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Résumé 

 Le grand thème unifiant le présent travail est celui de la chimie du souffre. La première 

partie de ce travail traite de la macrocyclisation photochimique. Les macrocycles nécessitent de 

conditions de dilution élevées, avec de grandes quantités de solvant, généralement incompatibles 

avec les conditions photocatalytiques en raison de l'absorption de la lumière par le solvant. Pour 

remédier à ce problème, notre groupe a développé un réacteur hybride pour l'oxydation 

aérobique photocatalytique des thiols en disulfures dans des conditions de flux continu. 

Auparavant, des réactions ont été examinées en utilisant de l'octanediol, du PEG et des liants 

aromatiques pour préparer des macrocycles contenant des peptides allant jusqu'à quatre acides 

aminés. Le champ d'application a été élargi pour inclure des linkers, tels que le BINOL qui peut 

former des atropisomères, ainsi que des peptides composés de séquences plus longues d'acides 

aminés. Le chapitre 1 présentera les concepts de macrocycles et de photochimie, le chapitre 2 

décrira la chimie de flux et les recherches du Dr Émilie Morin sur la macrocyclisation à l'aide du 

réacteur hybride. Le chapitre 3 présente les efforts déployés pour élargir la gamme des 

macrocycles pouvant être préparés à l'aide du réacteur hybride. 

 La deuxième partie de ce travail traite des réactions thiol-yne des sulfures d'alcynyle. Les 

réactions thiol-yne ont de nombreuses applications, notamment dans la chimie des polymères et 

la macrocyclisation. Les réactions thiol-yne peuvent se dérouler par des voies radicalaires rendues 

possibles par la photocatalyse à la lumière visible. Cependant, les réactions thiol-yne sont 

généralement réalisées avec des thiols et des alcynes terminaux. Les alcynes internes 

représentent un plus grand défi en raison de l'absence de régiocontrôle, mais les sulfures 

d'alcynyle constituent une solution viable au problème en polarisant la triple liaison de l'alcyne et 

en offrant une réactivité et une régiosélectivité améliorées par rapport à leurs homologues "tout 

carbone". Le chapitre 4 présentera les réactions thiol-yne et les différents mécanismes qui y sont 

associés, ainsi que les sulfures d'alkyles et les méthodes de leur synthèse. Le chapitre 5 présentera 

les recherches effectuées sur les réactions thiol-yne photocatalytiques des sulfures d'alcynyle. 

Mots-clés: macrocycle, photocatalyse, peptide, flux continu, thiol-yne, sulfure d'alcynyle 
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Abstract 

 The unifying theme of the present work is sulfur chemistry. The first section of the work 

deals with photochemical macrocyclization. Macrocyclic peptides are important molecules in the 

pharmaceutical domain for numerous reasons. Macrocyclizations require high dilution 

conditions, i.e., large amounts of solvent, typically incompatible with photocatalytic conditions 

due to the absorption of light by the solvent. To remedy the problem, our group developed a 

hybrid reactor for the photocatalytic aerobic oxidation of thiols into disulfides in flow conditions. 

Prior work included several examples using octanediol, PEG, and haloaromatic linker molecules, 

and of macrocyclic peptides containing up to four amino acids The scope, however, did not 

include linkers such as BINOL which can exhibit atropisomers as well as peptide macrocycles 

composed of longer sequences of amino acids. Chapter 1 will introduce the concepts of 

macrocycles and photochemistry, while Chapter 2 will describe flow chemistry and the research 

of Dr. Émilie Morin on macrocyclization using the novel reactor. Chapter 3 will discuss the 

attempted, and ultimately successful, synthesis of a macrocycle intended to further the scope of 

macrocycles that can be prepared using the hybrid reactor. 

 The second section of the present work deals with thiol-yne reactions of alkynyl sulfides. 

Thiol-yne reactions have many applications including uses polymer and macrocyclization 

chemistry. Thiol-yne reactions can proceed via radical-mediated pathways made possible with 

visible light photocatalysis. However, thiol-yne reactions are typically accomplished with thiols 

and terminal alkynes. Internal alkyne functionalization is challenging due to the need of 

regiocontrol, but alkynyl sulfides present a viable solution to the problem by polarizing the triple 

bond of the alkyne and offering improved reactivity and regioselectivity over “all-carbon” 

counterparts. Thiol-yne reactions and different mechanisms associated with them are featured in 

Chapter 4, as well as alkynyl sulfides and methods for their synthesis. Work done on 

photocatalytic thiol-yne reactions of alkynyl sulfides will be presented in Chapter 5. 

 

Key words: macrocycle, photocatalysis, peptide, continuous flow, thiol-yne, alkynyl sulfide 
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Chapter 1 – Introduction to Macrocyclization and 

Photochemistry 

1.1 Macrocycles 

1.1.1 Definition and Utility 
Macrocycles are molecules that contain at least one large ring composed of 12 or more 

atoms.1 Examples include crown ethers, calixarenes, porphyrins, and cyclodextrins, among 

others.2 Macrocyclic structures have been used as chemosensors for small metal ions,3 to 

construct supramolecular structures,4 and to form pi-conjugated nanostructures,5 but perhaps 

most importantly they form a variety of bioactive compounds that are prevalent in the realm of 

pharmaceuticals. 

 

 

Figure 1.1 – Examples of macrocycles 
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1.1.2 Challenges in Macrocycle Synthesis 
 A linear precursor containing functional groups at each end can undergo a desired 

intramolecular, “head-to-tail” reaction leading to the formation of a macrocyclic product (Figure 

1.2). To cyclize, the precursor must overcome the loss of entropy due to bond angle deformations 

(Baeyer strain), forced adoption of eclipsed conformations (Pitzer strain), and transannular 

interactions.6 A competing pathway involves the precursor molecule reacting intermolecularly 

with another equivalent of itself to form dimers. Subsequent reactions could potentially form 

polymers or even larger rings.  

 

 

Figure 1.2 – The intramolecular and intermolecular pathways possible for a linear precursor and 

their associated rate equations. 

 Kinetics play a critical role in determining which pathway is followed. Because a 

dimerization/polymerization reaction is bimolecular, and the intramolecular macrocyclization is 

unimolecular, changes in concentration affect the kinetics of the bimolecular reaction to a greater 

degree since an increase in the rate of the reaction is proportional to the square of an increase in 

substrate concentration (Figure 1.2). To favor the intramolecular pathway, the reaction should be 

performed at low concentrations.7 Typically, macrocyclization reactions are carried out in the 

millimolar (mM) range. Such constraints can pose problems when scaling up macrocyclization 

processes to gram scales due to the amount of solvent necessary to achieve such concentrations. 

One method to overcoming the problem is to use slow addition strategies,8 in which a 

concentrated solution of substrate is slowly added to another flask containing a greater amount 

of solvent and reagents, to mimic high dilution conditions and disfavor intermolecular reaction. 

Intramolecular
v = k[A]

Intermolecular
v = k[A]2



23 

1.1.3 Macrocyclic Peptides 

Peptides play a crucial role in various biological functions. However, the pharmacological 

application of linear peptides is limited due to their vulnerability to degradation by proteases and 

peptidases.9 Moreover, their conformational flexibility can negatively impact their biological 

activity, as they need to adopt the correct conformation to bind effectively to their target 

proteins. When a polypeptide exhibits high flexibility, it can exist in different conformations, many 

of which could be biologically inactive. Consequently, the binding affinity is considerably 

diminished, primarily due to the influence of entropy on the free Gibbs free energy (ΔG) of binding 

and, consequently, the molecule’s dissociation constant (Kd). In contrast, cyclic peptides offer 

distinct advantages by pre-organizing amino acid side-chains, leading to a decrease in polar 

surface area and promoting the formation of intramolecular hydrogen bond networks, restricting 

the number of possible conformations, and increasing membrane permeability and cytoplasmic 

delivery of the molecule.10 Examples of the Food Drug Administration (FDA) approved macrocyclic 

peptide drugs include Lupkynis (1.1), an immunosuppressant, Signifor (1.2), for treatment of 

Cushing’s disease, and Somatuline (1.3), used to treat acromegaly.11 
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Figure 1.3 – Examples of FDA approved drugs containing macrocyclic peptides. 

 

1.1.4 “Linker” Molecules and Amino Acids as Building Blocks for 

Macrocycles 

 Some macrocycles include “linkers” or certain scaffolding motifs that link together a 

pharmacophore forming a macrocycle and in turn improving biological activity. An example is 

found with epidermal growth factor receptor (EFGR) Tyrosine Kinase Inhibitors (TKIs) used for 

their anti-tumor activity. Though TKIs can shrink tumors significantly, the response from the 

tumors is not usually durable. To improve the activity of TKI 1.4, which can exist in both its active 

(1.4a) and inactive (1.4b) conformations, a linker was added to synthesize macrocycle 1.5, 

confining the inhibitor to the active binding conformation (Figure 1.3). Improvement of the 

potency of the TKI was solely due to the conformational restrictions, as an X-ray structure of 

compound 1.5 complexed with EGFR showed no newly formed interactions with active site 
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residues.12 The linker can also be chosen to introduce certain properties to the macrocycle. 

Pacritinib (1.7), a Janus Kinase 2 (JAK2) macrocyclic inhibitor used to treat myelofibrosis and 

lymphoma, incorporated a hydrophilic, oxygen-containing linking chain to help ensure better 

solubility and metabolic stability.13   

 

Figure 1.4 – Use of a linker molecule in A) an EGFR Tyrosine Kinase Inhibitor and B) a JAK2 

macrocyclic inhibitor to increase biological activity. 

 In cyclic peptides, the addition of flat, aromatic motifs often results in the stabilization of 

their secondary structures by conserving intramolecular networks of hydrogen bonds.14 Outside 

of ester, amide, and disulfide groups, Nature also uses cyclophane-type linkers to cyclize 

polypeptide natural products. Examples include the antipyretic hibispeptin A (1.8) or the 

antimitotic celogentin C (1.9) (Figure 1.5). As opposed to flexible linkers such as disulfides, the 

rigid, planar, and hydrophobic cyclophane linkers can be fully integrated into the main skeletons 

of peptide macrocycles and form unique structures with unusual arrangements of side chains and 

peptide backbones.15 
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Figure 1.5 – Examples of aromatic linkers found in natural products. 

 Macrocycles are important molecules that occupy the region of chemical space between 

small molecules and proteins, exploiting the specificity of biological drugs and the accessibility of 

small molecule drugs.16 Amino acids are ideal building blocks to synthesize macrocycles. Their N-

terminals and C-terminals can be reacted to form amide bonds. Esterification reactions between 

amino acids and linkers or other structural elements can be carried out with the aid of coupling 

agents such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and hydroxybenzotriazole 

(HOBt). Cysteine residues can be exploited to form disulfide bridges. Furthermore, amino acids 

are widely available and inexpensive. Various side chains can be used to add further 

functionalization to a macrocyclic molecule, and, outside of the 20 natural amino acids, unnatural 

amino acids can also be synthesized and incorporated. For example, the White group used a 

synthetic amino acid containing an allyl side chain used to carry out a catalytic olefin metathesis 

macrocyclization (Scheme 1.1).17 
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Scheme 1.1 – Olefin metathesis leading to a cyclic peptide. 

 Though peptide coupling is a trusted method for forming macrocyclic peptides, it requires 

stoichiometric amounts of reagents and generates a lot of waste. A greener option would be to 

use catalysis. Photocatalysis is cutting-edge, alternative technology. It has various advantages, 

including functioning at normal temperatures and atmospheric pressure, reduced waste, and 

being readily available and easily accessible. There is a growing interest in applying the 

technology; for example, as a technique for water treatment and decontamination.18  

1.2 Photochemistry  

 1.2.1 Basics of Photochemistry 

 Photochemistry is the branch of chemistry concerned with the chemical effects of light; 

chemical reactions caused by the absorption of ultraviolet (UV), visible, or infrared (IR) 

radiation.19 Photochemical reactions play a vital role in Nature by driving biological processes like 

photosynthesis in plants and synthesis of vitamin D in humans.20  According to the Grotthuss-

Draper law, light must first be absorbed by a chemical substance for a photochemical process to 

take place, and furthermore, the Stark-Einstein law states that for each photon absorbed, only 

one molecule or atom can be activated for a photochemical reaction.21  

 In the wave model, a photon of light is characterized by its wavelength l and frequency n, 

travelling at the speed of light c according to the relationship ln=c. A photon of light can transfer 
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enough energy E to an atom or molecule A to take it from its ground state to an electronic state 

of higher energy, the excited state, a new chemical species A* with its own chemical and physical 

properties (Figure 1.7). E is related to n through the formula E=hn, where h is Planck’s constant 

(6.63 × 10−34 J s). 22 

𝐴 + ℎ𝑣 → 𝐴∗  

Figure 1.7 – Interaction of light with molecule A to promote it to its excited state A*. 

 Molecules in their excited states reach higher energy levels than they otherwise could in 

a thermal process, allowing them to overcome activation energy barriers they could not while in 

the ground state. The ground state is responsible for the absorption spectrum, that is, for the 

color. The excited states are responsible for deactivation processes that can be chemical in nature 

(photochemical reactions) or involve energy loss processes, either radiative or nonradiative.21 

  The electronic transitions in the photochemical process can be represented in a Jablonski 

energy diagram (Figure 1.8). Radiative transitions represent energy gain or loss in the form of 

electromagnetic radiation. Nonradiative transitions represent energy gain or loss in the form of 

thermal vibrational agitation. Absorption (A) describes a radiative transition where the molecule 

absorbs radiation.  The molecule finds itself in an excited state at a higher energy level, while the 

excited electron retains its spin. The new electronic state is called the singlet state (Sn). 

Subsequently, the molecule relaxes to the lower-energy excited level S1 through a nonradiative 

transition called internal conversion (IC). From the S1 level, the excited substrate can relax 

radiatively back to the ground state (S0), through the process of fluorescence (F). Under the right 

conditions however, the excited molecule in the S1 state can relax through intersystem conversion 

(ISC). The transition is nonradiative and occurs by reversing the spin of the excited electron to 

form a state known as a triplet state (Tn). The molecule can relax to the more stable and lower 

energy level T1 through internal conversion. To relax back to its ground state, the system must 

invert its spin to respect electronic symmetry. The relaxation is known as phosphorescence (P). 

Since it takes a certain amount of time to invert the spin, phosphorescence is a slower process 

than fluorescence. S0 → Tn absorptions cannot take place because of the spin selection rule, which 

states that transitions can only be made between states of same spin multiplicity.21 
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Figure 1.8 – Jablonski diagram. 

 

1.2.2 Photocatalysts 

 Photocatalysis is the acceleration of a photochemical reaction through the aid of a 

photocatalyst, which can produce, upon absorption of light, chemical transformations of the 

reaction partners. The excited state of the photocatalyst interacts with the reaction partners 

forming reaction intermediates and must regenerate itself after each cycle.18 There are three 

types of photocatalysts: heterogeneous, where the catalyst is in a different phase from the 

reactants, homogeneous, where the catalyst and reactants are in the same phase, and plasmonic, 

where plasmons are used to increase the rate of reaction.21 

 Once a photocatalyst is in its excited state, it can react with a molecule through a triplet-

triplet energy transfer (TTET) or through a single electron transfer (SET) (Figure 1.9). In the case 

of TTET, the photocatalyst (Pcat*) is excited to its triplet energy level and then transfers its energy 

to molecule A, returning to its ground state, while promoting an electron in molecule A to a lower 

triplet energy state T1. The now-excited A* can participate in a chemical reaction. In the case of 

SET, when the photocatalyst is in its excited state, it simultaneously becomes a better oxidant and 

a better reductant. Excitation of an electron results in an electron/hole pair separation.  After 

excitation, an electron found in the highest occupied molecular orbital (HOMO) can jump to a 
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higher energy level to the lowest unoccupied molecular orbital (LUMO), leaving behind a "hole" 

where the electron used to be. Because the electron is at a higher energy level than it used to be, 

donation to an acceptor is more favourable than it was before, making the compound a more 

effective reducing agent through photoexcitation.  Also, since the hole is lower in energy than the 

LUMO of the ground state, it will more easily accept an electron from a donor.21 The resulting 

mechanism depends on the preferred redox potential of the species involved in the reaction. The 

photocatalyst can either give or abstract an electron from the quencher (Q) before either 

reducing an electron acceptor (A) or by oxidating an electron donor (D). Ideally, there is no need 

for a sacrificial electron donor or acceptor and the two-electron transfer is connected by 

intermediates in the reaction.23 

 

Figure 1.9 – General mechanisms for a) triplet-triplet energy transfer (TTET) and b) single 

electron transfer (SET) in photocatalysis.  

 Among the most extensively studied photocatalysts are the organometallic ruthenium (II) 

polypyridine complexes (e.g., Ru(bpy)32+), in part due to their ability to absorb light in the visible 

range.22 Several examples, namely from Yoon,24 MacMillan,25 and Stephenson26 show the 

powerful efficiency of the catalysts (Scheme 1.2). Other sought-after catalysts are also iridium-

based, but ruthenium and iridium are rare, expensive metals, and are associated with certain 

levels of toxicity in pharmaceutical products if not properly eliminated. 
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Scheme 1.2 – Use of Ru(bpy)3Cl2 photocatalyst by a) MacMillan, b) Yoon and c) Stephenson. 

 

1.2.2.1 Eosin Y 

 Eosin Y, a tetrabromo derivative of fluorescein, is an organic dye often used as a histologic 

stain.27 In organic chemistry, it is used as a greener, less toxic, and much less expensive 

photocatalyst alternative to the ruthenium and iridium-based ones. It absorbs green light and 

upon excitation, it undergoes rapid intersystem crossing to the lowest energy triplet state.28 

Examples such as those from Yadav,29 Wang,30 and Zeitler31 demonstrate the capabilities of Eosin 

Y as an effective photocatalyst (Scheme 1.3). 
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Scheme 1.3 – Use of Eosin Y photocatalyst by a) Yadava, b) Wang and c) Zeitler. 

 

1.2.3 PCET and Photochemical Oxidation of Thiols into Disulfides 

 Other photoredox mechanisms also exist, such as proton-coupled electron transfers 

(PCETs) in which both an electron and proton are exchanged, often in a concerted elementary 

step. Since PCETs transfer an electron and proton together, they can function as a non-traditional 

mechanism for homolytic bond cleavage.32 Sequential electron transfer (ET) and proton transfer 

(PT) steps each generate high energy intermediates. The concerted step in a PCET allows to bypass 

the high energy intermediates to obtain the product of lowest energy directly.33 PCETs can be 

reductive or oxidative in nature. In the first case (Figure 1.11a), the substrate accepts an electron 

from the photocatalyst and a proton from an acid. In the opposite case (Figure 1.11b), a base 

takes a proton from the substrate as the photocatalyst takes an electron from the substrate.31 
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Figure 1.10 – General mechanisms for a) reductive and b) oxidative PCETs. 

 Researchers have been able to exploit the PCET mechanism for various types of reactions, 

including work from the Noël group with the aerobic oxidation of thiols into disulfides catalyzed 

by Eosin Y. The mechanism (Scheme 1.4) proposes that Eosin Y is promoted to its excited state, 

and then takes an electron from the thiol substrate as it gives a proton to the TMEDA base in a 

PCET mechanism. The thiol radical reacts with another thiol radical to form the disulfide, while 

oxygen acts as the sacrificial electron acceptor to help complete the catalytic cycle.34 

 

Scheme 1.4 – Aerobic oxidation of thiols to disulfides developed by the Noël group with 

proposed mechanism. 
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1.2.4 Photochemical Macrocyclizations 

 There are very few examples of photochemical macrocyclizations done in batch because 

photochemistry and macrocyclizations have conflicting reaction parameters. As has been 

discussed earlier, macrocyclizations typically require very low concentrations, or in other words, 

a large amount of solvent. However, the absorbance A of light by the solution respects the Beer-

Lambert law A = -log T = e ℓ c, where e is the absorptivity of the attenuating species, ℓ is the optical 

pathlength, and c is the concentration of the solution.35 The formula implies in part that the longer 

the pathlength light needs to travel through the solvent, the more it will get absorbed. Light tends 

to mostly get absorbed in the first millimeter of solution,36 so attempting to carry out 

macrocyclization reactions photochemically in large reaction vessels with a large volume of 

solvent will not be very efficient, since the molecules in the middle of the vessel will not get 

excited.  

 The Collins group has developed a successful photochemical macrocyclization reaction in 

batch through the dimerization of alkynes, aided by a cobalt complex and the organic 

photocatalyst 4CzIPN, which helps change the oxidation state of the metal throughout the 

mechanism. The reaction was carried out at a concentration of 10 mM, the solution being 

irradiated by blue LEDs for 18 hours. The macrocyclic product 1.33 isolated in 91% yield and an 

E/Z ratio of 17:1.37 

 

Scheme 1.5 – Photocatalyzed macrocyclization by dimerization of alkynes developed by the 

Collins group. 

 Considering examples such as the one seen above, to expand the use of photochemistry 

and photocatalysis for macrocyclization reactions, other solutions are required to overcome the 
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cannot maximize the potential of photochemical setups. Continuous flow chemistry presents a 

promising avenue for enhancing the efficiency of photochemistry. The technology boasts 

numerous advantages that are conducive to a wide variety of reactions and conditions, which will 

be explored in the upcoming chapter. 
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Chapter 2 – Flow Chemistry and the Hybrid Reactor 

2.1 Flow Chemistry 

2.1.1 Basics of Flow Chemistry 

 Continuous flow refers to chemical reactions pumped in a pipe or through reactors in a 

continuous manner, as exemplified by the setup by the Jamison group for the synthesis of 

Ibuprofin (Figure 2.1),1 rather than in a traditional batch stirred vessel. For lab-scale purposes, 

syringes, HPLC systems, or peristaltic pumps drive fluid through reactor coils or microfluidic chips, 

with the residence time (tR) of the fluid dictated by the total flow rate and reactor volume.2  Setups 

are modular and can be adapted for various types of reactions.1 

 

 

Figure 2.1 – Example of a continuous flow setup designed by the Jamison group for the 

synthesis of Ibuprofen.1 

 Moving to continuous flow for chemical reactions allows a much greater amount of control 

and automation that can’t be achieved in batch conditions. Continuous flow improves the energy 

transfer by improving heat or radiation penetration,3,4 while also improving mass transfer through 

increased micromixing that improves the homogeneity,5,6,7 thus increasing the overall efficiency 
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of a reaction. Continuous flow also provides greater safety for the handling of hazardous species, 

as well as allowing for immediate consumption of toxic substances, generated in situ, thus 

avoiding any significant build-up of risk-prone compounds.8 In general, continuous flow systems 

have enabled reactions for which processing conditions are difficult to control in batch reactors. 

Multistep continuous flow systems have provided rapid syntheses of active pharmaceutical 

ingredients (APIs), natural-product intermediates, and effective functional-group 

transformations.9  

 An example of a reaction taking advantage of the increased control of reaction conditions 

for better mass and energy transfer from continuous flow is the de Melo group’s synthesis of 

poly(3-hexylthiophene) (2.7) by Grignard metathesis polymerization using droplet-based reactors 

(Scheme 2.1).10 A Ni(dppp)Br2 catalyst was generated in situ under an argon atmosphere. The use 

of the droplet-based flow and of perfluorinated polyether as carrier fluid in 

polytetrafluoroethylene tubing eliminated fouling, a common problem observed in 

polymerization reactions. Furthermore, full conversion was achieved in less than 1 minute, at 65 
oC, and an average molecular weight of 44 kg/mol was obtained from the flow synthesis i.e., low 

molecular weight polymers compared to those attained from the batch synthesis. Batch 

conditions resulted in a yield of 85% at 75 oC and an average molecular weight of 134 kg/mol. 

 

Scheme 2.1 – Synthesis of poly(3-hexylthiophene) using a droplet flow setup. 

 

2.1.2 Macrocyclization in Flow Chemistry 

 A standard type of reactor used generally for flow reactions is the plug-flow reactor (PFR), 

consisting of thin, small diameter tubing of a defined length (Figure 2.2 top). In the case of 

photochemistry, transparent tubing can be irradiated much more efficiently than a reaction flask, 

PFR-based reactors can be effectively exploited in photochemical processes to improve efficiency. 
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For example, tubing can be coiled around a light source to allow for constant and even irradiation 

throughout the entire length of the tubing (Figure 2.2 bottom). 

  

 

Figure 2.2 – Example of a PFR with a coiled tubing structure (top) and of a PFR used for 

photochemical reactions developed by the Collins group (bottom).11 The LED tower goes inside 

the coiled-tubing structure to irradiate the entire length of the tubing evenly. 

Images source: Ph.D thesis by Dr.Émilie Morin11 

 An interest of the Collins group is to combine the advantages provided by photochemistry 

and flow chemistry and apply them to macrocyclization. The group showed the effectiveness of 

doing so with the synthesis of a macrocyclic alkynyl sulfide, catalyzed by 4CzIPN and a nickel 

complex, using blue light emitting diodes (LEDs) (Scheme 2.2).12 The original batch conditions of 

the reaction led to the formation of the desired product 2.11 in a 17% yield after 20 hours of 

irradiation. On the other hand, when using the PFR reactor, pictured and described above (Figure 
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2.2), a noticeable improvement of the reaction with a yield of 28% after only 2 hours of irradiation 

was observed. 

 

Scheme 2.2 – Synthesis of an alkynyl sulfide macrocycle using continuous flow and 

photochemical conditions. 

 Another example of the effectiveness of combining flow chemistry with photochemistry 

for macrocyclization is in a rare instance of gram-scale macrocyclization, in which the Zhang group 

used a 200 mL PFR to cyclize one gram of linear polymer 2.11 in a 90% yield and 2 minutes resident 

time of the reaction mixture using UV light (Scheme 2.3). The group was able to pump 17.3 L 

through the reactor in 3 hours thanks to the volume of the reactor and the very high flow rate 

(100 mL/min).13  

 

Scheme 2.3 – Gram scale photochemical Diels Alder macrocyclization. 

 The PFR-based reactor setups may improve the irradiation process, but the need for large 

quantities of solvent necessary for the high dilution conditions required for macrocyclization 

remains. Reconciling continuous flow processes and high dilution conditions to make them more 

efficient for macrocyclization while adhering to green chemistry principles is challenging. 

 

Br

O

O O

N
H

7

SH

OMe

O

4CzIPN (2 mol %)
NiCl2•dme (10 mol %)

pyridine (2 eq.)

23:1
MeCN/DMF [2 mM]
blue LED, 465 nm
2 h, 0.108 mL/min

28%

O

O

ONHS

OMeO
2.10 2.11

H O

O

O

O
NC

S

S

n

MeCN/CH2Cl2 (2:1) [0.02 mM]

UV lamp, 310 nm
2 min, 100 mL/min

90%

S

S

OH

O

CN

O
O

n

2.11 2.12



44 

2.1.3 Continuously Stirred Tank Reactor (CSTR) Setups 

 The process of slow addition, where a concentrated solution of substrate is slowly added 

to another flask containing more solvent and the other reagents, mimicking high dilution 

conditions, has been discussed earlier. To render the process continuous, a second pump needs 

to be added to remove solvent from the flask. The exit tube of the second pump can be placed at 

the meniscus of the solution in the flask (Figure 2.3). As such, for every drop added, one drop can 

be pumped out to a receiving flask, maintaining a constant volume in the reaction flask. The 

process would allow for much less solvent to be used and permit a more efficient scale-up.  

 

Figure 2.3 – Difference between a) a slow addition setup and b) a CSTR setup. 

 An example of the utility of CSTRs for thermally promoted macrocyclizations can be found 

with the Fogg group’s successful macrocyclization reaction via olefin metathesis (Scheme 2.4).14 

They were able to isolate macrocyclic product 2.15 in quantitative yield within 20 minutes. The 

round bottom flask was heated during the process. The conditions would be less than efficient 

for use in photocatalysis since it would be problematic to irradiate the round bottom flask 

effectively.  If it were possible to reduce the thickness of the flask to make it as flat (two-

dimensional) as possible to mimic small diameter tubing, then light penetration would improve. 

It would then be possible to combine the advantages of slow addition, continuous flow and 

photocatalysis all at once in an attempt at improving macrocyclization conditions for a variety of 

reactions. 
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Scheme 2.4 –Macrocyclization via olefin metathesis using a CSTR setup. 

 

2.2 The Hybrid Reactor 

2.2.1 Design of the Reactor 

 The hybrid reactor designed by the Collins group, most notably by Dr. Émilie Morin, is a 

solution to the reaction vessel problem discussed earlier. The reactor has 10 cm x 5 cm x 0.8 cm 

dimensions, for a total volume of 40 mL (Figure 2.4). A Teflon insert is sandwiched between two 

glass plates, each 3 mm thick, that make up the two faces of the reactor. The glass and Teflon 

insert are held together by two metal frames tightly screwed together. The Teflon insert is 

perforated at different points along its lateral faces: one hole on the top left for the input of the 

reaction mixture, one on the top right to evacuate excess gas, one at the top of the right side as 

the output where the solution is pumped out, and 5 on the bottom to bubble gas into the reactor 

(Figure 2.5). There is a wall carved in the Teflon insert, which is there to increase the residence 

time of the substrate, forcing the molecules to travel under the wall before being pump out at 

the exit, giving them more time to mix efficiently. The Teflon insert, including the wall, is lined 

with silicon joints to ensure proper sealing. The metal frames are drilled and threaded, and like 

the Teflon insert, have carved grooves lined with silicon joints to ensure proper sealing as well 

(Figure 2.6). Once assembled, the unit is covered by two plates covered in LED stripes purchased 

from Creatives Lighting Solution (Figure 2.7) which allows for even irradiation throughout the 

entire reaction mixture volume. 
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Figure 2.4 – The Collins group hybrid reactor for photochemical macrocyclizations. 

Image source: Ph.D thesis by Dr.Émilie Morin11 

 

 

Figure 2.5 – The Teflon insert serving as the centre of the reactor. 

Images source: Ph.D thesis by Dr.Émilie Morin11 
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Figure 2.6 – The metal frames of the reactor. 

Image source: Ph.D thesis by Dr.Émilie Morin11 

 

 

Figure 2.7 – The LED plates that cover the reactor. 

Image source: Ph.D thesis by Dr.Émilie Morin11 

 Initially, the Teflon insert did not have the 5 bottom holes. Tests with Eosin Y showed poor 

mixing leading to a heterogenous solution (Figure 2.8). The holes were added so that gas, inert or 

otherwise, could be bubbled in and act as a mechanical mixer, and/or as a reagent if necessary. 

The gas bubbling strategy proved to be successful for mixing and further tests with the dye 

showed proper mixing and a homogeneous solution. 
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Figure 2.8 – Mixing of Eosin Y without (top) and with (bottom) bubbling of oxygen. 

Images source: Ph.D thesis by Dr.Émilie Morin11 

 The reactor is the centerpiece of a modular setup for photochemical macrocyclization 

(Figure 2.9). Moving from left to right in the figure, a KD Scientific syringe pump is observed 

delivering the reaction mixture (an injection loop can also be used depending on scale) through 

the top of the reactor, which is held vertically in place using clamps and bars. The gas enters from 

the bottom of the reactor and exits from the top right outlet. The reaction mixture exits the 

reactor through the lateral outlet located on the upper right side, behind the Teflon wall. An LED 

panel is positioned behind the reactor, and one in front is lifted in the image to view the reactor's 

content. An Asia Syrris pump enables the evacuation of the reactor into a round-bottom collection 

flask. The collection rate is maintained at 1.25 mL/min, higher than the inlet rate, to prevent any 

possibility of reactor overflow. Since the reactor volume is maintained throughout the reaction, 

the set-up can be described as a pseudo CSTR. Through controlled addition the setup mimics 
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highly diluted conditions, all while allowing efficient irradiation of the solution. The residence time 

distribution of the hybrid reactor does not resemble those typically observed for CSTR or PFR 

setups, therefore we refer to the design as a “hybrid” reactor. 

 

Figure 2.9 – The reaction setup including (from left to right) the syringe pump, an injection loop, 

the hybrid reactor, a LED plate, a collection vessel, the gas source, and a Syrris pump. 

Image source: Ph.D thesis by Dr.Émilie Morin11 

 

2.2.2 Model Reaction, Comparison and Scale-Up 

 To demonstrate the efficiency of the reactor, a model reaction was chosen, inspired by 

the work of Noël referenced earlier (Scheme 1.4) (section 1.2.3).34, 35 It was chosen for several 

practical reasons. First, the synthesis of substrates is potentially simplified since the chemical 

reaction involves thiol dimerization and compounds can be prepared by branching off a central 

motif. Another motivating factor for choosing the model reaction was the inclusion of disulfide 

bridges in the final macrocycle, which are a common motif in peptides and proteins and helps 

contribute to their tertiary structure. The model substrate (2.18) used to compare and optimize 

the reaction conditions was synthesized through a double Fisher esterification of octanediol 

(2.16) with 3-mercaptopropionic acid (2.17), catalyzed by p-toluenesulfonic acid (Scheme 2.5). 
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. 

Scheme 2.5 – Synthesis of the model substrate used for macrocyclization. 

 The model reaction (Scheme 2.6), the aerobic oxidation of a dithiol into a disulfide 

catalyzed by Eosin Y, was carried out in a traditional round bottom flask setup, in a PFR, and in a 

CSTR (Figure 2.10) to compare the efficiency of each method with that of the hybrid reactor. 

. 

Scheme 2.6 – Macrocyclization to form the disulfide 2.19 via photocatalysis. 

The batch setup afforded an 11% yield of 2.19. The CSTR setup did poorly and gave less than 5% 

of the desired macrocycle. An improvement was observed with the PFR, but only yielded 17% of 

2.19. The 47% yield of the desired macrocycle obtained with the hybrid reactor clearly 

demonstrated its superior efficiency for the reaction (Table 2.1). 

.   

Figure 2.10 – Different setups for model macrocyclization reaction comparisons. From left to 

right: Traditional batch, CSTR, and PFR 
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Table 2.1 – Comparison of the efficiency of different reaction setups for the model reaction 

 

All results taken from by Dr.Émilie Morin’s Ph.D thesis11 

Setup Yield (%)* RSM (%)* 

Hybrid Reactor 47 0 

Batch 11 >5 

PFR 17 6 

CSTR >5 10 

*1H NMR yield, determined with internal standard 1,4-dimethoxybenzene 

 Scale up of the model macrocyclization was also investigated with a single reactor (Table 

2.2). Increasing the amount of starting material from 100 mg to 250 mg affected the yield 

negatively and increasing further to 1 g gave only traces of the product. To remedy the issue, 

three hybrid reactors were placed in series, increasing the total volume capacity (Figure 2.9). By 

using such a strategy, it was possible to conduct a gram scale macrocyclization to afford 

macrocycle 2.19 with a 48% yield. 
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Table 2.2 – Scale-up of the model reaction. 

All results taken from by Dr.Émilie Morin’s Ph.D thesis11 

 

# reactors Scale (mg) Yield (%)* 

1 100 47 

1 250 5 

1 1000 traces 

3 1000 48 

*1H NMR yield, determined with internal standard 1,4-dimethoxybenzene 

 

Figure 2.11 – Three reactors place in series with two Syrris pumps 

Image source: Ph.D thesis by Dr.Émilie Morin11 

 

2.2.3 Scope of the Reaction 

 After demonstrating the power of the reactor, a reaction scope was explored by Dr. Morin, 

William Neiderer, Corentin Cruché, and Charlotte Cave (Figure 2.12). Other than the model 
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macrocycle, the group was able to isolate different macrocycles from various precursors. In 

general, macrocycles containing aliphatic or polyethylene glycol (PEG) linkers had lower yields 

(25%-44%) than the more rigid cyclophanes (46%-54%). The exception was 2.23, with a yield of 

52%, which also happened to be the only example used to make a dual macrocycle (2.24) through 

a Glaser-Hay reaction, coupling two alkynyl side chains to complete the second ring. 

 

Figure 2.12 – Scope of the reaction achieved by Dr. Émilie Morin, William Neiderer, Corentin 

Cruché and Charlotte Cave. 
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 The next chapter will be a description and discussion of the attempted synthesis of a new 

macrocycle to help further the scope that has been achieved by the group so far. Some missing 

elements of scope will be addressed such as new linker molecules, as well as exploring the 

cyclization of larger peptides from PEG and haloaromatic linkers.  
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Chapter 3 – Photocatalytic Synthesis of a Macrocyclic 

Polypeptide 

3.1 Project Goals 

 Given the success of the hybrid reactor to form macrocyclic disulfides in the metal-free 

catalyzed oxidation of thiols, the goal of the project was to expand the scope of the reaction 

through the synthesis of peptide macrocycles, either by introducing a new linker molecule, to 

assess the feasibility and potential for improvement of macrocyclic yields, or by preparing more 

complex peptides, increasing the size of macrocycles already found in the scope, in order to create 

a greater amount of amino acid residues that mimic biologically active cyclic peptides and 

pharmaceuticals. The insertion of disulfide bonds into macrocyclic peptides using N-protected 

cysteines allows for post-cyclization functionalization of cysteine N-terminals, opening more 

potential avenues for biological activity mimicry. The following chapter will describe two 

attempted failed syntheses, and one successful synthesis of complex peptide-based macrocycles. 

  

3.2 Attempted Synthesis of a Tetrapeptide-Containing Macrocycle 

Incorporating a BINOL Motif.  

Given the interest in atropisomerism in modern drug discovery ,1 a macrocycle containing 

an axially chiral element was envisioned. Atropisomerism is a type of stereoisomerism that arises 

due to hindered rotation around a single bond in a molecule. It occurs when 2 stereoisomers of a 

compound are conformationally stable because rotation around a single bond is hindered by a 

bulky group creating a high barrier to rotation. As a result, the 2 stereoisomers, known as 

atropisomers, can exist as separate entities with different physical and chemical properties.2 

1,1ʹ-Bi-2-naphthol (BINOL) was picked as the linker molecule (Section 1.1.4) for a 

tetrapeptide macrocycle to be added to the scope of the aerobic photocatalytic oxidation of thiols 

into disulfides using the Collins group hybrid reactor (Section 2.2). It was picked because it is an 
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axially chiral molecule with a high configurational stability and is commercially available as both 

(R)- and (S)-BINOL in enantiomerically pure forms. Substituted BINOL derivatives have well-

established synthetic chemistry serving as chiral supports for many stereoselective applications, 

such as metal- and organocatalysis and stereoselective chemosensing.3,4,5 The BINOL linker, thus, 

would make a good addition to the variety already used in the scope since it would be the first 

one used to include, or impose, a certain chirality. 

A precursor built around a BINOL coupled to two symmetrical dipeptide arms was 

envisioned (Figure 3.1). A first amino acid (red), either alanine or glycine, would connect to both 

sides of the linker (black), creating a diester. Two N-protected cysteines (green) would constitute 

the ends of the arms, connected through peptide bonds to the first amino acid, and supply the 

thiol groups to be oxidized in the macrocyclization using the reaction conditions outlined in 

Chapter 2 (Section 2.2). Alanine or glycine are envisioned as a building block to be used as part of 

the dipeptide arms to limit the bulkiness of the side-chain group, while also giving the flexibility 

of either having additional stereocenters or not. Glycine doesn’t add a stereocenter to the 

equation, while alanine is the smallest side-chain group. 

 

Figure 3.1 – Envisioned tetrapeptide atropisomeric macrocyclic precursor and resulting 

macrocycle. 

Two potential retrosynthetic pathways were considered for exploring the synthesis of the 

macrocyclic precursor. The first approach involved sequentially and symmetrically adding amino 

acids to the BINOL linker, constructing the macrocyclic precursor from the BINOL outward 

(Scheme 3.1). Macrocyclization would be achieved through the oxidation of thiols, forming a 

disulfide bond after the removal of the trityl protection group from cysteine. Prior to the 

deprotection step, the protected cysteine would be coupled to the substrate via peptide coupling 
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with alanine, which would undergo Fmoc group deprotection after being previously linked to the 

BINOL linker through an esterification reaction. 

 

 

 

Scheme 3.1 - Linear retrosynthesis of a tetrapeptide macrocycle containing two cysteines and a 

BINOL linker molecule. 

Two equivalents of commercially available Fmoc L-alanine (3.2) were coupled to 

commercially available (R)-(+)-BINOL (3.1) through a double esterification, using 3 equivalents of 

DCC and 20 mol % of DMAP, to yield 70% of the desired diester product 3.3 (Scheme 3.2). 

 

Scheme 3.2 – Coupling of Alanine 3.2 to BINOL 3.1 through an esterification reaction. 

Problems occurred during the following Fmoc deprotection step (Scheme 3.3). TLC 

analysis of the reaction revealed the presence of the BINOL starting material, suggesting that the 

reaction conditions may have been sufficiently basic to cause hydrolysis of the ester bonds 
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between the amino acids and the phenols of the BINOL linker. It is likely that free amines, 

liberated by the deprotection conditions, were reacting with the ester bonds as well. In either 

case, the resulting phenolate anions represent good leavings groups for hydrolysis. Formation of 

the deprotected alanine amide was not observed but could have occurred. Non-peptidic sulfide 

linkers were not considered since the goal of the project was to build peptide macrocycles and to 

use cysteines as to have the possibility for future post-functionalization of the macrocycle. 

Consequently, efforts were redirected towards the second potential synthesis pathway, 

which involved the synthesis of a dipeptide that would subsequently be coupled to the BINOL 

linker. 

 

 

Scheme 3.3 – Attempted Fmoc deprotection of dipeptide 3.3 

 The second prospective retrosynthetic pathway (Scheme 3.4) explores the synthesis of a 

dipeptide before its coupling with the BINOL linker. A cysteine, protected by N-Boc and S-trityl 

groups, and alanine are coupled via an amidation reaction. The coupling leaves the carboxyl group 

of the alanine available for a double-esterification reaction with the BINOL linker. Subsequently, 

the trityl group is removed from the thiol, paving the way for the completion of the macrocycle 

through the formation of a disulfide bond. 
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Scheme 3.4 – Alternate retrosynthesis of a tetrapeptide macrocycle containing two cysteines 

and a BINOL linker molecule.  

Peptide coupling between commercially available cysteine 3.5 and glycine was carried out 

in 2 steps (Scheme 3.5). The first step involved the activation of the cysteine’s carboxyl group 

using 1.1 equivalent of hydroxysuccinimide (HOSu) and EDC in DMF. After 24 h, 1.2 equivalent of 

glycine and DIPEA each was added to the reaction mixture and allowed to react for 6 h. Dipeptide 

3.6, as reported in the literature,6  was obtained with 50% yield over 2 steps. Glycine was used in 

place of alanine to try and eliminate issues of epimerization and formation of diastereomers in 

the target precursor. Due to known epimerization issues dealing with cysteine residues,7 HOBt 

was used as a coupling reagent in conjunction with EDC during the esterification of the dipeptides 

to the BINOL linker, because HOBt suppresses the risk of racemization.8 The approach proved 

however to be ineffective, and no product was observed. Three equivalents each of DCC and 

DMAP were then used, and although the mass of the desired product could be observed using 

mass spectroscopy, 1H NMR analysis revealed epimerization of the cysteine residue. In addition, 

the desired product could not be isolated from its diastereomer, hindering the synthesis and 

characterization. It was then decided that the BINOL-based tetrapeptide macrocyclic precursor 

would be abandoned in favor of a hexapeptide octanediol-based macrocyclic precursor. 
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Scheme 3.5 – Attempted synthesis of a tetrapeptide macrocyclic precursor   

 

3.3 Attempted Synthesis of a Hexapeptide-Containing Macrocycle 

Incorporating an Octanediol Motif 

 Given that our group had already synthesized several tetrapeptide macrocycle examples 

using the oxidative coupling of thiols in the hybrid reactor, a bigger hexapeptide macrocycle was 

envisioned as the next challenge. It was decided that the 1,8-octanediol linker molecule, which 

had been successfully used in the scope to make several tetrapeptide macrocycles, was chosen 

as the linker for a hexapeptide macrocycle. Using an octanediol linker would give the macrocycle 

flexibility and an extremely non-polar moiety, though no modeling was attempted to determine 

the possible conformations of such macrocycles. The first retrosynthetic pathway to be explored 

(Scheme 3.6) involved a tripeptide composed of a cysteine residue protected by N-Boc and S-trityl 

groups, a glycine residue, and an alanine residue, synthesized through two sequential peptide 

coupling reactions. Two equivalents of the tripeptide would then be coupled to the 1,8-octanediol 

linker through a double esterification, before the resulting precursor would undergo trityl 

deprotection and finally macrocyclization. 
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Scheme 3.6 – Linear retrosynthesis of a hexapeptide octanediol-based macrocyclic precursor.  

 Dipeptide 3.6 was synthesized in the same fashion as earlier, using 1.1 equivalent of 

hydroxysuccinimide (HOSu) and EDC in DMF. After 24 h, 1.2 equivalent of glycine and DIPEA each 

was added to the reaction mixture and allowed to react for 6 h. The same procedure was repeated 

for the addition of commercially available L-alanine to the peptide chain after activation of the 

carboxylic acid of dipeptide 3.6, as reported in the literature,6  using 1.1 equivalent each of HOSu 

and EDC in DMF. After 24 hours of stirring, 1.2 equivalent each of L-alanine and DIPEA were added 

to the reaction mixture and left to mix for 6 h. The resulting tripeptide 3.8 (spectral data in Annex 

1) was obtained in 25% yield over the two steps (Scheme 3.7). Further evaluation of the synthetic 

route suggested that the yields were too low to afford enough material. In addition, the synthesis 

demanded an excessive quantity of starting materials due to the need for at least two equivalents 

of the tripeptide for each reaction with one hydroxyl group of the octanediol. 

Boc
NH

O

S

H
N

O

HN

Trt

O
O

O
Boc

N
H O

S

N
H

OH
N

Trt

O

Boc
NH

O

S

NH

O
NH

O
O

O

Boc
HN

O S

HN O

NH

O

Deprotection
Macrocyclization

Esterification

HO
OHBoc

N
H O

S

N
H

OH
N

Trt

O

OH
+

Peptide coupling

Boc
N
H O

S
H2N

OH
N

Trt

O

OH

OH
+

Peptide coupling

Boc
N
H O

S O
H2N

Trt

OHOH
+



64 

 

Scheme 3.7 – Attempted synthesis of a hexapeptide macrocyclic precursor through an 

esterification of two tripeptides and an octanediol. 

An alternative retrosynthetic pathway was therefore investigated, aiming to construct the 

macrocyclic precursor through the peptide coupling of 2 smaller dipeptides. The dipeptides would 

contain a cysteine residue and be coupled to a previously deprotected alanine residue, which 

itself would be coupled to the octanediol linker. Following the second peptide coupling, the 

precursor would undergo trityl deprotection, and the two thiols would be oxidized into a disulfide, 

resulting in the formation of the desired macrocycle (Scheme 3.8). 
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Scheme 3.8– Alternate retrosynthesis of a hexapeptide octanediol-based macrocyclic precursor. 

 Alanine 3.11 was coupled to 1,8-octanediol in a double-esterification reaction, after 

activation of the carboxylic acid by 2.2 equivalents of TBTU and 4 equivalents of DIPEA in DMF, 

yielding 81% of the desired dipeptide 3.12 (Scheme 3.9). Purification of the following Boc-

deprotection step to obtain the diamine substrate using 4M HCl in dioxane was problematic, as 

complete deprotection of the product was never observed and the present single-deprotected 

side-product 3.13 could not be separated from the desired product 3.14a. 
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Scheme 3.9 – Attempted synthesis of a diamine dipeptide through a double esterification to an 

octanediol followed by Boc-deprotection. 

A second attempt was made to synthesize the target substrate, utilizing Fmoc-protected 

alanine 3.15 (Scheme 3.10). By employing 4 equivalents each of TBTU and DIPEA to activate the 

carboxyl group of alanine, the desired protected diester product was successfully obtained with 

a yield of 67%. However, like the previous attempt, isolating the desired deprotected diester 

proved challenging. This may have been due to acyl migration of alanine during the deprotection, 

leading to the formation of dipeptide octanol 3.25, which has the same mass as the desired 

double-deprotected product, and which could potentially co-elute with the desired product. Since 

the part of the goal of the project was to simply use a linker molecule already found in the scope, 

to build larger peptide macrocycles, the 1,8-octanediol linker was abandoned in favor of a more 

rigid haloaromatic linker molecule, which had been successfully used in the synthesis of a 

tetrapeptide macrocycle and afforded some of the best yields, in the goal of building a bigger 

hexapeptide macrocycle.    
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Scheme 3.10 – Attempted synthesis of a diamine dipeptide through a double esterification to an 

octanediol followed by Fmoc-deprotection. 

 

3.4 Synthesis of a Hexapeptide-Containing Macrocycle Incorporating a 

Haloaromatic Motif 

Dr. Émilie Morin, Charlotte Cave, and William Neiderer from our group had reported 

successful synthesis of peptides when employing a dihalogenated phenyl ring linker, so the 

previous objective of synthesizing a hexapeptide macrocycle was altered slightly to contain a 

haloaromatic core rather than an octanediol one. Since the flexibility of the octanediol linker 

seemed to hinder the synthesis of the hexapeptide macrocycle, the haloaromatic linker was 

chosen in part for its rigidity. The bromo and iodo haloaromatic linkers used in the scope gave 

some of the best yields, so the hopes were that similar or better results would ensue with an 

increased number of peptides, due to increased intramolecular hydrogen bonding. A similar 

retrosynthetic strategy as for the previously attempted precursor was adopted, in which Boc-

alanine would be coupled to the linker and deprotected, after which the resulting substrate would 

be coupled to a cysteine-glycine dipeptide (Scheme 3.11).  
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Scheme 3.11 – Retrosynthesis of a hexapeptide macrocycle containing a haloaromatic motif. 

 Hydroquinone bis(2-hydroxyethyl) ether was doubly iodinated, with the halogens in para 

positions from each other, using iodine monochloride in methanol under reflux conditions at 85 

°C for 5 hours to afford a 66% yield of product 3.18 (Scheme 3.12), as reported in the literature.10 

Next, 2.5 equivalents of N-Boc L-alanine were then reacted with the diiodobenzene diol in a 

double esterification reaction with 3 equivalents each of HOBt and EDC as coupling agents, and 3 

equivalents of DIPEA as a base, in DMF, to afford a 58% yield of protected peptide 3.19. 

Deprotection was carried out in 4M HCl/dioxane conditions to afford the deprotected dipeptide 

3.20 in 83% yield. No epimerization was observed, nor did any singly deprotected side product 

complicate purification. 
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Scheme 3.12 – Synthesis of the haloaromatic core-containing dipeptide substrate. 

 The cysteine dipeptide 3.6 was activated using 1.1 equivalents each of HOSu and EDC in 

DMF for 24 hours. Then, 0.42 equivalents of deprotected dipeptide 3.20 were added to the 

mixture for a double peptide bond coupling to afford the protected hexapeptide precursor 3.22 

in 40% yield over two steps. Trityl deprotection was carried out using 9 equivalents of triethyl 

silane and trifluoroacetic acid (TFA) for one hour in DCM, before quenching the reaction with 19 

equivalents of triethylamine (NEt3), affording the deprotected hexapeptide precursor 3.23 in 86% 

yield. 
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Scheme 3.13 – Synthesis of a hexapeptide haloaromatic macrocyclic precursor. 

 Finally, the precursor underwent macrocyclization in flow using the hybrid reactor. The 

macrocycle 3.24 was isolated in 71% (Scheme 3.14). The cyclization was the highest yielding out 

of all the molecules investigated in the scope. A comparison can be made with the cyclophane 

tetrapeptide haloaromatic macrocycles in the scope, which tended to have better yields than the 

aliphatic or PEG linker macrocycles. The highest yield observed from the tetrapeptide cyclophane 

macrocycles was 54%. The rigid linker molecule seems to help the precursor assume a 

conformation suitable for macrocyclization. It is plausible that when adding more amino acids to 

the precursor, as in the case of the hexapeptide precursor, the number of potential 

intramolecular hydrogen bonds increases, which in turn increases the precursor’s likeliness to 

favor the cyclization pathway, which could be an explanation for the observed large increase in 
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yield. It only remains an assumption however, since neither X-ray crystal structure analysis nor 

detailed conformational analysis by 1H NMR were undertaken.  

 

Scheme 3.14 – Synthesis of a hexapeptide haloaromatic macrocycle in flow using the hybrid 

reactor. 
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Chapter 4 – Thiol-Yne Reactions and Alkynyl Sulfides 

4.1 Thiol-Yne Reactions 

4.1.1 Generalities and Utility 

 Thiol-ene and thiol-yne reactions have been known since the turn of the 20th century.1,2 

They involve the reaction between a thiol and an alkene, in the case of thiol-ene reaction, or an 

alkyne, in the case of thiol-yne reaction, resulting in a thioether or an alkenyl sulfide product 

respectively (Figure 4.1). They are considered “click” reactions, defined as “a reaction that must 

be modular, wide in scope, give very high yields, generate only inoffensive byproducts that can 

be removed by nonchromatographic methods, and be stereospecific (but not necessarily 

enantioselective), due to their often-high yields, chemoselectivity, high rates, and 

thermodynamic driving forces”.3,4  The two reactions are very similar, but the focus of the present 

work will mainly be on thiol-yne reactions. Similarities of thiol-ene and thiol-yne are: 1) alkene or 

alkyne reactivity under radical-mediated conditions varies depending on the electronic nature of 

the unsaturation, 2) side reactions can happen with unsaturations that are electron deficient, 3) 

terminal alkenes or alkynes are much more reactive than internal ones, with anti-Markovnikov 

products favored, and 4) thiol-ene or thiol-yne reactions with electron-deficient bonds are best 

performed using catalyzed Michael-addition conditions.5 Thiol-ynes reactions can proceed 

through radical addition or catalyzed Michael addition pathways.4  

 

Figure 4.1 – General a) thiol-ene reaction and b) thiol-yne reaction. 
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 An example of a thiol-yne reaction involving a free radical addition is the photocatalytic 

visible-light-initiated hydrothiolation of alkenes and alkynes in a green solvent by the Li group 

(Scheme 4.1).6 They used ZnIn2S4 catalyst and methanol as the solvent to couple phenylacetylene 

and benzyl mercaptan with 94% yield over 15 h. In the absence of either light or ZnIn2S4, no 

product was observed, indicating the hydrothiolation was induced by irradiated ZnIn2S4. 

 

Scheme 4.1 – Photocatalyzed radical addition of octanethiol to phenylacetylene leading to an α-

substituted sulfoxide. 

  An example of a catalyzed Michael addition for thiol-yne reactions is the synthesis of β-

substituted propiolates by the Larsen group (Figure 4.2).7 The mercaptans are added onto an 

activated triple bond using N-methylmorpholine as the base in dichloromethane in good yields as 

a mixture of separable E-and Z-isomers. 

 

Figure 4.2 – Reaction of 4-pentyn-1-thiol with various β-substituted propiolates 

 Thiol-yne reactions have been used for the synthesis and modification of macromolecules 

and polymers.8 They have provided novel hydrogels and hyperbranched polymers with low 

dispersity.9,10 They have been used as biomaterials for synthetic extracellular materials.11 

Polymerization and functionalization using thiol-yne reactions have given high porosity 

microspheres,12 access to modified quantum dots,13 and ways to decorate the surface of carbon 

rich nanoparticles.14 The thiol-yne reaction can be used as a “click” strategy for bioconjugation,15 

or to prepare linkages in macrocyclic peptides.16  
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4.1.2 Mechanisms 

  Alkyne hydrothiolation is one of the most atom-economical approaches to produce 

alkenyl sulfides from thiols and alkynes. Thiol-yne reactions can proceed through different 

mechanistic pathways, including in the presence of bases, transition metals, or free radicals, and 

favor an anti-Markovnikov addition.17 Alkyne and thiol groups are both nucleophilic, so a method 

must be used to activate either one or both groups for the construction of the vinyl sulfide.  

 As an example of a base activated thiol-yne reaction, the Oshima group used cesium 

carbonate in catalytic amounts to synthesize 1-alkenylsulfides (Scheme 4.2).18 They were able to 

isolate vinyl sulfide 4.9 in 87% yield and 10:90 E/Z selectivity. The mechanism is proposed to start 

with deprotonation of the thiol by the carbonate base. Nucleophilic addition of a thiolate anion 

to an alkyne in an anti fashion then yields an alkenyl anion. Subsequently, hydrogen abstraction 

from a thiol produces the product while regenerating the thiolate anion, propagating the cycle. 

 

Scheme 4.2 –Hydrothiolation of alkyne initiated by cesium carbonate base. 
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 As an example of a thiol-yne reaction activated by a transition-metal catalyst, the Oshima 

group demonstrated the palladium-catalyzed anti-hydrothiolation of 1-alkynylphosphines 

(Scheme 4.3).19 The reaction was carried out with Pd(OAc)2 catalyst and afforded product 4.12 in 

90% yield after one hour. The group suggested a plausible mechanism for the catalytic cycle. A 

palladium salt first reacts with the 1-alkynylphosphine to generate a palladium(1-

alkynylphosphine) complex. A thiol then attacks the triple bond which has become activated by 

the coordination to form an intermediate which undergoes protonolysis to generate the (Z)-

isomer product while regenerating the initial palladium species. The stereochemistry of the 

product suggests that the reaction proceeds via coordination-assisted activation of the triple 

bond and not oxidative addition of the thiol to a palladium complex followed by thiopalladation 

or hydropalladation. 

  

Scheme 4.3 – Palladium-catalyzed hydrothiolation of 1-alkynylphosphines. 

 As an example of a thiol-yne reaction activated by radical initiation, the Dondoni group 

demonstrated the photoinduced addition of glycosyl thiols to alkynyl peptides (Scheme 4.4).20 

They performed propargylation on cysteine 4.13 followed by coupling with glycosyl thiols in a 

one-pot glycosylation using UV light (365 nm) and 2,2-dimethoxy-2-phenylacetophenone (DPAP) 
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as a sensitizer to obtain glycosylated product 4.15 in a 53% yield. Radically mediated thiol-yne 

reactions begin by the radical activation of the thiol using an initiator. The addition of the thiyl 

radical to an alkyne follows, in a similar fashion to the thiol-ene reaction. The resulting radical 

then abstracts a hydrogen from another thiol, generating a vinyl sulfide, and propagating another 

thiyl radical. Unlike the thiol-ene reaction, which results in a thioether, the vinyl sulfide can go 

through a second thyil radical addition. After the second addition, each alkyne functional group 

has combined with two thiols generating a dithioether.  

 

Scheme 4.4 – Radical-mediated thiol-yne chain reaction mechanism. 1) Addition to a terminal 

alkyne. 2) Subsequent addition to the vinyl sulfide.  
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stoichiometric reagents and/or a specialized UV photochemistry apparatus. The stoichiometric 

reagents produce stoichiometric waste that can complicate purification of the products.21 The 

focus has therefore turned to developing milder and greener methodologies to achieve the “click” 

reaction. Due to its potential for sustainability, visible-light photoredox catalysis has become an 

attractive strategy for thiol-yne processes.21  

 As an example of visible light-mediated thiol-yne reaction, the Zhu group demonstrated 

visible light-mediated thiol-acetylene click macrocyclization (Scheme 4.5).5 The group was able to 

synthesize a large library of macrocycles (up to 35-membered rings) in a dihydrothiolation 

process, using iridium catalyst 4.16 and blue LEDs in the presence of DIPEA as a base, with yields 

ranging from 8 to 42%. 

 

Scheme 4.5 – Thiol-yne dihydrothiolation macrocyclization reaction of dithiol precursors with 

acetylene using an iridium catalyst.  
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irradiation by green LEDs, and the reaction afforded a variety of vinyl sulfides with yields ranging 

from 55-91%, with regioselectivity favoring the (E)-isomer (25-60:1 E/Z ratio). 

 

 

Scheme 4.6 – Metal-free thiol-yne reaction using visible light catalyzed by Eosin Y.  

 Though the examples above yielded interesting results, both the reactions used terminal 

alkynes. For the intermolecular process described by Ananikov, the products were isolated with 

high levels of selectivity.24 Thiol-yne reactions using internal alkynes would be more challenging, 

since, in theory, four different vinyl sulfides could be formed, namely the cis- and trans- isomers 

of the products resulting of thiyl addition to either carbon. To help control selectivity, one strategy 

would be to have a substituent of the di-substituted alkyne capable to stabilize reaction 

intermediates, favoring addition at one carbon of the internal alkyne. 

4.2 Alkynyl Sulfides 

4.2.1 Synthesis of Alkynyl Sulfides 

 Alkynyl sulfides, or thioalkynes, are bench stable compounds containing a polarized triple 

bond due to conjugation of the heteroatom lone pair into the pi-orbitals of the alkyne. The 

prominence of sulfur in biomolecules and materials makes alkynyl sulfides attractive as sulfur-

containing building blocks.25 Different strategies can be employed to synthesize thioalkynes. The 

earliest attempts carried out by Arens consisted of using dehydrohalogenation conditions 

(Scheme 4.7).26 The bromo-vinyl precursor 4.17 was heated with potassium hydroxide in the 

absence of solvent, generating alkynyl sulfide 4.18 in 57% yield. The reaction was done with KOH 

and no solvent to prevent unwanted nucleophilic addition to the alkyne. 
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Scheme 4.7 – Dehalogenation of a bromo-vinyl precursor to give an alkynyl sulfide.  

 Later, umpolung strategies were exploited to generate alkynyl sulfides. An example of a 

sulfur umpolung was reported by the Menezes group in their synthesis of alkynyl sulfide 4.21 

(Scheme 4.8).27 They used a copper catalyst, CuI, to make a copper acetylide with alkyne 4.19, to 

act as a nucleophile and react with disulfide 4.20, acting as the electrophile. The result was alkynyl 

sulfide 4.21 isolated in 90% yield. 

 

Scheme 4.8 – Thiolation reaction using a sulfur umpolung strategy.  

 An example of umpolung strategy of alkynes for a thiol-yne reaction can be seen from the 

Waser group, who efficiently synthesized alkynyl sulfides using ethynyl benziodoxolone (EBX) 

reagents (Scheme 4.9).28  Using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as a base allowed for 

the use of different EBX reagents, bearing aliphatic- and mesityl-substituted alkynes, with a broad 

scope of thiols as demonstrated by the chemoselective reaction of thiol 4.22 with EBX reagent 

4.23 giving alkynyl sulfide 4.24, isolated in 95% yield. 

 

Scheme 4.9 – Thiol alkynylation reaction with alkyne umpolung using EBX reagent.  
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group used 4CzIPN, a nickel catalyst, and irradiation with blue LEDs in a dual-catalytic thiolation 

using continuous flow techniques with short reaction times (30 min) (Scheme 4.10). Alkynyl 

sulfide products were obtained in 50-96% yields. Though highly efficient for the preparation of 

aromatic alkynyl sulfides, it failed with aliphatic alkyne coupling partners.29  

 

Scheme 4.10 – Synthesis of an alkynyl sulfide using continuous flow and photochemical 

conditions. 

 The Collins group then developed a more “universal” catalytic protocol for the synthesis 

of alkynyl sulfides from bromoalkynes. They developed a Cu-catalyzed cross-coupling of 

bromoalkynes with thiols to make a large library of alkynyl sulfides (Scheme 4.11).30 The catalytic 

system employed Cu(MeCN)4PF6, 4,4ʹ-di-tert-butyl-2,2ʹ-dipyridyl (dtbbpy) ligand, and 2,6-

lutidine, affording yields ranging from 50-99%. The substrate scope included the functionalization 

of cysteine in dipeptides as well the synthesis of rare bis-heteroatom-substituted alkynes. 

 

Scheme 4.11 – Cu-catalyzed Csp–S coupling for alkynyl sulfide synthesis. 

 The method was effective at forming rare macrocyclic alkynyl sulfides (Scheme 4.12).31 

The group was able to create a library of cysteine-derived macrocycles, along with dipeptide and 

tripeptide macrocycles, at ambient temperature, in yields ranging from 23-73%. The reaction 

conditions were also chemoselective with regards to terminal alkynes versus bromoalkynes. 
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Scheme 4.12 – General Cu-catalyzed Csp–S coupling for alkynyl sulfide macrocyclization.  

 Alkynyl sulfides are interesting candidates for thiol-yne reactions since they are 

heteroatom-substituted internal alkynes. The sulfur atom on the di-substituted alkyne polarizes 

the carbon-carbon triple bond, which may favor certain regio- and chemoselective pathways. It 

would seem like a strategy to gain greater control over reactions with internal alkynes. Initiation 

of the reaction could be achieved through photocatalytic conditions using visible light, promoting 

a green process. The next chapter will be the research performed on the metal-free 

photocatalytic thiol-yne reaction of alkynyl sulfides using visible light. 

  

Br

SH

Cu(MeCN)4PF6 (10 mol %)
dtbbpy (20 mol %)
2,6-lutidine (2 eq.)

MeCN [0.05 M]
rt, 18 h

slow addition over 12 h
23-73%

S
n

n=16-19



83 

4.3 References 

(1) Posner, T. Beiträge Zur Kenntniss Der Ungesättigten Verbindungen. II. Ueber Die Addition 

von Mercaptanen an Ungesättigte Kohlenwasserstoffe. Ber. Dtsch. Chem. Ges. 1905, 38 

(1), 646–657. 

(2) Ruhemann, S.; Stapleton, H. E. CIX.—Condensation of Phenols with Esters of the Acetylene 

Series. Part III. Synthesis of Benzo-γ-Pyrone. J. Chem. Soc. 1900, 77 (0), 1179–1185. 

(3) Lowe, A. B. Thiol-Ene “Click” Reactions and Recent Applications in Polymer and Materials 

Synthesis. Polym. Chem. 2010, 1 (1), 17–36. 

(4) Lowe, A. B. Thiol-Yne ‘Click’/Coupling Chemistry and Recent Applications in Polymer and 

Materials Synthesis and Modification. Polymer  2014, 55 (22), 5517–5549. 

(5) Lü, S.; Wang, Z.; Zhu, S. Thiol-Yne Click Chemistry of Acetylene-Enabled Macrocyclization. 

Nat. Commun. 2022, 13 (1), 1–11. 

(6) Li, Y.; Cai, J.; Hao, M.; Li, Z. Visible Light Initiated Hydrothiolation of Alkenes and Alkynes 

over ZnIn2S4. Green Chem. 2019, 21 (9), 2345–2351. 

(7) 1 Journet, M.; Rouillard, A.; Cai, D.; Larsen, R. D. Double Radical Cyclization/β-

Fragmentation of Acyclic ω-Yne Vinyl Sulfides. Synthesis of 3-Vinyldihydrothiophene and 

Dihydrothiopyran Derivatives. A New Example of a 5-Endo-Trig Radical Cyclization. J. Org. 

Chem. 1997, 62 (25), 8630–8631. 

(8) Lowe, A. B. Thiol-Yne ‘Click’/Coupling Chemistry and Recent Applications in Polymer and 

Materials Synthesis and Modification. Polymer  2014, 55 (22), 5517–5549. 

(9) Macdougall, L. J.; Truong, V. X.; Dove, A. P. Efficient in Situ Nucleophilic Thiol-Yne Click 

Chemistry for the Synthesis of Strong Hydrogel Materials with Tunable Properties. ACS 

Macro Lett. 2017, 6 (2), 93–97. 

(10) Cook, A. B.; Barbey, R.; Burns, J. A.; Perrier, S. Hyperbranched Polymers with High Degrees 

of Branching and Low Dispersity Values: Pushing the Limits of Thiol-Yne Chemistry. 

Macromolecules 2016, 49, 1296-1304. 

(11) MacDougall, L. J.; Wiley, K. L.; Kloxin, A. M.; Dove, A. P. Design of synthetic extracellular 

matrices for probing breast cancer cell growth using robust cyctocompatible nucleophilic 

thiol-yne addition chemistry. Biomaterials 2018, 178, 435-447. 



84 

(12) Cai, S.; Weng, Z.; Zheng, Y.; Zhao, B.; Gao, Z.; Gao, C. High porosity microspheres with 

functional groups synthesized by thiol-yne click suspension polymerization. Polym. Chem. 

2016, 7, 7400-7407. 

(13) Stewart, M. H.; Susumu, K.; Oh, E.; Brown, C. G.; McClain, C. C.; Gorzkowski, E. P.; Boyd, D. 

A. Fabrication of Photoluminescent Quantum Dot Thiol-yne Nanocomposites via Thermal 

Curing or Photopolymerization. ACS Omega 2018, 3, 3314-3320. 

(14) Picard-Lafond, A.; Morin, J.-F. Low-Temperature Synthesis of Carbon-Rich Nanoparticles 

with a Clickable Surface for Functionalization. Langmuir 2017, 33, 5385-5392. 

(15) Zhang, C.; Dai, P.; Vinogradov, A. A.; Gates, Z. P.; Pentelute, B. L. Site-Selective Cysteine-

Cyclooctyne Conjugation. Angew. Chem., Int. Ed. 2018, 57, 6459-6463. 

(16) Wang, Y.; Bruno, B. J.; Cornillie, S.; Nogieira, J. M.; Chen, D.; Cheatham, T. E. III; Lim, C. S.; 

Chou, D. H.-C. Application of Thiol-yne/Thiol-ene Reactions for Peptide and Protein 

MacrocyclizationsApplication of Thiol-yne/Thiol-ene Reactions for Peptide and Protein 

Macrocyclizations. Chem. Eur. J. 2017, 23, 7087-7092. 

(17) Nador, F.; Mancebo-Aracil, J.; Zanotto, D.; Ruiz-Molina, D.; Radivoy, G. Thiol-Yne Click 

Reaction: An Interesting Way to Derive Thiol-Provided Catechols. RSC Adv. 2021, 11 (4), 

2074–2082. 

(18) Kondoh, A.; Takami, K.; Yorimitsu, H.; Oshima, K. Stereoselective Hydrothiolation of 

Alkynes Catalyzed by Cesium Base: Facile Access to (Z)-1-Alkenyl Sulfides. J. Org. Chem. 

2005, 70 (16), 6468–6473. 

(19) Kondoh, A.; Yorimitsu, H.; Oshima, K. Palladium-Catalyzed Anti-Hydrothiolation of 1-

Alkynylphosphines. Org. Lett. 2007, 9 (7), 1383–1385. 

(20) Lo Conte, M.; Pacifico, S.; Chambery, A.; Marra, A.; Dondoni, A. Photoinduced Addition of 

Glycosyl Thiols to Alkynyl Peptides: Use of Free-Radical Thiol−Yne Coupling for Post-

Translational Double-Glycosylation of Peptides. J. Org. Chem. 2010, 75 (13), 4644–4647. 

(21) Xiao, Q.; Tong, Q.-X.; Zhong, J.-J. Recent Advances in Visible-Light Photoredox Catalysis for 

the Thiol-Ene/Yne Reactions. Molecules 2022, 27 (3), 619. 

(22) Kumar, R.; Saima; Shard, A.; Andhare, N. H.; Richa; Sinha, A. K. Thiol-Ene “Click” Reaction 

Triggered by Neutral Ionic Liquid: The “Ambiphilic” Character of [Hmim]Br in the 



85 

Regioselective Nucleophilic Hydrothiolation. Angew. Chem. Int. Ed Engl. 2015, 54 (3), 828–

832. 

(23) Vanslambrouck, S.; Riva, R.; Ucakar, B.; Préat, V.; Gagliardi, M.; Molin, D. G. M.; Lecomte, 

P.; Jérôme, C. Thiol-Ene Reaction: An Efficient Tool to Design Lipophilic Polyphosphoesters 

for Drug Delivery Systems. Molecules 2021, 26 (6), 1750. 

(24) Zalesskiy, S. S.; Shlapakov, N. S.; Ananikov, V. P. Visible Light Mediated Metal-Free Thiol–

Yne Click Reaction. Chem. Sci. 2016, 7 (11), 6740–6745. 

(25) Santandrea, J.; Godin, E.; Collins, S. K. A Synthetic Guide to Alkynyl Sulfides. Org. Biomol. 

Chem. 2020, 18 (26), 4885–4893. 

(26) Arens, J. F.; Doornbos, T. The Chemistry of Acetylenic Ethers XVI. Acetylenic Thioethers. 

Recl. Trav. Chim. Pays Bas 1956, 75 (4), 481–486. 

(27) Bieber, L. W.; da Silva, M. F.; Menezes, P. H. Short and Efficient Preparation of Alkynyl 

Selenides, Sulfides and Tellurides from Terminal Alkynes. Tetrahedron Lett. 2004, 45 (13), 

2735–2737. 

(28) Frei, R.; Waser, J. A Highly Chemoselective and Practical Alkynylation of Thiols. J. Am. 

Chem. Soc. 2013, 135 (26), 9620–9623. 

(29) Santandrea, J.; Minozzi, C.; Cruché, C.; Collins, S. K. Photochemical Dual-Catalytic Synthesis 

of Alkynyl Sulfides. Angew. Chem. Int. Ed Engl. 2017, 56 (40), 12255–12259. 

(30) Godin, É.; Santandrea, J.; Caron, A.; Collins, S. K. General Cu-Catalyzed Csp–S Coupling. Org. 

Lett. 2020, 22 (15), 5905–5909. 

(31) Godin, É.; Nguyen Thanh, S.; Guerrero-Morales, J.; Santandrea, J.; Caron, A.; Minozzi, C.; 

Beaucage, N.; Rey, B.; Morency, M.; Abel-Snape, X.; Collins, S. K. Synthesis and 

Diversification of Macrocyclic Alkynediyl Sulfide Peptides. Chemistry 2020, 26 (64), 14575–

14579. 

 



 86 

Chapter 5 – Photocatalytic Thiol-Yne Reactions of Alkynyl 

Sulfides 

Oliver Bleton and Shawn K. Collins* 

Département de Chimie, Centre for Green Chemistry and Catalysis, Université de Montréal, 

Complexe des Sciences, 1375 Avenue Thérèse-Lavoie-Roux, Montréal, Québec H2V 0B3 

CANADA 

Submitted to Organic Letters 

Contributions : 

• Olivier Bleton carried out all reactions and purifications; as well as participating in the 
writing of the article and the experimental section.  

• Shawn K. Collins helped set up the experiments and write the manuscript. 

 

5.1 Abstract 

 

 Thiol-yne reactions typically employ thiols and terminal alkynes as reaction partners. 

Thiol-yne reaction of alkynyl sulfides and thiols is possible when employing a non-metal 

photocatalyst Eosin Y, green LED irradiation, under an air atmosphere. Alkynyl sulfides were 

transformed in good overall yields (58-90% total yields, 10 examples) favoring the cis-isomer. No 

addition to the α-position of the alkynyl sulfide is observed, and regioselectivity is believed to be 

controlled through stabilization of radical intermediates by the adjacent sulfur atom. 

Furthermore, control experiments with “all-carbon” internal alkynes demonstrate that alkynyl 

sulfides possess improved reactivity and regioselectivity profiles during thiol-yne processes. 
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5.2 Introduction 

 The thiol-yne reaction has emerged as a powerful strategy for carbon-sulfur (C-S) bond 

formation.1 The simplicity of the starting materials, free thiols and terminal alkynes, both versatile 

building blocks,2 renders the process synthetically attractive. The formal hydrothiolation of the 

alkyne results in the formation of a thioalkene with high atom economy (Figure 1 a). Traditionally, 

such additions to inactivated alkynes occur with the aid of transition metal catalysis3 and in a rare 

example, have occured without catalysis via the aid of weak S-H...π interactions using specific 

substituents.4 The ease of C-S bond formation opens opportunities for applications in numerous 

fields. The thiol-yne process has proven utility in the synthesis and modification of 

macromolecules, polymers,5 hydrogels,6 hyperbranched polymers with low dispersity,7 and 

biomaterials.8  

 

Figure 5.1 – Thiol-yne reactions 

 Polymerization and functionalization using thiol-yne reactions has afforded high porosity 

microspheres,9 modified quantum dots,10 and surface decorated carbon rich nanoparticles.11 In 

chemical biology, the thiol-yne reaction has been used in a “click” strategy for bioconjugation,12 

as well as to prepare linkages in macrocyclic peptides.13  

 Recently, photocatalysis has materialized as an alternative means for achieveing thiol-yne 

reactions. Photocatalysis employing visible light is now considered a green and sustainable route 

for molecular synthesis. Li and co-workers reported heterogeneous photocatalysis could be 
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employed for hydrothiolation of alkynes. Visible light irradiation over ZnIn2S4 afforded good yields 

for both thiol-yne and thiol-ene reactions.14 In 2016, Ananikov and co-workers reported a thiol-

yne process between thiols and terminal alkynes using homogeneous catalysis.15 Eosin Y 

combined with irradiation using green LEDs (530 nm) afforded good yields of hydrothiolated 

product. In 2019, Wang and co-workers also reported a method using acridinium salts as non-

metal photocatalysts, to promote thiol-yne reactions.16 Sterically unencumbered thiols reacted 

however in double additions of thiol to provide dithiolated product.16 Zhu and co-workers 

exploited that reactivity pattern to design macrocyclization processes that involved dithiols and 

acetylene gas as starting materials.17 Using Ir-based photocatalysts and blue LEDs, a broad 

substrate scope of structurally varied macrocycles were obtained. 17 Thiol-yne reactions have also 

attracted attention due to the potential to trap or intercept radical intermediates in cascade 

sequences that rapidly increase molecular complexity (Figure 1 a). For example, Volla et. al. 

intercepted the alkenyl radical formed from thiol-yne reaction with an intramolecular Michael 

acceptor, to afford polycyclic products.18 Ananikov employed a similar strategy, however in an 

intermolecular sense to develop thiol-yne-ene couplings.19 Such “modified” photocatalytic thiol-

yne processes have resulted in new syntheses of indoles,20 α,α-aminothioketones,21 

hydroxydithioacetals,22 sulfoxides,23 and vinyl sulfones.24 The aforementioned syntheses all 

exploit terminal alkynes as reaction partners, which is not surprising given the high levels of 

selectivity observed. Thiol-yne processes using di-substituted alkynes would be considered 

challenging, because in theory four different alkene cis- and trans-isomers could be formed from 

addition to the alkyne carbons. (Figure 1 b). One strategy to control selectivity in additions to di-

substituted alkynes would be judicious choice of one substituent, particularly one that could 

stabilize reaction intermediates. In that context, alkynyl sulfides are promising acceptors in thiol-

yne reactions.25 As heteroatom-substituted alkynes, the sulfur atom polarizes the carbon-carbon 

triple bond, and the predictive reactivity has allowed alkynyl sulfides to act as versatile synthons 

in a variety of transformations.26 Addition of a thiol to an alkynyl sulfide at the β-position may 

allow for favorable stabilization of the resulting radical (Figure 1 c). Herein, we report on the 

development of a thiol-yne process employing a disubstituted alkynes, specifically alkynyl 
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sulfides. The process employs non-metal photocatalysts and affords useful selectivity for the cis-

products resulting from addition to the β-carbon of the alkyne. 

 

Figure 5.2 – Developing a photocatalytic thiol-yne reaction of alkynyl sulfides. 

5.3 Results 

 Initial investigations into a thiol-yne reaction onto di-substituted alkynes began with 

alkynyl sulfide 5.1, which was prepared via Cu-catalyzed Csp-S coupling27 (Figure 2). 

Mercaptoethanol was selected as the thiol coupling partner to simplify analysis of the reaction 

mixture (the product resulting from attack at the α-position does not afford cis- nor trans 

isomers). Treating alkynyl sulfide 5.1 with mercaptoethanol in MeCN with an iridium-based 

photocatalyst Ir and DIPEA under blue LED irradiation afforded 23% of the cis-product 5.3c and 

5% of the trans-product 5.3t. The product resulting from attack at the α-position (5.3g) was not 

observed. NOESY experiments confirmed the stereochemistry of 5.3c, through observation of 

interactions between the singlet of the vinylic proton and the singlet of the allylic protons of the 

cis-isomer. When a Ru-based photocatalyst with p-toluidine, conditions established by Yoon for 

thiol-ene reactions,28 were explored, a significant increase in the yield of the cis-product 5.3c was 

observed (60%) and the ratio between cis- and trans-products was 4:1 (total yield of 75%). Thiol-

yne reaction with Eosin Y/TMEDA as the catalyst system under green LED irradiation afforded 

similar yields and selectivities as the Ru-based catalyst. Conditions employing Eosin Y were 
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selected based on the the appeal of a non-metal process. Further control reactions demonstrated 

the need for Eosin Y, TMEDA and light to promote the thiol-yne reaction. Using the optimized 

conditions, an “all-carbon” analogue 5.4 of alkynyl sulfide 5.1 was prepared and subjected to the 

thiol-yne reaction. A 13% yield of co-eluting thiol-yne products could be recovered via flash 

chromatography. Analysis of the mixture (1H NMR) showed four different alkene products, 

suggesting a mixture of products resulting from reaction at both the α- and β-positions of the 

alkyne. The contrast in reactivity profile of alkyne 5.4 (13 % total yield) compared to alkynyl sulfide 

5.1 (72 % total yield) demonstrates that the sulfur substituent is helping to augment reactivity 

and control regioselectivity during the thiol-yne reaction. 
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Figure 5.3 – Top: Substrate scope a Major cis-product shown. Minor product is trans-isomer. 

Isolated yields.  Bottom: Plausible mechanism and catalytic cycle. 

 Using the optimized conditions, thiol-yne reaction with different alkynyl sulfides and thiols 

was investigated (Figure 3 top). First an alkynyl sulfide bearing a 4-(phenyl)benzylthio- group was 

reacted with three different thiols: cyclohexylthiol, mercatoethanol and n-pentylthiol. All three 

experiments afforded the cis-isomer as the major product (3-4:1 ratio cis: trans). The average 

yield of the cis-products (5.5→5.7) was approximately 50%, with slightly higher total yields of the 

cis- trans mixture (58-62%). Thiol-yne reaction with an alkynyl sulfide bearing a (C6H11S)-

substituent afforded slightly higher yields when reacted with n-pentylthiol and cyclohexylthiol 

(56-63% total yields), but selectivities were slightly lower for the cis-isomer.  Similar trends were 

again observed for thiol-yne processes with two other alkynyl sulfides bearing -SCH2CH2OH or -

SCH2CH(CH3)2 groups. In all cases all three thiol reaction partners reacted efficiently and provided 

the cis-isomer as the major product. 1H NMR signals for the vinylic proton typically ranged roughly 

from 7 ppm to 6.5 ppm, cis-isomers generally having a displacement more downfield than their 

trans- counterparts. The thiol-yne process was efficient with overall yields reaching 90 %. 

 A plausible mechanism for the thiol-yne process would first involve promotion of Eosin Y 

to its excited state (Figure 3 bottom). The excited state of Eosin Y could abstract an electron from 

the thiol to create the corresponding radical cation. It has been proposed by others29 that the 

subsequent transformation to the thiyl radical is aided by the radical anion of molecular oxygen 

(itself formed when the ground state radical anion of Eosin Y donates an electron to O2 to close 

its catalytic cycle). Such a catalytic cycle is plausible, and the thiol-yne reactions are performed 

under an air atmosphere. Control reaction had shown TMEDA to be essential to the formation of 

the desired products. Consequently, it is possible that the thiyl radical is generated via a proton-

coupled electron transfer (PCET) process aided by TMEDA acting as a base.30 TMEDA may also be 

acting as a redox mediator similar to p-toluidine in photocatalytic thiol-ene processes.26 Upon 

formation of a thiyl radical, addition to the β-position of the alkynyl sulfide generates an alkenyl 

radical form which possible stabilization exists with the adjacent sulfur atom. Hydrogen atom 

transfer could occur from another thiol, which would regenerate the thiyl radical as a chain 

process.31 
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5.4 Conclusion 

 Thiol-yne processes have found applications in materials science, chemical biology and 

complex molecule synthesis, but have found limited use in reaction with terminal alkyne partners. 

The thiol-yne reaction of alkynyl sulfides and thiols presented herein is operationally simple, 

employing a non-metal photocatalyst Eosin Y, green LED irradiation, under an air atmosphere. 

Alkynyl sulfides were reacted in good overall yields (40-90% total yields) favoring the cis-isomer. 

No addition to the α-position of the alkynyl sulfide was observed, and regioselectivity is believed 

to be controlled through stabilization of radical intermediates by the adjacent sulfur atom. 

Control experiments with “all-carbon” internal alkynes demonstrate that alkynyl sulfides possess 

improved reactivity and regioselectivity profiles during thiol-yne processes. The thiol-yne 

reactions described herein suggest that other heteroatom-substituted alkynes such as alkynyl 

ethers, alkynyl phosphonates or the popular ynamides could act as selective di-substituted 

alkynes in thiol-yne processes as well. As a number of “cascade” reactions employing terminal 

alkynes exist, it is plausible that new reaction processes that increase molecular complexity from 

simple building blocks could be achieved by exploiting alkynyl sulfide reaction partners.  
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Chapter 6 – Conclusions and Perspectives 

6.1 Conclusions 

 The first research section of the synthesis concerned expanding the scope of peptidic 

macrocycles synthesized using a hybrid reactor designed in the Collins group. A hexapeptide 

macrocycle was successfully synthesized with a yield of 71% using a haloaromatic linker molecule. 

Despite the hexapepetide being the largest macrocycle to date prepared using the hybrid reactor, 

we obtained the best yield out of all the macrocycles found in the scope of the reaction. While it 

is difficult to discern the exact reason for the high yield, our group has found that the rigidity and 

polarity of the linker molecule has improved many macrocyclizations for peptides. 

 In the second research section of the thesis, thiol-yne reactions with alkynyl sulfides were 

investigated. It was found that having a sulfur atom polarizing the triple bond of an internal alkyne 

prevents the addition of the thiol to the α position, and the thiol-yne reactions favored the 

formation of a cis vinyl sulfide product. A control reaction demonstrated that alkynyl sulfides have 

greater reactivity than their “all-carbon” counterparts. 

6.2 Perspectives 

 Future perspectives for the macrocyclization using the hybrid reactor could include testing 

different types of reactions outside of oxidation of thiols into disulfides. Considering the 

experience of our group in the photochemical generation of thiyl radicals, macrocyclic thiol-

ene/thiol-yne reactions could be attempted (Figure 6.1). If the macrocyclic precursors were 

constructed using terminal alkynes and alkenes, excellent regioselectivity should be observed in 

the products. Macrocyclic thiol-yne processes could be problematic in that mixtures of E and Z-

isomers could be formed. 
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Figure 6.1 – Examples of photochemical thiol-ene (top) and thiol-yne (bottom) reactions that 

could be applied to macrocyclization using the  hybrid reactor 

 

 Future perspectives for the thiol-yne reaction with alkynyl sulfides could include trying the 

thiol-yne reaction with different heteroatoms at the α position of the internal alkyne, such as 

oxygen or nitrogen (Figure 6.2). The corresponding alkynyl ethers and ynamides are much more 

reactive than alakynyl sulfides, which may provide increased regiocontrol. However, the reactivity 

also means that there would be loss in terms of ease-of-handling of the compounds. 

 

 

Figure 6.2 – Examples of thiol-yne reactions with different heteroatom-substituted alkynes. 

 

 

 

catalyst
base

solvent
visible light, time

SH

catalyst
base

solvent
visible light, time

SH

S

S

Eosin Y   (2 mol%)
TMEDA (1.1 equiv)

MeCN (50 mM)
rt, 24 h

Green LEDs

X
XH X

S

R1

R2

R3

R1

R2
R3

X = O or N



 101 

 

Appendix 1: Experimental Procedures and Spectral Data for 

Chapter 3 

 Supplemental Information 

General: 

All reactions that were carried out under anhydrous conditions were performed under an inert 
argon or nitrogen atmosphere in glassware that had previously been dried overnight at 120 oC 
or had been flame dried and cooled under a stream of argon or nitrogen. All chemical products 
were obtained from Sigma-Aldrich Chemical Company or Alfa Aesar and were reagent quality. 
Technical solvents were obtained from VWR International Co. Anhydrous solvents (CH2Cl2, Et2O, 
THF, DMF, toluene, and n-hexane) were dried and deoxygenated using a GlassContour system 
(Irvine, CA). Methyl S-trityl-L-cysteinate, 2,2'-((2,5-dibromo-1,4-phenylene)bis(oxy)) bis(ethan-1- 
ol)

2 and 2,2'-((2,5-diiodo-1,4-phenylene)bis(oxy))bis(ethan-1-ol) were prepared according to 
their respective literature procedures. Isolated yields reflect the mass obtained following flash 
column silica gel chromatography. Organic compounds were purified using the method reported 
by W. C. Still

11 and using silica gel obtained from Silicycle Chemical division (40-63 nm; 230-240 
mesh). Analytical thin-layer chromatography (TLC) was performed on glass-backed silica gel 60 
coated with a fluorescence indicator (Silicycle Chemical division, 0.25 mm, F254.). Visualization of 
TLC plate was performed by UV (254 nm), KMnO4 or p-anisaldehyde stains. All mixed solvent 
eluents are reported as v/v solutions. Concentration refers to removal of volatiles at low pressure 
on a rotary evaporator. All reported compounds were homogeneous by thin layer 
chromatography (TLC) and by 

1
H NMR. NMR spectra were taken in deuterated CDCl3 using Bruker 

AV-300 and AV- 400 instruments unless otherwise noted. Signals due to the solvent served as the 
internal standard (CHCl3: δ 7.27 for 

1
H, δ 77.0 for 

13
C). The acquisition parameters are shown on 

all spectra. The 1H NMR chemical shifts and coupling constants were determined assuming first- 
order behavior. Multiplicity is indicated by one or more of the following: s (singlet), d (doublet), 
t (triplet), q (quartet), m (multiplet), br (broad); the list of couplings constants (J) corresponds to 
the order of the multiplicity assignment. High resolution mass spectrometry (HRMS) was done 
by the Centre régional de spectrométrie de masse at the Département de Chimie, Université de 
Montréal from an Agilent LC-MSD TOF system using ESI mode of ionization unless otherwise 
noted.  
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Synthesis of macrocyclic peptide and precursor 

 

 

(S)-[1,1'-Binaphthalene]-2,2'-diyl(2S,2'S)-bis(2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)propanoate) (3.3): To a 15 mL round bottom flask equipped with a 

stir bar, the binol (100 mg, 0.349 mmol, 1 equiv.), Fmoc-L-alanine (269 mg, 0.864 mmol, 2.5 

equiv.), EDC (8.5 mg, 0.069 mmol, 0.2 equiv.) and DIPEA (0.238 mL, 1.37 mmol, 4 equiv.) were 

added followed by CH2Cl2 (50 mM). The reaction mixture was stirred at room temperature 

overnight. The base was neutralized using 1M HCl and the solution was added to a separatory 

funnel containing water. The solution was extracted with CH2Cl2. The organic layer was washed 

with brine, dried using MgSO4, filtered, and concentrated in vacuo. Following purification by 

column chromatography (3% diethyl ether in CH2Cl2), the desired product was obtained as a 

white solid (168 mg, 67%). 1H NMR (400 MHz, Methanol-d) δ 8.08 (d, J = 8.9 Hz, 2H), 8.01 (d, J = 

8.2 Hz, 2H), 7.79 (d, J = 7.5 Hz, 4H), 7.64-7.14 (m, 20H), 4.31-4.04 (m, 8H), 0.60 (d, J = 7.2 Hz, 

6H). 13C NMR (101 MHz, CDCl3) δ 171.3, 155.4, 146.2, 143.9, 143.7, 141.3, 133.1, 131.8, 130.0, 

128.1, 127.7, 127.1, 126.0, 125.1, 123.3, 121.6, 120.0, 67.0, 49.4, 47.1, 17.2; HRMS (ESI) m/z 

calculated for C56H44N2O8 [M+Na]+ 895.2990; found 895.2987. 

 

 

N-(tert-Butoxycarbonyl)-S-trityl-L-cysteinylglycyl-D-alanine (3.8): To a 50 mL round bottom flask 

equipped with a stir bar was added dipeptide 3.6 activated by hydroxysuccinimide (1.19 g, 1.92 
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mmol, 1 equiv.), L-alanine (205 mg, 2.30 mmol, 1.2 equiv.), and DIPEA (0.401 mL, 2.30 mmol, 1.2 

equiv.). DMF (6.71 mL) was added to the flask, and the reaction mixture was stirred at room 

temperature for 6h. The base was neutralized using 1M HCl and the solution was added to a 

separatory funnel containing water. The solution was extracted with EtOAc. The organic layer 

was washed with saturated LiCl solution and brine, dried using MgSO4 and concentrated in vacuo. 

Following purification by column chromatography (40-70% EtOAc in Hexanes), the desired 

product was obtained as a white solid (476 mg, 42%). 1H NMR (400 MHz, Acetone-d6) δ 7.54 (br 

s, 1H), 7.44-7.25 (m, 16H), 6.24-6.17 (dd, J = 6 Hz, 1H), 4.43 (t, J = 5.6 Hz, 1H), 4.02-3.79 (m, 3H), 

2.70-2.63 (m, 2H), 1.43 (s, 9H), 1.35 (d, J = 6 Hz, 4H). 13C NMR (101 MHz, (CD3)2CO) δ 173.1, 170.5, 

168.4, 155.4, 144.8, 129.5, 128.0, 127.5, 126.8, 79.0, 78.3, 66.5, 54.01, 47.7, 42.4, 33.8, 27.7, 

17.0; HRMS (ESI) m/z calculated for C32H37N3O6S [M+Na]+ 614.2295; found 614.2285. 

 

 

Octane-1,8-diyl (2S,2'S)-bis(2-((tert-butoxycarbonyl)amino)propanoate) (3.12): To a 15 mL 

round bottom flask equipped with a stir bar was added diol 3.9 (100 mg, 0.684 mmol, 1 equiv.), 

N-Boc-L-alanine (285 mg, 1.50 mmol, 2.2 equiv.), TBTU (483 mg, 1.50 mmol, 2.2 equiv.) and DIPEA 

(0.476 mL, 2.74 mmol, 4 equiv.). DMF (228 mM) was added to the flask, and the reaction mixture 

was stirred at room temperature for 6h. The base was neutralized using 1M HCl and the solution 

was added to a separatory funnel containing water. The solution was extracted with EtOAc. The 

organic layer was washed with saturated LiCl solution and brine, dried using MgSO4 and 

concentrated in vacuo. Following purification by column chromatography (30% EtOAc in 

Hexanes), the desired product was obtained as an oil (209 mg, 63%). 1H NMR (500 MHz, 

Chloroform-d) δ 5.09 (s, 2H), 4.31 (t, J = 6.9 Hz, 2H), 4.19-4.10 (m, 4H), 1.66-1.63 (m, 4H), 1.46 (s, 

18H), 1.40 (d, J = 7.2 Hz, 6H), 1.34 (s, 8H). 13C NMR (101 MHz, CDCl3) δ 173.5, 155.1, 79.8, 65.4, 

49.3, 29.0, 28.3, 25.7, 18.8; HRMS (ESI) m/z calculated for C24H44N2O8 [M+Na]+ 511.2990; found 

511.2999. 
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Octane-1,8-diyl (2S,2'S)-bis(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)propanoate) (3.16): 

To a 25 mL round bottom flask equipped with a stir bar was added the diol (50 mg, 0.342 mmol, 

1 equiv.), Fmoc-L-alanine (234 mg, 0.752 mmol, 2.2 equiv.), TBTU (439 mg, 1.37 mmol, 4 equiv.) 

and DIPEA (0.238 mL, 1.37 mmol, 4 equiv.). DMF (228 mM) was added to the flask, and the 

reaction mixture was stirred at room temperature for 4h. The base was neutralized using 1M HCl 

and the solution was added to a separatory funnel containing water. The solution was extracted 

with EtOAc. The organic layer was washed with saturated LiCl solution and brine, dried using 

MgSO4 and concentrated in vacuo. Following purification by column chromatography (30% EtOAc 

in Hexanes), the desired product was obtained as a white solid (168 mg, 67%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.80-7.32 (m, 16H), 5.41 (br s, 2H), 4.45-4.15 (m, 11H), 1.66-1.33 (m, 18H). 13C 

NMR (101 MHz, CDCl3) δ 173.2, 155.6, 143.9, 143.8, 141.3, 127.7, 127.1, 125.1, 120.0, 67.0, 65.6, 

49.7, 47.2, 29.0, 28.5, 25.7, 18.8; HRMS (ESI) m/z calculated for C44H48N2O8 [M+H]+ 733.3483; 

found 733.3517.  

 

 

((2,5-Diiodo-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl)(2S,2'S)-bis(2-((tert-

butoxycarbonyl)amino)propanoate) (3.19): To a solution of 2,2'-(2,5-diiodo-1,4-

phenylene)bis(ethan-1-ol) (500 mg, 1.11 mmol, 1 eq.) in dry DMF (278 mM) was added (tert-

butoxycarbonyl)-L-alanine (526mg, 2.78 mmol, 2.5 eq.), 1-Hydroxybenzotriazol hydrate (450 mg, 

3.33 mmol, 3 eq.), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide HCl (639 mg, 3.33 mmol, 3 

eq.) and DIPEA (718 mg, 5.56 mmol, 5 eq.). The solution was stirred at room temperature for 5h. 
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The base was neutralized using 1M HCl and the solution was added to a separatory funnel 

containing water. The solution was extracted with EtOAc. The organic layer was washed with 

brine, dried using MgSO4 and concentrated in vacuo. Following purification by column 

chromatography (35% EtOAc in Hexanes), the desired product was obtained as a white solid (512 

mg, 58%). 1H NMR (400 MHz, CDCl3) δ 7.23(s, 2H), 5.10 (d, J = 5.3 Hz, 2H), 4.59-4.46 (m, 4H), 

4.41(t, J = 6.8 Hz, 2H), 4.20-4.18 (m, 4H), 1.46 (s, 24H); 13C NMR (101 MHz, CDCl3) δ 173.2, 155.1, 

152.9, 123.6, 86.5, 79.9, 68.2, 63.2, 49.3, 28.3, 18.8; HRMS (ESI) m/z calculated for C26H38I2N2O10 

[M+H]+ 793.0681; found 793.0689. 

 

 

((2,5-Diiodo-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl) (2S,2'S)-bis(2-aminopropanoate) 

(3.20): ((2,5-Diiodo-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl) (2S,2'S)-bis(2-((tert-

butoxycarbonyl)amino)propanoate) (511 mg, 645 mmol, 1 eq.) was added to 4M HCl in dioxane 

(72 mM). The solution was stirred at room temperature for 30 minutes. The solution was 

concentrated in vacuo, and the resulting solid was filtered and washed with Et2O. The desired 

product was obtained as a white solid (316 mg, 83%).1H NMR (400 MHz, CD3OD) δ 7.41 (s, 2H), 

4.70-4.56 (m, 4H), 4.28 (t, J = 4.5 Hz, 4H), 4.20 (q, J = 7.2 Hz, 2H), 1.63 (d, J = 7.2 Hz, 6H); 13C NMR 

(101 MHz, CD3OD) δ 169.6, 153.0, 123.3, 85.8, 67.8, 64.3, 48.5, 15.0; HRMS (ESI) m/z calculated 

for C16H22I2N2O6 [M+H]+ 592.9642; found 592.9640. 
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((2,5-Diiodo-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl) (6R,6'R,12S,12'S)-bis(2,2,12-

trimethyl-4,7,10-trioxo-6-((tritylthio)methyl)-3-oxa-5,8,11-triazatridecan-13-oate) (3.22): To a 

solution of 2,5-dioxopyrrolidin-1-yl N-(tert-butoxycarbonyl)-S-trityl-L-cysteinylglycinate (365 mg, 

701 umol, 1 eq.) in dry DMF (243 mM), was added diamine 3.20 (173 mg, 292 umol, 0.4 eq.) and 

DIPEA (91 mg, 701 umol, 1 eq.). The solution was stirred at room temperature 6h. The base was 

neutralized using 1M HCl and the solution was added to a separatory funnel containing water. 

The solution was extracted with EtOAc. The organic layer was washed with brine, dried using 

MgSO4 and concentrated in vacuo. Following purification by column chromatography (25% 

Hexanes in EtOAc), the desired product was obtained as a white solid (189 mg, 40%). 1H NMR 

(400 MHz, CDCl3) δ 7.46-7.21 (m, 32H), 6.90 (br s, 2H), 6.62 (d, J = 6 Hz, 2H), (dd, J = 6.2 Hz, 6 Hz, 

2H), 4.61-4.44 (m, 5H), 4.16 (d, J = 4 Hz, 4H), 3.97-3.76 (m, 5H), 3.00-2.59 (m, 4H), 1.44 (s, 24 H); 
13C NMR (101 MHz, CDCl3) δ 172.3, 170.8, 155.9, 144.3, 129.5, 128.2, 127.0, 123.5, 86.5, 80.8, 

68.1, 67.4, 63.3, 60.4, 54.0, 48.2, 43.1, 33.6, 29.7, 28.3, 21.1, 17.9, 17.6, 14.2; HRMS (ESI) m/z 

calculated for C74H82I2N6O14S2 [M+H]+ 1597.3494; found 1597.3493. 

 

 

((2,5-Diiodo-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl)(6R,6'R,12S,12'S)-bis(6-

(mercaptomethyl)-2,2,12-trimethyl-4,7,10-trioxo-3-oxa-5,8,11-triazatridecan-13-oate) (3.23): 

A solution of trityl-protected dithiol 3.22 (97 mg, 0.061 mmol, 1 eq.) in dry CH2Cl2 (7.7 mL, 7.9 

mM) was bubbled with nitrogen. Triethylsilane (0.087 mL, 0.547 mmol, 9 eq.), then trifluoroacetic 

acid (0.047 mL, 0.607 mmol, 10 eq.) were added under nitrogen. The reaction was stirred at room 

temperature for 2h. Triethylamine (0.161 mL, 1.15 mmol, 19 eq.) was slowly added to quench 

the reaction and the reaction mixture was concentrated in vacuo. Following purification by 
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column chromatography (100% EtOAc), the desired product was obtained as a white solid (112 

mg, 86%). 1H NMR (400 MHz, CD3OD) δ 7.38 (s, 2H), 4.54-4.42(m, 6H), 4.23-4.18 (m, 6H), 3.94 (s, 

4H), 3.06-2.84 (m, 4H), 1.48 (s, 24H); 13C NMR (101 MHz, CD3OD) δ 172.4, 172.2, 172.1, 169.8, 

153.0, 123.4, 85.9, 79.7, 68.1, 63.3, 57.2, 57.1, 42.0, 27.3, 25.7, 16.4  HRMS (ESI) m/z calculated 

for C36H54I2N6O14S2 [M+H]+ 1113.1305; found 1113.1302. 

 

 

Di-tert-butyl((7S,13R,18R,24S)-12,15-diiodo-7,24-dimethyl-6,9,12,19,22,25-hexaoxo-2,5,26,29-

tetraoxa-15,16-dithia-8,11,20,23-tetraaza-1(1,4)-benzenacyclononacosaphane-13,18-

diyl)dicarbamate (3.24): In a pear-shaped flask, dithiol (1.0 equiv.) and eosin Y (1 mol%) were 

dissolved in EtOH/MeCN/H2O (9:3:1) [732 uM]  before TMEDA (1 equiv.) was added. A syringe 

containing 45 mL of the solvent mixture and the reaction was placed in a KD Scientific syringe 

pump and pushed the reaction mixture at a rate of 0.250 mL/min into the photochemical reactor. 

The reactor was filled with 40 mL of the solvent mix and oxygen (5 psi) was bubbled through the 

five gas inputs. Two plates of green LEDs sandwiched the whole reactor. An Asia syringe pump 

by Syrris connected to the reactor by a PFA-tubing was set at a flow rate of 1.250 mL/min to 

remove any volume of solution in excess. After all the solvent was injected, for a total time of 

three hours, the lights were turned off. The reaction mixture from the reaction and the wash 

processes was collected in a round bottom flask covered with aluminum foil. Following 

concentration in vacuo and purification by column chromatography (0-2% MeOH in EtOAc), the 

desired product was obtained as a white powder (32 mg, 71 %). 1H NMR (400 MHz, CD3OD) δ 

7.40 (s, 2H), 4.50-4.31 (m, 8H), 4.26-4.24 (m, 4H), 3.91 (s, 4H), 3.27-2.87 (m, 4H), 1.47 (s, 24H);  
13C NMR (101 MHz, DMSO) δ 172.2, 170.8, 170.6, 168.4, 155.4, 152.5, 123.4, 87.2, 79.2, 78.4, 
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68.1, 63.0, 47.6, 41.9, 28.2, 17.1  HRMS (ESI) m/z calculated for C36H52I2N6O14S2 [M+H]+ 

1111.1144; found 1111.1145
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Spectral data: 

3.3  
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3.12 
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Appendix 2: Experimental Procedures and Spectral Data for 

Chapter 5 

 Supplemental Information 

 
EXPERIMENTAL PROCEDURES AND CHARACTERIZATION DATA  

SYNTHESIS OF NEW ALKYNES AND ALKYNYL SULFIDES 

 

3-(Isobutylthio)prop-2-yn-1-yl 4-methoxybenzoate (S1): A 118.5 mM solution of Cu(MeCN)4PF6 
(0.088 g, 0.237 mmol) in acetonitrile (2 mL) was prepared under nitrogen. The solution was then 
sonicated under nitrogen until complete homogeneity was obtained. The bromoalkyne (0.250 g, 
0.929 mmol, 1.0 equiv.), the thiol (0.111 mL, 1.02 mmol, 1.1 equiv.), dtbbpy (0.051 g, 0.186 mmol, 
20 mol%) and 2,6-lutidine (0.216 mL, 1.86 mmol, 2.0 equiv.) were added to a 25 mL round bottom 
flask equipped with a stir bar. A septum was used to seal the vial and it was secured with parafilm. 
The vial was then purged with nitrogen for 2 minutes under vacuum. Afterwards, degassed 
acetonitrile (15 mL) was added to the flask under nitrogen. The Cu(MeCN)4PF6 solution (0.787 mL, 
0.093 mmol, 10 mol%) was added to the flask in one portion. The reaction mixture was stirred for 
90 minutes. Upon completion of the reaction (TLC), it was concentrated under vacuum to provide 
a crude reaction mixture which was purified by column chromatography on silica-gel. Following 
purification by column chromatography (0-4% EtOAc in Hexanes), the desired product was 
obtained as a colorless oil (259 mg, 85%). 1H NMR (400 MHz, Chloroform-d) δ 8.05 (d, J = 9.0 Hz, 
2H), 6.95 (d, J = 8.9 Hz, 2H), 5.01 (s, 2H), 3.88 (s, 3H), 2.66 (d, J = 6.9 Hz, 2H), 2.06-1.96 (m, 1H), 1.05 
(d, J = 6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 165.7, 163.6, 131.9, 122.1, 113.7, 87.7, 78.8, 55.5, 
53.4, 44.4, 28.5, 21.5; HRMS (ESI) m/z calculated for C15H18O3S [M+Na]+ 301.0869; found 
301.0872. 
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3-((2-Hydroxyethyl)thio)prop-2-yn-1-yl 4-methoxybenzoate (5.1): A 118.5 mM solution of 
Cu(MeCN)4PF6 (0.088 g, 0.237 mmol) in acetonitrile (2 mL) was prepared under nitrogen. The 
solution was then sonicated under nitrogen until complete homogeneity was obtained. The 
bromoalkyne (0.750 g, 2.79  mmol, 1.0 equiv.), the thiol (0.215 mL, 3.07 mmol, 1.1 equiv.), dtbbpy 
(0.153 g, 0.557 mmol, 20 mol%) and 2,6-lutidine (0.649 mL, 5.57 mmol, 2.0 equiv.) were added to 
a 100 mL round bottom flask equipped with a stir bar. A septum was used to seal the vial and it 
was secured with parafilm. The vial was then purged with nitrogen for 2 minutes under vacuum. 
Afterwards, degassed acetonitrile (45 mL) was added to the flask under nitrogen. The 
Cu(MeCN)4PF6 solution (2.35 mL, 0.279 mmol, 10 mol %) was added to the flask in one portion. 
The reaction mixture was stirred for 90 minutes. Upon completion of the reaction (TLC), it was 
concentrated under vacuum to provide a crude reaction mixture which was purified by column 
chromatography on silica-gel. Following purification by column chromatography (20-33% EtOAc 
in Hexanes), the desired product was obtained as a colorless oil (528 mg, 71%). Characterization 
data was identical to that in the literature.1 

 

 

3-(Cyclohexylthio)prop-2-yn-1-yl 4-methoxybenzoate (S2): A 118.5 mM solution of 
Cu(MeCN)4PF6 (0.088 g, 0.237 mmol) in acetonitrile (2 mL) was prepared under nitrogen. The 
solution was then sonicated under nitrogen until complete homogeneity was obtained. The 
bromoalkyne (0.205 g, 0.762 mmol, 1.0 equiv.), the thiol (0.087 mL, 0.838 mmol, 1.1 equiv.), 
dtbbpy (0.042 g, 0.152 mmol, 20 mol %) and 2,6-lutidine (0.177 mL, 1.52 mmol, 2.0 equiv.) were 
added to a 25 mL round bottom flask equipped with a stir bar. A septum was used to seal the vial 
and it was secured with parafilm. The vial was then purged with nitrogen for 2 minutes under 
vacuum. Afterwards, degassed acetonitrile (15 mL) was added to the flask under nitrogen. The 
Cu(MeCN)4PF6 solution (0.642 mL, 0.076 mmol, 10 mol %) was added to the flask in one portion. 
The reaction mixture was stirred for 90 minutes. Upon completion of the reaction (TLC), it was 
concentrated under vacuum to provide a crude reaction mixture which was purified by column 
chromatography on silica-gel. Following purification by column chromatography (2% EtOAc in 
Hexanes), the desired product was obtained as a colorless oil (169 mg, 73%). Characterization 
data was identical to that in the literature.1 

 

 
1 Godin, É.; Santandrea, J.; Caron, A.; Collins, S. K. General Cu-Catalyzed Csp-S Coupling. Org. Lett. 2020, 22, 5905–
5909. 
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3-(([1,1'-Biphenyl]-4-ylmethyl)thio)prop-2-yn-1-yl 4-methoxybenzoate (S3): A 118.5 mM 
solution of Cu(MeCN)4PF6 (0.088 g, 0.237 mmol) in acetonitrile (2 mL) was prepared under 
nitrogen. The solution was then sonicated under nitrogen until complete homogeneity was 
obtained. The bromoalkyne (0.100 g, 0.372 mmol, 1.0 equiv.), the thiol (0.082 mL, 0.409 mmol, 
1.1 equiv.), dtbbpy (0.020 g, 0.074 mmol, 20 mol %) and 2,6-lutidine (0.087 mL, 0.743 mmol, 2.0 
equiv.) were added to a 100 mL round bottom flask equipped with a stir bar. A septum was used 
to seal the vial and it was secured with parafilm. The vial was then purged with nitrogen for 2 
minutes under vacuum. Afterwards, degassed acetonitrile (5.6 mL) was added to the flask under 
nitrogen. The Cu(MeCN)4PF6 solution (0.327 mL, 0.037 mmol, 10 mol %) was added to the flask in 
one portion. The reaction mixture was stirred for 90 minutes. Upon completion of the reaction 
(TLC), it was concentrated under vacuum to provide a crude reaction mixture which was purified 
by column chromatography on silica-gel. Following purification by column chromatography (0-5% 
EtOAc in Hexanes), the desired product was obtained as a white solid (528 mg, 71%). 
Characterization data was identical to that in the literature.1 
 

 

Non-2-yn-1-yl 4-methoxybenzoate (5.4): To a solution of 4-methoxybenzoic acid (0.130 g, 0.856 
mmol) in CH2Cl2 (2 mL) was added 2-nonyn-1-ol (0.103 mL, 0.713 mmol), DMAP (0.009 g, 0.071 
mmol) and DCC (0.221 g, 1.07 mmol). The mixture was stirred for 18 hours at room temperature. 
Upon completion of the reaction (TLC), it was filtered and concentrated under vacuum to provide 
a crude reaction mixture which was purified by column chromatography on silica-gel. Following 
purification by column chromatography (0-2% ethyl acetate in hexanes), the desired product was 
obtained as a colorless oil (110 mg, 51%). 1H NMR (400 MHz, Chloroform-d) δ 8.06 (d, J = 9.2 Hz, 
2H), 6.95 (d, J = 9.2 Hz, 2H), 4.91 (s, 2H), 3.88 (s, 3H), 2.27-2.23 (m, 2H), 1.58-1.51 (m, 2H), 1.44-
1.26 (m, 6H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 165.8, 163.5, 131.9, 122.2, 113.6, 
87.7, 74.2, 55.4, 53.1, 31.3, 28.5, 28.4, 22.5, 18.8, 14.1; HRMS (ESI) m/z calculated for C17H22O3 
[M+H]+ 275.1642; found 275.1653. 
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REACTION SET-UP 

General considerations for the photochemical reactions:  
All photocatalysis reactions for reaction optimization were performed in 15 mL screw cap vials 
equipped with a stir bar that were placed in a homemade photoreactor consisting of metal 
cylinder lined with a light-emitting diode (LED) strip connected to a power source on top of a stir 
plate. LED strips were purchased from Creative Lightings (https://www.creativelightings.com/ ). 
An external fan was used to maintain an average temperature below 30 °C.  
 

 

  

Figure S1 – Homemade photoreactor used for the photochemical thiol-yne reaction. 
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EXPERIMENTAL PROCEDURES AND CHARACTERIZATION DATA: 

THIOL YNE REACTION ON INTERNAL ALKYNE 

 

Thiol-yne reaction on an internal alkyne: To a 15 mL screw cap vial equipped with a stir bar was 
added the internal alkyne (0.110 g, 0.401 mmol, 1 equiv.), the thiol (0.031 mL, 0.441 mmol, 1.1 
equiv.), TMEDA (0.066 mL, 0.441 mmol, 1.1 equiv.), and Eosin Y (0.005 g, 0.008 mmol, 2 mol %). 
Acetonitrile (8 mL) was added to the vial. The vial was placed in the middle of a metal cylinder 
containing green LEDs. The cylinder with the vial was positioned on a stir plate cooled by a fan. 
The LEDs were turned on and the reaction mixture was stirred for 24h at room temperature. Upon 
completion of the reaction (TLC), it was concentrated under vacuum to provide a crude reaction 
mixture which was purified by column chromatography on silica-gel. Following purification by 
column chromatography (10-20% EtOAc in Hexanes), a mix of the different isomers of the desired 
product was obtained as an oil (15 mg, 13%). HRMS (ESI) m/z calculated for C19H28O4S [M+Na]+ 

375.1601; found 375.1601. 
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EXPERIMENTAL PROCEDURES AND CHARACTERIZATION DATA: 

PRODUCTS FROM THIOL YNE REACTION ON ALKYNYL SULFIDES 

 

(Z)-3-(([1,1'-Biphenyl]-4-ylmethyl)thio)-2-(cyclohexylthio)allyl 4-methoxybenzoate (5.5): To a 
15 mL screw cap vial equipped with a stir bar was added the alkynyl sulfide (0.050 g, 0.129 mmol, 
1 equiv.), the thiol (0.015 mL, 0.142 mmol, 1.1 equiv.), TMEDA (0.021 mL, 0.142 mmol, 1.1 equiv.), 
and Eosin Y (0.0017 g, 0.0026 mmol, 2 mol%). Acetonitrile (2.6 mL) was added to the vial. The vial 
was placed in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was 
positioned on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was 
stirred for 24h at room temperature. Upon completion of the reaction (TLC), it was concentrated 
under vacuum to provide a crude reaction mixture which was purified by column chromatography 
on silica-gel. Following purification by column chromatography (2-10% EtOAc in Hexanes), the 
desired product was obtained as an oil (31 mg, 48%). 1H NMR (400 MHz, Chloroform-d) δ 7.99 (d, 
J = 9.0 Hz, 2H), 7.59-7.37 (m, 9H), 6.91 (d, J = 8.9 Hz, 2H), 6.77 (s, 1H), 4.86 (s, 2H), 4.00 (s, 2H), 
3.84 (s, 3H), 3.21-3.14 (m, 1H), 1.97-1.25 (m, 10H); 13C NMR (101 MHz, CDCl3) δ 165.8, 163.5, 
140.7, 140.2, 136.7, 136.2, 131.7, 129.4, 128.8, 127.4, 127.1, 124.5, 122.4, 113.6, 67.9, 55.4, 45.0, 
37.6, 33.7, 26.0, 25.7; HRMS (ESI) m/z calculated for C30H32O3S2 [M+Na]+ 527.1685; found 
527.1667. 
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(Z)-3-(([1,1'-Biphenyl]-4-ylmethyl)thio)-2-((2-hydroxyethyl)thio)allyl 4-methoxybenzoate (5.6): 
To a 15 mL screw cap vial equipped with a stir bar was added the alkynyl sulfide (0.052 g, 0.134 
mmol, 1 equiv.), the thiol (0.010 mL, 0.147 mmol, 1.1 equiv.), TMEDA (0.022 mL, 0.147 mmol, 1.1 
equiv.), and Eosin Y (0.002 g, 0.0027 mmol, 2 mol%). Acetonitrile (1.4 mL) was added to the vial. 
The vial was placed in the middle of a metal cylinder containing green LEDs. The cylinder with the 
vial was positioned on a stir plate cooled by a fan. The LEDs were turned on and the reaction 
mixture was stirred for 24h at room temperature. Upon completion of the reaction (TLC), it was 
concentrated under vacuum to provide a crude reaction mixture which was purified by column 
chromatography on silica-gel. Following purification by column chromatography (2-10% EtOAc in 
Hexanes), the desired product was obtained as a white solid (25 mg, 40%). 1H NMR (400 MHz, 
Chloroform-d) δ 7.98  (d, J = 9.0 Hz, 2H), 7.60-54 (m, 4H), 7.49-7.38 (m, 5H), 6.92 (d, J = 8.9 Hz, 
2H), 6.83 (s, 1H), 4.87 (s, 2H), 4.03 (s, 2H), 3.85 (s, 3H), 3.67  (t, J = 5.5 Hz, 2H), 2.97 (t, J = 5.6 Hz, 
2H); 13C NMR (101 MHz, CDCl3) δ 165.8, 163.6, 140.6, 140.4, 137.7, 136.2, 131.7, 129.3, 128.8, 
127.5, 127.1, 123.7, 122.1, 113.7, 66.9, 60.3, 55.4, 37.5, 36.0; HRMS (ESI) m/z calculated for 
C26H26O4S2 [M+Na]+ 489.1165; found 489.1151. 
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(Z)-3-(([1,1'-Biphenyl]-4-ylmethyl)thio)-2-(pentylthio)allyl 4-methoxybenzoate (5.7): To a 15 mL 
screw cap vial equipped with a stir bar was added the alkynyl sulfide (0.063 g, 0.162 mmol, 1 
equiv.), the thiol (0.019 g, 0.178 mmol, 1.1 equiv.), TMEDA (0.027 mL, 0.178 mmol, 1.1 equiv.), 
and Eosin Y (0.002 g, 0.0032 mmol, 2 mol%). Acetonitrile (3.2 mL) was added to the vial. The vial 
was placed in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was 
positioned on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was 
stirred for 24h at room temperature. Upon completion of the reaction (TLC), it was concentrated 
under vacuum to provide a crude reaction mixture which was purified by column chromatography 
on silica-gel. Following purification by column chromatography (2-10% EtOAc in Hexanes), the 
desired product was obtained as a white solid (39 mg, 49%). 1H NMR (400 MHz, Chloroform-d) δ 
7.97  (d, J = 9.0 Hz, 2H), 7.60 (dd, J = 8.2 Hz, 4H), 7.48-7.35 (m, 5H), 6.91 (d, J = 9.0 Hz, 2H), 6.67 
(s, 1H), 4.87 (s, 2H), 4.01 (s, 2H), 3.84 (s, 3H), 2.80  (t, J = 7.4 Hz, 2H), 1.64-1.57 (m, 2H), 1.41-1.31 
(m, 4H), 0.90-0.87 (t,  J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 165.8, 163.5, 140.7, 140.3, 
136.6, 133.8, 131.7, 129.4, 128.8, 127.4, 127.1, 125.5, 122.4, 113.7, 67.0, 55.4, 37.6, 32.3, 30.9, 
29.7, 22.3, 14.0; HRMS (ESI) m/z calculated for C29H32O3S2 [M+Na]+ 515.1685; found 515.1692.  
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(Z)-3-(Cyclohexylthio)-2-(pentylthio)allyl 4-methoxybenzoate (5.8): To a 15 mL screw cap vial 
equipped with a stir bar was added the alkynyl sulfide (0.045 g, 0.148 mmol, 1 equiv.), the thiol 
(0.017 mL, 0.163 mmol, 1.1 equiv.), TMEDA (0.025 mL, 0.163 mmol, 1.1 equiv.), and Eosin Y 
(0.0021 g, 0.002 mmol, 2 mol%). Acetonitrile (3 mL) was added to the vial. The vial was placed in 
the middle of a metal cylinder containing green LEDs. The cylinder with the vial was positioned 
on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 
24h at room temperature. Upon completion of the reaction (TLC), it was concentrated under 
vacuum to provide a crude reaction mixture which was purified by column chromatography on 
silica-gel. Following purification by column chromatography (2-6% Diethyl ether in Hexanes), the 
desired product was obtained as a colorless oil (34 mg, 56%). 1H NMR (400 MHz, Chloroform-d) δ 
8.04 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 6.78 (s, 1H), 4.91 (s, 2H), 2.97-2.90 (m, 1H), 2.81 (t, 
J = 7.4 Hz, 3H), 2.04-2.01 (m, 2H), 1.81-1.79 (m, 2H), 1.65-1.58 (m, 3H), 1.50-1.25 (m, 9H), 0.88 (t, 
J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 166.0, 163.5, 135.0, 131.7, 124.2, 122.5, 113.6, 67.7, 
55.5, 46.1, 33.9, 32.1, 31.0, 29.7, 25.5, 22.3, 14.0; HRMS (ESI) m/z calculated for C22H32O3S2 
[M+K]+ 447.1424; found 447.1412. 
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(Z)-2,3-Bis(cyclohexylthio)allyl 4-methoxybenzoate (5.9): To a 15 mL screw cap vial equipped 
with a stir bar was added the alkynyl sulfide (0.050 g, 0.164 mmol, 1 equiv.), the thiol (0.022 mL, 
0.181 mmol, 1.1 equiv.), TMEDA (0.027 mL, 0.181 mmol, 1.1 equiv.), and Eosin Y (0.0021 g, 0.0033 
mmol, 2 mol%). Acetonitrile (3.3 mL) was added to the vial. The vial was placed in the middle of 
a metal cylinder containing green LEDs. The cylinder with the vial was positioned on a stir plate 
cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 24h at room 
temperature. Upon completion of the reaction (TLC), it was concentrated under vacuum to 
provide a crude reaction mixture which was purified by column chromatography on silica-gel. 
Following purification by column chromatography (2-5% Diethyl ether in Hexanes), the desired 
product was obtained as a colorless oil (43 mg, 63%). 1H NMR (400 MHz, Chloroform-d) δ 8.04 (d, 
J = 8.9 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 6.88 (s, 1H), 4.90 (s, 2H), 3.89 (s, 3H), 3.23-3.16 (m, 1H), 
2.95-2.90 (m, 1H), 2.04-1.27 (m, 20H); 13C NMR (101 MHz, CDCl3) δ 166.0, 163.5, 137.6, 131.7, 
123.2, 122.6, 113.6, 68.6, 55.5, 46.0, 44.8, 33.9, 33.7, 26.0, 25.7, 25.5; HRMS (ESI) m/z calculated 
for C23H32O3S2 [M+K]+ 459.1424; found 459.1427. 
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(E)-2-(Cyclohexylthio)-3-((2-hydroxyethyl)thio)allyl 4-methoxybenzoate (5.10): To a 15 mL 
screw cap vial equipped with a stir bar was added the alkynyl sulfide (0.052 g, 0.194 mmol, 1 
equiv.), the thiol (0.025 g, 0.214 mmol, 1.1 equiv.), TMEDA (0.032 mL, 0.214 mmol, 1.1 equiv.), 
and Eosin Y (0.0025 g, 0.0039 mmol, 2 mol%). Acetonitrile (3.9 mL) was added to the vial. The vial 
was placed in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was 
positioned on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was 
stirred for 24h at room temperature. Upon completion of the reaction (TLC), it was concentrated 
under vacuum to provide a crude reaction mixture which was purified by column chromatography 
on silica-gel. Following purification by column chromatography (20-40% EtOAc in Hexanes), the 
desired product was obtained as an oil (12 mg, 16%). 1H NMR (400 MHz, Chloroform-d) δ 8.06 (d, 
J = 9.0 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 6.56 (s, 1H), 5.06 (s, 2H), 3.89 (s, 3H), 3.82 (t, J = 5.7 Hz, 
2H), 3.07-2.98 (m, 1H), 2.94 (t, J = 5.8 Hz, 2H), 1.96 (d, J = 10.3 Hz, 2H), 1.77-1.75 (m, 2H), 1.61-
1.59 (m, 1H), 1.33-1.23 (m, 5H); 13C NMR (101 MHz, CDCl3) δ 166.1, 163.5, 133.4, 131.9, 128.0, 
122.3, 113.7, 64.3, 61.4, 55.5, 45.1, 38.0, 33.3, 29.7, 25.9, 25.7; HRMS (ESI) m/z calculated for 
C19H26O4S2 [M+Na]+ 405.1165; found 405.1165. 
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(Z)-2,3-Bis((2-hydroxyethyl)thio)allyl 4-methoxybenzoate (5.11): To a 15 mL screw cap vial 
equipped with a stir bar was added the alkynyl sulfide (0.051 g, 0.192 mmol, 1 equiv.), the thiol 
(0.017 g, 0.211 mmol, 1.1 equiv.), TMEDA (0.032 mL, 0.211 mmol, 1.1 equiv.), and Eosin Y (0.003 
g, 0.0038 mmol, 2 mol%)Acetonitrile (3.8 mL) was added to the vial. The vial was placed in the 
middle of a metal cylinder containing green LEDs. The cylinder with the vial was positioned on a 
stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 24h 
at room temperature. Upon completion of the reaction (TLC), it was concentrated under vacuum 
to provide a crude reaction mixture which was purified by column chromatography on silica-gel. 
Following purification by column chromatography (60% EtOAc in Hexanes), the desired product 
was obtained as an oil (38 mg, 58%). 1H NMR (400 MHz, Acetone-d6) δ 8.02 (d, J = 8.8 Hz, 2H), 
7.06 (d, J = 8.8 Hz, 2H), 7.02 (s, 1H), 4.94 (s, 2H), 3.90 (s, 3H), 3.76 (t, J = 6.4 Hz, 2H), 3.70 (t, J = 6.8 
Hz, 2H), 2.98-2.93 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 165.9, 163.7, 139.1, 131.8, 124.5, 122.1, 
113.8, 67.0, 61.8, 60.3, 55.5, 37.1, 35.9; HRMS (ESI) m/z calculated for C15H20O5S2 [M+Na]+ 

367.0644; found 367.0645. 
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(Z)-3-((2-Hydroxyethyl)thio)-2-(pentylthio)allyl 4-methoxybenzoate (5.12): To a 15 mL screw 
cap vial equipped with a stir bar was added the alkynyl sulfide (0.085 g, 0.319 mmol, 1 equiv.), 
the thiol (0.037 g, 0.351 mmol, 1.1 equiv.), TMEDA (0.053 mL, 0.351 mmol, 1.1 equiv.), and Eosin 
Y (0.004 g, 0.0064 mmol, 2 mol%). Acetonitrile (6.4 mL) was added to the vial. The vial was placed 
in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was positioned 
on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 
24h at room temperature. Upon completion of the reaction (TLC), it was concentrated under 
vacuum to provide a crude reaction mixture which was purified by column chromatography on 
silica-gel. Following purification by column chromatography (10-15% Acetone in Hexanes), the 
desired product was obtained as an oil (62 mg, 45%). 1H NMR (400 MHz, Chloroform-d) δ 8.03 (d, 
J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.67 (s, 1H), 4.91 (s, 2H), 3.88 (s, 3H), 3.83 (t, J = 8 Hz, 
2H), 2.96 (t, J = 5.9 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H), 1.98 (s, 1H), 1.66-1.59 (m, 2H), 1.66-1.59 (m, 
2H), 1.41-1.28 (m, 4H), 0.89 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 165.9, 163.6, 134.3, 
131.8, 126.6, 122.3, 113.7, 67.0, 61.7, 55.5, 37.0, 32.2, 30.9, 29.7, 22.3, 14.0; HRMS (ESI) m/z 
calculated for C18H26O4S2 [M+NH4]+ 388.1611; found 388.1616. 
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(E)-3-((2-Hydroxyethyl)thio)-2-(pentylthio)allyl 4-methoxybenzoate (5.12a): To a 15 mL screw 
cap vial equipped with a stir bar was added the alkynyl sulfide (0.085 g, 0.319 mmol, 1 equiv.), 
the thiol (0.037 g, 0.351 mmol, 1.1 equiv.), TMEDA (0.053 mL, 0.351 mmol, 1.1 equiv.), and Eosin 
Y (0.004 g, 0.0064 mmol, 2 mol%). Acetonitrile (6.4 mL) was added to the vial. The vial was placed 
in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was positioned 
on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 
24h at room temperature. Upon completion of the reaction (TLC), it was concentrated under 
vacuum to provide a crude reaction mixture which was purified by column chromatography on 
silica-gel. Following purification by column chromatography (10-15% Acetone in Hexanes), the 
desired product was obtained as an oil (15 mg, 20%). 1H NMR (400 MHz, Chloroform-d) δ 8.05 (d, 
J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 6.29 (s, 1H), 5.09 (s, 2H), 3.88 (s, 3H), 3.81 (t, J = 5.6 Hz, 
2H), 2.93 (t, J = 5.7 Hz, 2H), 2.73 (t, J = 7.4 Hz, 2H), 1.64-1.57 (m, 2H), 1.38-1.28 (m, 4H), 0.89 (t, J 
= 7 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 166.1, 163.6, 131.9, 130.7, 127.1, 122.2, 113.7, 63.5, 
61.3, 55.5, 38.1, 32.7, 30.9, 29.7, 28.7, 22.3, 14.0; HRMS (ESI) m/z calculated for C18H26O4S2 
[M+Na]+ 393.1165; found 393.1179. 
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(Z)-3-(Isobutylthio)-2-(pentylthio)allyl 4-methoxybenzoate (5.13): To a 15 mL screw cap vial 
equipped with a stir bar was added the alkynyl sulfide (0.045 g, 0.162 mmol, 1 equiv.), the thiol 
(0.022 mL, 0.178 mmol, 1.1 equiv.), TMEDA (0.027 mL, 0.178 mmol, 1.1 equiv.), and Eosin Y 
(0.0021 g, 0.003 mmol, 2 mol %). Acetonitrile (3.2 mL) was added to the vial. The vial was placed 
in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was positioned 
on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 
24h at room temperature. Upon completion of the reaction (TLC), it was concentrated under 
vacuum to provide a crude reaction mixture which was purified by column chromatography on 
silica-gel. Following purification by column chromatography (4% Diethyl ether in Hexanes), the 
desired product was obtained as a colorless oil (42 mg, 68%). 1H NMR (400 MHz, Chloroform-d) δ 
8.04 (d, J = 9.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 6.68 (s, 1H), 4.90 (s, 2H), 3.89 (s, 3H), 2.82 (t, J = 
7.4 Hz, 2H), 2.68 (d, J = 6.8 Hz, 2H),  1.93-1.83 (m, 1H), 1.68-1.59 (m, 2H), 1.45-1.27 (m, 4H), 1.03 
(d, J = 6.7 Hz, 6H), 0.88 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 166.0, 163.5, 1, 137.5, 
131.7, 123.9, 122.5, 113.7, 67.5, 55.5, 43.2, 32.2, 31.0, 29.7, 29.4, 22.3, 21.7, 14.0; HRMS (ESI) 
m/z calculated for C20H30O3S2 [M+Na]+ 405.1529; found 405.1530. 
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(Z)-2-(Cyclohexylthio)-3-(isobutylthio)allyl 4-methoxybenzoate (5.14): To a 15 mL screw cap vial 
equipped with a stir bar was added the alkynyl sulfide (0.054 g, 0.194 mmol, 1 equiv.), the thiol 
(0.025 mL, 0.213 mmol, 1.1 equiv.), TMEDA (0.032 mL, 0.213 mmol, 1.1 equiv.), and Eosin Y 
(0.0025 g, 0.004 mmol, 2 mol %). Acetonitrile (3.9 mL) was added to the vial. The vial was placed 
in the middle of a metal cylinder containing green LEDs. The cylinder with the vial was positioned 
on a stir plate cooled by a fan. The LEDs were turned on and the reaction mixture was stirred for 
24h at room temperature. Upon completion of the reaction (TLC), it was concentrated under 
vacuum to provide a crude reaction mixture which was purified by column chromatography on 
silica-gel. Following purification by column chromatography (2-4% Diethyl ether in Hexanes), the 
desired product was obtained as a colorless oil (46 mg, 60%). 1H NMR (400 MHz, Chloroform-d) δ 
8.04 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H), 6.77 (s, 1H), 4.89 (s, 2H), 3.89 (s, 3H), 3.25-3.18 (m, 
1H), 2.67 (d, J = 6.8 Hz, 2H), 2.00-1.25 (m, 14H), 1.03 (t, J = 6.6 Hz, 6H); 13C NMR (101 MHz, CDCl3) 
δ 166.0, 163.5, 140.0, 131.7, 122.9, 122.5, 113.7, 68.5, 55.5, 44.8, 43.1, 33.7, 29.5, 26.0, 25.7, 
21.7; HRMS (ESI) m/z calculated for C21H30O3S2 [M+Na]+ 417.1529; found 417.1527. 

 

 

O

O

O
S

S



 135 

NMR DATA FOR NEW COMPOUNDS 
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NOESY spectral data for uncharacterized cis and trans-isomers of products 

Uncharacterized cis- or trans-isomers of products co-eluted with either unreacted starting 
material, or as a mixture of isomers. NOESYs of mixtures of cis- and trans-isomers will be 
indicated as mixtures and NOESYs of cis- or trans-isomers with unreacted starting material will 
be indicated as such. 
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S5  

(cis + unreacted starting material) 
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S7  

(trans + unreacted starting material) 
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(trans + unreacted starting material) 
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S10   

(trans + unreacted starting material) 
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