 2.83-2.81 (t, J = 6.7 Hz, 2H), 2.73-2.72 (dd, J = 5.8, 2.3 Hz, 2H), 2.62-

2.58 (dt, J = 12.8, 7.0 Hz, 2H); 13C NMR (151 MHz, CDCl3) δ 172.3, 156.8 (q, J = 37.1 Hz), 136.1, 129.3, 
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128.8, 127.2, 115.8 (q, J = 288.0 Hz), 51.9, 50.8, 38.7, 35.2, 34.5, 27.7; 19F NMR (565 MHz, CDCl3) δ -

76.4; IR (neat) cm-1: 3329, 1726, 1699, 1551, 1495, 1438, 1369, 1215, 1197, 1160, 1084, 1018, 976, 946, 

919, 871; [𝛼]𝐷
21= -8.2 (c = 1.0, CHCl3); HRMS (TOF, ESI) calcd for C15H18F3NO3S [M+H]+: 349.0959; found: 

349.0956; TLC (hexanes/EtOAc, 8:2) Rf = 0.33.  

 

Synthesis of C(O)CF3-L-Valine SRG-Sulfide 143 

Using the general procedure for the in situ methanolysis and 

Michael addition of N-protected -amino thioacetates to sulfides; 

(S)-S-(3-methyl-2-(2,2,2-trifluoroacetamido)butyl) ethanethioate 

(140) (0.304 g, 1.18 mmol) was dissolved in MeOH (5.5 mL). K2CO3 

(0.337 g, 0.0243 mol) was added, followed by the addition of methyl acrylate (0.53 mL, 5.85 mmol) dissolved 

in THF (5.0 mL). After overnight stirring, extracting, washing, and concentration steps, methyl (S)-3-((3-

methyl-2-(2,2,2-trifluoroacetamido)butyl)thio)propanoate was obtained as an opaque white powder (59%, 

0.212 g). Mp: 31.7-34.2 °C; 1H NMR (600 MHz, CDCl3) δ 6.56 (br d, J = 7.1 Hz, 1H), 3.98-3.93 (m, 1H), 

3.70 (s, 3H), 2.81-2.72 (m, 4H), 2.61-2.59 (m, J = 7.0 Hz, 2H), 1.94 (oct, J = 6.8 Hz, 1H), 0.97 (d, J = 6.8 

Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 172.8, 157.2 (q, J = 36.8 Hz), 116.0 (q, J = 

288.0 Hz), 54.8, 51.9, 34.5, 30.8, 27.6, 19.2, 18.1; 19F NMR (565 MHz, CDCl3) δ -76.2; IR (neat) cm-1: 3298, 

2971, 1726, 1699, 1564, 1438, 1416, 1394, 1368, 1287, 1215, 1180, 1141, 1053, 975, 937, 887; [𝛼]𝐷
22= 

+2.4 (c = 0.1, CHCl3); HRMS (TOF, ESI) calcd for C11H18F3NO3S [M+H]+: 301.0959; found: 301.0962; TLC 

(hexanes/EtOAc, 8:2) Rf = 0.50.  

 

Synthesis of C(O)CF3-L-Alanine SRG-Sulfide 144 

Using the general procedure for the in situ methanolysis and 

Michael addition of N-protected -amino thioacetates to sulfides; 

(S)-S-(3-methyl-2-(2,2,2-trifluoroacetamido)propyl) ethanethioate 

(141) (0.502 g, 2.19 mmol) was dissolved in MeOH (9 mL). K2CO3 (0.610 g, 4.41 mmol) was added, followed 

by the addition of methyl acrylate (1.00 mL, 0.0110 mol) dissolved in THF (7.5 mL). After overnight stirring, 

extracting, washing, and concentration steps, methyl (S)-3-((3-methyl-2-(2,2,2-
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trifluoroacetamido)propyl)thio)propanoate was obtained as an opaque white powder (67%, 0.402 g). Mp: 

43.9-46.1 °C; 1H NMR (600 MHz, CDCl3) δ 6.66 (br s, 1H), 4.22 (sept, J = 6.8 Hz, 1H), 3.70 (s, 3H), 2.83-

2.81 (m, 2H), 2.74 (dq, J = 13.7, 5.7 Hz, 2H), 2.62 (t, J = 7.0 Hz, 2H), 1.31 (t, J = 6.7 Hz, 3H); 13C NMR 

(151 MHz, CDCl3) δ 172.3, 156.7 (q, J = 37.0 Hz), 115.8 (q, J = 288.0 Hz), 51.9, 45.8, 37.9, 34.6, 27.8, 

19.3; 19F NMR (565 MHz, CDCl3) δ -76.4; IR (neat) cm-1: 3293, 3107, 2957, 1733, 1700, 1563, 1440, 1429, 

1368, 1315, 1257, 1238, 1208, 1193, 1052, 976, 912, 875, 854; [𝛼]𝐷
22= -29.6 (c = 0.5, CHCl3); HRMS (TOF, 

ESI) calcd for C9H14F3NO3S [M+H]+: 273.0646; found: 273.0643; TLC (hexanes/EtOAc, 8:2) Rf = 0.17.  

 

General Procedure for the Oxidation of Sulfides to Sulfoxides 

 To a flame/oven-dried RBF under an argon atmosphere was added starting material N-protected 

-amino sulfide (1 eq), dissolved in acetone/H2O (1:1)(0.25 M) and cooled to 0 C. NaIO4 (1 eq) was then 

added, and the solution was left to stir ON warming up to 25 °C. The next day, NaIO3 was filtered off, and 

the solution was extracted with EtOAc, washed with brine, dried over MgSO4, filtered and volatiles were 

removed in vacuo to produce an opaque white powder. Flash column chromatography was performed to 

purify the compound using DCM/MeOH (9.8:0.2).  

 

Synthesis of C(O)CF3-L-Phenylalanine SRG-Sulfoxide 145a 

Using the general procedure for the oxidation of sulfides to 

sulfoxides; methyl (S)-3-((3-phenyl-2-(2,2,2-

trifluoroacetamido)propyl)thio)propanoate (142a) (4.00 g, 0.0114 

mol) was dissolved in acetone/H2O (450 mL), cooled, and NaIO4 (2.45 g, 0.0114 mol) was added. After a 

standard workup the next day, the crude product was subjected to flash column chromatography to yield 

the pure methyl 3-(((S)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate as an opaque white 

powder. The diastereomers were unable to be separated (72%, 3.02 g, dr = 57:43 19F NMR integration). 

Mp: 133.5-134.8 °C. Major diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.43 (br d, J = 6.7 Hz, 1H), 7.38-

7.22 (m, 5H), 4.57 (sext, J = 6.8 Hz, 1H), 3.75 (s, 3H), 3.22 (dd, J = 13.8, 6.2 Hz, 1H), 3.08-2.95 (m, 7H); 

13C NMR (151 MHz, CDCl3) δ 171.5, 157.3 (q, J = 37.0 Hz), 135.6, 129.4, 129.0, 127.4, 115.6 (q, J = 288.4 

Hz), 54.6, 52.3, 49.3, 47.4, 39.7, 26.5; 19F NMR (565 MHz, CDCl3) δ -76.4. Minor diastereomer: 1H NMR 



 
 

103 
 

(600 MHz, CDCl3) δ 8.29 (br d, J = 7.6 Hz, 1H), 7.38-7.22 (m, 5H), 4.71-4.66 (m, 1H), 3.76 (s, 3H), 3.32 

(dd, J = 13.8, 6.3 Hz, 1H), 3.16-3.09 (m, 3H), 2.97-2.81 (m, 4H); 13C NMR (151 MHz, CDCl3) δ 171.3, 156.9 

(q, J = 36.3 Hz), 136.2, 129.2, 129.0, 127.4, 115.7 (q, J = 287.8 Hz), 52.4, 52.2, 49.9, 47.6, 38.7, 26.5; 19F 

NMR (565 MHz, CDCl3) δ -76.6. Mixture of diastereomers: IR (neat) cm-1: 3292, 1726, 1698, 1557, 1495, 

1438, 1368, 1222, 1198, 1160, 1085, 1030, 977, 947, 919, 872, 819; [𝛼]𝐷
21 = +46.0 (c = 0.1, CHCl3); HRMS 

(TOF, ESI) calcd for C15H18F3NO4S [M+H]+: 365.0909; found: 365.0907; TLC (DCM/MeOH, 9.8:0.2) Rf = 

0.32, 0.18.  

 

Oxidation of Sulfides to Sulfoxides using a H2O2/HFIP System 

Methyl (S)-3-((3-phenyl-2-(2,2,2-

trifluoroacetamido)propyl)thio)propanoate (142a) (0.1040 g, 0.0114 

mol) was dissolved in hexafluoroisopropanol (1 M), cooled to 0 C, 

and H2O2 (30% in H2O)(1.1 eq, 0.315 mL, 0.315 mmol) was added dropwise. The solution was left to stir 

for 27 h, allowing to warm up to rt. Na2SO3 (2.1 eq, 0.0875 g, 0.694 mmol) was added and reaction was 

heated to 50 C for 35 min. A small volume (0.1 mL) was taken to rest for reaction completion, in which 

TLC (DCM/MeOH, 9.8:0.2) showed complete consumption of starting material and the formation of a much 

more polar compound. The solution was filtered through Celite, extracted with EtOAc, the combined 

extracts were washed with brine, dried over MgSO4, filtered and volatiles were removed in vacuo. Flash 

column chromatography was performed (DCM/MeOH, 9.8:0.2) to yield the a diastereomeric mixture of 

methyl 3-(((S)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate product as an opaque white 

powder (70%, 0.0773 g, dr = 54:46 19F NMR integration). Compound characterization shown above. 

 

Synthesis of C(O)CF3-D-Phenylalanine SRG-Sulfoxide 145b 

Using the general procedure for the oxidation of sulfides to 

sulfoxides; methyl (R)-3-((3-phenyl-2-(2,2,2-

trifluoroacetamido)propyl)thio)propanoate (142b) (1.51 g, 4.32 

mmol) was dissolved in acetone/H2O (200 mL), cooled, and NaIO4 (0.939 g, 4.39 mmol) was added. After 

a standard workup the next day, the crude product was subjected to flash column chromatography to yield 
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a diastereomeric mixture of methyl 3-(((R)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate 

as an opaque white powder. The diastereomers were unable to be separated (73%, 1.16 g, dr = 59:41 19F 

NMR integration). Mp: 132.0-133.0 °C. Major diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.51 (br d, J = 

6.8 Hz, 1H), 7.38-7.22 (m, 5H), 4.56 (sext, J = 7.0 Hz, 1H), 3.75 (s, 3H), 3.21 (dd, J = 13.8, 6.3 Hz, 1H), 

3.06-2.90 (m, 7H); 13C NMR (151 MHz, DMSO-d6) δ 172.0, 156.1 (q, J = 36.3 Hz), 137.7, 129.5, 128.6, 

126.9, 116.2 (q, J = 288.3 Hz), 56.0, 52.1, 47.9, 46.4, 39.4, 26.5; 19F NMR (565 MHz, CDCl3) δ – 75.9. 

Minor diastereomer: 1H NMR (600 MHz, CDCl3) δ 8.31 (br d, J = 7.4 Hz, 1H), 7.38-7.22 (m, 5H), 4.70-4.65 

(m, 1H), 3.76 (s, 3H), 3.32 (dd, J = 13.8, 6.3 Hz, 1H), 3.16-3.08 (m, 3H), 2.88-2.81 (m, 4H); 13C NMR (151 

MHz, DMSO-d6) δ 172.0, 156.2 (q, J = 36.2 Hz), 137.5, 129.7, 128.7, 127.0, 116.2 (q, J = 288.7 Hz), 55.9, 

52.1, 47.3, 46.6, 39.9, 26.6; 19F NMR (565 MHz, CDCl3) δ -76.1. Mixture of diastereomers: IR (neat) cm-1: 

3287, 1698, 1567, 1376, 1214, 1198, 1159, 1150, 1029, 919, 883, 872, 819; [𝛼]𝐷
21 = -13.0 (c = 0.1, CHCl3); 

HRMS (TOF, ESI) calcd for C15H18F3NO4S [M+H]+: 365.0909; found: 365.0924; TLC (DCM/MeOH, 9.8:0.2) 

Rf = 0.23, 0.16.  

 

Synthesis of C(O)CF3-L-Valine SRG-Sulfoxide 146 

Using the general procedure for the oxidation of sulfides to 

sulfoxides; methyl (S)-3-((3-methyl-2-(2,2,2-

trifluoroacetamido)butyl)thio)propanoate (143) (0.139 g, 0.461 mmol) 

was dissolved in acetone/H2O (12.5:12.5 mL), cooled, and NaIO4 (0.111 g, 0.519 mmol) was added. After 

a standard workup the next day, the crude product was subjected to flash column chromatography to yield 

a diastereomeric mixture of methyl 3-(((S)-3-methyl-2-(2,2,2-trifluoroacetamido)butyl)sulfinyl)propanoate 

as an opaque white powder. The diastereomers were unable to be separated (48%, 0.0696 g, dr = 58:42 

19F NMR integration). Mp: 64.7-67.3 °C. Major diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.33 (br d, J = 

8.2 Hz), 4.21-4.14 (m, 1H), 3.73 (s, 3H), 3.19-2.83 (m, 6H), 2.12-2.04 (m, 1H), 0.98 (t, J = 6.8 Hz, 6H); 13C 

NMR (101 MHz, CDCl3) δ 171.6, 157.2 (quint, J = 37.5 Hz), 115.8 (q, J = 288.0 Hz), 54.4, 53.6, 52.3, 47.8, 

31.8, 26.6, 19.3, 18.1; 19F NMR (565 MHz, CDCl3) δ -76.0. Minor diastereomer: 1H NMR (400 MHz, CDCl3) 

δ 7.97 (br d, J = 7.9 Hz, 1H), 4.21-4.14 (m, 1H), 3.74 (s, 3H), 3.19-2.83 (m, 6H), 2.31-2.22 (m, 1H), 1.06 (d, 

J = 6.7 Hz, 3H), 1.01 (d, J = 6.6 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 171.5, 157.2 (q, J = 37.5 Hz), 115.8 
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(q, J = 287.9 Hz), 53.6, 52.7, 52.3, 47.4, 31.3, 26.6, 19.5, 18.4; 19F NMR (565 MHz, CDCl3) δ -76.3. Mixture 

of diastereomers: IR (neat) cm-1: 3293, 2970, 1738, 1700, 1557, 1439, 1368, 1210, 1181, 1028, 982, 877, 

724; [𝛼]𝐷
22 = +1.3 (c = 0.1, CHCl3); HRMS (TOF, ESI) calcd for C11H18F3NO4S [M+Na]+: 317.0909; found: 

317.0898; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.31, 0.22. 

 

Synthesis of C(O)CF3-L-Alanine SRG-Sulfoxide 147 

Using the general procedure for the oxidation of sulfides to 

sulfoxides; methyl (S)-3-((3-methyl-2-(2,2,2-

trifluoroacetamido)propyl)thio)propanoate (144) (0.139 g, 0.461 

mmol) was dissolved in acetone/H2O (12.5:12.5 mL), cooled, and NaIO4 (0.111 g, 0.519 mmol) was added. 

After a standard workup the next day, the crude product was subjected to flash column chromatography to 

yield a diastereomeric mixture of methyl 3-(((S)-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate as 

an opaque white powder. The diastereomers were unable to be separated (30%, 0.0664 g, dr = 57:43 19F 

NMR integration). Mp: 128.9-130.4 °C. Major diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.22 (br d, J = 

3.2 Hz, 1H), 4.51-4.41 (m, 1H), 3.74 (s, 3H), 3.17-2.84 (m, 6H), 1.49 (d, J = 6.7 Hz, 3H); 13C NMR (101 

MHz, DMSO-d6) δ 172.1, 155.9 (q, J = 36.3 Hz), 116.3 (q, J = 288.4 Hz), 56.9, 52.2, 46.4, 42.3, 26.6, 19.9; 

19F NMR (565 MHz, CDCl3) δ -76.4. Minor diastereomer: 1H NMR (400 MHz, CDCl3) δ 8.14 (br d, J = 6.1 

Hz, 1H), 4.68-4.59 (m, 1H), 3.74 (s, 3H), 3.17-2.84 (m, 6H), 1.56 (d, J = 6.9 Hz, 1H); 13C NMR (101 MHz, 

DMSO-d6) δ 172.1, 156.1 (q, J = 36.2 Hz), 116.3 (q, J = 288.5 Hz), 57.0, 52.2, 46.6, 42.0, 26.6, 20.5; 19F 

NMR (565 MHz, CDCl3) δ -76.6. Mixture of diastereomers: IR (neat) cm-1: 3285, 3102, 2957, 1732, 1700, 

1558, 1438, 1367, 1324, 1182, 1150, 1063, 1023, 985, 899, 878; [𝛼]𝐷
22 = -0.4 (c = 0.1, CHCl3); HRMS (TOF, 

ESI) calcd for C9H14F3NO4S [M+Na]+: 289.0596; found: 289.0585; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.29, 

0.24. 

 

Synthesis of (RS)-C(O)CF3-L-Phenylalanine Benzyl-Sulfoxide (Major Isomer) 148a 

Using the general procedure for the base-mediated sulfenate release of -

sulfinyl esters and subsequent alkylation/benzylation; a diastereomeric 

mixture of methyl 3-(((S)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate (145a) (0.112 g, 
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0.321 mmol) was dissolved in anhydrous THF (20 mL), cooled, and a 1.0 M solution of LiHMDS in THF 

(0.35 mL) was added dropwise. After 25 min, BnBr (0.075 mL, 0.631 mmol) in THF (0.5 M) was added 

dropwise, and the solution was left to stir overnight warming up to 25 °C. The next day after a standard 

workup procedure yielded the a diastereomeric mixture of N-((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)-

2,2,2-trifluoroacetamide as an opaque white solid (62%, 0.0738 g, dr = 70:30 19F NMR integration). The 

mixture was subjected to flash column chromatography (DCM/MeOH, 9.8:0.2)  to yield the pure (RS)-N-

((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)-2,2,2-trifluoroacetamide as an opaque white solid (43%, 

0.0508 g). Mp: 200.9-201.9 °C; 1H NMR (600 MHz, CDCl3) δ 7.37-7.36 (m, 3H), 7.31-7.27 (m, 2H), 7.21-

7.20 (m, 2H), 7.11-7.08 (m, 3H), 4.50-4.45 (m, 1H), 4.13-3.99 (m, 2H), 3.13 (dd, J = 13.7, 5.9 Hz, 1H), 2.94 

(dd, J = 13.7, 7.6 Hz, 1H), 2.87 (dd, J = 13.5, 5.3 Hz, 1H), 2.71 (dd, J = 13.6, 8.6 Hz, 1H); 13C NMR (151 

MHz, CDCl3) δ 157.2 (q, J = 37.6 Hz), 135.5, 130.2, 129.4, 129.1, 128.9, 128.8, 128.6, 127.4, 115.6 (q, J = 

288.0 Hz), 58.4, 52.8, 49.1, 39.8; 19F NMR (565 MHz, CDCl3) δ -76.5; IR (neat) cm-1: 3294, 3099, 3028, 

2960, 2923, 1698, 1558, 1494, 1455, 1445, 1382, 1340, 1332, 1224, 1184, 1177, 1155, 1086, 1073, 1034, 

1011, 915, 901, 884; [𝛼]𝐷
21 = -9.0 (c = 0.1, CHCl3); HRMS (TOF, ESI) calcd for C18H18F3NO2S [M+H]+: 

369.101; found: 369.1001; TLC (DCM/MeOH, 9.7:0.3) Rf = 0.20. 

 

Synthesis of (SS)-C(O)CF3-L-Phenylalanine Benzyl-Sulfoxide (Minor Isomer) 148b 

The minor diastereomer was produced from the same reaction for the 

synthesis of (RS)-C(O)CF3-L-phenylalanine benzyl-sulfoxide (major isomer) 

(shown previously) to yield the a diastereomeric mixture of N-((2S)-1-

(benzylsulfinyl)-3-phenylpropan-2-yl)-2,2,2-trifluoroacetamide as an opaque white solid (62%, 0.0738 g, dr 

= 70:30 19F NMR integration). The mixture was subjected to flash column chromatography (DCM/MeOH, 

9.8:0.2)  to yield the pure (SS)-N-((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)-2,2,2-trifluoroacetamide as 

an opaque white solid (18%, 0.0211 g). Mp: 190.6-192.3 °C; 1H NMR (600 MHz, CDCl3) δ 8.27 (br d, J = 

7.2 Hz, 1H), 7.37-7.36 (m, 3H), 7.25-7.20 (m, 5H), 7.11-7.10 (m, 2H), 4.64-4.58 (m, 1H), 4.06 (AB quartet, 

J = 13.0 Hz, 2H), 3.25 (dd, J = 13.7, 5.9 Hz, 1H), 3.03 (dd, J = 13.6, 9.7 Hz, 1H), 2.78 (dd, J = 13.4, 3.3 Hz, 

1H), 2.67 (dd, J = 13.8, 5.1 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ 156.8 (q, J = 37.3 Hz), 136.2, 130.0, 

129.2, 129.1, 128.9, 128.9, 128.4, 127.2, 115.6 (q, J = 287.8 Hz), 59.0, 50.3, 50.1, 38.7; 19F NMR (565 
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MHz, CDCl3) δ -76.7; IR (neat) cm-1: 3309, 3033, 2959, 2925, 2853, 1699, 1554, 1495, 1455, 1372, 1221, 

1171, 1071, 1032, 1013, 915, 876; [𝛼]𝐷
21 = +48.0 (c = 0.1, CHCl3); HRMS (TOF, ESI) calcd for C18H18F3NO2S 

[M+H]+: 369.101; found: 369.0999; TLC (DCM/MeOH, 9.7:0.3) Rf = 0.56. 

 

Synthesis of (RS)-C(O)CF3-L-Phenylalanine Methyl-Sulfoxide (Major Isomer) 152a 

Using the general procedure for the base-mediated sulfenate release of -

sulfinyl esters and subsequent alkylation/benzylation; a diastereomeric mixture 

of methyl 3-(((S)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate (145a) (0.301 g, 0.824 

mmol) was dissolved in anhydrous THF (20 mL), cooled, and a 1.0 M solution of LiHMDS in THF (0.91 mL) 

was added dropwise. After 25 min, MeI (0.10 mL, 1.61 mmol) in THF (0.5 M) was added dropwise, and the 

solution was left to stir overnight warming up to 25 °C. The next day after a standard workup procedure 

yielded the a diastereomeric mixture of 2,2,2-trifluoro-N-((2S)-1-(methylsulfinyl)-3-phenylpropan-2-

yl)acetamide as an opaque white solid (84%, 0.204 g, dr = 69:31 19F NMR integration). The mixture was 

subjected to flash column chromatography (DCM/MeOH, 9.8:0.2)  to yield the pure (RS)-2,2,2-trifluoro-N-

((2S)-1-(methylsulfinyl)-3-phenylpropan-2-yl)acetamide as an opaque white solid (29%, 0.0705 g). Mp: 

173.3-173.9 °C; 1H NMR (600 MHz, CDCl3) δ 7.81 (br d, J = 6.5 Hz, 1H), 7.38-7.35 (m, 2H), 7.32-7.28 (m, 

1H), 7.24-7.23 (m, 2H), 4.51 (sext, J = 6.2 Hz, 1H), 3.33 (dd, J = 13.8, 6.4 Hz, 1H), 3.05 (dd, J = 13.4, 8.1 

Hz, 2H), 2.99 (dd, J = 13.5, 5.2 Hz, 1H), 2.64 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 157.4 (q, J = 37.6 Hz), 

135.8, 129.4, 129.0, 127.4, 115.6 (q, J = 287.9 Hz), 56.5, 49.2, 39.7, 39.2; 19F NMR (565 MHz, CDCl3) δ -

76.3; IR (neat) cm-1: 3290, 3106, 2999, 2928, 1699, 1559, 1494, 1456, 1415, 1377, 1332, 1216, 1182, 

1156, 1086, 1038, 1012, 948, 887; [𝛼]𝐷
22= -44.0 (c = 0.1, MeOH); HRMS (TOF, ESI) calcd for C12H14F3NO2S 

[M+Na]+: 293.0697; found: 293.0691; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.16. 

 

Synthesis of (SS)-C(O)CF3-L-Phenylalanine Methyl-Sulfoxide (Minor Isomer) 152b 

The minor diastereomer was produced from the same reaction for the synthesis 

of (RS)-C(O)CF3-L-phenylalanine methyl-sulfoxide (major isomer) (shown 

previously) to yield the diastereomeric mixture of 2,2,2-trifluoro-N-((2S)-1-

(methylsulfinyl)-3-phenylpropan-2-yl)acetamide as an opaque white solid (84%, 0.204 g, dr = 69:31 19F 
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NMR integration). The mixture was subjected to flash column chromatography (DCM/MeOH, 9.8:0.2)  to 

yield the pure (SS)-N-((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)-2,2,2-trifluoroacetamide as an opaque 

white solid (22%, 0.0536 g). Mp: 192.5-193.0 °C; 1H NMR (600 MHz, CDCl3) δ 8.37 (br d, J = 6.2 Hz, 1H), 

7.38 (t, J = 7.4 Hz, 2H), 7.31-7.28 (m, 3H), 4.73-4.68 (m, 1H), 3.34 (dd, J = 13.8, 6.1 Hz, 1H), 3.15 (dd, J = 

13.7, 9.5 Hz, 1H), 2.94 (dd, J = 13.3, 3.2 Hz, 1H), 2.87 (dd, J = 13.4, 5.5 Hz, 1H), 2.67 (s, 3H); 13C NMR 

(151 MHz, CDCl3) δ 156.9 (q, J = 36.8 Hz), 136.2, 129.2, 129.0, 127.3, 115.7 (q, J = 288.0), 54.0, 50.1, 

39.3, 38.7; 19F NMR (565 MHz, CDCl3) δ -76.7; IR (neat) cm-1: 3321, 3090, 3026, 2996, 2955, 2914, 1702, 

1557, 1494, 1455, 1413, 1375, 1334, 1297, 1220, 1197, 1165, 1079, 1052, 1026, 1014, 975, 955, 918, 874; 

[𝛼]𝐷
22= +230.0 (c = 0.1, MeOH); HRMS (TOF, ESI) calcd for C12H14F3NO2S [M+Na]+: 293.0697; found: 

293.0682; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.27. 

 

Synthesis of C(O)CF3-L-Phenylalanine Crotyl-Sulfoxide 153 

Using the general procedure for the base-mediated sulfenate release 

of -sulfinyl esters and subsequent alkylation/benzylation; methyl 3-

(((S)-3-phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate (145a) (0.100 g, 0.275 mmol) was 

dissolved in anhydrous THF (20 mL), cooled, and a 1.0 M solution of LiHMDS in THF (0.30 mL) was added 

dropwise. After 20 min, crotyl bromide (0.06 mL, 0.583 mmol) in THF (0.5 M) was added dropwise, and the 

solution was left to stir overnight warming up to 25 °C. The next day after a standard workup procedure, 

the crude product was subjected to flash column chromatography to yield a diastereomeric mixture of N-

((2S)-1-(((E)-but-2-en-1-yl)sulfinyl)-3-phenylpropan-2-yl)-2,2,2-trifluoroacetamide as an opaque white 

powder. The diastereomers were unable to be separated (48%, 0.0438 g, dr = 61:39 19F NMR integration). 

Mp: 117.2-120.6 °C. Major diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.92 (br d, J = 6.9 Hz, 1H), 7.35-

7.24 (m, 3H), 7.21-7.17 (m, 2H), 5.72-5.64 (m, 1H), 5.45-5.35 (m, 1H), 4.49-4.35 (m, 1H), 3.58-3.45 (m, 

2H), 3.18 (dd, J = 13.5, 5.9 Hz, 1H), 3.03-2.86 (m, 3H), 1.71-1.69 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 

157.3 (q, J = 37.5 Hz), 136.3, 136.0, 129.4, 128.9, 127.3, 119.0, 115.7 (q, J = 288.0 Hz), 55.1, 52.4, 49.1, 

40.0, 18.2; 19F NMR (565 MHz, CDCl3) δ -76.5. Minor diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.85 (br 

d, J = 7.0 Hz, 1H), 7.35-7.24 (m, 3H), 7.21-7.17 (m, 2H), 5.96-5.88 (m, 1H), 5.45-5.35 (m, 1H), 4.49-4.35 

(m, 1H), 3.58-3.45 (m, 2H), 3.31 (qt, J = 7.8, 0.9 Hz, 1H), 3.03-2.86 (m, 3H), 1.66-1.64 (m, 3H); 13C NMR 
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(151 MHz, CDCl3) δ 157.3 (q, J = 37.5 Hz), 135.9, 134.0, 129.4, 128.9, 127.3, 115.6, 115.6 (q, J = 287.9 

Hz), 53.0, 50.2, 49.3, 39.9, 13.5; 19F NMR (565 MHz, CDCl3) δ -76.7. Mixture of diastereomers: IR (neat) 

cm-1: 3287, 3024, 2922, 1699, 1558, 1494, 1456, 1378, 1332, 1217, 1183, 1155, 1086, 1032, 1010, 968, 

915, 891, 875; [𝛼]𝐷
22= +115.0 (c = 0.1, MeOH); HRMS (TOF, ESI) calcd for C15H18F3NO2S [M+Na]+: 

333.101; found: 333.1; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.39, 0.21. 

 

Synthesis of C(O)CF3-D-Phenylalanine Benzyl-Sulfoxide 149 

Using the general procedure for the base-mediated sulfenate release of -

sulfinyl esters and subsequent alkylation/benzylation; methyl 3-(((R)-3-

phenyl-2-(2,2,2-trifluoroacetamido)propyl)sulfinyl)propanoate (145b)  (0.203 g, 0.556 mmol) was dissolved 

in anhydrous THF (40 mL), cooled, and a 1.0 M solution of LiHMDS in THF (0.60 mL, 0.6 mmol) was added 

dropwise. After 25 min, BnBr (0.13 mL, 1.09 mmol) in THF (0.5 M) was added dropwise, and the solution 

was left to stir overnight warming up to 25 °C. The next day after a standard workup procedure, the crude 

product was subjected to flash column chromatography to yield the pure N-((2R)-1-(benzylsulfinyl)-3-

phenylpropan-2-yl)-2,2,2-trifluoroacetamide as an opaque white powder. The diastereomers were unable 

to be separated (76%, 0.153 g, dr = 55:45 19F NMR integration). Mp: 170.2-171.2 °C. Major diastereomer: 

1H NMR (600 MHz, DMSO-d6) δ 9.46 (br d, J = 8.5 Hz, 1H), 7.39-7.26 (m, 7H), 7.22-7.16 (m, 3H), 4.41-

4.35 (m, 1H), 4.08 (AB quartet, J = 12.8 Hz, 2H), 3.09-2.74 (m, 6H); 13C NMR (151 MHz, DMSO-d6) δ 156.1 

(q, J = 36.3 Hz), 137.6, 131.6, 130.7, 129.7, 129.0, 128.7, 128.3, 127.0, 116.2 (q, J = 288.8 Hz), 57.9, 55.0, 

51.2, 47.2; 19F NMR (565 MHz, DMSO-d6) δ -74.1. Minor diastereomer: 1H NMR (600 MHz, DMSO-d6) δ 

9.56 (br d, J = 8.7 Hz, 1H), 7.39-7.26 (m, 7H), 7.22-7.16 (m, 3H), 4.41-4.35 (m, 1H), 4.10 (AB quartet, JAX 

= 12.8 Hz, 2H), 3.09-2.74 (m, 6H); 13C NMR (151 MHz, DMSO-d6) δ 156.1 (q, J = 36.3 Hz), 137.6, 131.6, 

130.7, 129.6, 128.9, 128.7, 128.3, 127.0, 116.2 (q, J = 288.8 Hz), 57.6, 55.4, 51.2, 47.8; 19F NMR (565 

MHz, DMSO-d6) δ -74.2. Mixture of diastereomers: IR (neat) cm-1: 3297, 3029, 2960, 1699, 1557, 1495, 

1455, 1332, 1221, 1178, 1072, 1034, 1012, 884; [𝛼]𝐷
22= +15.0 (c = 0.1, MeOH); HRMS (TOF, ESI) calcd 

for C18H18F3NO2S [M+Na]+: 369.101; found: 369.1002; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.11, 0.070. 
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Synthesis of C(O)CF3-L-Valine Benzyl-Sulfoxide 150 

Using the general procedure for the base-mediated sulfenate release of -

sulfinyl esters and subsequent alkylation/benzylation; methyl 3-(((S)-3-

methyl-2-(2,2,2-trifluoroacetamido)butyl)sulfinyl)propanoate (146) (0.0502 g, 0.158 mmol) was dissolved in 

anhydrous THF (10 mL), cooled, and a 1.0 M solution of LiHMDS in THF (0.17 mL, 0.17 mmol) was added 

dropwise. After 25 min, BnBr (0.040 mL, 0.336 mmol) in THF (0.5 M) was added dropwise, and the solution 

was left to stir overnight warming up to 25 °C. The next day after a standard workup procedure yielded a 

diastereomeric mixture of N-((2S)-1-(benzylsulfinyl)-3-methylbutan-2-yl)-2,2,2-trifluoroacetamide as a 

yellow wax. The diastereomers were unable to be separated (77%, 0.0391 g, dr = 73:27 19F NMR 

integration). Major diastereomer: 1H NMR (600 MHz, DMSO-d6) δ 9.35 (br d, J = 9.0 Hz, 1H), 7.40-7.30 (m, 

5H), 4.10 (AB quartet, J = 12.8 Hz, 2H), 4.05-4.00 (m, 1H), 3.13-2.80 (m, 2H), 1.91-1.83 (m, 1H), 0.88 (d, 

J = 6.8 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ 156.5 (q, J = 36.3 Hz), 131.8, 

130.7, 129.0, 128.3, 116.4 (q, J = 288.6 Hz), 58.1, 53.5, 50.5, 32.3, 19.2, 18.8; 19F NMR (565 MHz, DMSO-

d6) δ -73.8. Minor diastereomer: 1H NMR (600 MHz, DMSO-d6) δ 9.46 (br d, J = 9.4 Hz, 1H), 7.40-7.30 (m, 

5H), 4.08 (AB quartet, J = 12.9 Hz, 2H), 3.12-2.80 (m, 2H), 1.91-1.83 (m, 1H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 

(d, J = 6.8 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ 156.6 (q, J = 36.3 Hz), 131.8, 130.7, 128.9, 128.3, 

116.4 (q, J = 288.3 Hz), 57.5, 53.5, 51.3, 32.0, 19.4, 18.3; 19F NMR (565 MHz, DMSO-d6) δ -73.9. Mixture 

of diastereomers: IR (neat) cm-1: 3204, 3054, 2965, 2924, 1714, 1562, 1497, 1456, 1413, 1213, 1182, 1153, 

1071, 1035, 882; [𝛼]𝐷
22= +53.0 (c = 0.1, CHCl3); HRMS (TOF, ESI) calcd for C14H18F3NO2S [M+Na]+: 

321.101; found: 321.1002; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.44, 0.18.  

 

Synthesis of C(O)CF3-L-Alanine Benzyl-Sulfoxide 151 

Using the general procedure for the base-mediated sulfenate release of -

sulfinyl esters and subsequent alkylation/benzylation; methyl 3-(((S)-2-(2,2,2-

trifluoroacetamido)propyl)sulfinyl)propanoate (147) (0.0255 g, 0.0881 mmol) was dissolved in anhydrous 

THF (5 mL), cooled, and a 1.0 M solution of LiHMDS in THF (0.10 mL, 0.10 mmol) was added dropwise. 

After 25 min, BnBr (0.021 mL, 0.177 mmol) in THF (0.5 M) was added dropwise, and the solution was left 

to stir overnight warming up to 25 °C. The next day after a standard workup procedure yielded a 
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diastereomeric mixture of N-((2S)-1-(benzylsulfinyl)propan-2-yl)-2,2,2-trifluoroacetamide as a yellow wax. 

The diastereomers were unable to be separated (78%, 0.0198 g, dr = 52:48 19F NMR integration). Major 

diastereomer: 1H NMR (600 MHz, DMSO-d6) δ 8.21 (br d, J = 6.7 Hz, 1H), 7.42-7.37 (m, 3H), 7.30-7.28 (m, 

2H), 4.62 (m, 1H), 4.09 (AB quartet, J = 13.0 Hz, 2H), 2.90 (dd, J = 13.0, 3.5 Hz, 1H), 2.76 (dd, J = 13.4, 

8.1 Hz, 1H), 1.49 (d, J = 6.9 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ 157.0 (q, J = 37.2 Hz), 130.1, 129.2, 

128.9, 128.8, 115.6 (q, J = 288.0 Hz), 59.1, 55.3, 44.3, 20.3; 19F NMR (565 MHz, DMSO-d6) δ -76.5. Minor 

diastereomer: 1H NMR (600 MHz, DMSO-d6) δ 7.42-7.37 (m, 3H), 7.30-7.28 (m, 3H), 4.37 (quint, J = 6.8 

Hz, 1H), 4.07 (AB quartet, JAX = 13.0 Hz, 2H), 2.88 (dd, J = 14.8, 5.4 Hz, 1H), 2.72 (dd, J = 13.3, 5.3 Hz, 

1H), 1.41 (d, J = 6.7 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ 156.6 (q, J = 37.2 Hz), 130.0, 129.2, 128.9, 

128.7, 115.7 (q, J = 287.7 Hz), 58.9, 53.7, 44.2, 19.0; 19F NMR (565 MHz, DMSO-d6) δ -76.7. Mixture of 

diastereomers: IR (neat) cm-1: 3298, 2928, 1700, 1557, 1497, 1455, 1374, 1321, 1209, 1183, 1073, 1023, 

907, 868; [𝛼]𝐷
22= +35.0 (c = 0.1, CHCl3); HRMS (TOF, ESI) calcd for C12H14F3NO2S [M+Na]+: 293.0697; 

found: 293.069; TLC (DCM/MeOH, 9.8:0.2) Rf = 0.19, 0.10. 

 

N-C(O)CF3 Deprotection of Benzylated -Amino Sulfoxide 154 

To a flame/oven dried RBF under argon protection was added N-Boc protected 

benzylated -amino sulfoxide starting material 148b (0.0547 g, 0.148 mmol), 

dissolved in a solution of THF (0.5 mL) and NaOH (5 M, 0.6 mL, 3 mmol) was added slowly. The reaction 

was stirred for 3 h until completion by TLC was observed. H2O was then added to the solution in a 

separatory funnel, and the solution was extracted with EtOAc, the combined extracts were washed with 

brine, dried over MgSO4, filtered, and volatiles were removed in vacuo to produce (2S)-1-(benzylsulfinyl)-

3-phenylpropan-2-amine as a viscous yellow oil (73%, 0.0294 g). 1H NMR (600 MHz, CDCl3) δ 7.36-7.21 

(m, 8H), 7.16-7.15 (m, 2H), 4.01 (AB quartet, J = 12.8 Hz, 2H), 3.68 (m, 1H), 2.85-2.83 (m, 1H), 2.72-2.66 

(m, 2H), 2.56-2.52 (m, 1H); 13C NMR (151 MHz, CDCl3) δ 137.6, 130.0, 129.6, 129.3, 129.0, 128.8, 128.4, 

126.9, 118.4, 116.2, 58.8, 29.7; [𝛼]𝐷
21= +12.0 (c = 0.1, CHCl3); TLC (DCM/MeOH, 9.8:0.2) Rf = 0.043. 
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Boc Protection of Benzylated -Amino Sulfoxide Free Amine 15573,2 

To a flame/oven dried RBF under argon protection was added benzylated -amino 

sulfoxide starting material 154 (0.0134 g, 0.0490 mmol), dissolved in MeOH (1.0 

mL) and cooled to 0 °C. Et3N (0.01 mL, 0.0717 mmol) was then added and the solution was stirred for 10 

min. Boc2O (0.012 mL, 0.0561 mmol) was added and the solution was stirred for 16 h. H2O was then added 

to the solution in a separatory funnel, and the solution was extracted with EtOAc, the combined extracts 

were washed with brine, dried over MgSO4, filtered, and volatiles were removed in vacuo to produce tert-

butyl ((2S)-1-(benzylsulfinyl)-3-phenylpropan-2-yl)carbamate as a semi-translucent crystalline solid (50%, 

0.0091 g). Mp: 201.3-203.8 °C; 1H NMR (400 MHz, CDCl3) δ 7.36-7.35 (m, 3H), 7.25-7.18 (m, 5H), 7.11-

7.10 (m, 2H), 5.46 (br d, J = 6.8 Hz, 1H), 4.23-4.17 (m, 1H), 3.99 (AB quartet, J = 12.9 Hz, 2H), 3.17-3.09 

(m, 1H), 2.91 (dd, J = 13.7, 8.3 Hz, 1H), 2.81 (dd, J = 12.5, 6.3 Hz, 1H), 2.71 (dd, J = 13.1, 3.4 Hz, 1H), 

1.40 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 155.1, 137.4, 130.0, 129.4, 129.3, 129.0, 128.6, 128.5, 126.7, 

79.6, 58.9, 53.3, 49.6, 39.9, 28.4; IR (neat) cm-1: 3356, 2958, 2924, 2853, 1689, 1521, 1496, 1456, 1444, 

1391, 1366, 1354, 1266, 1251, 1170, 1082, 1044, 1014, 861; [𝛼]𝐷
22= +68.0 (c = 0.1, CHCl3); TLC 

(DCM/MeOH, 9.8:0.2) Rf = 0.24. The spectral data matches that previously obtained in our group.73,2 
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