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Abstract: 

Hydroamidation of carbon–carbon double bonds is an attractive strategy for installing 

nitrogen functionality into molecular scaffolds and, with it, increasing molecular 

complexity. To date, metal-based approaches have dominated this area of chemical 

synthesis despite the drawbacks of air and moisture sensitivity, limited functional group 

tolerance, toxicity, and/or high cost often associated with using metals. Herein is enclosed 

an operationally simple, metal-free, one-pot, regioselective, multicomponent synthetic 

procedure for the hydroamidation of carbon–carbon double bonds. This method features 

mild reaction conditions and utilizes isocyanides and vinyl ethers for the rapid and modular 

synthesis of α-oxygenated amide scaffolds. Additional effort was put towards synthesizing 

reactive natural products as substrates to the developed methodology, and drafting a 

probable catalytic cycle for the main and side reactions present within this multicomponent 

procedure. 
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1.0 Introduction 

1.1 General Background of Acid Catalysts 

1.1.1 Competing Theories on the Hydrogen Bond 

The nature of the hydrogen bond (H-bond) is a contentious affair which has spurred 

scientific research since the late 19th century.1 The first instance of this phenomena was 

reported by Nernst in 1891, observing the incorporation of benzoic acid into water.2 

Additionally, the paper with the strongest claim to the ‘birth’ of the hydrogen bond was 

written by Tom Sidney Moore and Thomas Field Winmill, which focused on the 

protonation of ‘pseudo-bases’, notably amines, and the ionization constants and partition 

coefficients from conductivity experiments of primary, secondary, and tertiary amines as a 

function of temperature. This had lain the groundwork for what is commonly known now 

as the fluctuations in pKa given solvation and induction effects. Thus, they concluded that 

the conductivity forces between primary, secondary, and tertiary amines versus quaternary 

amines was drastically different, telling of the presence of an unknown force.3 

This unknown force was rationalized in 1920 by Latimer and Rodebush, proposing 

that ‘under certain circumstances, a proton can form a bond between two atoms’, which 

was therefore called a hydrogen bond. The experiments which heralded this conclusion 

dealt with the ‘ionization of compounds not highly polarized’, including that of NH4Cl; the 

interaction of ammonia with hydrochloric acid resulted in the transfer of a ‘elementary unit 

of positive electricity’, and thus lead to their postulations of hydrogen interactions. Further 

experiments with ammonia, methane, HCl, and water gave them the insight wherein ‘in 

terms of the Lewis theory, a free pair of electrons on one water molecule might be able to 
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exert sufficient force on a hydrogen held by a pair of electrons on another water molecule 

to bind the two molecules together’.4 

As the 1920s heralded in the Lewis Theory of Valence, the first recorded use of the 

term ‘hydrogen bond’ was used in Lewis’s own 1923 book, Valence and the Structure of 

Atoms and Molecules, wherein he believed one of ‘the most important addition to my 

theory of valence … [is] what has become known as the hydrogen bond’.5a, 5b Though he 

mentioned the infantile concept, he also was reported to have told Latimer to delete the 

section on the hydrogen bond, given the lack of substantial evidence for its existence.5c 

One of the most important contributions to this theory came from Pauling and 

Brockway in 1934, which involved an electron diffraction investigation of formic acid 

(Figure 1). Probing the crystallographic dimerization of this acid revealed consistent bond 

angles of 125o between the dimers, and O-H-O lengths of roughly 2.5-2.75 Å.6a 

Comparatively, the modern definition of an H-bond’s O-H-O distance is 1.5-2.75 Å.6b 

These first attempts at elucidating the nature of the H-bond were rationalized as an 

electrostatic model, seeing as hydrogen was argued by Pauling to be able to participate in 

one covalent bond, followed by a second ionic bond through electrostatic interactions,7 

simple electrostatic calculations identifying the necessary H-bond energies to be 6 

 

Figure 1: Crystallographic dimerization of formic acid, and first observed 

evidence of an H-bond. 
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kcal/mol.8 However, there were vehement arguments against an electrostatic model, with 

the strongest rationales being: 1) observable charge redistribution can be seen upon H-bond 

formation as evidenced by IR spectra; and, 2) it is assumed that the exclusion principle be 

taken into account with simple electrostatic calculations, which, if implemented, would 

nullify the agreement between the calculated H-bond energies and experimental energies. 

As such, a model emphasizing bond-transfer was developed by Puranik, Kumar, and 

Bartoz, stating that at long distances, the H-bond is mainly electrostatic, but, at short 

distances, repulsion and electron delocalization must be considered.9 Additionally, Lewis 

made his thoughts known after the legitimizing of this concept, suggesting the bond existed 

with a “partial covalent” character between the donor oxygen and the receptive hydrogen.5b 

Such polarizing opinions have mostly been lain to rest as of 2011, when the IUPAC 

definition of the H-bond was ‘set in stone’, so to speak, by Arunan, E., et al. The most 

basic definition of the hydrogen bond is that of an electrostatic interaction of a hydrogen 

in one specific molecule to an electronegative atom in another (most often nitrogen, 

oxygen, or fluorine). This can be surmised as a molecular fragment ‘X–H’ – wherein X is 

more electronegative than H – interacting with an electronegative atom or anion labeled Y. 

The overall hydrogen bond may be represented as ‘X–H- - -Y’. As well, these interactions 

can interact with molecular fragments represented by Y–Z, wherein the H is interacting 

with the delocalized π-bond electrons between Y and Z. 

This new definition also comes with several criteria which must be fulfilled in order 

for the interaction to be considered an H-bond; the more criteria are met, the more reliable 

the characterization as an H-bond is 1: The existing hydrogen must be electrostatic in 

origin, and therefore arises from the transfer of charge between donor and acceptor, leading 
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to a ‘partial’ covalent bond. 2: In an H-bond, X and H (in the colloquial X–H representation 

of the hydrogen-containing molecule) must be covalently bonded to one another, with the 

H- - -Y interaction increasing in strength as the electronegativity of X increases. 3: Such 

X–H- - -Y bonds are often linear, with an angle closest 180o having the strongest hydrogen 

bond10 (Figure 2). 

In a more physical chemical scope, 4: The length of the X-H bond increases upon 

H-bond formation, leading to an infrared redshift due to said bond stretching. Ergo, in X–

H- - -Y, the longer the X-H bond is, the stronger the X- - -Y bond is. 5: X–H- - -Y 

interactions have pronounced hydrogen deshielding effects when observed through NMR 

signals. Such deshielding is thought to be caused by spin-spin coupling between X and Y, 

as well as nuclear Overhauser effect (NOE) enhancements.11 6: The overall Gibbs free 

energy of the formation of the H-bond should be greater than the thermal energy of the 

system, which allows for H-bonds to be determined experimentally, as the complex must 

be thermally stable.12 

With these criteria satisfied, several characteristics can be observed in such a bond. 

1: The pKa of X–H and pKb of Y–Z in a given solvent correlate strongly with the energy 

of the H-bond formed between them. 2: H-bonds can be involved in proton-transfer 

 

Figure 2: Visualization of the IUPAC definition of an electrostatic H-

bond. 
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reactions, and my be considered partially activated precursors for said reactions (X–H- - -

Y → X- - -H–Y). 3: H-bond networks can display co-operativity, deviating from standard 

pair-wise H-bonding characteristics. 4: H-bonds can show directional preference and can 

influence the packing modes for crystal structures. 5: Calculations run for charge transfer 

between H-bonds often display how interaction energies correlate well with the extent of 

charge transfer seen between donor and acceptor. 6: Analyses of electron density 

topologies usually shows an observable bond path and bond critical point between H- - -

Y. 

H-bonds play a critical role within biological systems, and in a more synthetic 

sense, they often play similar roles, specifically in compound stabilization, catalysis, and 

stereochemical influence.13 The characteristic electrostatic interactions of the H-bond are 

necessary for transferring electrostatic potential, pulling electron density away from 

specific electronegative molecules (i.e. oxygen, fluorine, nitrogen, etc.) in order to make 

the complexed molecule a more effective electrophile. One such example of a catalyst of 

this ilk was previously investigated in the Dudding laboratory (Figure 3).14 Alternatively, 

H-bonded electronegative molecules can assist in the displacement of certain molecular 

moieties, enhancing leaving group potential to allow the insertion of active nucleophiles in 

 

Figure 3: Previous work done in the Dudding lab using an acidic 

H-bond catalyst. 
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solution.15 Both of these H-bond potentials are the focal points of several organic chemistry 

laboratories, attempting to synthesize more effective catalysts by manipulating the 

potential H-bond complex’s strength. 

 

1.1.2 Brønsted-Lowry vs. Lewis acids 

Similar to that of the H-bond, the history of acids and bases is one of contention 

and discussion. The modern definitions, which were first devised by Svante Arrhenius in 

1889 – based on van’t Hoff’s previous work – follow hereafter: an Arrhenius acid is a 

substance capable of dissociation in water to form hydrogen (H+) atoms, and, therefore, 

increase the concentration of H+ ions in the solution. Conversely, an Arrhenius base is a 

substance capable of dissociation in water to form hydroxide (OH-), and, therefore, increase 

the concentration of OH- ions in the solution1.16 Hinging on Arrhenius’ Nobel Prize-

winning research, two other hard definitions for both acids and bases were put forth in 1923 

by two parties: Johannes Brønsted and Thomas Lowry (independently), and Gilbert Lewis. 

The first two – Brønsted and Lowry – postulated that the fundamental principle behind 

acids and bases was similar to that of Arrhenius’s original theory, albeit that the core tenant 

of acidity and basicity was related to the movement of hydrogen. Thus, acids are capable 

of donating a proton and converting into a conjugate base, while bases are capable of 

A 𝐻𝐴 ⇋ 𝐻+ + 𝐴− 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - 

B 𝐻+ + 𝐵 ⇋ 𝐻𝐵+
 

Equation 1: A) Equilibrium between a dissociating 

acid and its conjugate base; B) Equilibrium between 

a free base and its conjugate acid. 
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accepting a proton and converting into a conjugate acid,17 two processes which are in 

constant equilibrium (Equation 1).18 

Lewis, conversely, believed that instead of relying on protons via hydrogen, the 

definition of acids and bases relied on the movement of electrons. He defined acids as 

chemical species containing an empty orbital which, upon accepting an electron, forms a 

Lewis adduct. Lewis bases, on the other hand, are species capable of donating an electron 

to form said adduct.19 Interestingly enough, there are some scenarios where the same 

compound can be considered both a Brønsted and Lewis acid (Scheme 1). 

In modern chemistry, both definitions are used in contextual situations, with 

different modes of catalytic activity relying on either form of acidity or basicity. Examples 

of Lewis acidity in catalysis can be seen in the Claisen rearrangement,20 Friedel-Crafts 

alkylation,21 and Mukaiyama aldol addition.22 Lewis acids have been used primarily in the 

formation of C-O, C-N, and C-C bonds.23 

Examples of Brønsted acidity in catalysis are the Beckmann rearrangement,24 Knorr 

pyrazole synthesis,25 and the Pictet-Spengler26 and Ritter27 reactions, to name a few. 

Brønsted acids have been used primarily in the formation and breakage C-O bonds,28 either 

through the formation of esters/acetals or hydrolysis, respectively. However, in recent 

 

Scheme 1: Two scenarios wherein a Lewis base (H3C-NH2) and a Lewis acid 

interact to form a Lewis adduct. 
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years, research into the use of Brønsted acids for the formation of C-C bonds has grown 

considerably.29 While differing in methods of action, they are nevertheless both critical 

concepts in the field of catalysis and general synthesis. 

 

1.1.3 pH and logarithmic acidity 

Critical in defining acidity and basicity was the need to find a reliable method for 

determining said acidity or basicity. In 1907, Henderson first proposed the relationship 

between hydrogen ion concentration ([H+]) in a buffer solution.30 However, in 1909, 

Sørensen developed the more convenient pH scale, and further refined it in 1924. pH is the 

representation of the overall concentration of H+ ions – in moles per litre of aqueous 

solution – that could be determined and then plotted on a negative logarithmic base 10 

scale. On this scale, at 25 oC (293 K), a solution’s acidity or basicity is compared to the 

neutral value of 7, wherein the [H+] is 1x10-7 Molar; a higher pH value corresponds to a 

decrease in free H+ ions (basic), and a lower pH value corresponds to an increase in free 

H+ ions (acidic).31,32 

 pH was originally measured by use of ion-specific electrodes, and with relation to 

electrode potential (E), was solved via the Nernst equation (Equation 2).33,34 The precise 

measurement of pH in the International Standard is as follows: A galvanic cell is set up to 

measure the electromotive force (EMF) between a reference electrode and an electrode 

𝐸 = 𝐸0 +
𝑅𝑇

𝐹
ln(𝑎𝐻+) = 𝐸0 −

2.303𝑅𝑇

𝐹
𝑝𝐻 

Equation 2: The Nernst equation. E is a measured potential, E0 is the standard 

electron potential, R is the gas constant, T is temperature, F is the Faraday 

constant, and aH+ is the hydrogen ion activity. 
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sensitive to the hydrogen ion activity when they are both immersed in the same aqueous 

solution. The reference electrode may be a silver chloride electrode or a calomel electrode. 

The hydrogen-ion selective electrode is a standard hydrogen electrode.35 

Using modern equipment, pH indicators are a popular method for measuring pH to 

the nearest integer, whilst more sensitive means for determining pH can be conducted either 

spectrophotometrically36 or colorimetrically.37 The determination of pH in non-aqueous 

media requires the use of a different scale for pH values, due to the differing effective 

concentrations relating to standard states between media (Equation 3). Because of these 

differing effective concentration activities (aH+), pH scales on different scales cannot be 

directly compared.38 A ‘Universal pH Scale’ has been recently proposed using Lewis 

acidity theory as a basis, which, if adopted, could allow for various pH ranges across 

different media to use a common reference standard.39 

A similar scale for the acid dissociation constant (Ka) was developed for measuring 

the strength of acids in solution, with Ka representing the equilibrium constant between an 

acid and its conjugate base (Equation 4).18 As such, the negative logarithmic pKa scale is 

the determinate for acid strength which can be directly compared to the present solution’s 

pH. Knowledge about substance pKas is critical for any wet-bench chemist, as intuition 

regarding the interactions of acidic and basic substances in situ is important enough to have 

warranted the creation of the Evan’s pKa Table, a staple in any self-respecting laboratory.40 

𝒂𝑯+ = 𝒆
[
µ𝑯+−µ

𝑯+
−

𝑹𝑻
]
 

Equation 3: Definition of hydrogen ion activity (or aH+), 

necessary for defining pH in a given media. µ𝐻+
− is the chemical 

potential of the chosen standard media, R is the gas constant, 

and T is temperature. 
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In 1917, modifications to the original Henderson equation were made by Hasselbalch, 

proposing the Henderson-Hasselbalch equation, which remains, to this day, the most 

commonly used method for the determination of pKa
41 (Equation 5). 

 Several chemicals exist outside the practical scope of the pKa scale, notably two 

groups of molecules referred to as strong aqueous acids and super acids. The seven strong 

acids42 carry negative pKa values due to their tendency to fully dissociate when placed in 

an aqueous solution. Of these acids, five are considered super acids, which are defined – 

according to Conant in 1927 and Gillespie in 1971 – as acids with a pKa value equal to or 

lower than -3, the same pKa as sulfuric acid.43 While the often-ubiquitous Henderson-

Hasselbalch is unusable when determining the acidity of compounds with negative pKa 

values, the Hammett acidity function, developed in 1932, is, and instead uses the function 

H0 in lieu of pH.44 

 

 

𝑝𝐻 = 𝑝𝐾𝑎 + log10

[𝐴−]

[𝐻𝐴]
 

Equation 5: The Henderssen-Hasselbalch equation, used for 

calculating the estimated pH within a buffer solution ([A-]/[HA]). 

𝐾𝑎 =
[𝐴−][𝐻+]

[𝐻𝐴]
 

Or 

𝑝𝐾𝑎 =  − log10 𝐾𝑎 = log10

[𝐻𝐴]

[𝐴−][𝐻+]
  

Equation 4: Equation for determining the acid dissociation 

constant (Ka) or pKa given acid/hydrogen concentrations in 

solution. 
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1.1.4 Sulfonic Brønsted acids 

Speaking of strong acids, one of the most important mineral acids used industrially is 

H2SO4, its low cost and versatility making it an attractive option for large-scale use.45 

Sulfonated carbons (or SO3-H functionalized acidic carbon materials) are a new addition 

to the solid protonic acid family. They are characterized by their low cost and high Brønsted 

acidity, and in the field of catalysis, have been shown to outperform homogenous mineral 

acids or solid acid catalysts.46 

 The syntheses of these compounds have been reported since the early 1960s, often 

involving the treatment of ‘carbon blacks’ or carbon-based materials with SO3, oleum, or 

fuming H2SO4.
47 Another modern method for the preparation of sulfonic acids is through 

hydrolysis, with sulfonyl chlorides/sulfonyl halides being hydrolyzed into sulfonic acids.48 

The benefit of these carbon-based sulfonic acids is: a) their relatively strong acidity 

compared to that of common acids, such as benzoic acid; and, b) their solid state, allowing 

for convenient measurement. p-Toluenesulfonic acid, or pTsOH, is one of the most 

ubiquitous sulfonic acids in use, with various applications in both conventional catalysis 

and on industrial scales (Figure 4A).49 Another popular sulfonic acid is Reychler’s acid, 

otherwise known as 10-(±)-camphorsulfonic acid or CSA, which, along with containing 

 

Figure 4: Two of the most commonly used sulfonic acids: p-Toluenesulfonic acid (A); and 

10-(±)-camphorsulfonic acid (B). 
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strong acid characteristics, can be used to either resolve chiral amines, or to influence 

chirality within catalytic systems (Figure 4B).50,51 

Recently, sulfonic acids have seen an increase in use in the resolution of 

Multicomponent Reactions (MCRs), wherein three or more reactants in a pot react in either 

a stepwise or consecutive manner, often subject to acid catalysis.52 Notably, CSA has 

proven itself to be a highly reliable Brønsted acid catalyst in several MCRs, including the 

synthesis of substituted piperidines,53 as well as the synthesis of fused quinoline and 

benzoquinoline derivatives.54 In regards to asymmetric capabilities, CSA has shown itself 

to have relatively tame chiral influence,55 though certain transformations (i.e. epoxidation) 

are more susceptible to asymmetric influence by chiral sulfonic agents.56 

 

1.2 Multicomponent Reactions and Associated Chemistries 

1.2.1 A brief history of Multicomponent Reactions (MCRs) 

The term Multicomponent Reaction – or MCR – was first used in reference to the 

Strecker amino acid synthesis in 1850, wherein an aldehyde in the presence of hydrogen 

cyanide and ammonium chloride converted into racemic amino acids. It has been touted as 

the earliest one-pot synthesis, and one of the most atom economical of the currently 

discovered MCRs, and as such, has remained popular in many organic chemistry and 

biochemistry labs.57 Given this popularity, research into influencing enantioselectivity has 

increased significantly in the past fifty years, culminating in the development of several 

efficient asymmetric catalysts.58 
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Since the discovery of the Strecker synthesis and many other MCRs, the field has 

been ruled by the isocyanide-mediated Passerini and Ugi reactions, referred to as IMCRs. 

The first of these was the Passerini reaction (or P-3CR), discovered by the titular scientist, 

Mario Passerini, in 1921, wherein an α-acyloxy amide is synthesized from a carboxylic 

acid, aldehyde or ketone, and isocyanide (Scheme 2A).59 While the underlying mechanism 

in this reaction has yet to be solidified, two possible pathways have been proposed. The 

first involves an ionic mechanism where, in polar solvents such as water, the carbonyl is 

protonated by the present acid, which is followed by nucleophilic isocyanide attack, and 

then quenching of the newly formed nitrilium by the anionic acid (Scheme 2B).60 The 

alternative pathway – which occurs in non-polar/non-coordinating solvents – is a concerted 

 

Scheme 2: A) The basic components and product of the Passerini 3-Component Reaction 

(P-3CR); B) The proposed stepwise (ionic) pathway for the P-3CR; C) The alternate 

concerted pathway for the P-3CR. 
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pathway involving a five-membered transition state followed by a Mumm rearrangement 

to generate an amide. (Scheme 2C).61 

Ugi reaction (or U-4CR), discovered in 1959 by Ivar Karl Ugi, uses similar 

principles to the Passerini reaction; however, the inclusion of a primary amine results in 

the formation of a bis-amide (Scheme 3A).62 The most plausible pathway postulated for 

this reaction involves the condensation of the carbonyl into a protonated iminyl, which 

undergoes a nucleophilic attack by isocyanide, after which the synthesized nitrilium is 

quenched by the anionic acid. Finally, a Mumm rearrangement takes place to generate the 

final product (Scheme 3B).63 

Many attempts have been made to enhance both IMCR reaction rates as well as 

product yields, including the use of enhanced pressure as well as the use of water as a 

solvent.64 Proof of principle reactions with the P-3CR reaction revealed that, compared to 

a reaction in DCM which gave 45% yield, a similar reaction in water gave a 95% yield in 

 

Scheme 3: A) The basic components and product of the Ugi 4-Component Reaction (U-4CR); 

B) The proposed stepwise (ionic) pathway for the U-4CR. 
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less than 3.5 hours, displaying an 18-fold increase in rate compared to organic solvents. As 

well, methanol with LiCl solutes within revealed exponential increases in rate. Applying 

this methodology to the U-4CR reaction, the presence of water supported a 50-fold increase 

in rate. Furthermore, an increase in pressure for both the P-3CR and U-4CR reactions 

revealed a slight increase in rate; however, given the dramatic acceleration observed in 

water, such additional measures are rendered moot in the right solvent.65  

The realm of asymmetric IMCRs has long remained a challenging and 

underexploited domain, as attempts to enantioselectivity control the reactions have been 

met with resistance. Most attempts at asymmetric catalysis have relied on Ugi’s stepwise 

ionic pathway for both the P-3CR and U-4CR reactions, and have encountered the 

following problems: 

1) Both IMCRs occur spontaneously in the appropriate solvents at room 

temperature, therefore leading to competition from background reactions. 

2) Difficulty in chemoselective activation of carbonyl/imine moieties by Lewis 

acids due to the presence of Lewis bases elsewhere in the reaction.66 

3) Easy coordination of isocyanides to metals, diverting the reaction pathway.67 

4) Low catalyst turnover from product inhibition, due to the process of transferring 

a catalyst from the bidentate products to the monodentate reactants being 

unfavourable.68 

5) IMCR mechanism complexity. 
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A critical step in these IMCRs is the formation of a nitrilium intermediate, as 

theoretical studies have shown the process to be rate-limiting and with a low activation 

barrier. Given this, it is concluded that the key C-C bond formation step which quenches 

the nitrilium intermediate and forms a stereocentre is irreversible and therefore one of the 

most important for the development of an enantioselective process (Figure 5).69 

Since the pioneering work of Denmark on an asymmetric P-2CR in 2003, several 

enantioselective protocols have been development using organic,70 inorganic,71 and metal-

based Lewis acid catalysts,72 as well as organic Brønsted acid catalysts;73 however, a 

significant number of these reactions were and have been performed as P-2CR reactions 

(Scheme 4). One of the most significant claims of these studies has to do with evidence 

pointing to an organocatalytic approach as the most viable method for efficient, high-

yielding, and selective IMCRs.74 

 

Figure 5: Critical rate-determining steps in Isocyanide-based MCRs in non-polar media (note the concerted 

mechanism presented above.) 
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Recent advances in the field of IMCRs have been attempts at bypassing previously 

pervasive roadblocks, two of the most critical being the push for enantioselectivity, and 

development of non-isocyanide-coordinating metal catalysts. Enantioselective metal 

complexes75 and pure Lewis acid metals76 have achieved high yields and, in asymmetric 

cases, high ee. Regarding organocatalytic progress, the central players in recent works have 

either been coordinating compounds assisted by organic bases,77 or bulky phosphoric 

Brønsted acids,78 both successfully achieving highly pure asymmetric products. 

 Important to note alongside MCRs is a relatively new branch known as cascade – 

or tandem/domino/consecutive – reactions, wherein a minimum of two reactions which 

only occur sequentially in virtue of the chemical formed in the previous step. As such, 

isolation of intermediates is not required, and while technically multicomponent in the 

same vein as Passerini- or Ugi-based chemistry, it is nevertheless of great focus by chemists 

in the past two decades. Paramount to this research are the promises of high yields, high 

atom economy, high enantioselectivity, as well as reduced time, labour, waste, and resource 

management.79 

 

Scheme 4: First example of an enantioselective 2-component Passerini 

reaction (P-2CR) performed by Denmark and Stavenger70. 
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Coined by Tietze in 1993, cascade reactions were billed as the ‘synthetic strategy 

for the future’, as it mimics biogenesis and Nature’s methods for synthesizing complex 

molecules.80 These sequential reactions have been classified into one of two groups. The 

first are Domino Reactions, wherein the process involving two or more consecutive 

reactions in which subsequent reactions result as a consequence of the 

formation/fragmentation of substrates in previous steps. The second are Consecutive 

Reactions, in which another reagent, additive, or catalyst is added to the reaction without 

isolation of the first product.81 While not the focus of this thesis, it is the next logical 

evolution for the storied field of multicomponent reactions. 

 

1.2.2 Isocyanides and their unique properties 

Isocyanides – or isonitriles – are a highly versatile, labile, and critical component 

for the proliferation of P-3CR and U-4CR reactions due to their intriguing electronic 

properties. The nature of the compound itself has been debated, either considered a 

heteroanalogue of a carbon-nitrogen alkyne ylide, or as a stabilized carbene; the former of 

these descriptions is more accepted, as evidenced via molecular orbitals and electron 

density distribution agreeing well with the presence of an alkyne ylide (Figure 6).82 

Despite their similarity to alkynes, isocyanides carry unique stereoelectric features; 

an example of this is the presence of an empty orbital on the carbon end of the molecule, 

 

Figure 6: The dual nature of the isocyanide molecule. 
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along with a highly polarized π*-orbital. These stereoelectric features enable the isocyanide 

to engage in unique bonding patterns. The common alkyne is capable of proceeding in a 

‘1,2’ bonding manner, wherein new bonds are formed on each of the available carbons; 

however, isocyanides can engage in a ‘1,1’ bonding manner, wherein new bonds are 

formed at the same terminal carbon of the isocyanide, indicative of the carbene 

functionality of the moiety.83 

This unique feature of the isocyanide is a critical component in IMCRs, such as the 

previously mentioned nitrilium formation and nucleophilic quenching. Beyond IMCRs, 

isocyanides have seen use in radical cascade reactions capable of forming N-heterocycles. 

These [4+1] pathways have elucidated new methods towards medically important targets, 

and have been further elaborated on by other groups.84 As well, theoretical and 

computational studies have proven invaluable in exploring isocyanide’s natural dichotomy 

between that of an alkyne ylide and a carbene.85 

Isocyanides are a fantastic alternative to regularly toxic compounds such as carbon 

monoxide in organometallic chemistry,86 as they can helically polymerize,87 and are well 

exploited in radical chemistry.88 Despite these popular uses, one of the critical issues with 

the use of isocyanides in synthesis has been: a) their relative lability at room temperature 

and in the presence of acids; b) their restricted commercial availability; and, c) their 

challenging preparation. One of the most reliable methods for isocyanide synthesis is via 

dehydration from the associated formamide, using highly reactive and dangerous 

compounds to engage in this transformation (Scheme 5A).89 However, this is assumed to 

be a necessary risk, as there are scarcely any alternate methods for isocyanide preparation 

without the use of a dehydration (Scheme 5B).90 



20 

 

Another negative aspect that isocyanides carry is their intense, almost legendary 

smell.91 Such a smell has shown to be useful in certain determination assays (i.e. the 

formation of a carbylamines via the Hofmann isonitrile synthesis to prove the existence of 

primary amines in an unknown molecule),92 included in a limited number of nonlethal 

weapons,93 and in the determination of odorant receptors.94 Regardless, such a smell has 

no doubt turned away many potential workers in the field, and has been described by Ugi 

and coworkers as ‘highly specific, almost overpowering’, ‘horrible’, and ‘extremely 

distressing’.89 Nevertheless, these unique molecules are capable of some truly remarkable 

chemical transformations.  

 

1.2.3 Vinyl (enol) ether compounds 

Also referred to as enol ethers, vinyl ethers have recently enlarged the scope of 

compounds capable of undergoing Passerini- or Ugi-like chemistry. The first report of this 

method runs in the presence of a variety of Lewis and Brønsted acids, using both enol 

 

Scheme 5: A) Common synthesis of isocyanides via dehydration of associated formamide; B) Uncommon 

synthesis of isocyanide involving cheletropic degradation of the bridged imine. 
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ethers and dihydropyridines as substrates.95 However, similar studies further exploring this 

unique transformation have been scarce, with little to nothing known about the mechanism 

behind this uncovered reactivity, and if it can proceed catalytically. 

Vinyl (enol) ethers are uniquely labile compounds akin to that of enamines in regard 

to reactivity and structure. Due to their transient oxonium ion character, they display 

distinctive reactivity in the presence of Brønsted acids or other similar electrophiles.96 

Their overall reactivity is highly dependant on substituents alpha to the oxygen, and can be 

severely plagued by even small substituents, i.e. methyl groups. In the presence of Brønsted 

acids or heat, vinyl ethers readily polymerize into polyvinyl ethers, making their use a 

delicate affair. 

A variety of syntheses for vinyl ethers have been reported, with early methods 

including elimination97 and transesterification reactions,98 with the latter being enhanced 

by enzymatic complexes99 (Scheme 6A). Other methods include late-stage installation of 

an alkene on a variety of alcohols by use of calcium carbide (CaC2) under sufficiently basic 

 

Scheme 6: A) Elimination of a quaternary methylamine to afford a vinyl ether; B) Installation of an enol ether 

by use of CaC2 and mediated by in situ synthesis of HF; C) Lewis acid-mediated installation of an enol ether. 
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conditions. These reactions have also been enhanced by the addition of potassium fluoride 

(KF), with fluoride ions reportedly etching into the calcium carbide surface, as well as 

activating the hydroxyl group for installation of the vinyl ether100 (Scheme 6B). One major 

issue with the previous method is the presence of extreme pressure and heat, which risks 

polymerizing the synthesized vinyl ether before it can be isolated. 

One of the simplest and most reliable methods for vinyl ether synthesis has been 

the transfer of a vinyl ether moiety to a free alcohol by use of a Lewis acid catalyst, namely 

mercury (II) acetate. The presence of this Lewis acid, and the milder reaction environment 

at room temperature and nominal pressure, prevents vinyl ether polymerization and 

enhances isolated yields101 (Scheme 6C). 

 

1.3 Summary of Planned Syntheses and Investigations 

The goal of this thesis is to explore the Passerini-like reactivity between several isocyanides 

and a range of vinyl/enol ethers in the presence of sulfonic Brønsted acid catalysts. 

Previous work done by Masdeu raised several important questions: 

1) Is this hydroamidation of cyclic vinyl ethers/dihydropyridines able to proceed 

at catalytic concentrations of sulfonic acid? 

2) What is the underlying mechanism of this reaction? 

3) What are the specific kinetics behind this transformation? 

4) How wide a range of substrates can undergo said transformation? 

Given these questions, focus was made on building a methodology to catalyze this 

hydroamidation given the resources outlined in previous reports. If successful, this would 
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be the first example of a direct organocatalytic hydroamidation, further necessitating 

investigation into the underlying mechanism. 

 Simple NMR-based mechanistic investigations will be performed, as well as 

experimental studies probing acid catalyst tolerance, chemoselectivity, and scalability. 

Additional computation calculations and VTNA studies outside the scope of this thesis will 

help to further elucidate both reaction kinetics and general mechanism of this novel 

Passerini-like Multicomponent Reaction. 
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2.0 Results and Discussion 

2.1 Catalytic turnover of hydroamidation 

2.1.1 Preliminary reaction studies 

According to Masdeu et al., the addition of isocyanide (1) onto a cyclic vinyl ether (2) 

spurred by use of a stoichiometric amount of sulfonic acid at -78 oC, followed by stirring 

for 24 hours at 0 oC supposedly generates amidated products. The previous report states 

that a 24-hour reaction containing tert-butyl isocyanide (1a) and DHP (2a) and quenched 

with a water wash afforded a reported yield of up to 71%.95 However, attempts to reproduce 

this amidation using stoichiometric amounts of vacuum and heat-dried p-TSA yielded no 

product with the use of either 1a or cyclohexyl isocyanide (1b). Thankfully, the use of 

benzyl isocyanide (1c) gave an isolated product in the amount of 11% given these 

stoichiometric conditions (3c); due to this reported procedure’s failure to generate reliable 

and reproduceable results, work to form a catalytic methodology had to begin from the 

ground up (Scheme 7). 

 

Scheme 7: Initial exploration of literature-reported hydroamidation and isolated products. 
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 Primary investigations began with identification of the literature procedure’s 

products. Due to the disappearance of starting material with product isolation only 

achieving roughly 5%, it was imperative to track down exactly where said material had 

gone. Column chromatography and NMR provided insights, identifying the main side-

product of the reaction as formamides (4a-c) according to the isocyanide used. In the 

previous cases using 1a and 1b, full conversion of the isocyanide to their respective 

formamide side-products was observed, while 1c gave a conversion of 89% for 4c. While 

the original paper did observe formamide conversion of “up to 15%”, significantly more 

was detected in reproduced tests. Therefore, this project’s first objectives were: a) find what 

was facilitating this side-product formation (hereafter referred to as ‘isocyanide 

degradation’); and, b) find a stable isocyanide which would not readily convert to 

formamide. 

 Literature readings and experimental evidence revealed that the stoichiometric 

amounts of sulfonic acid combined with water in the reaction were the causes of this 

isocyanide degradation, as NMR studies of the previous reactions identified the conversion 

of isocyanide to formamide took place in the first 1-2 hours of the reaction, reducing the 

available isocyanide capable of undergoing hydroamidation.102 While three of these 

isocyanides were commercially purchased, 1c was synthesized by an above procedure;89 

however, all reported isocyanides experienced degradation to formamide at varying speeds. 

 

Scheme 8: General components for further optimization studies. 
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Given the natural lability and cost of most isocyanides, optimization studies were 

completed using easy-to-handle p-toluenesulfonylmethyl isocyanide (1d), a benchtop-

stable isocyanide which is a solid at room temperature due to its bulky p-

toluenesulfonylmethyl group. Screening the sulfonic acids suggested in the original text 

using 1d and 2a gave similar yields as seen before; fortunately, camphorsulfonic acid 

(CSA) was found to be a reliable sulfonic acid catalyst, yielding 25% of 3d at 

stoichiometric amounts of acid after 24 hours. With a catalyst in hand, studies began on the 

catalytic potential of this reaction (Scheme 8). 

NMR studies were conducted as such: 0.1 mmol of 1d and 2a – as well as 0.5 mL 

of d-chloroform – were added to an NMR tube with 1H and 13C NMR spectra taken, 

identifying no reaction was taking place (NMR spectrum A). Afterwards, 50 mol% of CSA 

was added, with NMR spectra taken immediately after and 1 hour after addition. Upon 

addition of the sulfonic acid, the principal product peak at 2.34 ppm was immediately 

visible reaching ~33% conversion (NMR spectrum B). After 1 hour, there was no change 

in the NMR signals, signifying that another component was necessary in order to turn over 

the catalyst and continue the reaction (NMR spectrum C). 3 equivalents of D2O were added 

to the reaction, with an NMR spectrum taken immediately after addition, followed by 

additional spectra taken every hour. Fascinatingly, upon addition, there was a significant 

increase in product formation (NMR spectrum D); after 1 hour, product had reached 

roughly ~80% conversion (NMR spectrum E); after 2 hours, full conversion was identified 

(NMR spectrum F). There was a minor formamide side-product peak visible (8.01 ppm) 

but was of minor consequence (<5%) (Figure 7). 
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2.1.2 Optimization of reaction parameters 

Validating the catalytic capabilities of isocyanide 1d, efforts soon moved to other 

queries, specifically revolving around utilizing this newfound reactivity: what Brønsted 

acid(s) would enable optimal catalytic turnover, and how non-productive by-product 

formation might be minimized, e.g., the hydration of vinyl ethers and/or isocyanides? To 

 

Figure 7: Principle NMR study of the catalytic potential of sulfonic acid-mediated amidation. Critical 

NMR peaks to note of are the p-toluenesulfonic isocyanide starting material (2.45 ppm) and product 

(2.39 ppm). 
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address these questions, preliminary studies investigating the reaction of 1d with ethyl 

vinyl ether (2b) and H2O were conducted in the presence of readily available Brønsted 

acids under several different experimental conditions (Table 1). While initially performed 

with DHP (2a), its propensity to swiftly convert to tetrahydro-2H-2-pyranol under aqueous 

conditions rendered it suboptimal for these optimization studies. As such, the more stable 

ethyl vinyl ether was selected as a candidate for optimizations. 

To this end, several different Brønsted acids were explored at relatively high 

catalyst loads under atmospheric conditions (open to air), including boric acid, benzoic 

acid, 4-Chlorophenoxyacetic acid, 3-nitrophthalic acid, L-tartaric acid, and triflic 

(trifluoromethanesulfonic) acid, and racemic 10-camphorsulfionic acid. This screening 

resulted in (±)-10-camphorsulfonic acid (CSA) being chosen as a promising lead candidate 

(Table 1, entries 1–7). Of the acids used, boric acid and benzoic acid (BnOH) resulted in 

unreacted starting materials remaining in the reaction flask, whereas highly acidic triflic 

acid (TfOH) led to extensive decomposition of the isocyanide and vinyl ether reagents.103  

In an effort to improve product formation, stoichiometric amounts of H2O were 

added to the reaction by syringe pump over the course of 4 hours with conversion 

monitored periodically up to 24 hours (entries 8–11). It was found that the addition of three 

equivalents of H2O proved optimal, whereas the addition of larger amounts of H2O (5 to 

20 equivalents) negatively affected the reaction owing to formation of tosyl formamide 

(4d) and 1-ethoxyethanol (5b) byproducts, as confirmed by 1H NMR analysis. Further, the 

use of dichloromethane (DCM) or 1,2-dichloroethane (DCE) as solvents resulted in slightly 

lower conversions to the desired product, making tetrahydrofuran (THF) the solvent of 

choice (entries 12–14). Next, the catalyst loading was sequentially decreased with 
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significant product formation observed using Brønsted acid CSA at 4 mol% catalyst 

loading (entries 15 and 16). It is worth noting that a control reaction employing the 

optimized conditions in the absence of added H2O only led to minuscule amounts of 

product formation (entry 17). Lastly, cooling the reaction mixture resulted in a decrease in 

product formation with a concomitant increase in side products (entries 18 and 19). 

 

Table 1. Optimization of Reaction Conditions 

 

entry catalyst (mol%) solvent time (h) H2O 

equiv 

3e yield (%)[e] 

1[a] boric acid (30) THF 24 - 0 

2[a] BzOH (30) THF 24 - 0 

3[a] p-CPA (30) THF 24 - <1 

4[a] 3-nitrophthalic (30) THF 24 - 7 

5[a] L-tartaric (30) THF 24 - 9 

6[a] TfOH (30) THF 24 - 0 

7[a] (±) 10-CSA (30) THF 24 - 35 

8[b] (±) 10-CSA (30) THF 24 1 46 

9[b] (±) 10-CSA (30) THF 24 3 91[f] 

10[b] (±) 10-CSA (30) THF 24 5 55[f] 

11[b] (±) 10-CSA (30) THF 24 20 29[f] 

12[c] (±) 10-CSA (30) THF 2 3 93[f] 

13[c] (±) 10-CSA (30) DCM 2 3 85[f] 

14[c] (±) 10-CSA (30) DCE 2 3 84[f] 

15[c] (±) 10-CSA (10) THF 3 3 89[f] 

16[c], [d] (±) 10-CSA (4) THF 5 2.5 95[f] 

17[d] (±) 10-CSA (4) THF 5 - <3 

18[c], [d], [g] (±) 10-CSA (4) THF 5 2.5 62 

19[c], [d], [h] (±) 10-CSA (4) THF 5 2.5 32 

 
[a]Reaction conditions: isocyanide (1d) (1.0 mmol), ethyl vinyl ether (2b) (3.0 mmol), and Brønsted acid (30 mol%) 

in 0.5 mL THF stirred for the indicated time. [b]After addition of the aforementioned reactants, H2O is added over the 

course of 4 hours via syringe pump. [c]H2O (3.0 mmol) is added immediately. [d]1.2 mmol of 1d was used. 
[e]Conversion involved monitoring the disappearance of the signal at 7.88 ppm for 1d and appearance of the signals 

at 7.76 ppm for product 3e, and 8.03 ppm for side product 4. [f]Full consumption of isocyanide (1d). [g]Reaction was 

performed at 0 oC. [h]Reaction was performed at -20 oC. 
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2.2 Substrate scope 

2.2.1 Methods of purification 

Initial attempts to purify product 3e were met challenging. The use of silica gel (70-

260 mesh) column chromatography gave low yields compared to conversion (i.e. 

conversions around 93% gave only a ~6% yield). Assuming the silica gel used during 

column chromatography was interacting with the compound as it eluted and reducing 

isolated yields, a replacement was necessary. The exchange of silica gel for neutral alumina 

rectified this issue, allowing for the successful isolation of product 3e in roughly 67% yield. 

 

2.2.2 Initial screening for isocyanides 

With the optimization of reaction parameters by use of Tosyl isocyanide complete, 

other isocyanides were screened for catalytic potential, including the previously tested but 

as yet unsuccessful isocyanide derivatives 1a-c. Whilst isocyanides 1a-b (tert-butyl and 

cyclohexyl isocyanides) and 1d (Tosyl isocyanide) were commercially purchased, 1c 

(benzyl isocyanide) was synthesized via the previously described amine formylation 

followed by dehydration.89 

Using this methodology, isocyanides 1a-d were combined with acid catalyst and 

vinyl ether 2b; however, isocyanides 1a-c failed to yield product given these parameters. 

As well, a critical development was observed wherein under the standard loading of 4 

mol% sulfonic acid catalyst, isocyanides 1a and 1b failed to react with the present vinyl 

ether. An increase in catalyst equivalence in the reaction mixture and the us of vinyl ether 

2a was able to spark the desired reaction, with 3b and 3c being isolated in fair to good 
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yields. However, 3a was unable to be synthesized by any means, perhaps owing to t-Butyl 

isocyanide’s reactivity in a semi-aqueous media with high levels of acid catalyst, leading 

to the generation of significant amounts of tert-butyl formamide (4a) (Scheme 9). 

 

2.2.3 Screening for vinyl ethers as substrates 

Several commercially-purchased vinyl ethers were tested using the methodology built 

using isocyanide 1d, including the previously mentioned ethyl vinyl ether (2b), as well as 

cyclic 2,3-dihydrofuran (DHF) (2c) and cyclohexyl vinyl ether (2d) to afford products 3f, 

and 3g, respectively, in good yields (Figure 8). 1H NMR-detected conversion was 

considerably favourable, with yield marginally impacted after purification via alumina 

column chromatography. This initial success spurred us to draft up a potential substrate 

 

Scheme 9: Probing previously used of isocyanide derivatives for hydroamidation conversion. While 

initially tested with 2b, the lack of conversion in isocyanides 1a-c prompted the return of DHP. 
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table, including both a variety of terminal vinyl ethers, as well as vinyl-ether like 

compounds with similar reaction centres and, thus, suspected similar reactivities. 

The first method attempted was the synthesis of terminal vinyl ethers by use of 

calcium carbide, mediated by potassium fluoride/in situ HF formation. These harsh 

reaction conditions yielded several vinyl ethers: benzyl vinyl ether (2f) and menthol vinyl 

ether (2j), with an alternative method producing methylated maltol (2h). Attempts to 

generate vinyl ethers with similar systems – specifically phenol vinyl ether (2e), naphthol 

vinyl ether (2g), and maltol vinyl ether (2i) – resulted in failure, possibly due to the 

reaction’s harsh conditions and the unfavourable conjugated nature of all three compounds 

tying up the oxygen’s free electrons, making the insertion of vinyl ether functionality less 

likely. Other alcohols used in conjunction with this CaC2-mediated synthesis failed to 

produce any usable material, with the alcohol unaffected and a black sludge produced.100 

 

Figure 8: A) Successful conversions of two commercially-available vinyl ethers. B) Vinyl ether 

substrates synthesized by use of CaC2 (methylation for compound 2g). C) Conversion of menthol 

vinyl ether into an α-Hydroxyamide. 
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Of the synthesized substrates, 2e, 2f, 2g, 2h, and 2i failed to generate any products, 

even with a catalytic load of 25 mol%. However, 2j reacted with the set conditions, 

producing the previously mentioned α-hydroxyamide, recognized as compound 3h (Figure 

8). It was suspected that this reaction caused by hydration of the terminal vinyl ether by 

sulfonic acid and water, the mechanism of which will be explored later in section 2.2.6. 

 

2.2.4 Development of vinyl ether-like substrates 

With the hopes of building a set of substrates which could be exploited for the 

creation of a Hammett plot, plans to synthesize a wide range of methoxystyrenes were set. 

This group of compounds contains a functional group akin to that of a conjugated vinyl 

ether, making it a fascinating study for this reactivity. The synthesis of the basic 

methoxystyrene compound was successful (2k) at roughly 48% yield; however, it is 

important to note that the E and Z geometric isomers were inseparable after synthesis. As 

well, the synthesis of the 4-chloro and 4-methoxy derivatives failed (2l-m). Subsequent use 

of 2k with the previously optimized protocol with increasing catalyst loads resulted in no 

reaction. It is suspected that the conjugation of the compounds prevented either protonation 

by the acid catalyst or nucleophilic attack by the isocyanide; regardless, work was diverted 

to other ventures (Figure 9A).104 

Wanting to test tri-substituted vinyl ether functional centres, attempts to synthesize 

a variety of (1-methoxyvinyl) benzene derivatives were made, specifically beginning with 

substrate 2n. Synthesis began with the use of trimethyl orthoformate catalyzed by p-TSA; 

unfortunately, this preparation failed to yield any useable product, and so methodologies 



34 

 

were changed.105 The second attempt involved the insertion of a methoxide into 

acetophenone to create a dimethoxy ketal.106 This diketal would then be converted to 2n 

by use of pyridine, chloro-silane, and benzoic acid under reflux. Again, no usable product 

was isolated by this method. 

The alternative compound chosen was the known compound 1-

methoxycyclopentene (2o), a five-membered ring with an endocyclic alkene with a vinyl 

ether-like reaction centre. Similar to the previous case, both attempts using trimethyl 

orthoformate and p-TSA,107 as well as the generation of a diketal and subsequent generation 

of the endocyclic vinyl ether ended in failure.104 A crude NMR spectrum of the reaction 

mixture displayed a noticeable presence of the product in question; however, it was 

assumed that the compounds were highly sensitive to both air and heat, as purification 

methods including that of ambient distillation, vacuum distillation, and column 

chromatography yielded no pure product (Figure 9B). 

Wanting to still test the capabilities of this reaction on a tri-substituted vinyl ether, 

more exotic compounds were selected for synthesis using interesting methodologies. The 

first of these was by the use of the Takai-Utimoto olefination, wherein an ester’s carbonyl 

oxygen would be exchanged for that of a dibromo/iodomethane, facilitated by – in this case 

– zinc, TiCl4, and PbCl2 to generate 2p. Attempts at this methodology resulted in the 

synthesis of a black viscous sludge which, upon distillation (necessitated by the product’s 

boiling point of 62 oC) gave no isolated product. Prior attempts to use this methodology 

have ended with similar results (Figure 9C).108 
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The second of these more exotic compounds/methodologies was ketene diethyl 

acetal (2q), the central functional group in this compound referred to as a ketene acetals. 

The compound’s structure lends itself as a ‘super-charged’ variant of the vinyl ether, with 

two oxygens capable of donating electrons, further enabling the compound to be more 

easily protonated and, therefore, react faster than a standard vinyl ether. This initial 

compound was synthesized by means of reacting vinyl acetate with a stoichiometric 

amount of bromine at 0 oC, followed by an excess of ethanol to afford bromoacetaldehyde 

diethyl acetal.109 This mixture would then be subject to purification, followed by the 

addition of a stoichiometric amount of potassium tert-butoxide and distillation of alcohol 

by-products to give known product 2q. The product’s NMR spectrum had striking 

 

Figure 9: Substrates synthesized by means of: A) dimethoxyketal 

formation and elimination; B) Trimethyl orthoformate and dilute acid 

elimination; and, C) Takai-Utimoto olefination. 
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similarities to ethanol; as such, MS analysis was used to confirm the presence of molecule 

2q (Scheme 10).110 

Initial tests of this compound at low catalyst loads yielded no sign of product nor 

product degradation; additional catalyst gave similar results, though coupled with the slow 

degradation of the starting ketene acetal. This gave evidence that such a transformation was 

greatly hindered when reacting with a tri-substituted oxygen-adjacent carbon, prompting 

further development of vinyl ethers to focus on di-substituted functional centres. 

Focusing on di-substituted vinyl ethers, attempts were made to synthesize a non-

aromatic conjugated system to explore the regioselectivity of this reaction when in the 

presence of multiple functional groups. 4-methoxy-3-buten-2-one (2r), a known 

compound, was selected as a testbed for a unique compound with both a vinyl ether and 

Michael system adjacent to one another (Scheme 11). Synthesis began with the use of ethyl 

acetate and acetone in the presence of excess sodium hydride in diethyl ether, generating a 

methoxy salt which can then be methylated by use of either dimethyl sulfate or methyl 

iodide to synthesize 2r with 54% yield.111 It was found that 2r was a highly labile 

compound, and degradation began soon after isolation, thereby making confirmation by 

NMR difficult. Testing with upwards of 25 mol% catalyst revealed a failure to generate the 

desired compound; this is believed to be caused by both the conjugation of the Michael 

system preventing proper protonation beta position – thereby preventing further 

 

Scheme 10: Synthesis of starting ketene acetate 2q. 
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nucleophilic attack and preventing the desired transformation from taking place – as well 

as the inherent instability of the starting material. (Scheme 11A). 

Compound 2r was further derivatized by the addition of an aromatic compound 

using an alternative methodology in order to synthesize 2s. This reaction was performed 

by synthesizing an acyl chloride from phenylacetic acid, which was then transformed into 

the Michael system using ethyl vinyl ether and pyridine. While this synthesis was 

successful as attested to by an NMR spectrum, compound 2s was found to be highly labile, 

and degraded before either a solvent-free NMR spectrum could be taken or a 

hydroamidation reaction could be tested. These results cemented this reactive centre as 

being a dead end (Scheme 11B).112 

 

2.2.5 Development of simple terminal vinyl ethers 

With previous attempts met with failure, attempts were made to expand the 

substrate table by thinking ‘less exotic, more diverse’, wherein diverse and unique 

electronic and steric moieties attached to a simple terminal vinyl ether could be explored. 

The simplest and most reliable methodology uncovered was the conversion of alcohols to 

 

Scheme 11: Synthesis of Michael System-containing substrates A) 4-methoxy-3-buten-2-one (2s); and, B) 4-methoxy-1-

phenyl-3(E)-buten-2-one (2t). 
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vinyl ethers by use of the alcohol in question, ethyl vinyl ether, and Hg(OAc)2 under neat 

conditions. After purification via flash chromatography, products were isolated in high 

yields, making this the ideal approach for vinyl ether synthesis. From this procedure, [(1E)-

3-(vinyloxy)-1-propen-1-yl]benzene (2t) was synthesized from cinnamyl alcohol, 

cholesterol vinyl ether (2u) from cholesterol, and benzyl vinyl ether (2e) was re-

synthesized to higher isolated yields (Figure 10).113 

Further testing, however, identified the major limitation heel of this methodology: 

the increased size of the moiety opposite to the vinyl ether directly correlated to an 

increased rate of hydrolysis of the vinyl ether into acetaldehyde, and therefore lead to the 

synthesis of α-hydroxyamide 3h. This observation was made for all the synthesized vinyl 

ether derivatives, even with catalyst loads as low as 4 mol% prompted hydrolysis. This 

phenomenon has precedence in the literature in which Passerini-like systems, in the 

absence of a carboxylic acid, are capable of producing α-hydroxyamides (Scheme 11).114 

With hydrolysis occurring, the in situ synthesized acetaldehyde was consumed surprisingly 

fast, with reaction times as quick as 2 hours observed, with yields of 94% being achieved 

for α-hydroxyamide product 3h. With this limitation in mind, efforts were shifted into 

modifying ethyl vinyl ether at the terminal CH2, leaving the opposing alkyl chain be. 

 

Figure 10: Vinyl ethers synthesized by use of Hg(OAc)2. 
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2.2.6 Synthesis of terminal CH2-modified vinyl ethers 

Given the present limitations in modifying the substrate’s ethyl alkyl substituent, 

and after initial rounds of testing with a variety of substrates, it was apparent that there 

were severe limitations in this methodology. Findings suggest that a valid vinyl ether which 

will successfully react with isocyanide and the present sulfonic acid must be cyclic or 

contain a short aliphatic chain opposite to the vinyl ether’s oxygen, said oxygen must not 

be in conjugation, and the reactive α-site must be free of any major steric bulk either 

directly bound to the site or be in close proximity to it. As well, in the case of terminal 

vinyl ethers, the concentration of acid catalyst must not exceed a certain range (~10 mol%) 

as to prevent possible hydrolysis to an aldehyde and subsequent Passerini-like synthesis of 

an α-Hydroxyamide (Scheme 12). 

 

Scheme 12: A) Hydrolysis of ethyl vinyl ether; and, B) The subsequent Passerini Reaction taking place 

with the in situ generated aldehyde. Keeping acid catalyst loading low is crucial for preventing such an 

event from happening with terminal vinyl ethers.  
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Inspired by previous successes at synthesizing a methoxystyrene derivative (2k), 

attempts to initiate Wittig reactions in order to synthesize a methyl vinyl ether core with 

variable R groups were made. This was done using procedures involving the synthesis of 

a Wittig reagent by use of lithium diisopropylamine (LDA) as a base, and the 

(methoxymethyl)triphenylphosphonium chloride salt, followed by addition to a variety of 

aldehydes and ketones.115 Several of these compounds were produced by this method, 

including (methoxymethylene)cyclohexane (2v) synthesized from cyclohexanone and (E)-

1-methoxy-4,8-dimethylnona-1,7-diene (2w) synthesized from citronellal/rhodinal. While 

products of these compounds were successfully ascertained given NMR spectra and yields 

looked promising, it was revealed that their benchtop stability was questionable at best, 

with unknown degradation – suspected to be desulfonation by an unknown compound 

which was isolated along with the products – occurring and preventing full 

characterization. For this reason, this pursuit was abandoned. (Figure 11). 

 

 

 

Figure 11: Formerly synthesized 1-(2-methoxyvinyl)benzene (2k) 

and newly synthesized Wittig products 

methoxymethylenecyclohexane (2v) and 1-methoxy-4,8-

dimethylnona-1,7-diene (2w). 
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2.2.7 (Re)optimization of reaction conditions 

Wanting to try and combat the constant hydrolysis/transetherification occurring in 

large-chained vinyl ethers, effort was put towards optimizing a secondary set of reaction 

parameters to try and achieve significant conversion to amide products. This was 

accomplished by replacing the previous proton source – distilled water – with alcohols, 

namely alcohols associated with the vinyl ether used within the reaction (i.e. for the 

synthesis of a vinyl ether derived from 1-octanol, 1-octanol was used as a proton source.) 

These reactions would yield a carboximidate which could then be converted to an amide 

by use of acid workup using 1M HCl. Base tests were performed using ethyl vinyl ether 

and ethanol as the proton source 

 Keeping the previous methodology’s conditions while substituting the central 

proton source gave poor yields after a significantly increased amount of time. An increase 

of catalyst loading to 50 mol% gave a slightly improved reaction time, but an 

inconsequential increase in product yield (entry 1 and 2). With former optimization 

suggesting that water concentration was critical in adjusting conversion, an increase in 

Table 2. Optimization of Alternative Reaction Conditions 

 

entry catalyst mol% time (h) EtOH equiv 3d conv (%) 

1 4 16 2.5 22 

2 50 12 2.5 31 

3 50 12 10 43 

4 40 16 10 53 

5 30 24 10 74 

6 20 30 10 62 
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alcohol to 10 equivalents gave longer reaction times but more favourable conversion. A 

decrease in catalyst loading, consequentially, gave greater yields until reaching 20 mol%, 

where conversion began to decrease once again (entries 3-6). With the proverbial ‘sweet 

spot’ found at 30 mol% catalyst loading and 10 equivalents of alcohol, complex and 

formerly difficult-to-use vinyl ethers were tested to see if said products could be isolated. 

 Synthesizing several more vinyl ethers and using commercially-available 

substrates, n-butyl (2x), octanol (2y), isobutyl (2z) tert-amyl (2aa), citronellol (2ab) vinyl 

ethers, and 2 ethoxyprop-1-ene (2ac) we used to synthesize six additional substrates 3i-n 

in poor to fair yields (Figure 12). 

 

2.2.8 Scale-up of reaction 

Beyond testing the versatility of this methodology, efforts were made to test the 

feasibility of this reaction given an increase in scale. Testing the initial protocol with p-

toluenesulfonylmethyl isocyanide (1d) and ethyl vinyl ether (2b) at a 5-gram scale with 

subsequent purification by alumina-based column. This attempt was a fantastic success, 

 

Figure 12: Synthesized (2y, 2aa, 2ab) and commercially purchased (2x, 2z, 2ab) vinyl ethers converted to amide 

products (3i-n, respectively) by use of the optimized alternative protocol. 
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giving high conversion and an isolated yield of 62%, identifying the feasibility of scale-up 

for the initial hydroamidation protocol. 

 

2.2.9 Validation of previously synthesized vinyl ethers 

 Given the success in preparing and isolating twelve substrates, focus was brought 

back to previously failed substrates as to test their reactivity with this alternate protocol. 

Additionally, several of the previously successful substrates (2x-ac) were tested with a 

stoichiometric methodology, which is surmised as 1.2 mmol of TosMIC and 3.0 mol of 

vinyl ether suspended in 1 mL of THF, to which 1.2 mol of CSA were sequentially added, 

with the reaction running for 24 hours. Isolating the materials again, albeit with lower 

yields (reduction of roughly 5-15%). Thus, problematic compounds were re-synthesized 

and tested, specifically that of benzyl (2f), maltol (2i), menthol (2j), cinnamyl (2t), and 

cholesterol (2u) vinyl ethers. The central theory governing this was that if these compounds 

could be synthesized and isolated using stoichiometric means, then it would be possible to 

use the alternate methodology to isolate a reportable amount of product. This, 

unfortunately, did not happen, as the above substrates proved resistant to any amidation 

methodology. 

 

2.2.10 Development of reactive natural products 

Wanting to introduce unique natural compounds into this work, the literature was 

scanned for a variety of natural products which either held vinyl ether-like reaction centres 

or could easily accept the installation of a vinyl ether moiety. Two natural products which 
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had promising reaction centres were chromone and C-glycosides, both containing 

endocyclic vinyl ethers which could possibly interact with a pre-set methodology to create 

fascinating natural product analogues. 

Chromones are benzopyran derivatives of which most are considered as 

phenylpropanoid, which are synthesized by plants by use of tyrosine and phenylalanine. 

They serve numerous roles in Nature, including uses as structural polymers, shielding 

against UV damage, use as pathogens, and pollination promoters by radiating floral scents 

or displaying unique pigments.116 Chromones are often used as mast cell stabilizers in 

medication, which are used to prevent the degranulation of mast cells, stopping the release 

of histamines and controlling allergic reactions.117 Therefore, the development of a 

methodology which can greatly increase the scope of chromone derivatization is attractive 

for exploring different pharmaceuticals, whether they be used as mast cell stabilizers or in 

alternative roles. 

This exploration into using chromones as a reactant began by us synthesizing 

chromone and chromone derivatives which could be protonated and thereby undergo 

nucleophilic attack by a variety of isocyanides. Synthesis began with O-

 

Figure 13: General scheme for the synthesis of chromone and chromone-like derivatives, 

as well as the derivatives synthesized in this report. 
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hydroxyacetophenone (6) being deprotonated by methoxide in the presence of formic acid 

ethyl ester to form 2-(formylacetyl)phenol (7). This is then stirred in the presence of excess 

water and sulfuric acid, cyclizing into chromone (8a).118 Additionally, two chromone 

derivatives were synthesized using ethyl acetate and benzoic acid methyl ester; while 2-

methylchromone (8b) was synthesized, flavone (8c) was not (Figure 13). 

Unfortunately, neither the synthesized 8a or 8b derivatives reacted with either 

optimized reaction. Whilst the latter could be attributed to steric bulk of the tri-coordinated 

functional centre, the failure for chromone to react is believed to be due to the stable 

conjugation preventing protonation. A similar lack of reactivity could be seen in a 

previously reacted substrate, methylated maltol (2i). As such, 7c was not synthesized as a 

result of these conclusions. 

A more feasible and possibly reactive natural product which was chosen for this 

project were C-glycosides. C-glycosides are attractive due to their use in oligosaccharide 

synthesis, specifically in regard to their use as key motifs in many antitumor, antibiotic, 

and type II antidiabetic agents,119 as they confer increased solubility, membrane transport, 

and specificity in cellular tissues. C-glycosides also hold in vivo resistance toward basic, 

acidic, and enzymatic hydrolysis compared to that of O-glycosides, making them much 

more versatile and, therefore, enticing.120 Furthermore, these compounds hold promise as 

valuable tools for deciphering the biological roles of natural sugars,121 and may provide 

leads for the discovery of new pharmaceuticals.122 
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Synthesis of glucal derivatives began with acetylation of glucose and galactose, 

which could be achieved by refluxing acetic anhydride in the presence of sodium acetate 

to yield 9.123 This compound was then brominated by use of in situ generated PBr3 in acetic 

acid, replacing the alpha oxygen with bromide, yielding 10.124 Without further purification, 

10 was then reacted in the presence of sodium acetate, zinc, and acetic acid, modified from 

a literature procedure, to afford acetylated glycal 11.125 From here, use of dilute acid 

deprotected the glycal, and a further reaction using KOH and benzyl bromide afforded tri-

O-benzyl-D-glucal (12a), and tri-O-benzyl-D-galactal (12b) (Scheme 13).126 

When mixed and run with the necessary reagents – by use of between 10 mol% to 

stoichiometric amounts of acid – minute amounts of product could be detected by crude 1H 

NMR spectrum, but no significant amount of product could be isolated. Believing sterics 

to be the major issue in this problem, the derivative tri-O-methyl-D-galactal (13b) was 

synthesized for use by the same procedure, with tri-O-methyl-D-glucal (13a) being planned 

 

Scheme 13: Roadmap for the synthesis of glycal derivatives 12 (using benzyl bromide) and 

13 (using methyl iodide). Yields were poor (18-25%). 
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for synthesis upon successful use of the previous substrate. The methylated substrate 13b, 

while significantly less sterically hindered, were unable to produce a hydroamidated 

product using the methodology; 13a was therefore not synthesized. 

 

2.2.11 Chemoselectivity study 

With precedence clearly observed in regards to isocyanide interactions with vinyl 

ethers, additional reaction centres were explored to see how specific and unique this 

reactivity was. A previously synthesized compound trans-β-methoxystyrene (2k) was 

tested, along with commercially-available vinyl acetate (2ad), styrene (2ae), and 

phenylacetylene (2af), with the goal being to hydroamidated these compounds by use of 

either above protocol. The corresponding products of these reactants could not be detected; 

the former two (3o-p) presumably did not react due to the presence of a push–pull system 

stabilizing their 𝜋 electrons, whereas the latter two (3q-r) from unsuitable alkene/alkyne 

hydroamidation conditions.127 As such, a salient feature of this method is functional group 

 

Figure 14: Four vinyl ether-like compounds tested for protocol 

chemoselectivity. 
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preservation,128 wherein chemoselectivity is observed targeting non-conjugated vinyl 

ethers (Figure 14). 

 

2.2.12 Summary of isolated substrates 

Of the many substrates tested in this study, success was found in few examples, 

given all many of hindrances. Of those which were synthesized and fully characterized, 

below is a figure summarizing these compounds, along with their associated yields and 

reaction times (Figure 15).  

 

Figure 15: Final summarization of synthesized and fully characterized substrates and notable failures of the 

above methodologies developed. 
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2.2.13 Theorized catalytic cycle 

Armed with mechanistic insight from computational and kinetic (VTNA) 

experiments done,129 a tentative catalytic cycle for the hydroamidation of 2b surfaced, 

wherein three competing pathways presumably exist. (Figure 16). One of these being 

protonation of isocyanide by CSA with subsequent trapping of nitrilium ion by sulfonate. 

Following this event, formamide production concomitant with catalyst regeneration is 

realized upon nucleophilic addition of H2O. Alternatively, CSA-mediated protonation of 

ethyl vinyl ether provides a CSA–vinyl ether adduct that may further undergo hydration to 

furnish undesired side product 5b. This is a particularly favorable process at high 

concentrations resulting in an off-cycle unproductive equilibrium. In order to circumvent 

this event, a lower concentration of vinyl ether is required from which then two, or more, 

molecules of CSA interact, hence giving rise to the third-order behavior in catalyst. The 

emerging hydrogen bond (H-bond) catalyst network primes ethyl vinyl ether for rate-

 

Figure 16: Proposed catalytic cycle based on preliminary NMR and experimental kinetic studies. (Credit: Ivor Smajlagic) 
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limiting isocyanide addition, wherein the nitrilium is trapped by the sulfonate. Finally, a 

joint effort between CSA and H2O transpires with the latter serving a two-part function, 

including generating the desired α-oxygenated amide product and turning over the catalyst. 
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3.0 Conclusion 

Although a significant number of substrates developed for use in this methodology failed 

to produce results, those which reacted show the feasibility of this new organocatalytic 

methodology. Most important was the validation of the catalytic potential of this previously 

stoichiometric reaction, and displaying the balancing act which is multi-component 

reactions. While the natural products included in this thesis failed to yield any products, 

the success of this methodology opens the doors for further exploration and manipulation 

of isocyanide-mediated hydroamidation. Additionally, a favourable characteristic of this 

thesis was the confirmation of chemoselectivity, exhibiting the unique parameters 

necessary to achieve hydroamidation, proposing that in future studies, functionalized vinyl 

ethers might be able to engage in subsequent reactions. While summarized briefly, the 

failures vastly outnumber the successful reactions reported herein, which is itself a 

testament to both the difficulty of this project and of the dedication shown by the people 

involved in it. That, in essence, is not only chemistry, but science itself: a continues struggle 

for knowledge, impeded only temporarily by barriers – be them technological or chemical 

or whatever they may be – which can and will be surmounted given great effort and time. 
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4.0 Experimental Procedures 

Materials and Methods: Materials were obtained from commercial suppliers and were 

used without further purification unless otherwise specified. All solvents were of technical 

grade and used without further purification. Unless otherwise stated, all reactions were 

performed under ambient conditions. Flash column chromatography was performed on 

neutral Brockmann I grade aluminum oxide. Reactions were monitored by nuclear 

magnetic resonance (NMR) using with a Bruker DPX-300 (1H 300 MHz, 13C 75.5 MHz) 

in CDCl3. The observed chemical shifts are reported as δ-values in ppm relative to 

tetramethylsilane (TMS). Coupling constants (J) are recorded as Hz. Multiplicities are 

reported as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet 

of doublets), dt (doublet of triplets), td (triplet of doublets), br (broad singlet). Mass spectra 

were obtained on an MSI/Kratos concept IS mass spectrometer. 

 

General procedure using H2O as proton source: To a stirred solution of vinyl ether (3.0 

mmol) and isocyanide (1.2 mmol) in THF (0.5 mL) were quickly added CSA (4 mol%, 

0.012 g) and distilled water (3.0 mmol, 0.054 mL), respectively. The solution was stirred 

at room temperature until full consumption of isocyanide was observed. The reaction was 

quenched with 1M HCl, separated with DCM and concentrated. After removal of solvent, 

the crude material was subjected to flash column chromatography using a 

dichloromethane/ethyl acetate co-solvent system to furnish product. 
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Alternative procedure using alcohol as proton source: To a stirred solution of vinyl 

ether (3.0 mmol) and isocyanide (1.2 mmol) in THF (0.5 mL) were quickly added CSA (30 

mol%, 0.084 g) and alcohol (12.0 mmol), respectively. The solution was stirred at room 

temperature until full consumption of isocyanide was observed. The reaction was quenched 

with 1M HCl, separated with DCM and concentrated. After removal of solvent, the crude 

material was subjected to flash column chromatography using a dichloromethane/ethyl 

acetate co-solvent system to furnish product. 

 

Stoichiometric hydroamidation procedure: To a stirred solution of vinyl ether (3.0 

mmol) and isocyanide (1.2 mmol) in THF (1 mL) was quickly added CSA (1.2 mmol). The 

solution was stirred at room temperature until full consumption of isocyanide was 

observed. The reaction was quenched with 1M HCl, separated with DCM and concentrated. 

After removal of solvent, the crude material was subjected to flash column chromatography 

using a dichloromethane/ethyl acetate co-solvent system to furnish product. 

 

General procedure (A) for vinylation using CaC2: A select alcohol (3.0 mmol) is added 

to a pressure tube alongside KOH (2.0 mmol, 0.11 g), KF (4.0 mmol, 0.23 g), and powdered 

CaC2 (2.0 mmol, 0.13 g) in 1.5 mL of dry DMSO. The mixture is stirred for 5 minutes at 

room temperature, followed by the addition of water (4.0 mmol) before being sealed and 

spun at 130 oC for 3 hours. The reaction is then cooled and extracted with hexane, with the 

organic layers then concentrated under vacuum to give pure product.100 
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General procedure (B) for vinylation using Hg(Ac)2: A 10 mL, oven-dried RBF is 

charged with alcohol (3.0 mmol), ethyl vinyl ether (15 mmol, 1.43 mL), mercury acetate 

(2.0 mmol, 0.64 g). After being run overnight, the reaction is quenched by a 5% KOH 

solution, extracted with hexane, concentrated, and purified by column chromatography 

with hexane as an eluant.101 

 

Benzyl isocyanide (1c) 

Benzylamine (0.1 mol, 10.9 mL) and formic acid (0.2 mmol, 7.5 mL) were added to a 25 

mL RBF and refluxed at 80 oC overnight. The solution was extracted with DCM and the 

organic layer washed with sodium bicarbonate, thiosulfate, brine, and was concentrated in 

vacuo. The crude formamide was then subject to I2 (0.15 mol, 37.9 g) in 5 mL of dry DCM. 

After being wrapped in tinfoil and cooled to ~0 oC, PPh3 (0.15 mol, 39.3 g) and Et3N (0.3 

mol, 41.8 mL) were subsequently added dropwise, with careful consideration being taken 

in keeping the temperature below 10 oC. After being stirred for 2 hours, a black slurry was 

extracted with DCM, and the combined organic phases were washed with thiosulfate, 

water, and brine, before being subject to column chromatography using 6:1 hexane/ethyl 

acetate as an eluent, furnishing a clear, colourless, vile-smelling liquid (3.42 g, 29%). 1H 

NMR (CDCl3, 300MHz): δ 4.672 (s, 2H), 7.360-7.454 (m, 5H) ppm.89 

 

Benzyl vinyl ether (2f) 

Synthesized by use of vinylation procedure A and B to produce a clear, yellowish oil (1.008 

g, 27%). 1H NMR (300 MHz, CDCl3, 25 oC): δ = 4.11-4.14 (dd, J = 6.6, 2.1 Hz, 1H); 4.32-
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4.38 (dd, J = 14.1, 2.1 Hz, 1H); 4.80 (s, 2H); 6.58-6.65 (dd, J = 14.4, 6.9 Hz, 1H); 7.35-

7.41 (m, 5H) ppm.100 

 

2-Methyl-3-methoxy-4H-pyran-4-one (2h) 

To a solution of THF and maltol (3.0 mmol, 0.38 g) cooled to ~0 oC was added potassium 

hydroxide (3.6 mmol, 0.20 g) and dimethylsulfate (3.6 mmol, 0.34 g). The solution was 

stirred for 4 hours before being quenched with saturated ammonium chloride and washed 

with DCM to produce a clear and colourless oil (0.294 g, 69%). 1H NMR (300 MHz, 

CDCl3, 25 oC): δ = 2.29 (s, 3H), 3.83 (s, 3H), 6.31-6.33 (d, J = 5.7 Hz, 1H), 7.59-7.61 (d, 

J = 5.7 Hz, 1H) ppm.130 

 

(–)-Menthol vinyl ether (2j) 

Synthesized by use of vinylation procedure A to produce a clear, colourless oil (0.306 g, 

57%). 1H NMR (300 MHz, CDCl3, 25 oC): δ = 0.77-0.79 (d, 3H), 0.89-0.93 (m, 9H), 1.30-

1.42 (m, 2H), 1.63-1.69 (m, 2H), 2.03-2.21 (m, 2H), 3.49-3.57 (dt, J = 10.7, 4.3 Hz, 1H), 

3.93-3.954= (dd, J = 6.5, 1.4 Hz, 1H), 4.25-4.30 (dd, J = 14.1, 1.4 Hz, 1H), 6.29-6.36 (dd, 

J = 14.1, 6.5 Hz, 1H) ppm.100 

 

β-Methoxystyrene (2k) 

Acetophenone (28 mmol, 3.27 mL) was slowly added dropwise into a RBF containing 

(methoxymethyl)-triphenylphosphonium chloride (33.6 mmol, 11.5 g), LDA (33.6 mmol, 
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4.56 mL), and 20 mL of dry THF. The reaction was run for 4 hours, after which it was 

distilled under vacuum to afford 2l as a white solid (1.802 g, 48%). (E)-(2-

Methoxyethenyl)benzene 1H NMR (CDCl3, 300MHz): δ 3.72 (s, 3H), 5.84-5.88 (d, J = 

12.9, 1H), 7.07-7.11 (d, J = 12.9, 1H) 7.15-7.16 (t, J = 1.5 Hz, 1H), 7.18-7.41 (m, 4H) ppm; 

(Z)-(2-Methoxyethenyl)benzene 1H NMR (CDCl3, 300MHz): δ 3.81 (s, 3H), 5.25-5.28 (d, 

J = 7.2 Hz, 1H), 6.16-6.18 (d, J = 6.9 Hz, 1H), 7.15-7.16 (t, J = 1.5 Hz, 1H), 7.49-7.67 (m, 

2H), 7.91-7.94 (t, J = 0.9 Hz, 2H) ppm.103 

 

1,1-Diethoxyethene (2q) 

Vinyl acetate (12 mmol, 1.11 mL) was added to a cool RBF in ice, along with ethanol (60 

mmol, 3.50 mL). Br2 (12 mmol, 0.61 mL) was added over the course of ~2 hours. The 

reaction was then run overnight, diluted in diethyl ether, and the organic layer washed with 

sodium bicarbonate and brine, with consideration made to neutralizing all presence of HBr 

formed in situ, resulting in the isolation of a bright red liquid. The bromoacetaldehyde 

diethyl acetal (26 mmol, 3.91 mL) is then added to a 2-neck RBF with a distillation 

apparatus attached. While stirring, potassium tert-butoxide (26 mmol, 2.92 g) is added 

portion-wise, resulting in the presence of a white smoke. After five minutes, the solution 

is heated under inert atmosphere to ~83 oC to remove any generated tert-butanol, followed 

by heating above 120 oC to collect pure 2p as a clear, colourless liquid (0.679 g, 49%). 1H 

NMR (CDCl3, 300MHz): δ 1.28-1.33 (t, J = 6.9 Hz, 6H), 3.07 (s, 2H), 3.77-3.84 (q, J = 

7.2 Hz, 4H) ppm.109 
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[(1E)-3-(Vinyloxy)-1-propen-1-yl]benzene (2t) 

Synthesized by use of vinylation procedure B to produce a clear, yellowish oil (0.132 g, 

26%). 1H NMR (300 MHz, CDCl3, 25 oC): δ = 4.09-4.12 (dd, J = 6.6, 2.1 Hz, 1H), 4.29-

4.35 (dd, J = 14.1, 2.1 Hz, 1H), 4.42-4.45 (dd, J = 5.7, 1.2 Hz, 2H), 6.31-6.39 (m, 1H), 

6.52-6.59 (m, 1H), 6.67-6.72 (d, J = Hz, 1H), 7.28-7.45 (m, 5H) ppm.101 

 

3β-cholesteryl vinyl ether (2u) 

Synthesized by use of vinylation procedure B to produce a clear, yellowish oil (0.898 g, 

78%). 1H NMR (300 MHz, CDCl3, 25 oC): δ = 0.700 (s, 3H), 0.873-0.947 (m, 11H), 1.036-

1.539 (m, 19H), 1.79-2.07 (m, 6H), 2.27-2.44 (m, 2H), 3.60-3.71 (m, J = 4.8 Hz, 1H), 3.99-

4.03 (dd, J = 6.8, 1.8 Hz, 1H), 4.29-4.34 (dd, J = 14.1, 1.5 Hz, 1H), 5.38-5.40 (d, J = 5.4 

Hz, 1H), 6.32-6.39 (q, J = 6.5 Hz, 1H) ppm.100 

 

n-octyl vinyl ether (2x) 

Synthesized by use of vinylation procedure B to produce a clear, colourless oil (0.392 g, 

84%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 0.88-0.919 (m, 5H), 1.29-1.32 (m, 6H), 1.56-

1.69 (m, 3H), 3.63-3.71 (m, 3H), 3.97-3.99 (dd, J = 6.9, 1.8 Hz, 1H), 4.16-4.21 (dd, J = 

14.4, 1.8 Hz, 1H), 6.44-6.51 (dd, J = 14.4, 6.9 Hz, 1H) ppm.131 
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3,7-dimethyl-6-octen-1-yl vinyl ether (2z) 

Synthesized by use of vinylation procedure B to produce a clear, colourless oil (0.308 g, 

57%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 0.91-0.93 (d, J = 6.3 Hz, 3H), 1.28 (s, 1H), 

1.40-1.42 (d, J = 5.4 Hz, 2H), 1.61 (s, 4H), 1.69 (s, 4H), 1.97-1.99 (m, 2H), 3.703-3.724 

(m, 2H), 3.97-3.99 (m, 1H), 4.16-4.21 (dd, J = 14.4, 1.8 Hz, 1H), 5.08-5.13 (m, 1H), 6.44-

6.51 (dd, J = 14.1, 6.6 Hz, 1H) ppm.132 

 

N-cyclohexyltetrahydro-2H-pyran-2-carboxamide (3b) 

(0.174 g, 69%), white solid. Mp: 69–71 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.12–

1.28 (m, 4H), 1.32–1.42 (m, 3H), 1.53–1.58 (m, 3H), 1.64 (br, 2H), 1.70–1.76 (dt, J = 12.9, 

2.8 Hz, 2H), 1.90–1.93 (m, 3H), 2.13–2.17 (d, J = 13.2 Hz, 1H), 3.45–3.53 (td, J = 10.4, 

3.7 Hz, 1H), 3.73–3.79 (m, 2H), 4.03–4.05 (dt, J = 11.0, 1.9 Hz, 1H), 6.45 (br, 1H) ppm; 

13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): δ = 23.2, 24.9, 25.6, 25.7, 29.3, 33.1, 33.1, 47.4, 

68.3 ppm; HRMS (CI) = m/z: [M + H]+ calc’d for C12H21NO2, 211.1572; found: 212.1647. 

 

N-benzyltetrahydro-2H-pyran-2-carboxamide (3c) 

(0.092 g, 35%), pink solid. Mp: 63–65 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.41–

1.50 (m, 3H), 1.55–1.58 (m, 3H), 1.92–1.95 (m, 1H), 2.17–2.22 (dd, J = 12.6, 3.0 Hz, 1H), 

3.45–3.53 (m, 1H), 3.83–3.87 (dd, J = 11.1, 2.4 Hz, 1H), 4.00–4.05 (dd, J = 10.5, 2.1 Hz, 

1H), 4.47–4.49 (d, J = 5.7 Hz, 2H), 6.88 (br, 1H), 7.28–7.38 (m, 5H) ppm; 13C{1H} NMR 

(75.5 MHz, CDCl3, 25 oC): δ = 23.2, 25.6, 29.3, 42.8, 68.3, 127.4, 127.8, 128.7, 138.2, 
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171.9 ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C13H17NO2, 219.1259; found: 

219.1258. 

 

N-(tosylmethyl)tetrahydro-2H-pyran-2-carboxamide (3d) 

(0.153 g, 43%), white solid. Mp: 89–91 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.54 

(br, 4H), 1.84–1.88 (d, J = 10.5 Hz, 2H), 2.45 (s, 3H), 3.43–3.51 (m, 1H), 3.64–3.87 (dd, J 

= 11.7, 2.1 Hz, 1H), 4.05–4.09 (d, J = 12.0 Hz, 1H), 4.58–4.77 (m, 2H), 7.34–7.37 (d, J = 

8.1 Hz, 2H), 7.79–7.81 (d, J = 8.4 Hz, 2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): 

δ = 21.7, 22.9, 25.5, 28.8, 29.7, 59.5, 68.3, 128.9, 129.8, 133.8, 145.8, 171.5 ppm; HRMS 

(EI) = m/z: [M + H]+ calc’d for C14H19NO4S, 297.1035; found: 297.1110. 

 

2-ethoxy-N-(tosylmethyl)propanamide (3e) 

(0.230 g, 67%), yellow solid. Mp: 71–73 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.26–

1.32 (m, 6H), 2.45 (s, 3H), 3.41–3.61 (m, 2H), 3.70–3.77 (dd, J = 13.5, 6.6 Hz, 1H), 4.63–

4.77 (m, 2H), 7.34–7.37 (d, J = 8.1 Hz, 2H), 7.78–7.81 (d, J = 8.1 Hz, 2H) ppm; 13C{1H} 

NMR (75.5 MHz, CDCl3, 25 oC): δ = 15.3, 18.2, 21.7, 59.6, 65.6, 75.9, 128.9, 129.9, 133.8, 

145.4, 173.0 ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C13H19NO4S, 285.1035; found: 

285.1027. 
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N-(tosylmethyl)tetrahydro-2H-furan-2-carboxamide (3f) 

(0.241 g, 71%), white solid. Mp: 131–133 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 

1.73–1.93 (m, 3H), 2.11–2.20 (m, 1H), 2.45 (s, 3H), 3.83–3.99 (m, 2H), 4.19–4.23 (dd, J 

= 8.3, 4.8 Hz, 1H), 4.53–4.60 (dd, J = 14.0, 6.6 Hz, 1H), 4.76–4.83 (dd, J = 14.0, 7.4 Hz, 

1H), 7.34–7.37 (d, J = 8.0 Hz, 2H), 7.44 (br, 1H), 7.77–7.80 (d, J = 8.3 Hz, 2H) ppm; 

13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): δ = 21.7, 25.4, 30.0, 59.6, 69.6, 77.9, 128.9, 

129.9, 133.8, 145.5, 172.9 ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C13H17NO4S, 

283.0878; found: 283.0870. 

 

2-(cyclohexyloxy)-N-(tosylmethyl)propanamide (3g) 

(0.236 g, 58%), yellow solid. Mp: 93–95 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.17–

1.20 (d, J = 6.8 Hz, 3H), 1.23–1.34 (m, 6H), 1.71–1.87 (m, 4H), 2.45 (s, 3H), 3.24–3.30 

(m, 1H), 3.81–3.88 (q, J = 6.9 Hz, 1H), 4.62–4.78 (m, 2H), 7.33–7.36 (d, J = 8.1 Hz, 2H), 

7.40–7.45 (t, J = 6.6 Hz, 1H), 7.78–7.80 (d, J = 8.4 Hz, 2H) ppm; 13C{1H} NMR (75.5 

MHz, CDCl3, 25 oC): δ = 19.1, 21.7, 23.9, 24.1, 25.50, 32.5, 59.5, 73.3, 128.9, 129.8, 133.7, 

145.4, 173.6 ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C17H25NO4S, 339.1504; found: 

339.1499. 

 

N-(tosylmethyl)hydroxypropanamide (3h) 

(0.102 g, 35%), yellow solid. Mp: 140–142 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 

0.95–0.99 (t, J = 7.3 Hz, 3H), 1.18–1.21 (d, J = 6.9 Hz, 3H), 1.27–1.45 (m, 4H), 1.58–1.66 



73 

 

(m, 4H), 2.45 (s, 3H), 3.37–3.52 (m, 2H), 3.68–3.75 (m, 1H), 4.63–4.77 (m, 2H), 7.34–

7.37 (d, J = 7.8 Hz, 2H), 7.78–7.81 (d, J = 8.1, 2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 

25 oC): δ = 13.8, 18.1, 19.3, 21.7, 29.7, 31.78, 59.5, 70.0, 76.0, 128.9, 129.8, 133.8, 145.4, 

173.0 ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C15H23NO4S, 313.1348; found: 

313.1339. 

 

2-butoxy-N-(tosylmethyl)propanamide (3i) 

(0.169 g, 45%), yellow solid. Mp: 109–111 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 

0.95–0.99 (t, J = 7.3 Hz, 3H), 1.18–1.21 (d, J = 6.9 Hz, 3H), 1.27–1.45 (m, 4H), 1.58–1.66 

(m, 4H), 2.45 (s, 3H), 3.37–3.52 (m, 2H), 3.68–3.75 (m, 1H), 4.63–4.77 (m, 2H), 7.34–

7.37 (d, J = 7.8 Hz, 2H), 7.78–7.81 (d, J = 8.1, 2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 

25 oC): δ = 13.8, 18.1, 19.3, 21.7, 29.7, 31.78, 59.5, 70.0, 76.0, 128.9, 129.8, 133.8, 145.4, 

173.0 ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C15H23NO4S, 313.1348; found: 

313.1339. 

 

2-(octyloxy)-N-(tosylmethyl)propanamide (3j) 

(0.213 g, 48%), clear oil. 1H NMR (300 MHz, CDCl3, 25 oC): δ = 0.89–0.94 (m, 3H), 1.18–

1.21 (d, J = 6.6 Hz, 3H), 1.28–1.39 (m, 10H), 1.57–1.63 (m, 2H), 2.45 (s, 3H), 3.36–3.53 

(m, 2H), 3.68–3.75 (m, 1H), 4.62–4.78 (m, 2H), 7.34–7.37 (d, J = 8.1 Hz,  2H), 7.78–7.81 

(d, J = 8.4 Hz,  2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): δ = 14.1, 18.1, 21.7, 

22.6, 26.1, 29.2, 29.4, 29.7, 31.8, 59.5, 70.4, 76.0, 128.9, 129.8, 133.8, 145.4, 173.0 ppm; 
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HRMS (FAB) = m/z: [M + H]+ calc’d for C19H31NO4S, 369.1974; found: 392.1866 Note: 

Reported MS coincides with sodiated product, C19H31NO4NaS. 

 

2-isobutoxy-N-(tosylmethyl)propanamide (3k) 

(0.154 g, 41%), colourless oil. 1H NMR (300 MHz, CDCl3, 25 oC): δ = 0.97–0.99 (d, J = 

4.5 Hz, 6H), 1.19–1.22 (d, J = 6.6 Hz, 3H), 1.60 (s, 1H), 1.84–1.97 (m, 1H), 3.16–3.30 (m, 

2H), 3.68–3.75 (q, J = 6.9, 1H), 4.69–4.72 (dd, J = 6.9, 3.3 Hz), 7.34–7.37 (d, J = 8.1 Hz, 

2H), 7.79–7.81 (d, J = 8.1 Hz, 2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): δ = 

17.9, 19.2, 19.3, 21.7, 28.5, 59.5, 76.2, 128.9, 129.9, 133.8, 145.4, 172.9 ppm; HRMS 

(FAB) = m/z: [M + H]+ calc’d for C15H23NO4S, 313.1348; found: 336.1256. Note: 

Reported MS coincides with sodiated product, C15H23NO4NaS. 

 

2-(tert-pentyloxy)-N-(tosylmethyl)propanamide (3l) 

(0.122 g, 31%), white solid. Mp: 85–87 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 0.90–

0.95 (t, J = 7.5 Hz, 3H), 1.14 (s, 6H), 1.15–1.17 (d, J = 6.9 Hz, 3H), 1.48–1.57 (m, 2H), 

2.45 (s, 3H), 3.90–3.97 (q, J = 6.6 Hz, 1H), 4.69–4.71 (d, J = 6.6 Hz, 2H), 7.34–7.37 (d, J 

= 8.1 Hz, 2H), 7.42–7.46 (t, J = 6.3 Hz, 1H), 7.79–7.81 (d, J = 8.1 Hz, 2H) ppm; 13C{1H} 

NMR (75.5 MHz, CDCl3, 25 oC): δ = 8.6, 21.1, 21.7, 25.0, 34.1, 59.6, 76.6, 77.0, 77.2, 

77.4, 128.8, 129.8, 134.0, 145.4, 174.5 ppm; HRMS (CI) = m/z: [M + H]+ calc’d for 

C16H25NO4S, 327.1504; found: 328.1576. 
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2-((3,7-dimethyloct-6-en-1-yl)oxy)-N-(tosylmethyl)propanamide (3m) 

(0.190 g, 40%), pale white oil. 1H NMR (300 MHz, CDCl3, 25 oC): δ = 0.83–0.89 (q, J = 

6.6 Hz, 4H), 1.10–1.19 (m, 2H), 1.25–1.51 (m, 5H), 1.60–1.69 (m, 9H), 1.95–2.00 (m, 2H), 

2.45 (s, 3H), 3.63–3.69 (m, 1H), 4.04–4.10 (m, 1H), 5.06–5.08 (m, 1H), 7.34–7.36 (d, J = 

8.1 Hz, 2H), 7.60–7.62 (d, J = 8.1 Hz, 2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): 

δ = 17.6, 19.2, 21.5, 25.3, 25.3, 25.7, 29.2, 36.6, 36.9, 36.9, 62.8, 62.9, 77.2, 124.5, 125.2, 

129.7, 131.3, 141.9, 142.6 ppm; LRMS (ESI) = m/z: [M + H]+ calc’d for C21H33NO4S, 

395.2130; found: 409.21. Note: Reported MS coincides with methylated product, 

C22H35NO4S. 

 

2-ethoxy-2-methyl-N-(tosylmethyl)propanamide (3n) 

(0.147 g, 41%), colourless oil. 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.21 (s, 6H), 1.22–

1.27 (t, J = 6.9 Hz, 3H), 2.44 (s, 3H), 3.39–3.46 (q, J = 6.9 Hz, 2H), 4.68–4.71 (d, J = 6.9 

Hz, 2H), 7.33–7.36 (d, J = 8.1 Hz, 2H), 7.44–7.49 (t, J = 6.3 Hz, 1H), 7.78–7.81 (d, J = 8.4 

Hz, 2H) ppm; 13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): δ = 15.9, 21.7, 23.4, 23.7, 58.7, 

59.9, 78.1, 128.9, 129.8, 133.9, 145.3, 175.3 ppm; HRMS (FAB) = m/z: [M + H]+ calc’d 

for C14H21NO4S, 299.1191; found: 322.1084. Note: Reported MS coincides with sodiated 

product, C14H21NO4NaS. 
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N-(4-methylbenzenesulfonylmethyl)-formamide (4d) 

(0.02 g, 7%), white solid. Mp: 106–108 oC; 1H NMR (300 MHz, CDCl3, 25 oC): δ = 1.54 

(br, 4H), 1.84–1.88 (d, J = 10.5 Hz, 2H), 2.47 (s, 3H); 4.71–4.74 (d, J = 6.9 Hz, 2H), 6.67 

(br, 1H), 7.37–7.40 (d, J = 8.1 Hz, 1H), 7.80–7.83 (d, J = 8.1 Hz, 2H), 8.11 (s, 1H) ppm; 

13C{1H} NMR (75.5 MHz, CDCl3, 25 oC): δ = 21.8, 58.7, 128.8, 130.1, 133.5, 145.8, 160.0 

ppm; HRMS (EI) = m/z: [M + H]+ calc’d for C9H11NO3S, 213.0460; found: 213.0457. 

 

3-(2-Hydroxyphenyl)-3-oxopropanal (7) 

O-Hydroxyacetophenone (5.0 mmol, 0.68 g) is added to an RBF containing an ethyl ester 

(10 mmol). Afterwards, a 25% NaOMe solution in MeOH (50 mmol) is added dropwise in 

ice and run overnight. The resulting solution is diluted in DCM, the organic layers are 

washed with water, and after recrystallization by chloroform and ether, 7 is obtained as a 

white solid (0.746 g, 91%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 2.65 (s, 3H), 6.89-7.01 

(m, 2H), 7.46-7.52 (m, 1H), 7.73-7.77 (dd, J = 8.1, 1.8 Hz, 1H), 12.28 (s, 1H) ppm.118 

 

Chromone (8a) 

The previously isolated product 7 (1.8 mmol, 0.30 g) is stirred in sulfuric acid (18.2 mmol, 

0.98 mL) and water (110 mmol, 1.98 mL). The solution is stirred for 2 hours, and is then 

quenched with sodium bicarbonate, and extracted using DCM. The solution is then 

concentrated to afford 8a as a white solid (0.187 g, 71%). 1H NMR (300 MHz, CDCl3, 25 
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oC): δ 6.36-6.38 (d, J = 6.3 Hz, 1H), 7.41-7.50 (m, 2H), 7.67-7.72 (m, 1H), 7.87-7.89 (d, J 

= 6.6 Hz, 1H), 8.22-8.26 (dd, J = 7.8, 1.5 Hz, 1H) ppm.118 

 

Methyl Chromone (8b) 

Methylated product of 7 (1.8 mmol, 0.32 g) is stirred in sulfuric acid (18.2 mmol, 0.98 mL) 

and water (0.11 mol, 1.98 mL). The solution is stirred for 2 hours, and is then quenched 

with sodium bicarbonate, and extracted using DCM. The solution is then concentrated to 

afford 8b as a white solid (0.190 g, 66%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 2.41 (s, 

3H), 6.20 (s, 1H), 7.37-7.45 (m, 2H), 7.63-7.69 (m, 1H), 8.19-8.22 (dd, J = 7.8, 1.5 Hz, 

1H) ppm.118 

 

Sugar pentaacetates (9) 

Monosaccharide (24 mmol, 4.32 g) was added to an RBF containing acetic anhydride (240 

mmol, 22.4 mL) and sodium acetate (120 mmol, 6.44 mL). The mixture was refluxed at 90 

oC for 4 hours. The organic layer was then cooled to 0 oC and diluted with sodium 

bicarbonate, before being extracted with DCM, and the organic layers washed with water 

and brine. The mixture was then recrystallized using chloroform/hexane to produce a sticky 

white solid. α-D(+)-Glucose pentaacetate (9a, 8.899 g, 95%). 1H NMR (300 MHz, CDCl3, 

25 oC): δ 2.03-2.20 (m, 16H), 4.09-4.17 (m, 2H), 4.26-4.32 (m, 1H), 5.09-5.19 (m, 2H), 

5.46-5.52 (m, 1H), 6.35-6.36 (d, J = 3.6, 1H) ppm.123 
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Sugar tetra-O-acetyl-bromides (10) 

Red phosphorous (90 mmol, 2.79 g) and acetic acid (0.1 mol, 5.72 mL) were added to an 

RBF and cooled to 0 oC. Bromine (30 mmol, 0.77 mL) was slowly added dropwise into the 

solution and allowed to stir for 1 hour. After PBr3 was synthesized and frozen, sugar 

pentaacetate (20 mmol, 7.81 g) was added and the mixture warmed to room temperature, 

where it then stirred overnight. The contents of the RBF were then diluted in chloroform 

and poured into cold water and stirred vigorously. The organic layers were washed with 

sodium bicarbonate, water, and then concentrated in vacuo to afford a viscous red syrup 

(note: the synthesized tetra-O-acetyl-bromides degrade quickly at room temperature; store 

at ~0 oC). Tetra-O-acetyl-α-D-glucopyranosyl bromide (10a, 6.068 g, 74%). 1H NMR (300 

MHz, CDCl3, 25 oC): δ 2.05-2.11 (m, 12H), 4.11-4.16 (dd, J = 14.4, 3.9 Hz, 1H), 4.28-4.37 

(m, 2H), 4.83-4.87 (dd, J = 9.9, 3.9 Hz, 1H), 5.14-5.20 (t, J = 9.6 Hz, 1H), 5.54-5.60 (t, J 

= 9.6 Hz, 1H), 6.615-6.63 (d, J = 3.9 Hz, 1H) ppm.124 

 

Glycal triacetates (11) 

Sugar tetra-O-acetyl-bromides (15 mmol, 6.15 g) are diluted in THF and stirred in an RBF 

at 0 oC. Afterwards, sodium acetate (18 mmol, 0.97 mL), zinc dust (24 mmol, 1.57 g), and 

acetic acid (30 mmol, 1.72 mL) was added, and the mixture stirred overnight. The contents 

of the RBF were then diluted in ethyl acetate, and the organic layer washed with sodium 

bicarbonate, water, and brine, before being concentrated in vacuo, resulting in a viscous, 

clear and yellowish syrup (note: the synthesized glycal triacetates degrade quickly at room 

temperature; stored at ~0 oC). D-glucal triacetate (11a, 2.735 g, 67%). 1H NMR (300 MHz, 
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CDCl3, 25 oC): δ 2.04 (s, 3H), 2.05 (s, 3H), 2.08-2.10 (t, J = 4.2 Hz, 3H), 4.22-4.29 (m, 

1H), 4.38-4.44 (dd, J = 11.7, 5.4 Hz, 1H), 4.84-4.87 (dd, J = 6.0, 3.0 Hz, 1H), 5.21-5.25 

(dd, J = 7.5, 5.7 Hz, 1H), 5.34-5.37 (m, 1H), 6.46-6.49 (m, 1H) ppm.125 

 

Tri-O-benzyl-D-glycals (12) 

Glycal triacetates (1.8 mmol, 0.49 g) were stirred in a 25% solution of sodium methoxide 

in methanol (1.0 mL) overnight. The mixture was then concentrated and washed with DCM 

to afford a powdery white solid. After being thoroughly dried, the deprotected glycal was 

then placed under reflux with potassium hydroxide (26.7 mmol, 1.50 g) and benzyl bromide 

(33.1 mmol, 3.94 mL) at 110 oC for 2 hours. The mixture was cooled, diluted with DCM, 

washed with water, and concentrated. The mixture was then purified via flash 

chromatography using 20:1 hexane/ethyl acetate followed by 9:1 DCM/methanol. The 

product was then concentrated to afford a powdery white solid. Tri-O-benzyl-D-glucal 

(12a, 0.157 g, 21%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 3.84-3.89 (m, 2H), 3.93-3.99 

(m, 1H), 4.13-4.21 (m, 1H), 4.29-4.32 (m, 1H), 4.62-4.76 (m, 5H), 4.91 (s, 1H), 4.95-4.98 

(m, 1H), 6.50-6.53 (dd, J = 6.3, 1.2 Hz, 1H), 7.32-7.42 (m, 15H) ppm; Tri-O-benzyl-D-

galactal (12b, 0.187 g, 25%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 3.65-3.84 (m, 2H), 

3.97 (s, 1H), 4.21 (br, 2H), 4.43-4.55 (q, J = 11.7 Hz, 2H), 4.61-4.71 (m, 3H), 4.87-4.99 

(m, 2H), 6.38-6.40 (d, J = 5.7 Hz, 1H), 7.31-7.37 (m, 15H) ppm.126 
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Tri-O-methyl-D-glycals (13) 

Glycal triacetates (1.8 mmol, 0.49 g) were stirred in a 25% solution of sodium methoxide 

in methanol (1.0 mL) overnight. The mixture was then concentrated and washed with DCM 

to afford a powdery white solid. After being thoroughly dried, the deprotected glycal was 

then placed under reflux with potassium hydroxide (26.7 mmol, 1.50 g) and methyl iodide 

(33.1 mmol, 2.06 mL) at 110 oC for 2 hours. The mixture was cooled, diluted with DCM, 

washed with water, and concentrated. The mixture was then purified via flash 

chromatography using 20:1 hexane/ethyl acetate followed by 9:1 DCM/methanol. The 

product was then concentrated to afford a powdery white solid. Tri-O-methyl-D-galactal 

(13b, 0.088 g, 26%). 1H NMR (300 MHz, CDCl3, 25 oC): δ 3.41-3.42 (d, J = 4.2 Hz, 6H), 

3.46-3.49 (m, 1H), 3.55 (s, 3H), 3.65-3.68 (m, 2H), 3.87-3.90 (m, 1H), 3.94-3.99 (m, 1H), 

4.83-4.85 (m, 1H), 6.38-6.41 (q, J = 1.2 Hz, 1H) ppm.133 
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Appendix A: Select Chemical Spectra 

1H NMR spectra of Benzyl isocyanide (1c) 

 

 

 

 

 

 

 

 

1H NMR of Benzyl vinyl ether (2f) 

 

 

 

 

 

  

  



82 

 

1H NMR of 2-Methyl-3-methoxy-4H-pyran-4-one (2h) 

 

 

 

 

 

 

 

 

1H NMR of (–)-Menthol vinyl ether (2j) 
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1H NMR of β-Methoxystyrene (E and Z) (2k) 

 

 

 

 

 

 

 

 

1H NMR of 1,1-Diethoxyethene (2q) 
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1H NMR of [(1E)-3-(Vinyloxy)-1-propen-1-yl]benzene (2t) 

 

 

 

 

 

 

 

 

1H NMR of 3β-cholesteryl vinyl ether (2u) 
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1H NMR of n-octyl vinyl ether (2x) 

 

 

 

 

 

 

 

 

1H NMR of 3,7-dimethyl-6-octen-1-yl vinyl ether (2z) 
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1H NMR Spectrum of N-cyclohexyltetrahydro-2H-pyran-2-carboxamide (3b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3b 
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1H NMR Spectrum of N-benzyltetrahydro-2H-pyran-2-carboxamide (3c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3c 
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1H NMR Spectrum of 2-ethoxy-N-(tosylmethyl)propanamide (3d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3d 

 

 

 

  



89 

 

1H NMR Spectrum of N-(tosylmethyl)tetrahydro-2H-pyran-2-carboxamide (3e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3e 
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1H NMR Spectrum of N-(tosylmethyl)tetrahydro-2H-furan-2-carboxamide (3f) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3f 
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1H NMR Spectrum of 2-(cyclohexyloxy)-N-(tosylmethyl)propanamide (3g) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3g 
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1H NMR Spectrum of N-(tosylmethyl)hydroxypropanamide (3h) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3g 
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1H NMR Spectrum of 2-butoxy-N-(tosylmethyl)propanamide (3i) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3i 
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1H NMR Spectrum of 2-(octyloxy)-N-(tosylmethyl)propanamide (3j) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3j 
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1H NMR Spectrum of 2-isobutoxy-N-(tosylmethyl)propanamide (3k) 

 

 

 

 

 

 

 

 

 

 

 

  

 

13C NMR Spectrum of 3k 
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1H NMR Spectrum of 2-(tert-pentyloxy)-N-(tosylmethyl)propanamide (3l) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3l 
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1H NMR Spectrum of 2-((3,7-dimethyloct-6-en-1-yl)oxy)-N-(tosylmethyl)propanamide 

(3m) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3m 
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1H NMR Spectrum of 2-ethoxy-2-methyl-N-(tosylmethyl)propanamide (3n) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 3n 

 

 

  



99 

 

1H NMR Spectrum of N-(4-methylbenzenesulfonylmethyl)-formamide (4d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR Spectrum of 4d 
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1H NMR of 3-(2-Hydroxyphenyl)-3-oxopropanal (7) 

 

 

 

 

 

 

 

 

1H NMR of Chromone (8a) 
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1H NMR of Methyl Chromone (8b) 

 

 

 

 

 

 

 

 

1H NMR of D-glucose pentaacetate (9) 
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1H NMR of 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide (10) 

 

 

 

 

 

 

 

 

1H NMR of D-glucal triacetate (11) 
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1H NMR of Tri-O-benzyl-D-glucal (12a) 

 

 

 

 

 

 

 

 

1H NMR of Tri-O-benzyl-D-galactal (12b) 
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1H NMR of Tri-O-methyl-D-galactal (13b) 

 

 

 

 

 


