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ABSTRACT 

Thioamides are important and useful functional groups in organic synthesis, 

especially as building blocks for the construction of compounds containing N and S that 

possess pharmacological properties. A convenient and general method for the preparation 

of thiolactams using a thioketene strategy as an alternative route for heterocyclic 

formation has been examined. Amino-alkynes, which were easily synthesized in two 

steps, acted as bifunctional substrates for intramolecular reactions. Thioketenes were 

generated at low temperature by protonation, silylation or alkylation of amino-alkynyl 

thiolates. The in situ generated thioketenes were then trapped with different amines 

through intramolecular reactions to produce thiolactams in various yields. This is the first 

report of the intramolecular trapping of thioketenes with amines to produce thiolactams.  
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Chapter I 

Introduction  

       Interest in the construction of alkaloids has been prevalent since the discovery of 

some heterocyclic natural products that possess pharmacological properties. Several 

methods have been examined and some have been successfully employed to construct 

medium sized heterocyclic rings. Some of these methods include intramolecular pericylic 

reactions, including cycloaddition, electrocyclic reactions and sigmatropic 

rearrangements.1 

        One focus of the MaGee group is to develop methodologies that can be exploited for 

the synthesis of natural products that contain a heterocyclic ring. In recent years, attention 

has focused on developing an efficient method to be applied toward the syntheses of the 

manzamine alkaloids, notably manzamines A, B and C, Figure 1, which were isolated 

from different species of marine sponge.2, 3 As a result of their potent and diverse 

pharmacological properties,4, 5 including anti-malarial activity, construction of these large 

nitrogen heterocyclic rings has been widely investigated.2 In connection with this, the 

MaGee group developed a method for the synthesis of medium-to-large sized N-

heterocyclic rings through the use of an intramolecular cyclization of a ketene 

intermediate, Figure 2.6  
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Figure 1: Manzamine heterocyclic natural products. 

 

 

Figure 2: N-heterocyclic rings through ketene methodology.6 
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Energetic factors in ring closure reactions  

         Understanding the energetics associated with the formation of cyclic structures has 

been widely studied in organic chemistry.7 Thus, a significant amount of research has 

explained the ring closure reactions of bifunctional substrates. A bifunctinal substrate is 

one where the two functional groups are in the same molecule, X (nuclophile) and Y 

(electrophile), and undergoes ring closure through intramolecular cyclization and 

formation of a new functional group Z, Figure 3.6 

 

Figure 3: Ring closure of a bifunctional molecule. 

        It has been shown that the kinetics of intramolecular cyclization is based on both the 

initial structure of the open chain, 4, and the cyclic structure, 5.6 In addition, enthalpic, 

ΔT, and entropic, ΔS, factors play a major role in describing the reactivity of this type of 

cyclization.6 For instance, bonds in a cyclic structure are forced to be somewhat rigid; 

therefore entropy decreases due to the degrees of freedom being lost compared to its open 

chain precursor. According to Ruzicka’s hypothesis,6 in cyclization reactions, entropy is 

based on the ability of a bifunctional chain to be closed. Not surprisingly, studies have 

shown that as chain length increases, entropy decreases in ring closure reactions, Figure 

4.7 Another prominent factor affecting intramolecular cyclization is ring strain, or the 

strain energy, and primarily consists of three types: 1) angle strain (Baeyer strain) which 

results from deformation of the ring bond angles, 2) torsional strain or Pitzer strain, 

X Y Z
Cyclization

4 5
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which is caused by imperfect staggering of ring substituents, and 3) van der Waals’ strain 

(transannular strain), which is due to repulsive interactions when atoms are forced to 

approach closely to each other in space. 8 In common ring sizes (5-7 membered), all these 

energies are at a minimum, and then increase as ring size increases, Figure 4. Thus, it 

comes as no surprise that medium size rings (8-11) and large size rings (>12) are more 

difficult to form because some or all of these energy factors increase, sometimes 

dramatically, Figure 5.  

 

Figure 4: Effect of energy as a plot of ring size formation vs. various strain energies.6, 8 
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Figure 5: Effect of entropy for cyclization of a bifunctional chain.6 

 

By examining Figures 4 and 5, it can be summarized that common size rings, five 

and six membered rings, are easily formed due to being the least strained rings in term of 

enthalpy and having a low entropic energy penalty. In contrast, medium size rings, eight, 

nine and ten, are less favorable and more challenging to form compered with large size 

rings because they are highly strained with negative entropy values. As a result, with 
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difficult to effect. 
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Early developments 

         The MaGee group has been involved in the past few years in a methodological 

study of forming heterocyclic structures through C-X (X = O, N) bond formation via 

ketene intermediates, Figure 6.6  

 

Figure 6: Heterocylic ring formation via intramolecular ketene trapping. 

 

Ketenes, which were discovered by Hermann Staudinger in 1905,9 are unique 

intermediates because of their sensitivity to reduction, oxidation, nucleophilic or 

electrophilic attack and cycloaddition reactions.10, 11, 12 Their reactivity comes from two 

factors; the highest occupied molecular orbital (HOMO) is perpendicular to the ketene 

plane while the lowest unoccupied molecular orbital (LOMO) is in the ketene plane.12 A 

ketene has a substantial partial negative charge on the oxygen and β-carbon, while the α-

carbon has a substantial positive charge. As a consequence, the oxygen and β-carbon are 

expected to attack electrophiles, while nucleophiles are going to attack the α-carbon, 

Figure 7.  
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Figure 7: Various resonance structures of a ketene.12 

 

Several methods have been reported to prepare ketene intermediates; Wolff 

rearrangement of α – diazocarbonyl compounds 11, reduction of α – halo acyl halides 

with zinc 12, dehydrohalogenation of acyl halides with a tertiary amine 13 and heating of 

ethynyl alkyl ether 10, to name a few, Scheme 1. 12, 13, 14, 15  

 

Scheme 1: Different methods for the preparation of ketene intermediates. 
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ethyl ethers underwent loss of ethylene through a concerted mechanism by H atom 

transfer through a 6-member transition state and produced ketenes, Figure 8. 6, 12, 16  This 

reaction is known as a retro-ene reaction and is favorable because of production of 

ethylene gas as a side product. 

 

Figure 8: Formation of ketenes through 6-member transition state.16 

 

          This method of creating ketenes from alkynyl ethyl ethers was taken advantage of 

by the MaGee group in a study directed towards the construction of different ring size 

lactones where yields were shown to range from moderate to excellent, depending on ring 

size.6 This was their first attempt to test the hypothesis of intramolecularly trapping a 
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Scheme 2: Synthesis of different sized lactam rings through ketene methodology.17 

 

With the success of these two studies, focus was then turned to using this 
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Figure 9: Attempts to synthesize manzamine C using a ketene methodology.18 
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intramolecular cyclization using a thioketene methodology might be an alternative way to 

form different size N-heterocyclic structures and their application to synthesis of natural 

products. It was realized that thioketenes are more reactive than ketenes, primarily 

because sulfur is bigger in size than oxygen; therefore, an inefficient overlap of p orbitals 

between sulfur and carbon occurs.19 This may prove to be advantageous because lower 

temperatures required for cyclization. Alternatively, the high reactivity may prove to be 

deleterious, and thus a variety of unwanted side reactions may occur.   

The chemistry of thiokenes has been examined by Schaumann over the last 

several years.20 Because of their reactivity, they are more likely to dimerize; therefore, 

special circumstances have to be considered such as generation at low temperature. A 

number of methods to prepare thioketenes has been reported, but the one that appeared 

most attractive for our purposes was generation of thioketenes from alkynyl sulfide, 

which can be prepared via nitrogen elimination, cleavage of S-alkynyl thiocaboxylates or 

addition of sulfur to acetylide anions, Figure 10.20, 21 
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Figure 10: Different routes for the preparation of thioketenes.20, 21 
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           Thioketenes are examples of heteroallenes that are more reactive compared to 

ketenes due to the additional complicating feature of the size difference between sulfur 

and carbon, and are also more reactive than thioketones because of an additional double 

bond to the functional group.20 Schaumann, who has studied thioketenes extensively, 

published a paper on the chemistry of thioketenes including several types of reactions 

that they undergo, Figure 11.20 The most typical reaction is the addition of nucleophiles 

to the most electrophilic thiocarbonyl carbon.20 Intermolecular addition of an amine to 

thioketenes has been reported as a smooth reaction to produce thioamides at ambient 

temperature, but because of the instability of thioketenes often lower yields are obtained 

(yield≤35).20,25  

 

 

Figure 11: Reactivity of thioketenes.20 
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The thioamide functional group is an important and useful building block for the 

construction of N, S – heterocycles, and many possess pharmacological properties.26 

Thus, since no reports have been published yet about the ability of a thioketene and an 

amine to undergo an intramolecular cyclization to form a thiolactam, developing this new 

method for the construction of nitrogen heterocycles became the goal of the project, 

Figure 12. 

 

Figure 12: Thiolactams of varying ring size to be explored in this thesis. 

 

The project had three main objectives; first, formation of five-membered ring 

thiolactams with different substituents at R’; second, trapping thioketenes with different 

amines; third, examining the efficiency for the formation of six and seven member 

thiolactams. To accomplish this, the general route outlined in Figure 13 was proposed.  

 

Figure 13: Proposed route for the synthesis of thiolactams. 
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As this study began it was obvious that a number of critical questions would need 

to be addressed. Since sulfur is more reactive than oxygen will it have a positive or 

negative effect on the stability of thioketenes and cyclization? Could the reaction be done 

under mild conditions unlike the ketene preparation that required elevated temperatures? 

Could the requisite amino-alkynes be prepared in an efficient method? What would be 

the best temperature and time required to generate thioketenes? When should 

electrophiles be added and at what temperature? How long a reaction time would be 

required for each step? What ring sizes can be formed effectively? Could this pathway be 

applied toward the synthesis of natural products? It was hoped that all of these questions 

would be answered based on the experiments in the following chapters.  
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Chapter II 

Result and Discussion 

Trapping thioketenes with various amines via intermolecular reaction 

      The main goal of the study was to investigate the hypothesis of trapping thioketenes 

with amines through an intramolecular reaction, Figure 13. The initial point before 

starting the first objective was testing the hypothesis of trapping thioketenes with various 

amines from commercially available materials through an intermolecular reaction. If 

successful, it would provide a set of reaction conditions that should be amenable to the 

intramolecular reaction, and it should be at least as efficient since it is more entropically 

favored than the intermolecular reaction.27 For these reasons, it was decided early to run 

several test reactions of the intermolecular with various amines to find out the ideal 

conditions,28 Scheme 3.  

 

Scheme 3: Preparation of thioamide through intermolecular reaction. 

 

         With this in mind and after extensive experimentation, it was shown that thioamides 

could be consistently formed when heptyne 35 was treated with one mole equivalent of n-

BuLi at 0 °C for 20 to 30 min, the temperature was then lowered to -78 °C and 0.2 eq of 

nBuLi, THF
S8 ,

1-heptyne  35

3 3 NRR'

S
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sulfur added and stirring for 50 min, followed by warming to -50 °C and adding two eq 

of an amine and one eq of TFA. The first amine that was trapped with in situ generated 

thioketene was benzylamine, which was added before adding TFA and the reaction was 

allowed to warm to room temperature for two to three hours to form thioamide 36a in 

44% yield, Table 1.  

 

          Amines Product       Yield % 

Benzylamine                       Thioamide 36a 44% 

Hexylamine Thioamide 36b 68% 

Cyclohexylamine Thioamide 36c 69~79% 

Aniline Thioamide 36d 33~36% 

1-methylpiperazine Thioamide 36e 63% 

Pyrrolidine Thioamide 36f 63~68% 

Dibenzylamine - No desired product 

Table 1: Investigation of the formation of thioamides through intermolecular trapping of 

thioketenes with different amines. 

 

         Another amine that was trapped with the thioketene was hexylamine and the result 

was very positive; thioamide 36b was formed in 68% yield. Surprised by the fact that an 

aliphatic amine participated much more efficiently in the reaction than benzyl amine, it 

was decided to repeat the reaction with another saturated amine such as cyclohexylamine 

to see whether the type of amine would have an effect on the percentage yield of the 
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desired product or not. Thioamide 36c was formed in 79% yield. The reasons that 

benzylamine is less effective in this reaction than aliphatic amines is not obvious, 

although it has been argued that a small inductive effect from the phenyl group may be 

partly responsible.29 

 In order to obtain more evidence to support this result, 1-methyl piperazine and 

pyrrolidine were examined and providing thioamides 36e and 36f in 63% and 68% yields, 

respectively. Perhaps not surprisingly when aniline was used the yield of the desired 

thioamide 36d was lower than the saturated amines. Finally, when dibenzyl amine was 

used no product was observed. Based on these results, saturated amines appeared to be 

more efficient than benzylic or aryl amines and were thus chosen to be applied toward 

synthesis of thiolactams through the intramolecular reaction. 

  

Trapping thioketenes with various amines via intramolecular reaction 

Preparation of amino-alkyne 33a 

      To initiate the intramolecular study, because cyclohexylamine offered the best result 

in intercepting the unstable thioketenes, attention was then focused on preparation of a 

cyclohexylamino-alkyne since none were commercially available. Therefore, simple 

retrosynthetic analysis of amino-alkyne 33a suggested that the alkynyl portion could be 

attached to the amine through a simple nucleophilic substitution reaction, Scheme 4. 

However, secondary amines are not usually prepared using primary amines like 

cyclohexylamine in a simple SN2 reaction as there are often complications due to over 

alkylation.30 Thus, it was decided to convert cyclohexylamine to N-cyclohexylacetamide, 
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and then perform alkylation followed by hydrolysis back to the amine to avoid creating a 

mixture of substituted products.  

 

Scheme 4: Retrosynthetic analysis of amino-alkyne. 

 

        To this end, N-cyclohexylacetamide 39 was formed in a good yield after treating 

cyclohexylamine 37 with acetic anhydride 38 under basic conditions,31 Scheme 5. At the 

same time 3-butyn-1-ol 40, which was required for forming the five-member ring 

thiolactam, was converted to but-3-yn-1-yl 4-methylbenzenesulfonate 41 in 91% yield 

using a standard procedure.32 
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Scheme 5: Preparation of precursors 39 and 41 for amino-alkyne 33a. 

 

         With the two units now constructed, attention was focused on coupling them.33 As a 

first attempt, amide 39 was treated with NaH in THF to generate the anion and was then 

treated with tosylate 41. After stirring at room temperature for 24 h only starting 

materials were recovered. Repeating the reaction, only this time with heating at reflux, 

also led to the recovery of starting materials. Finally, changing the solvent to DMF also 

bore no success. The reasons for lack of success in this reaction are not known. Was it 

because of the sterics around the nitrogen that prevented the alkylation to take place? 

Was the decreased nucleophilicity due to delocalization of the lone pair a reason? At this 

point it was thought that the nitrogen was not sufficiently nucleophilic enough. As a 

result, N-cyclohexylamine 37 was converted to methyl cyclohexylcarbamate 42 in good 

yield (75%) by treatment with methyl chloroformate, Scheme 6. Unfortunately, no 

desired product was formed when carbamate 42 was subjected to the same reaction 

conditions that were used with amide 39. The 1H-NMR showed that tosylate 41 was 
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mostly consumed while carbamate 42 was recovered. Therefore, it was assumed that the 

reaction was primarily undergoing E2 elimination reaction instead of SN2. This would 

explain the loss of tosylate 41 as the butaeneyne formed would not be seen due to its 

volatility. Given these failures it was decided to abandon this pathway and consider an 

alternate route. 

 

Scheme 6: Attempts to prepare amino-alkyne 33a. 

 

         With the above failure, focus was turned to investigating simple substitution of 

cyclohexylamine 37. After examining the literature, it was found that amino–alkyne 33a 

could be prepared from the substrates through alkylation using CH3CN as a solvent, 

K2CO3 and being heated at reflux for 24 h.34 In the first experiment, cyclohexylamine 37 

was alkylated with tosylate 41 to form the desired product 33a in 30% yield.  However, 

examination of the reaction mixture indicated that the reaction did not go to completion 

as tosylate 41 was not completely consumed; therefore it was clear that more time was 

required. With this in mind, a second experiment was undertaken but this time the 

reaction was left for 48 h and amino-alkyne 33a was generated in 75% yield, Scheme 7.  
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Scheme 7: The successful pathway to amino-alkyne 33a. 

 

          Next, it was decided to convert amino-alkyne 33a to its ammonium salt 43 to avoid 

any potential degradation of the amine at room temperature, Scheme 8. 

 

Scheme 8: Converting amino-alkyne 33a to salt form 43. 

 

Examining the formation of five-membered thiolactams 

Using TFA 

      With the aminoalkyne in hand, it was time to test the cyclization to form the five-

membered thiolactam via the intramolecular trapping of a thioketene. The biggest 

concern was whether the cyclization should be carried out at room temperature because it 

was reported that cyclization reactions require increasing heat to overcome activation 

barriers.8 Meanwhile, increasing the temperature above 25 °C might increase the 
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possibility of dimerization and other unwanted reaction of the thioketene.20 To test this 

hypothesis, the sequence of generating the alkynyl sulfide in the intermolecular reaction 

was followed. First, two equivalents of nBuLi was added to amino-alkyne salt 43 at 0 °C 

to generate the carbanion. Then, after 20 min, the temperature was lowered to -78 °C and 

powdered sulfur was added. After 50 min, electrophiles were the added at different 

temperatures and the time that was required for complete consumption of the thioketenes 

to form thiolactam was investigated. The first electrophile that was examined was 

trifluoroacetic acid (TFA), which is used as the proton source to form the thioketene 

through [1,3] proton shift, then thermally cyclize to thiolactam 44, Scheme 9.  

 

Scheme 9: Testing the formation of thiolactam 44 using TFA. 

 

         In an effort to minimize unwanted side reactions with the thioketene, the first 

reaction involved adding TFA at -78 °C and allowing the solution to gradually warm to 

room temperature and stir for 2 h, Table 2, entry 1. A simple tool in determining whether 

thiolactam 44 was formed was simply running a 13C-NMR and looking for a peak at 200 

ppm, the thiocarbonyl group. A chemical shift in this range was seen in the reaction 

mixture, indicating that the correct product, thiolactam 44, was produced, but upon 

purification using SiO2 chromatography a low yield of 44 was obtained. This suggested 
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that more time was required to enhance the yield. The reaction was repeated but left to 

stir at room temperature for 24 h; unfortunately, there was no change in the yield, 20%, 

Table 2, entry 2.  

 It was believed that perhaps a temperature higher than -78 °C might be required to 

enhance the rearrangement and cyclization. Thus following the same protocol but adding 

TFA at -50 °C and allowing the reaction to stir at room temperature for 2 h provided the 

desired product 44 in 22-26% yield, entry 3. Since a higher yield was observed at this 

temperature, it was thought that a longer reaction time after addition of TFA. No 

significant increase in the percentage yield was observed when the time was increased by 

1 h, entry 4, however, the yield was significantly improved, 58%, when the reaction was 

left at room temperature for 24 h, entry 5.     

        It is well known that the yield of acylation reactions can be dramatically increased 

by the addition of additives such as DMAP.35 With this in mind, the influence of the 

addition of DMAP to the thioketenes was investigated. It was hoped that the increased 

nucleophilicity of DMAP might allow it to rapidly add to the thioketene and generate a 

more stable intermediate than the thioketene, but yet be still reactive enough to undergo 

intramolecular cyclization to form the desired, Figure 14.  
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Figure 14: Suggested mechanism for the intramolecular trapping of an amino-thioketene 

in presence of DMAP.  

 

Entry nBuLi (eq) T (°C) Promoter  Time Yield % 

1 2 eq 0 °C TFA at -78 °C 2 h 21% 

2 2 eq 0 °C TFA at -78 °C 24 h 20% 

3 2 eq 0 °C TFA at -50 °C 2 h 22 - 26% 

4 2 eq 0 °C TFA at -50 °C 3 h 28% 

5 2 eq 0 °C TFA at -50 °C 24 h 58% 

6 2 eq 0 °C TFA+ DMAP 1:1 at -50 °C 24 h 57% 

7 2 eq 0 °C DMAP + TFA 1:1 at -50 °C 24 h 23% 

8 2 eq 0 °C TFA+ DMAP 1:5 at -50 °C 24 h 25% 

9 2 eq 0 °C TFA+ DMAP 1:10 at -50 °C 24 h 26% 

Table 2: Optimization of reaction conditions using TFA. 
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        The major question with this approach was when should DMAP be added, and how 

much should be used. Consequently several test reactions were run. At the beginning, one 

equivalent of DMAP was added immediately after adding TFA at -50 °C and the desired 

product was produced in 57% yield, Table 2, entry 6. At this time, it was unclear whether 

DMAP had any effect on the reaction as the same yield of the desired product was 

achieved without it. When the same amount of DMAP was added before adding TFA the 

yield dropped to 23% yield, entry 7. Further investigations, including adding five and ten 

equivalents of DMAP, were done, but in all reactions no improvement in the yield was 

observed, entries 8 and 9. These results indicated that DMAP did not appear to improve 

the efficiency of the reaction. 

 

Using allyl reagents 

        In an effort to generate more substituted structures of five-member ring thiolactams, 

some of the knowledge obtained from studies on ketenes was used. Ketenes have been 

extensively studied including the effects of substituents on their stability.16 It was found 

that ketenes can be stabilized by electropositive substituents and π–acceptor substituents, 

while electronegative substituents and π–donators substituents destabilize them. 

Therefore, the two major factors that influence the stability of ketenes are steric effects 

and electronic effects. In all of the following examples the ketenes were stable and could 

be stored at low temperature for reasonable periods of time, Figure 15.  
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Figure 15: Examples of stable isolatable ketenes.36, 37 

 

       The stability of di-phenylketene and di-tertbutylketene, which can be stored for a 

long period of time compered with other ketenes, and ketenes featuring other bulky 

substituents, are explained by the steric environment around the ketenes being so great 

that dimerization is impeded. On the other hand, the stability of silylketene and other 

electropositive substituents is most likely related to hyperconjugation electron donation, 

or the back-donation from the ketene π- system to d-orbital of silicon, Figure 16.38 For 

this study, it was felt that the same factors should also help to stabilize thioketenes. 

 

Figure 16: Stability of silylketene.38 
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 With this in mind, the study of these factors was expanded to thioketenes; that is, 

disubstituted thioketenes could be prepared for further use in organic synthesis through 

thia-Claisen rearrangement. Thia-Claisen rearrangement is a potential tool to form a C-C 

bond through a concerted mechanism and has been reported to provide a convenient 

access to thioketenes, Figure 17.24  

  

Figure 17: Mechanism of the thia-Claisen rearrangement.39 

 

 One potential advantage of the thia-Claisen rearrangement is that it is kinetically 

more favored than the oxy-Claisen rearrangement due to the weaker C-S bond character 

compered to C-O bond.40 A number of reactions have been reported involving synthesis 

of thioketenes through thia-Claisen rearrangement,24,40 but so far no mechanistic 

explanations on whether allyl-substituents add to the sulfide anion or the β-carbon anion 

have been reported yet, Figure 18. Therefore, in order to check the steric effects on the 

stability of our thioketenes, several allyl reagents were examined to form the substituted 

thioketenes then to be subsequently converted to thiolactams with various substituents. 
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Figure 18: Formation of thioketenes through direct alkylation or via thia-Claisen 

rearrangement.  

 

 The scope of allyl reagents that could be applied to form the thioketenes was 

investigated. At the beginning, allyl bromide, which is the least sterically hindered allyl 

reagent, was added to alkynyl sulfide at -56 °C to form alkynyl allyl sulfide 45, which 

was then allowed to thermally rearrange to the substituted thioketene 46 followed by 

intramolecular cyclization at room temperature, Scheme 10.  

 

Scheme 10: Mechanistic explanation of the thia-Claisen rearrangement. 
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Entry Addition of 
Allyl bromide T (°C) 

    Time    Yield % 

1 -56 °C 2 h 31% 

2 -56 °C 3 h 35% 

3 -56 °C 24 h 46% 

4 -56 °C 24 h 53% 

5 -56 °C 48 h 48% 

6 -20 °C 24 h 19% 

Table 3: Testing the formation of 47 under variable temperature and time. 

 

 As was done previously, a variety of variables were altered in order to determine the 

best set of conditions; these included the temperature at which the halide was added and 

length of time for the cyclization to occur, Table 3. The yield of thiolactam 47 was 

relatively unchanged when ally bromide was added at -56 °C and allowed to warm for 2 

h or 3 h, entry 1 and 2. More investigation was applied at this temperature; the same 

reaction conditions was repeated twice but left for a longer time (24 h) and provided the 

product 47 in a higher yield, entry 3 and 4. Altering the time required for allowing the 

alkylation, rearrangement and cyclization to occur revealed that there was no significant 

improvement in the percentage yield observed regardless of whether the reaction was 

stirred for 24 h or 48 h, entry 4 versus entry 5. The best yield of thiolactam 47 was 

achieved when allyl bromide was added at -56 °C rather than at -20 °C, entry 4 versus 

entry 6.   
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 In an effort to try and form the alkynyl-allyl sufide 45 through an alternative 

procedure, a premixed solution of di-allyl sulfide 48 with iodomethane was added to a 

solution of acetylide anion at -78 °C, Scheme 11. These non-standard conditions were 

chosen as previous work in the MaGee group had shown that additions of alkyne anions 

to disulfides required the addition of an external electrophile such as iodomethane in 

order to allow the reaction to proceed efficiently.41 Unfortunately, the desired product 47 

was obtained in only 22% yield. From this result, it was found that an allyl reagent could 

be used effectively as an electrophile in this cascade reaction, and that it was as about as 

effective as TFA. 

 

Scheme 11: An alternative pathway to thiolactam 47. 
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the thioketene as the sterics increased. As a test of this hypothesis crotyl bromide was 

chosen as a di-substituted allyl bromide and examined under the same conditions as 

applied to allyl bromide, Scheme 12. The result was pleasing from the first attempt as the 

desired product 49 was smoothly produced in 35% yield, Table 4, entry 1. It was 

observed that the rearrangement of alkynyl allyl sulfide to the thioketene was slower than 

with allyl bromide due to the improvement in the yield to 58% when the reaction was left 

for 48 hours, entry 2. The obvious reason for the slower reactivity of this rearrangement 

was probably because the alkene was more substituted compared to allyl bromide. As 

observed previously, a lower yield of the product was obtained if the addition of 

electrophile was done at -20 °C, entry 3. Although not obvious why adding the 

electrophile at a warmer temperature lowers the yield, it may be related to the rate of thia-

Claisen rearrangement versus alkylation; that is if the two rates are competitive then this 

means that there would be thioketene present when there was still sulfide anion, this 

perhaps could lead to some unwanted products.  

 

Scheme 12: Using crotyl bromide to prepare thiolactam 49. 
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Entry Addition of 
Crotyl bromide T (°C) 

Time Yield 

1 -56 °C 24 h 35% 

2 -56 °C 48 h 48-58% 

3 -20 °C 24 h 18% 

Table 4: Examining the formation of thiolactam 49. 

 

  With the optimized reaction conditions in hand, further study in this area was 

undertaken by examining the utility of 3-bromo-phenylpropene as electrophile, Scheme 

13. The main purpose was to see what effect, if any, the steric factor had on stability of 

the thioketenes. Surprisingly, the highest yield of the product 50 that was achieved was 

28% after leaving the reaction for 48 h. This result suggested that the steric effects around 

the double bond played a major role in decreasing the rate of the cyclization, thus 

allowing other undesired reactions to occur. The same result was obtained in case of 

using 3-bromo-2-methyl propene, Scheme 13, where only 30 % of thiolactam 51 was 

obtained. 
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Scheme 13: The effect of the allyl reagents on formation of thiolactams 50 & 51. 

 

     This method was then extended to a tri-substituted allyl bromide. Thus, it was 

examined under different conditions, Scheme 14.  

 

Scheme 14: Using di-methylallyl bromide to form thiolactam 52. 
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addition of the electrophile at temperatures higher or lower than -56 °C would still yield 

thiolactams in low yield. The result of thiolactam 52 when the electrophile was added at  

-68 °C was both surprising and interesting as only 3% yield of the product was obtained, 

Table 5, entry 1. As previously done, a second attempt was performed by simply adding 

the electrophile at -56 °C and then allowing the reaction to warm to room temperature 

and stir for 24 h. Disappointingly, the yield of the desired product 52 was only 10%, 

entry 2. The same result was obtained when the reaction was left for 48 h, entry 3. 

Finally, when the electrophile was added at temperatures warmer than -56 °C lower 

yields of the product 52 were observed, entries 4 and 5. From these results, it was clear 

that the mono and di-substituted allyl bromide provided a better access to thiolactams 

than tri-substituted allyl bromides.  

 

Entry DimethylallybromideT(oC) Time Yield 

1 -68 oC 24 h 3% 

2 -56 oC 24 h 10% 

3 -56 oC 48 h 11% 

4 -50 oC 48 h 9% 

5 -20 oC 24 h 2% 

Table 5: Effect of various conditions on formation of thiolactam 52. 
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Using silicon reagents 

 Organosilicon chemistry has been widely utilized in organic synthesis because of the 

unique chemical properties of silicon.42 The electronic configuration for silicon is 

3s23p23d0, so one of the main features that makes silyl-substituted reagents very common 

in several applications is possessing vacant d-orbitals, which is not seen in carbon. 

Therefore, for the purposes of this work, it is susceptible to stabilizing thioketenes 

through back bonding thus protecting the intermediate from unwanted side reactions. 

Herein, several silylation reagents were examined to form alkynyl silyl sulfides that 

thermally rearrange through a 1,3-silyl shift to silyl thioketenes.43,44 At this time, it was 

predicted that this 1,3-silicon shift would help protect the generated thioketenes from 

dimerization; also the sterics due to the bulky silicon might enhance the stability of 

thioketenes. Therefore, these two assumptions were examined using a variety of different 

silyl electrophiles, Figure 19. 

 

Figure 19: Examples of silylation reagents. 

 

         Several silyl halides, as shown above, were chosen ranging from TMSCl to 

TBDPSCl to study the influence of substituents on silicon on the stability of the 

thioketenes. From the literature, a general procedure for synthesis of alkynyl silyl sulfides 
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has been reported,45 thus, it was followed to generate the silyl-thioketenes in this study, 

Scheme 15. 

 

Scheme 15: Using TMSCl as an electrophile to generate the thioketene. 
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at -78 °C;45 therefore, the first experiment was adding the electrophile to the alkynyl 

sulfide anion at -78 °C and left to warm up for 30 minutes as TLC indicated that the 

desired product 44 was formed. Unfortunately, a low yield was observed, Table 6, entry 

1. At this point, it was not clear why a low yield was obtained, but it was thought that 

perhaps the reaction did not go to completion. Therefore, to investigate the effect of time 

on the yield, several reactions were performed where the time was varied from 1 h to  
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temperature was investigated. Repeating the reaction as carried out previously but rather 

than stirring at room temperature the reaction was heated at reflux for 2 h following the 

addition of TMSCl. Surprisingly no product was isolated, entry 6.  

 

Entry TMSiX T (°C) Time Yield 

1 TMSCl at -78 °C 30 min 14% 

2 TMSCl at -78 °C 1 h 27% 

3 TMSCl at -78 °C 2 h 27% 

4 TMSCl at -78 °C 24 h 29% 

5 TMSCl at -56 °C 24 h 21% 

6 TMSCl at -45 °C to 65 °C 2 h No product 

7 TMSBr at -78 °C 24 h 44% 

Table 6: Silylation of alkynl sulfide to generate thiolactam 44 under different conditions. 

 

       To see if the silyl halide may have an effect, a different silyl halide TMSBr was 

examined. Gratifyingly, the result was positive and the desired product 44 was obtained 

in 44% yield, entry 7. The question at this point was why did TMSBr provide a higher 

yield of the product than TMSCl? It is not obvious what the reason may be; however, 

TMSBr is more reactive than TMSCl and therefore reaction with the alkynyl sulfide 

anion may be more efficient. Also, it has been reported that TMSBr reacts directly with 

the carbon atom to generate the thioketene,22 while TMSCl adds to the sulfur atom and 
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then must undergo 1,3-silyl migration to afford the thioketene.45 Why this might be a less 

efficient pathway is unclear. 

 Next, attempts to improve the efficiency of the thioketene trapping using bulky silyl 

reagents were initiated. The use of bulky silyl reagents such as TBSCl, TIPSCl or 

TBDPSCl appeared to result in a significant increase in the stability of the thioketene as 

the percentage yield of the target product improved relative to what was observed for 

TMSCl, Scheme 16. Starting with TBSCl, it was added at various temperatures and the 

highest yield obtained was when it was added at -78 °C; Table 7, while the highest yield 

that was achieved in case of using TIPSCl was at -56 °C. Similarly, TBDPSCl provided 

the desired product in 33% yield. Surprisingly, only desilylated products were observed 

with all these silylation reagents. It was observed that the silyl substituents, except for 

TBDPSCl, did not survive after quenching the reaction with H2O during the work up. It 

was reported that due to the weaker bond character of C-Si, desilylation could be done 

using poor nucleophiles like MeOH.43, 22 Lastly, from these experiments it appears that 

more bulky silyl substituents protected the thioketenes from dimerization and other 

reactions, thus leading to improved yields of thiolactam. 
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Scheme 16: Effect of various silyl reagents on the formation of thiolactam 44. 

 

Entry TBSCl T (°C) Time Yield 

1 -78 °C 24 h 24% 

2 -78 °C 24 h 27% 

3 -78 °C 24 h 32% 

4 -56 °C 24 h 30% 

Table 7: Using TBSCl to produce the target thiolactam 44. 

 

Entry TIPSCl T (°C) Time Yield 

1 -78 °C 24 h 30% 

2 -56 °C 2 h 33% 

3 -56 °C 24 h 40% 

Table 8: Using TIPSCl to produce the target thiolactam 44. 
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Entry TBDPSCl T (°C) Time Yield 

1 -78 °C 48 h 30% 

2 -56 °C 24 h 33% 

Table 9: Examining TBDPSCl to produce the target thiolactam 44. 

 

        At the end of all the reactions toward the five-membered thiolactams, the line graph 

showed that the highest yield was obtain in case of using allyl bromide, the lowest yield 

when dimethylallyl bromide was applied as electrophile. In addition, the yield was 

increased slightly with increasing steric effects in silyl electrophiles, Figure 20. 

 

 

Figure 20: Summery of various electrophiles vs. percentage yield of the five-membered 

thiolactams.  
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Preparation of various amino-alkynes 

 With a thorough study now complete on the efficiency of various electrophiles at 

effecting the desired reaction, the study was expanded to investigate the effect of 

substituents on the amine other than cyclohexyl. Therefore, the second objective in the 

project was to create new amino-alkynes that had different substituents on the nitrogen 

atom, thus expanding the scope of this reaction and potentially its application toward 

synthesis of natural products. At this stage, the first pertinent question that arose was how 

to synthesize the various amino-alkynes. At the beginning, several amines were chosen to 

examine, Figure 21.  

 

Figure 21: Several amines to investigate the formation of new thiolactams. 

 

        The approach that was the most direct involved simple alkylation of amines with 

alkynyl tosylate 41, which had been successfully applied previously. The first primary 

amine that was examined was hexyl amine 53 as it was closely related to cyclohexyl 

amine. Therefore treatment of hexyl amine 53 with tosylate 41 in acetonitrile resulted in a 

mixture of di- and tri-substituted amino-alkynes. As this type of mixture was not seen 

when cyclohexylamine was used, it was speculated that more sterically hindered amines 

would likely generate more of the di-substituted amine over the tri-substituted amine.  
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 Regardless, the important thing at this point in time was that some of the desired 

product had been formed. Therefore, the crude mixture from above was treated with Boc 

anhydride in DCM for 24 h at room temperature in order to facilitate the purification step. 

The desired product 55 was obtained in 33% yield after simple SiO2 chromatography. 

Next, the Boc group was removed and the salt of the amino-alkyne 56 was formed under 

acid conditions. With this complete, subjection of amino-alkyne 56 to the standard 

reaction conditions using TFA as electrophile resulted in the formation of the desired 

product 57 in 44%.  

 

Scheme 17: Synthesis of thiolactam 57 using TFA as electrophile. 

 

         The second amine that was examined was 2-aminoethanol with the goal of forming 

a thiolactam that had an additional functional group that would allow for further 

transformations. What was first examined was the use of one equivalent each of amine 58 

and tosylate 41 in the alkylation step, however; only tri-substituted aminoethanol 59 was 

observed. The same reaction was performed using three and five equivalents of 
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aminoethanol 58, and in both reactions the result was the same, only tri-substituted 

aminoethanol 59 was obtained. 

 

Scheme 18: Attempts to prepare 2-but-3-yn-1-ylaminoethan-1-ol. 

 

 Due to the difficulties of getting mono-alkylation using 2-aminoethanol, it was 

assumed that successful selective alkylation of a primary amine could be achieved if a 

more sterically hindered aminoethanol were used. Accordingly, various equivalents of 2-

amino-2-methylpropanol 60 were examined to see if the desired alkylation process would 

take place. Finally, the desired product 61 was formed when five equivalents of the 

starting amine 60 was used and the reaction was heated at 90 °C for 3 days. In an attempt 

to make the compound less polar and to protect the alcohol functionality crude 61 was 

then treated with NaH in THF at 0 °C followed by the addition of benzyl bromide.46 

Unfortunately, the undesired product N-benzyl-N-(1-(benzyloxy)-2-methylpropan-2-

yl)but-3-yn-1-amine 62 was formed as a major product rather than protection of alcohol. 
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Scheme 19: Preparation of amino-alkyne 61 and attempted protection of the primary 

alcohol. 

 

         The fourth amino-alkyne that was examined was N-(2, 2-dimethoxyethyl)-but-3-yn-

1-amine 64. This amine was prepared by treatment of 2,2-dimethoxyethan-1-amine 63 

with tosylate 41 in the presence of potassium carbonate in acetonitrile at 60 °C, followed 

by purification by column chromatography on silica gel to give the desired product 64 in 

49% yield, Scheme 20. Next, attention was turned to test the cyclization using silyl and 

allyl electrophiles and avoiding TFA in order to protect the sensitive acetal group from 

hydrolysis. Starting with allyl bromide, after generation of the alkynyl sulfide anion the 

electrophile was added at -56 °C and left to warm to room temperature and stir. This 

provided the desired product 65 in 12% yield. Use of TBSCl generated the desired 

product 66 in a slightly improved 22% yield.  
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Scheme 20: Synthesis of thiolactams 65 and 66. 

 

  Propene-1-amine 67 was the last amine that was investigated. The most 

straightforward route for forming amino-alkyne 68 was alkylation of amine 67 with 

tosylate 41 exactly as had been done previously. In addition, there was literature 

precedent suggesting that this was feasible, 34 Scheme 21. A potential problem associated 

with this pathway was the volatility of the amino-alkyne 68. Therefore it was believed 

that adding t-Boc to the crude mixture after the alkylation step without removing the 

nBuLi at 0 oC
S8 at -78 oC

THF

O
NH2 + OTs

CH3CN

K2CO3

heated at 60 oC
 for 2 days

O
NH

49%

64

O
N

S

O O

N-(2,2-dimethoxyethyl)
but-3-yn-1-amine

nBuLi at 0 oC

S8 at -78 oC

THF

allyl bromide
at -56 oC

TBSCl at -56 oC

O

O
N

S
O

65

66

63 41

12%

22%



 

 

 

47 

solvent would solve this issue. Unfortunately, after repeated attempts, the major 

compound obtained was tri-substituted amino-alkyne 69. It seemed that preparing the 

requisite precursor through this method was impractical; therefore, it was decided that 

protecting the amine with a Boc group followed by alkylation might help to provide the 

desired amino-alkyne. After preparing allyl carbamate 70, a variety of alkylation methods 

were examined but unfortunately, all attempts were unsuccessful.  

 

Scheme 21:  

Scheme 21: Attempts to prepare amino-alkyne 68. 

 

      It was considered that perhaps the type of electrophile might be the problem, so an 

alternative electrophile like alkynyl bromide was applied. A general procedure for 

alkylation of allyl amine using alkynyl bromide was reported,47 hence alkynyl bromide 
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72 was reacted with allyl amine 67 under the provided reaction conditions, Scheme 22. 

After monitoring the reaction using TLC, it was concluded that amino alkyne formed but 

it was not clear if it was di 68 or tri-substituted, therefore, the crude was subjected to 

reaction with (tBoc)2O. This strategy was followed to facilitate the purification step and 

to reduce the volatility of the desired product 68. Unfortunately, amino alkyne 68 was not 

found after purification, thus only the tri-substituted was isolated. More investigation to 

prepare amino alkyne 68 was undertaken by first converting amine 67 to carbamate 70. 

Disappointingly, attemptsto alkylate 70 with alkynyl bromide 72 under a variety of 

conditions were unsuccessful.   

 

Scheme 22: Alternative attempts to prepare amino-alkyne 68. 
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Examining the formation of six and seven-member thiolactams 

 Finally, the study was extended to examine the formation of other medium ring sized 

rings like six and seven membered thiolactams. Therefore, attention was turned to 

prepare the required amino-alkynes, Schemes 23 and 24. Since 4-pentyn-1-ol and hex-5-

yn-1-ol were both commercially available, an identical route that was used for the 5-

membered example was used for these as well. Therefore the synthesis of the precursors 

began by converting alkynyl alcohols 73 and 74 to tosylates 75 and 76, respectively, 

under the usual conditions (TsCl, pyridine), Scheme 23. Precursors pent-4-yn-1-yl 4-

methylbenzenesulfonate 75 and hex-5-yn-1-yl 4-methylbenzenesulfonate 76 were 

produced in 83% and 70% yields respectively.  

 

Scheme 23: Preparation of tosylate 75 and 76. 

 

         Alkylation of 75 and 76 with cyclohexylamine 37 were done using identical 

reaction conditions as was used in the previous study and produced amino-alkynes 33b 

and 33c in 50% and 58%, respectively, Scheme 24. In order to avoid any degradation of 

the amino-alkynes, each were converted to their salt form 76 and 77, carried out under 

the same conditions that were applied previously. 
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Scheme 24: Preparation of amino-alkynes 33b and 33c. 

 

      With the precursors made, the first electrophile examined was TFA, as it showed a 

good result in the formation of five-member thiolactam, Scheme 25. Investigating first 

the formation of the six-member thiolactam 79, the reaction was run several times under 

the exact conditions that were applied for the five-member thiolactam; disappointingly, 

the highest yield was 12%, entry 1, Table 10. In addition, the use of a silyl electrophile 

did not increase the efficiency any as the yield remained essentially unchanged. Hence; it 

appeared that the rate of cyclization decreased more dramatically than anticipated with 

increasing the size ring.  

 Additional evidence for this conclusion was obtained when the same reaction 

conditions were applied to test the formation of the seven-member thiolactam 80. When 

TFA or TBSCl were used no product was observed, entries 3 and 4, Table 10. The reason 

or reasons for the low yield or not having product is/are not obvious but is undoubtedly 

related to the stability of the thioketenes.  
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Scheme 25: Examining the formation of six and seven membered thiolactams. 

 

Entry n Electrophile Time Yield % 

1 2 TFA at -50 °C 24 h 12% 

2 2 TBSCl -56 °C 24 h 14% 

3 3 TFA at -50 °C 24 h No desired product 

4 3 TBSCl -56 °C 24 h No desired product 

 

Table 10: Using TFA and TBSCl to examine the formation of the target product. 
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Chapter III 

Conclusions  

        Thioamides have been shown to be a useful functional group in the formation of 

hetrocyclic systems.48 Several methods have been applied to prepare this functional 

group;26, 49 herein, attempts were examined to prepare thioamides through the 

intramolecular trapping of  thioketenes.  

        This study constituted the first example of trapping the highly reactive thioketene 

with amines through intramolecular reaction under mild conditions largely based on the 

successful study done earlier in the trapping through an intermolecular reaction. This was 

accomplished by the in-situ generation of thioketenes, prepared through addition of sulfur 

to an alkynyl anion at low temperature (-78 °C), followed by intramolecular trapping 

with various amines as nucleophiles. Initially, the required amino-alkyne precursor was 

synthesized in two steps by converting an alkynyl alcohol to an alkynyl tosylate then 

coupling with various amines. With the amino-alkyne in hand, much effort was expended 

to find a reproducible procedure to generate the thioketenes including the best time and 

temperature to prepare the alkynyl anion using n-BuLi and the best conditions to generate 

the alkynyl sulfide anion. It was found that the best conditions for the deprotonation were 

at 0 °C for 20 minutes, then reducing the temperature to -78 °C for 1 hour to prepare the 

alkynyl sulfide anion. Quenching the alkynyl sulfide anion was then investigated with 

various electrophiles including a proton source, and various silicon and allyl substituents 

to generate the thioketenes. It was postulated that these substituents would have an 
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influence on the efficiency of formation of the thioketenes and its stability, especially 

towards dimerization.  

 The methodology was successful for the construction of five-member thiolactams 

with various amine substituents with yields ranging from 20% – 50%. In addition, among 

several electrophiles, crotyl bromide and tri-isopropylsilyl chloride provided the best 

yields of the desired products. This method was further extended to examine the 

formation of six and seven-member thiolactams; unfortunately, only a low yield was 

observed for the six-membered thiolactam while no positive result was found for the 

seven-membered case.  

 

Future directions 

       In order to expand the utility of the thioketene methodology for thiolactam 

formation, several factors like steric effects, changing solvent and temperature will need 

to be investigated more extensively. Regardless of the limitation of this methodology, 

sterically hindered substituents at the α or β carbon or both (R’ or R’’= alkyl, aryl...etc.) 

could play a major role on the stability of thioketenes. It is believed that increasing the 

steric hindrance at these positions would possibly help stabilize this intermediate from 

unwanted products, and perhaps allow for the formation of more substituted thiolactams, 

Scheme 26.  
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Scheme 26: Suggested route for the synthesis of more substituted thiolactams. 

 

        The limited success of the intramolecular reaction could be that cyclization is slow 

relative to undesired side reactions; therefore, another question might be what can be 

done to increase the nucleophilicity of the amine? One of the factors that increases 

nucleophilicity is the solvent, so perhaps changing the solvent (THF) to other aprotic 

solvents like DMF, MeCN or DMSO could have an influence on the rate of the reaction.  

  Another variable to investigate is temperature. Although this was investigated in this 

study, no experiments were performed where the reaction was maintained at a low 

temperature for extended periods of time after the electrophile was added. It is unknown 

at exactly what temperature the thioketene is generated, if this could be determined then 

perhaps maintaining the reaction at this temperature would be beneficial. Conversely, 

rapidly increasing the temperature to room temperature or above immediately after 

adding the electrophile should be investigated as well. There is still much to learn about 

the rates of the various reactions in this cascade reaction and how each interplays with the 

other.  

         It was mentioned previously that TMSBr successfully provided thiolactams in a 

higher yield compered to TMSCl. Therefore, it would be interesting to see what affect, if 
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any, other silyl bromide or triflate reagents like TIPSBr(OTf), TBSBr(OTf) and 

TBDPSBr(OTf) would have on the formation of thiolactams. This strategy, if successful 

for formation of the five-member thiolactam in high yield, could inspire further 

investigation towards other ring systems. 

     To explore the scope of this approach, various substituents on the amine of the 

amino-alkyne precursors were synthesized and cyclized; unfortunately, only a limited 

number of amines worked successfully through the previous alkylation conditions to 

provide the requesting precursor; therefore, this needs to be further studied. One strategy 

that could provide the requisite amino-alkynes with different R and R’’ group’s on the N 

would be via reductive amination, Scheme 27.50 This pathway would provide various 

substituents on the nitrogen thiolactams and be suitable for further use. 

 

Scheme 27: Alternate proposed pathway to amino-alkyne. 

 

        In general, it is known that an intramolecular reaction is faster than an intermolecular 

reaction; thus, thiolactams should form faster than thioamides (the linear product).27 This 

fact coupled with the success of the intermolecular reactions with various amines made it 

hard to reconcile the failure of the intramolecular reaction for the formation of six and 

seven membered thioamides. Therefore it would be interesting to see what would happen 
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resulting from intermolecular reaction then this suggests that the intramolecular reaction 

is slower than believed. If there were an unusual amount of the intermolecular product it 

would help explain the low yield in case of six and no yield in the case of seven member 

products. If this proved the case, then a high dilution reaction could be performed to help 

change the rate of intermolecular reactions.27 If this failed, then perhaps increasing the 

unsaturation in the cyclization precursor would help as this would reduce the degrees of 

freedom and presumably increase the rate of cyclization. 

 

Figure 22: Intermolecular vs. intramolecular reactions. 

 

           If the rates of both reactions were similar to one another even under high dilution, 

then one could also look at cyclization using a primary amine rather than the secondary 

amine that was used in all of the examples in this study. This route might increase the 

yield of the desired thioalctams as the amine would be less hindered and perhaps more 

conducive to undergoing cyclization. As the last step once could alkylate the thioamide to 

provide a fully substituted thiolactam. Scheme 28. 
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Scheme 28: Another pathway to synthesis a fully substituted thiolactam. 

 

          Future studies should involve extending the thioketene methodology to other 

heterocyclic systems including other nucleophiles like alcohol or thiol. The trapping of 

thioketenes with these types of nucleophiles intermolecularly are known.20 This strategy, 

if successful, would serve as an alternative route for various heterocyclic systems that 

could be used in natural product synthesis.   

          Finally, thiolactams are useful synthons for several applications in organic 

synthesis.51 The thiocarbonyl function displays various reactivity towards electrophiles, 

nucleophiles, cycloadditions and sigmatropic rearmaments, therefore further 

transformations of the thiolactams produced via this study should be pursued. For 

instance, thiolactams have been shown to be applicable for aldol addition via enethiolates 

that are easily prepared with various bases.52 In addition, conjugate additions including 

(1,2) and (1,4) adducts are accessible through the desired thiolactams, like addition of 

Grignard reagents.53 Reduction of thiolactams to amines is a well-known reaction 

towards cyclic amines.54 Therefore, transformations such as these on the thiolactams 

from this study could serve as synthons for further use in organic synthesis and should be 

investigated.  
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Chapter IV 

Experimental Methods 

General experimental conditions 

           Unless stated otherwise, all reactions were performed in oven-dried glassware and 

carried out under an inert argon atmosphere. All temperatures that were recorded relative 

to external bath temperatures. Reagents, which are sensitive to air, were transferred using 

rubber septa by syringes. Solvents were removed via a Büchi rotary-evaporator and a 

bath temperature of 45 °C.  

 

Reagents and solvents 

           All commercial reagents were obtained from various commercial suppliers and 

used without any further purification. Reaction solvents were obtained from a Grubbs 

column solvent purification system. Distilled water was used for all work-up procedures.  

 

Chromatography 

         Reactions were monitored via thin-layer chromatography using Merck silica gel 

60 F254 0.25 mm thickness plates. Visualizing agent on TLC was either a short wave UV 

light or by immersing the plate in a solution of potassium permanganate and then heating 

it on a hot plate. Purification was done by either flash column chromatography on Merck 
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silica gel (230-400 mesh) or by using preparative thin-layer plates (0.5 mm) with the 

indicted eluent. Solvents for separations were used without any further purification.  

 

Physical data  

         All nuclear magnetic resonance spectra (1H NMR, 13C NMR) were recorded either 

on a Varian Inova 300 MHz instrument or an Agilent 400 MR DD2 400 MHz instrument 

at 25 °C.  Deuterated chloroform containing TMS as an internal standard was used as 

solvent. Chemical shifts are reported in parts per million (ppm) and referenced to 

tetramethylsilane or residual NMR solvent. All proton-proton coupling constants are 

reported in Hertz (Hz).  1H NMR data are reported as follows: chemical shift 

(multiplicity, number of protons, coupling constant in Hz). Multiplicity is designated 

using abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd 

(doublet of doublets), dt (doublet of triplets), and 13C NMR as: chemical shift (number of 

carbons). Fourier transformed infrared spectra (FT-IR) are recorded on Infrared 

spectrometer (a Perkin-Elmer 727B infrared spectrometer). Preparation of neat samples 

was done on a 32 mm diameter KBr window by dissolving the compounds in CH2Cl2 

followed by evaporating the solvent. 
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Preparation of compounds 

Preparation of but-3-yn-1-yl 4-methylbenzenesulfonate (41): 

 

 

 

       Under an inert argon atmosphere, a solution of 3-butyn-1-ol 40 (0.5 mL, 5.4 mmol) 

and pyridine (1.1 mL, 13.7 mmol) in DCM (10 mL) was placed in an ice water bath and 

p-toluenesulfonyl chloride (1.5 g, 7.9 mmol) was slowly added over a period of three 

minutes. After complete addition, the ice bath was removed and the reaction was stirred 

for 12 h at room temperature. The brown solution was diluted with Et2O (20 mL) and 

washed with H2O (10 mL x 3). The combined organic phase was then dried over 

magnesium sulfate, filtered and the solvent was removed under reduced pressure. The 

yellow crude oil was then purified by silica gel chromatography (3:1 Hex:EtOAc as 

eluent)  to give but-3-yn-1-yl 4-methylbenzenesulfonate 41 (1 g, 91 %) as yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm), 7.86 – 7.78 (m, 2H), 7.36 (dd, J = 8.6, 0.7 

Hz, 2H), 4.11 (t, J = 7.1 Hz, 2H), 2.62 – 2.54 (m, 2H), 

2.46 (dd, J = 0.3 Hz, 3H), 1.97 (s, 1H). 
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13C NMR (400 MHz, CDCl3): δ (ppm), 145.1, 132.7, 129.9, 127.9, 78.4, 70.8, 67.5, 

21.6, 19.4. 

FT-IR (cm-1, Neat): 3292, 2962, 2924, 1598, 1495, 1465, 1420, 1359, 

1307, 1292, 1190, 1177, 1097, 1019, 981, 905. 

 

Preparation of N-(but-3-yn-1-yl)cyclohexanamine (33a): 

 

 

 

       Under an inert atmosphere at room temperature, acetonitrile (10 mL) was added to 

cyclohexylamine 37 (1.3 mL, 11 mmol) followed by but-3-yn-1-yl 4-

methylbenzenesulfonate 41 (2.6 g, 11 mmol) and potassium carbonate (1.5 g, 11 mmol). 

The reaction was heated at reflux (60 °C) for 2 days. After cooling to room temperature, 

the yellow solution was diluted with DCM (20 mL) and washed with H2O (10 mL x 3). 

The combined organic phase was then dried over magnesium sulfate, filtered, and the 

solvent removed under reduced pressure. The crude oil was purified using silica gel 

chromatography (3:1 Hex:EtOAc as eluent) to give amine 33a (1.3 g, 75 %) as a yellow 

oil. 
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1H NMR (400 MHz, CDCl3): δ (ppm) 2.77 (t, J = 6.7 Hz, 2H), 2.48 – 2.38 (m, 1H), 

1.98 (t, J = 2.7 Hz, 2H), 1.97 (s, 1H), 1.89 – 1.51 (m, 

5H), 1.28 – 1.02 (m, 5H). 

13C NMR (400 MHz, CDCl3): δ (ppm), 82.6, 69.4, 56.2, 45.0, 33.5, 26.1, 25.0, 19.8. 

FT-IR (cm-1, Neat): 3314, 3304, 2937, 2862, 2801, 2780, 2425, 1578, 

1451. 

 

 

Preparation of N-(but-3-yn-1-yl)cyclohexanaminium chloride (43): 

 

 
 

       Under an inert argon atmosphere in a round bottom flask was put methanol (2 mL) 

followed by acetyl chloride (0.14 mL, 2.6 mmol). The solution was cooled to -10 °C and 

N-(but-3-yn-1-yl)cyclohexanamine 33a (0.4 g, 2.6 mmol)  in methanol (2 mL) was added 

drop-wise and after complete addition was left to stir for 30 minutes while gradually 

warming to room temperature over 2 hours . The solvent was removed under reduced 

pressure to give amine hydrochloride salt 43 (0.4 g, 90 %) as a yellow powder.  

1H NMR (400 MHz, CDCl3): δ (ppm), 2.77 (t, J = 6.7 Hz, 2H), 2.48 – 2.38 (m, 1H), 

1.98 (t, J = 2.7 Hz, 2H), 1.97 (s, 1H), 1.89 – 1.51 (m, 

5H), 1.28 – 1.02 (m, 5H). 
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13C NMR (400 MHz, CDCl3): δ (ppm), 82.6, 69.4, 56.2, 45.0, 33.5, 26.1, 25.0, 19.8. 

FT-IR (cm-1, Neat): 3314, 3304, 2937, 2862, 2801, 2780, 2425, 1578, 

1451. 

 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 

 

 

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was warmed to -50 °C at which time trifluoroacetic acid (0.04 mL, 0.53 

mmol) was added rapidly. The solution was then allowed to warm to room temperature 

and stir for 24 h. The dark red solution was diluted with Et2O (20 mL) and washed with 

H2O (10 mL x 3) and then brine (10 mL x 1). The combined organic phase was dried 

over magnesium sulfate, filtered and the solvent removed under reduced pressure. The 

brown oil was purified using silica gel chromatography (3:1 Hex:EtOAc as eluent) to 

give thiolactam 44 (54 mg, 56 % ) as a brown oil. 
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1H NMR (300 MHz, CDCl3): δ (ppm), 0.73 (tt, J = 11.4, 3.6 Hz, 1H), 3.63 (d, J = 

7.3 Hz, 2H), 3.03 (t, J = 7.9 Hz, 2H), 2.15 – 1.88 (m, 

2H), 1.89 – 1.75 (m, 5H), 1.53 – 1.18 (m, 5H). 

13C NMR (400 MHz, CDCl3): δ (ppm),199.6, 56.0, 49.9, 45.2, 29.4, 25.3, 21.0, 19.8. 

FT-IR (cm-1, Neat): 2931, 2854, 1500, 1450, 1440, 1418, 1336, 1304, 

1229, 1140, 1113, 992. 

 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 

 

 

  To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an inert argon atmosphere, n-butyl lithium (0.6 

mL, 1.06 mmol, 1.6 M in hexanes) was added slowly at 0 °C and left to stir for 20 min. 

The solution was then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 mmol) was 

added. After stirring for 50 min, the solution was warmed to -50 °C and trifluoroacetic 

acid (0.04 mL, 0.53 mmol) was rapidly added followed by DMAP (0.064 g, 0.53 mmol). 

The solution was allowed to warm to room temperature and stir for 24 h. The dark red 

solution was diluted with Et2O (20 mL) and washed with H2O (10 mL x 3) and brine (10 

mL x 1). The combined organic phase was then dried over magnesium sulfate, filtered 
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and the solvent removed under reduced pressure. The brown oil was purified using silica 

gel chromatography (4:1 Hex:EtOAc as eluent) to give thiolactam 44 (55 mg, 57 % ) as a 

brown oil. 

Note: the 1H and 13C spectra for compound 44 are on page 71. 

 

Preparation of 3-allyl-1-cyclohexylpyrrolidine-2-thione (47): 

 

 

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) was added n-butyl lithium (0.6 mL, 1.06 mmol, 1.6 M 

in hexanes) slowly at 0 °C. After stirring for 20 min, the solution was cooled to -78 °C 

and powdered sulfur (0.027 g, 0.10 mmol) was added. After stirring for one hour at this 

temperature, the resulting dark red solution was warmed to -56 °C and allyl bromide 

(0.04 mL, 0.53 mmol) was added rapidly. The solution was then allowed to warm slowly 

to room temperature and stir for 24 h at which time the red solution was diluted with 

Et2O (20 mL) and washed with H2O (10 mL x 3) and brine (10 mL). The combined 

organic phase was then dried over magnesium sulfate, filtered and the solvent was 

removed under reduced pressure. The crude red oil was purified using silica gel 
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chromatography (3:1 Hex:EtOAc as eluent) to give thiolactam 47 (0.053 g, 53 %) as a 

red oil. 

1H NMR (400 MHz, CDCl3):    δ (ppm), 5.85 – 5.66 (m, 1H), 5.13 – 5.00 (m, 2H), 

4.73 (tt, J = 11.6, 3.5 Hz, 1H), 3.64 – 3.43 (m, 2H), 

2.99 – 2.82 (m, 2H), 2.32 – 2.13 (m, 2H), 1.80 (d, J = 

2.8 Hz, 4H), 1.79 – 1.67 (m, 3H), 1.52 – 1.30 (m, 5H), 

1.13 (qt, J = 12.9, 3.5 Hz, 1H). 

13C NMR (400 MHz, CDCl3):    δ (ppm),135.4, 117.1, 56.3, 53.7, 48.3, 38.3, 29.5, 

29.2, 25.5, 25.24, 25.2. 

FT-IR (cm-1, Neat): 2932, 2856, 1676, 1639, 1492, 1445, 1296, 1265, 

1237, 1113, 991, 916. 

 

Preparation of 3-allyl-1-cyclohexylpyrrolidine-2-thione (47): 
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       Under an inert argon atmosphere, THF (10 mL) and N-(but-3-yn-1-

yl)cyclohexylammonium 43 (100 mg, 0.53 mmol) were added to a 25 mL round bottom 

flask, followed by slow addition of n-butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in 

hexanes) at 0 °C. After stirring for 20 min, the solution was cooled to -78 °C and a pre-

mixed solution of diallyldisulfide 48 (0.07 g, 0.53 mmol) and iodomethane (0.07 g, 0.53 

mmol) was added. The solution was allowed to warm slowly to room temperature and stir 

for 24 h. The resulting dark red solution was diluted with Et2O (20 mL) and washed with 

H2O (10 mL x 3) and brine (10 mL). The combined organic phase was then dried over 

magnesium sulfate, filtered and the solvent was removed under reduced pressure. The 

crude oil was purified using silica gel chromatography (3:1 Hex:EtOAc as eluent) to give 

thiolactam 47 (20 mg, 22 % ) as a red oil. 

Note: the 1H and 13C spectra for compound 47 are on page 73. 

 

Preparation of 3-(but-3-en-2-yl)-1-cyclohexylpyrrolidine-2-thione (49): 

 

 

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) was added n-butyl lithium (0.6 mL, 1.06 mmol, 1.6 M 
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in hexanes) slowly at 0 °C. After stirring for 20 min the solution was cooled to  -78 °C 

and powdered sulfur (0.027 g, 0.10 mmol) was added and stirring continued for 1 h. The 

resulting dark red solution was warmed to -56 °C and crotyl bromide (0.04 mL, 0.53 

mmol) was added rapidly. The solution was allowed to slowly warm to room temperature 

and after 48 h the black solution was diluted with Et2O (20 mL) and washed with H2O 

(10 ml x 3) and then brine (10 mL). The combined organic phase was dried over 

magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude 

black oily residue was purified using silica gel chromatography (3:1 Hex:EtOAc as 

eluent) to give thiolactam 49 (47 mg, 48 %) as a red oil. 

1H NMR (400 MHz, CDCl3):   δ (ppm), 5.87 (ddd, J = 17.3, 10.5, 5.6 Hz, 1H), 5.12 – 

5.01 (m, 2H), 4.86 – 4.76 (m, 1H), 3.55 (dd, J = 8.7, 

6.4 Hz, 2H), 3.12 (ddd, J = 9.5, 6.1, 3.4 Hz, 1H), 2.08 

– 1.88 (m, 2H), 1.83 (d, J = 19.3 Hz, 5H), 1.49 – 1.31 

(m, 5H), 0.87 (d, J = 6.9 Hz, 3H). 

13C NMR (400 MHz, CDCl3):    δ (ppm), 201.9, 142.1, 113.9, 58.4, 56.3, 49.2, 39.5, 

29.4, 26.7, 25.4 (d, J = 21.8 Hz), 20.0, 11.9. 

FT-IR (cm-1, Neat): 2932, 2852, 1492, 1448, 1298, 1114. 
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Preparation of 1-cyclohexyl-3-(1-phenylallyl)pyrrolidine-2-thione (50): 

 

       

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) was added n-butyl lithium (0.6 mL, 1.06 mmol, 1.6 M 

in hexanes) slowly at 0 °C. After stirring for 20 min the solution was cooled to  -78 °C 

and powdered sulfur (0.027 g, 0.10 mmol) was added and stirring continued for 1 h. The 

resulting dark red solution was warmed to -56 °C and 3-bromo-1-phenyl-1-propene (0.1 

g, 0.53 mmol) was added rapidly. The solution was allowed to slowly warm to room 

temperature and after 48 h the black solution was diluted with Et2O (20 mL) and washed 

with H2O (10 mL x 3) and once with brine (10 mL). The combined organic phase was 

then dried over magnesium sulfate, filtered and the solvent removed under reduced 

pressure. The crude black oily residue was purified using silica gel chromatography (3:1 

Hex:EtOAc as eluent) to give thiolactam 50 ( 44 mg,  28 %) as a red oil. 

1H NMR (400 MHz, CDCl3):  δ (ppm), 7.36 – 7.30 (m, 2H), 7.24 – 7.20 (m, 3H), 

6.25 – 6.14 (m, 1H), 5.31 – 5.14 (m, 2H), 4.60 (tt, J = 

12.1, 3.5 Hz, 1H), 4.45 (ddt, J = 5.0, 3.3, 1.9 Hz, 2H), 

3.55 – 3.49 (m, 1H), 3.23 (ddd, J = 11.1, 9.6, 2.6 Hz, 
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1H), 2.40 – 2.30 (m, 2H), 2.18 – 1.96 (m, 2H), 1.71 

(d, J = 43.3 Hz, 2H), 1.40 – 1.00 (m, 6H).  

13C NMR (400 MHz, CDCl3): δ (ppm), 201.4, 139.2, 130.1, 126.6, 115.3, 58.5, 56.2, 

50.1, 49.0, 29.0, 25.4, 21.5.                                                  

FT-IR (cm-1, Neat): 2932, 2855, 1496, 1466, 1449, 1298, 1115. 

 

Preparation of 1-cyclohexyl-3-(2-methylallyl)pyrrolidine-2-thione (51): 

 

    

   To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) was added n-butyl lithium (0.6 mL, 1.06 mmol, 1.6 M 

in hexanes) slowly at 0 °C. After stirring for 20 min the solution was cooled to  -78 °C 

and powdered sulfur (0.027 g, 0.10 mmol) was added and stirring continued for 1 h. The 

resulting dark red solution was warmed to -56 °C and 3-bromo-2-methyl propene (0.05 

mL, 0.53 mmol) was added rapidly. The solution was allowed to slowly warm to room 

temperature and after 48 h the black solution was diluted with Et2O (20 mL) and washed 

with H2O (10 mL x 3) and once with brine (10 mL). The combined organic phase was 

then dried over magnesium sulfate, filtered and the solvent removed under reduced 
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pressure. The crude black oily residue was purified using silica gel chromatography (3:1 

Hex:EtOAc as eluent) to give thiolactam 51 ( 30 mg,  23 %) as a red oil. 

1H NMR (400 MHz, CDCl3): δ (ppm), 4.87 – 4.67 (m, 2H), 3.69 – 3.46 (m, 1H), 

3.08 – 2.95 (m, 2H), 2.23 – 2.08 (m, 2H), 1.97 (ddd, J 

= 14.8, 12.0, 0.9 Hz, 1H), 1.93 – 1.81 (m, 2H), 1.80 – 

1.63 (m, 5H), 1.54 (s, 3H), 1.53 – 1.29 (m, 4H), 1.14 

(qt, J = 12.8, 3.4 Hz, 1H). 

13C NMR (400 MHz, CDCl3): δ (ppm), 203.2, 143.5, 112.0, 56.3, 52.4, 48.1, 42.4, 

29.4, 29.2, 25.5, 25.5, 25.4, 25.3, 25.2, 22.1. 

FT-IR (cm-1, Neat): 2931, 2855, 1647, 1490, 1441, 1293, 1265, 1234, 

1123, 886. 

 

Preparation of 1-cyclohexyl-3-(2-methylbut-3-en-2-yl)pyrrolidine-2-thione (52): 

 

 

      To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) was added n-butyl lithium (0.6 mL, 1.06 mmol, 1.6 M 

in hexanes) slowly at 0 °C. After stirring for 20 min the solution was cooled to  -78 °C 
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and powdered sulfur (0.027 g, 0.10 mmol) was added and stirring continued for 1 h. The 

resulting dark red solution was warmed to -56 °C and 1-bromo-3-methyl-2-butene (0.06 

mL, 0.53 mmol) was added rapidly. The solution was allowed to slowly warm to room 

temperature and after 48 h the black solution was diluted with Et2O (20 mL) and washed 

with H2O (10 mL x 3) and once with brine (10 mL). The combined organic phase was 

then dried over magnesium sulfate, filtered and the solvent removed under reduced 

pressure. The crude black oily residue was purified using silica gel chromatography (3:1 

Hex:EtOAc as eluent) to give thiolactam 52 (15 mg, 11 %) as a red oil. 

1H NMR (400 MHz, CDCl3): δ (ppm), 5.90 (dd, J = 17.7, 10.5 Hz, 1H), 5.04 – 4.95 

(m, 2H), 4.82 (tt, J = 11.8, 3.6 Hz, 1H), 3.51 – 3.39 

(m, 2H), 2.95 – 2.86 (m, 1H), 2.13 – 1.91 (m, 2H), 

1.89 – 1.65 (m, 6H), 1.51 – 1.33 (m, 4H), 1.25 (d, J = 

26.8 Hz, 6H). 

13C NMR (400 MHz, CDCl3): δ (ppm), 200.4, 146.1, 111.6, 62.9, 55.9, 48.6, 41.0, 

29.7, 27.1, 25.2, 24.0. 

FT-IR (cm-1, Neat): 2931, 2855, 1701, 1685, 1676, 1654, 1449, 1120. 

 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 
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       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was cooled to -78 °C at which time trimethylsilyl chloride TMSCl (0.53 mL, 

0.53 mmol) was added rapidly. The solution was then allowed to warm to room 

temperature and stir for 24 h. The dark red solution was diluted with Et2O (20 mL) and 

washed with H2O (10 mL x 3) and then with brine (10 mL). The combined organic phase 

was dried over magnesium sulfate, filtered and the solvent removed under reduced 

pressure. The brown oil was purified using silica gel chromatography (9:1 Hex:EtOAc as 

eluent) to give thiolactam 44 (28 mg, 29 % ) as a brown oil. 

Note: the 1H, 13C and IR spectra for compound 44 are on page 71. 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 

 

 

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-
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butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was cooled to -78 °C at which time trimethylsilyl bromide TMSBr (0.069 

mL, 0.53 mmol) was added rapidly. The solution was then allowed to warm to room 

temperature and stir for 24 h. The dark red solution was diluted with Et2O (20 mL) and 

washed with H2O (10 mL x 3) and then with brine (10 mL). The combined organic phase 

was then dried over magnesium sulfate, filtered and the solvent removed under reduced 

pressure. The brown oil was purified using silica gel chromatography (2:1 Hex:EtOAc as 

eluent) to give thiolactam 44 (42 mg, 44 %) as a brown oil. 

Note: the 1H, 13C and IR spectra for compound 44 are on page 71. 

 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 

 

     

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 
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mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was cooled to -78 °C at which time tert-butyldimethylsilyl chloride TBSCl 

(3.3 M hexane, 0.16 mL, 0.53 mmol) was added rapidly. The solution was then allowed 

to warm to room temperature and stir for 24 h. The dark red solution was diluted with 

Et2O (20 mL) and washed with H2O (10 mL x 3) and then with brine (10 mL). The 

combined organic phase was dried over magnesium sulfate, filtered and the solvent 

removed under reduced pressure. The brown oil was purified using silica gel 

chromatography (4:1 Hex:EtOAc as eluent) to give thiolactam 44 (31 mg, 32 %) as a 

brown oil. 

Note: the 1H, 13C and IR spectra for compound 44 are on page 71. 

 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 

 

 

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 
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the solution was warmed to -56 °C at which time tri-isopropylsilyl chloride TIPSCl (0.11 

mL, 0.53 mmol) was added rapidly. The solution was then allowed to warm to room 

temperature and stir for 24 h. The dark red solution was diluted with Et2O (20 mL) and 

washed with H2O (10 mL x 3) and then with brine (10 mL x 1). The combined organic 

phase was dried over magnesium sulfate, filtered and the solvent removed under reduced 

pressure. The brown oil was purified using silica gel chromatography (2:1 Hex:EtOAc as 

eluent) to give thiolactam 44 (39 mg, 40 %) as a brown oil. 

Note: the 1H, 13C and IR spectra for compound 44 are on page 71. 

 

Preparation of 1-cyclohexylpyrrolidine-2-thione (44): 

 

       

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)cyclohexylammonium 

chloride 43 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was warmed to -56 °C at which time tert-butylchlorodiphenylsilane 

TBDPSCl  (0.11 mL, 0.53 mmol) was added rapidly. The solution was then allowed to 

H2
N

Cl

N-(but-3-yn-1-yl)cyclohexanaminium 
chloride 43

nBuLi at 0 oC

S8 at -78 oC

THF N

S

1-cyclohexylpyrrolidine-2-thione 44
TBDPSCl
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warm to room temperature and stir for 24 h. The dark red solution was diluted with Et2O 

(20 mL) and washed with H2O (10 mL x 3) and then with brine (10 mL). The combined 

organic phase was then dried over magnesium sulfate, filtered and the solvent removed 

under reduced pressure. The brown oil was purified using silica gel chromatography (3:1 

Hex:EtOAc as eluent) to give thiolactam 44 (31 mg, 32 % ) as a brown oil. 

Note: the 1H, 13C and IR spectra for compound 44 are on page 71. 

 

Preparation of N-(but-3-yn-1-yl)hexan-1-amine (56): 

 

 

       Under an inert atmosphere at room temperature, acetonitrile (10 mL) was added to 

hexylamine 53 (1.26 mL, 11 mmol) followed by but-3-yn-1-yl 4-methylbenzenesulfonate 

41 (2.64 g, 11 mmol) and potassium carbonate (1.51 g, 11 mmol). The reaction was 

heated at reflux (60 °C) for 24 h. After cooling to room temperature, the yellow solution 

was diluted with DCM (20 mL) and washed with H2O (10 mL x 3). The combined 

NH2 + OTs

CH3CN

K2CO3

heated at 60 oC
    for 2 days

NH

33%

54

NH2

Cl

      N-(but-3-yn-1-yl)hexan-1-
aminium chloride

56
55
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N

O
O

for over night

53 41

CH3OH
CH3COCl
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organic phase was then dried over magnesium sulfate, filtered, and the solvent removed 

under reduced pressure. The crude oil was subjected to di-tert-butyldicarbonate (0.08 g) 

in THF (10 ml) and left for 2 h at room temperature. The solvent was removed and the 

crude was purified using silica gel chromatography (9:1 Hex:EtOAc as eluent) to give 

amine 55 (0.56 g, 33%) as a yellow oil. Next, under an inert argon atmosphere in a round 

bottom flask was put methanol (3 mL) followed by acetyl chloride (0.25 mL, 3.6 mmol). 

The solution was cooled to -10 °C and amine 55  (0.56 g, 3.6 mmol) in methanol (2 mL) 

was added drop-wise and after complete addition was left to stir for 30 minutes while 

gradually warming to room temperature over 2 h. The solvent was removed under 

reduced pressure to give amine hydrochloride salt 56 (0.55 g, 80 %) as a yellow powder.  

1H NMR (400 MHz, CDCl3):   δ (ppm), 2.78 (td, J = 6.6, 0.5 Hz, 2H), 2.66 – 2.57 

(m,2H), 2.39 (ddd, J = 7.2, 6.3, 2.7 Hz, 2H), 1.98 (td, 

J = 2.7, 0.5 Hz, 1H), 1.48 (q, J = 7.5, 6.7 Hz, 2H), 

1.34 – 1.26 (m, 7H), 0.93 – 0.81 (m, 3H). 

13C NMR (400 MHz, CDCl3):  δ (ppm), 78.6, 71.5, 47.9, 46.0, 31.1, 26.4, 25.8, 22.4, 

16.2, 13.9. 

FT-IR (cm-1, Neat): 3277, 2952, 2857, 2785, 2722, 2435, 1458. 
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Preparation of 1-hexylpyrrolidine-2-thione (57): 

 

 

       To a stirring solution of THF (10 mL) and N-(but-3-yn-1-yl)hexylammonium 

chloride 56 (100 mg, 0.53 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 1.06 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.027 g, 0.10 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was warmed to -56 °C at which time trifluoroacetic acid (0.04 mL, 0.53 

mmol) was added rapidly. The solution was then allowed to warm to room temperature 

and stir for 24 h. The dark red solution was diluted with Et2O (20 mL) and washed with 

H2O (10 mL x 3) and then with brine (10 mL). The combined organic phase was dried 

over magnesium sulfate, filtered and the solvent removed under reduced pressure. The 

brown oil was purified using silica gel chromatography (3:1 Hex:EtOAc as eluent) to 

give thiolactam 57 (43 mg, 44 %) as a red oil. 

1H NMR (300 MHz, CDCl3): δ (ppm), 3.73 (dt, J = 12.4, 7.5 Hz, 4H), 3.04 (t, J = 

7.9    Hz, 2H), 2.12 – 1.96 (m, 2H), 1.32 (d, J = 4.3 

Hz, 6H), 0.88 (d, J = 5.3 Hz, 5H). 

13C NMR (400 MHz, CDCl3): δ (ppm), 200.7, 54.7, 48.1, 45.0, 31.5, 26.5, 26.3, 

22.5, 19.6, 14.0. 

TFA at -56 oC
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FT-IR (cm-1, Neat): 2955, 2927, 2857, 1685, 1676, 1508, 1466, 1327, 

1292, 1124. 

 

Preparation of N-(2,2-dimethoxyethyl)but-3-yn-1-amine (64): 

 

       Under an inert atmosphere at room temperature, acetonitrile (10 mL) was added to 

2,2-dimethoxyethan-1-amine 63 (1.19 mL, 11 mmol) followed by but-3-yn-1-yl 4-

methylbenzenesulfonate 41 (2.46 g, 11 mmol) and potassium carbonate (1.51 g, 11 

mmol). The reaction was heated at reflux (60 °C) for 48 h. After cooling to room 

temperature, the yellow solution was diluted with DCM (20 mL) and washed with H2O 

(10 mL x 3). The combined organic phase was then dried over magnesium sulfate, 

filtered, and the solvent removed under reduced pressure. The crude oil was purified 

using silica gel chromatography (1:1 Hex:EtOAc as eluent) to give amine 64  (0.85 g, 49 

%) as a yellow oil. 

1H NMR (400 MHz, CDCl3):  δ (ppm), 4.48 (t, J = 5.5 Hz, 1H), 3.39 (d, J = 0.5 Hz, 

6H), 2.87 – 2.72 (m, 5H), 2.45 – 2.35 (m, 2H), 2.00 (t, 

J = 2.6 Hz, 1H).  

13C NMR (400 MHz, CDCl3):  δ (ppm), 103.8, 82.2, 69.5, 53.9, 50.5, 48.0, 19.5. 

64

63 41
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N-(2,2-dimethoxyethyl)
but-3-yn-1-amine



 

 

 

81 

FT-IR (cm-1, Neat): 3312, 2956, 2926, 2856, 1466, 1127.                     

 

Preparation of 3-allyl-1-(2,2-dimethoxyethyl)pyrrolidine-2-thione (65): 

 

       To a stirring solution of THF (10 mL) and N-(2,2-dimethoxyethyl)but-3-yn-1- 
 
amine 64 (100 mg, 0.63 mmol) was added n-butyl lithium (0.3 mL, 0.63 mmol, 1.6 M in 

hexanes) slowly at 0 °C. After stirring for 20 min, the solution was cooled to -78 °C and 

powdered sulfur (0.03 g, 0.12 mmol) was added. After stirring for one hour at this 

temperature, the resulting dark red solution was warmed to -56 °C and allyl bromide 

(0.05 mL, 0.63 mmol) was added rapidly. The solution was then allowed to warm slowly 

to room temperature and stir for 24 h at which time the red solution was diluted with 

Et2O (20 mL) and washed with H2O (10 mL x 3) and brine (10 mL). The combined 

organic phase was dried over magnesium sulfate, filtered and the solvent was removed 

under reduced pressure. The crude red oil was purified using silica gel chromatography 

(2:1 Hex:EtOAc as eluent) to give a thiolactam 65 (22 mg, 12 %) as a red oil. 

1H NMR (400 MHz, CDCl3):  δ (ppm), 5.85 – 5.71 (m, 1H), 5.18 – 5.03 (m, 2H), 

4.69 (td, J = 5.4, 2.0 Hz, 1H), 3.97 – 3.80 (m, 2H), 

3.78 – 3.70 (m, 2H), 3.44 (d, J = 4.8 Hz, 7H), 2.99 – 

64
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2.81 (m, 1H), 2.37 – 2.17 (m, 1H), 1.79 (ddd, J = 

12.6, 8.7, 6.4 Hz, 2H). 

13C NMR (400 MHz, CDCl3):    δ (ppm), 204.9, 135.3, 117.2, 101.6, 55.0, 53.3, 50.3, 

38.4, 34.6, 25.5. 

FT-IR (cm-1, Neat): 2935, 2833, 1503, 1449, 1320, 1272, 1189, 1124, 

1081, 980, 919. 

 

Preparation of 1-(2,2-dimethoxyethyl)pyrrolidine-2-thione (66): 

 

 
 

       To a stirring solution of THF (10 mL) and N-(2,2-dimethoxyethyl)but-3-yn-1- 
 
amine 64 (100 mg, 0.63 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.3 mL, 0.63 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.03 g, 0.12 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was cooled to -78 °C at which time tert-butyldimethylsilyl chloride TBSCl 

(3.3 M hexane, 0.19 mL, 0.63 mmol) was added rapidly. The solution was then allowed 

to warm to room temperature and stir for 24 h. The dark red solution was diluted with 

Et2O (20 mL) and washed with H2O (10 mL x 3) and then with brine (10 mL). The 

nBuLi at 0 oC
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combined organic phase was dried over magnesium sulfate, filtered and the solvent 

removed under reduced pressure. The brown oil was purified using silica gel 

chromatography (2:1 Hex:EtOAc as eluent) to give thiolactam 66 (25 mg, 22 %) as a 

brown oil. 

1H NMR (400 MHz, CDCl3):  δ (ppm), 4.69 (t, J = 5.4 Hz, 1H), 3.84 (dd, J = 15.1, 

6.5 Hz, 4H), 3.44 (s, 6H), 3.04 (t, J = 7.9 Hz, 2H), 

2.16 – 1.97 (m, 2H). 

13C NMR (400 MHz, CDCl3):    δ (ppm), 202.2, 101.6, 56.8, 54.9, 50.1, 44.9, 20.0. 

FT-IR (cm-1, Neat):   2935, 2833, 1508, 1466, 1452, 1327, 1308, 1294, 

1273, 1120, 1088, 1066. 

 

Preparation of pentyn-1-yl 5-methylbenzenesulfonate (75): 

 

 

       Under an inert argon atmosphere, a solution of 4-pentyn-1-ol 73 (0.43 g, 5.4 mmol) 

and pyridine (1.1 mL, 13.7 mmol) in DCM (10 mL) was placed in an ice water bath and 

p-toluenesulfonyl chloride (1.5 g, 7.9 mmol) was slowly added over a period of three 

minutes. After complete addition, the ice bath was removed and the reaction was stirred 

for 12 h at room temperature. The brown solution was diluted with Et2O (20 mL) and 

OH
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Cl
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N
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washed with H2O (10 mL x 3). The combined organic phase was then dried over 

magnesium sulfate, filtered and the solvent was removed under reduced pressure. The 

yellow crude oil was then purified by silica gel chromatography (3:1 Hex:EtOAc as 

eluent)  to pentyn-1-yl 5-methylbenzenesulfonate 75 (1 g, 83 %) as yellow oil.  

1H NMR (400 MHz, CDCl3):  δ (ppm), 7.76 (dt, J = 8.5, 2.3 Hz, 1H), 7.32 (dddt, J = 

8.0, 2.3, 1.5, 0.8 Hz, 1H), 4.15 – 4.02 (m, 1H), 2.41 

(d, J = 2.5 Hz, 1H), 2.27 – 2.18 (m, 1H), 1.91 – 1.77 

(m, 1H). 

13C NMR (400 MHz, CDCl3):  δ (ppm), 144.8, 129.9, 127.9, 82.1, 69.8, 67.9, 27.7, 

21.6, 14.7. 

FT-IR (cm-1, Neat): 3292, 2962, 2924, 1598, 1495, 1465, 1420, 1359, 

1307, 1292, 1190, 1177, 1097, 1019, 981, 905. 

 

Preparation of N-(pent-4-yn-1-yl)cyclohexanaminium chloride (77): 
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      Under an inert atmosphere at room temperature, acetonitrile (10 mL) was added to 

cyclohexylamine 37 (1.26 mL, 11 mmol) followed by pentyn-1-yl 5-

methylbenzenesulfonate 75  (2.64 g, 11 mmol) and potassium carbonate (1.51 g, 11 

mmol). The reaction was heated at reflux (60 °C) for 48 h. After cooling to room 

temperature, the yellow solution was diluted with DCM (20 mL) and washed with H2O 

(10 mL x 3). The combined organic phase was then dried over magnesium sulfate, 

filtered, and the solvent removed under reduced pressure. The crude oil was purified 

using silica gel chromatography (3:1 Hex:EtOAc as eluent) to give amine 33b (0.90 g, 

50%) as a yellow oil. In a round bottom flask was put methanol (3 mL) followed by 

acetyl chloride (0.42 mL, 5.4 mmol), after 5 minutes the solution was cooled to -10 °C 

and amine 33b  (0.90 g, 5.4 mmol) in methanol (2 mL) was added drop-wise and after 

complete addition was left to stir for 30 minutes while gradually warming to room 

temperature over 2 h. The solvent was removed under reduced pressure to give amine 

hydrochloride salt 77 (0.98 g, 90 %) as a yellow powder.  

1H NMR (400 MHz, CDCl3): δ (ppm), 2.88 – 2.64 (m, 2H), 2.51 (dd, J = 7.3, 6.5 

Hz, 1H), 2.24 (dtd, J = 20.7, 7.0, 2.7 Hz, 2H), 1.99 – 

1.89 (m, 1H), 1.79 – 1.69 (m, 2H), 1.62 (q, J = 7.0 

Hz, 5H), 1.28 – 1.04 (m, 5H). 

13C NMR (400 MHz, CDCl3): δ (ppm), 84.1, 68.4, 56.7, 45.8, 33.7, 29.1, 25.6, 16.4. 

FT-IR (cm-1, Neat): 3314, 3304, 2937, 2862, 2801, 2780, 2425, 1578, 

1451. 
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Preparation of 1-cyclohexylpiperidine-2-thione (79): 

 

 

       To a stirring solution of THF (10 mL) and N-(pent-4-yn-1-yl)cyclohexanaminium 

chloride (100 mg, 0.49 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 0.98 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.023 g, 0.09 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was warmed to -50 °C at which time trifluoroacetic acid (0.06 mL, 0.49 

mmol) was added rapidly. The solution was then allowed to warm to room temperature 

and stir for 24 h. The dark red solution was diluted with Et2O (20 mL) and washed with 

H2O (10 mL x 3) and then with brine (10 mL). The combined organic phase was dried 

over magnesium sulfate, filtered and the solvent removed under reduced pressure. The 

brown oil was purified using silica gel chromatography (3:1 Hex:EtOAc as eluent) to 

give thiolactam 79 (12 mg, 12 % ) as a brown oil. 

1H NMR (300 MHz, CDCl3):  δ (ppm), 5.61 – 5.50 (m, 1H), 3.32 (d, J = 6.0 Hz, 

2H), 3.01 (d, J = 6.6 Hz, 2H), 1.86 (d, J = 11.5 Hz, 

4H), 1.74 – 1.68 (m, 4H), 1.42 – 1.35 (m, 4H), 1.17 – 

1.08 (m, 2H). 
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13C NMR (400 MHz, CDCl3): δ (ppm), 199.1, 60.5, 44.3, 42.2, 29.0, 25.5, 25.3, 

22.8, 19.9. 

FT-IR (cm-1, Neat):  2931, 2854, 1500, 1450, 1440, 1418, 1336, 1304, 

1229, 1140, 1113, 992. 

 

Preparation of 1-cyclohexylpiperidine-2-thione (79): 

 

 

       To a stirring solution of THF (10 mL) and N-(pent-4-yn-1-yl)cyclohexylammonium 

chloride 77 (100 mg, 0.49 mmol) under an argon atmosphere cooled to 0 °C was added n-

butyl lithium (0.6 mL, 0.98 mmol, 1.6 M in hexanes) slowly. After complete addition, the 

solution was stirred for 20 min, then cooled to -78 °C and powdered sulfur (0.023 g, 0.09 

mmol) was added. Stirring was continued for fifty minutes at this temperature and then 

the solution was warmed to -50 °C at which time tert-butyldimethylsilyl chloride TBSCl 

(3.3 M hexane, 0.14 mL, 0.49 mmol) was added rapidly. The solution was then allowed 

to warm to room temperature and stir for 24 h. The dark red solution was diluted with 

Et2O (20 mL) and washed with H2O (10 mL x 3) and then with brine (10 mL). The 

combined organic phase was then dried over magnesium sulfate, filtered and the solvent 

removed under reduced pressure. The brown oil was purified using silica gel 
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N
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THF N

N-(pent-4-yn-1-yl)cyclohexanaminium
 chloride 77

TBSCl

S
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chromatography (3:1 Hex:EtOAc as eluent) to give thiolactam 79 (13 mg, 14 % ) as a 

brown oil.  

Note: the 1H, 13C and IR spectra for compound 79 are on page 94. 
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Appendix A: 1H NMR 
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Appendix B: 13C NMR  
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Appendix C: IR Spectra 
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