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ABSTRACT 
 

Heterocyclic molecules that contain nitrogens and consist of four, five and six-

membered rings such as azetidinones (eg: β-lactams), pyrroles, indoles, azoles, triazoles, 

oxadiazines, and oxadiazinones, etc. are ubiquitous in the use of pharmaceutical fields. 

This also reflected in the recently FDA approved unique small-molecule pharmaceuticals, 

where about 90% of those molecules contain a nitrogen heterocycle. Particularly, the 

vicinal diamino motif has been appeared in leading drug directing candidates such as 

penicillin, cephalosporins, and oseltamivir (Tamiflu) over the past years. 

 

Historically, there has been minimal interest in synthesizing a broad scope of 

vicinal diamino motif-containing small molecules and heterocyclic compounds for the 

purpose of using them in the medicinal fields. Therefore, synthesizing the vicinal diamino 

motif in a few synthetic steps with a broad substrate scope has remained challenging. In 

this work, we assess the potential to access the vicinal diamino skeleton through the 

reactivity of various azodicarboxylates (as the main nitrogen source) with various 

electron-rich alkynes. With further investigations, this chemistry leads us to develop 

novel methods to generate several classes of vicinal diamino motif-containing products, 

such as diazacyclobutenes (four-membered heterocyclic compound) and 2-

iminothioimidates (acyclic vicinal diimino compounds), and highly substituted 

tetrahydroindoles (fused bicyclic compound consist of a five-membered N-heterocycle) 

in good yields with a broad substrate scope.  
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Additionally, with the divergent reactivity of this chemistry under the catalytic 

environment; a novel compound consist of a 6-membered 1,3,4-oxadiazin-2-one 

heterocyclic skeleton was produced. This dissertation further discloses the substrate 

dependent reactivity, divergent reactivity, mechanistic investigations and variable 

temperature dynamic NMR studies of these novel compounds. 

 

In overall, this electron-rich alkynes and azodicarboxylates chemistry described in 

this document has been validated a novel protocol to rapidly access diverse vicinal 

diamino motif containing acyclic and cyclic compounds which have potential utility in 

organic synthesis and medicinal chemistry. 

 

Last part of this dissertation describes the development of a protocol for the in-

house synthesis of the cellulose nanocrystals, optimization and scale up synthesis of the 

poly(etheleneimne) functionalized cellulose nanocrystals to investigate the possibility of 

reducing the cost of the synthesis while maintaining the environmental remediation 

properties of these functionalized materials at the same efficiency. 
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1 

CHAPTER ONE 

INTRODUCTION 

1.1 Importance of the N-heterocycles and vicinal diamines 

1.1.1 Biological importance of the N-heterocyclic compounds 

Nitrogen containing heterocyclic compounds have been widely used as 

pharmaceutical drug candidates.1–4 The frequency of the use of nitrogen containing 

heterocyclic compounds is evident in the United States FDA drug approvals. Statistical 

surveys published in 2014 and 2018 revealed that about 60% of the U.S. FDA approved 

unique small molecule drugs contained a nitrogen heterocycle.2,3 This high frequency of 

N-heterocycles was also reflected in the list of approved 2019 U.S FDA drugs, where 

90% of the small molecule candidates contained N-heterocycles.5 Further analysis of the 

2014 survey showed that five and six-membered N-heterocycles are highly prevalent 

among those pharmaceuticals.1 These studies show the ubiquity of the N-heterocycles and 

the biological importance of them as pharmaceuticals. Another significant factor 

pertaining to the N-heterocycles is the presence of the nitrogen atom in their structure as a 

high impact element, which could give rise to substantial improvements of the 

pharmacological properties of the drug candidate.6 Previous biomedical research studies 

have shown that nitrogen can be utilized successfully to optimize the pharmacological 

parameters by replacing a CH group of the drug molecule with nitrogen atom. It has been 

found that substitution of a select CH group in a drug candidate with nitrogen can 

enhance and optimize the pharmacological properties and increase the drug potency. 
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Some of the noticeable properties arise from the nitrogen atom are increasing the 

binding affinity to the target receptor,7,8 increasing the hydrogen bonding donor-acceptor 

capability,9 facilitates intra- and inter-molecular interactions. In addition some specific 

features such as providing a conformational preference to the structure and changing the 

electrostatic potential map of the molecule with substituting nitrogen in place of a carbon 

atom in aromatic molecules could play key roles in governing these pharmacological 

properties.6 

 

In order to highlight the biological importance of the N-heterocycles; Figure 1.1 

lays out some of selected examples of N-heterocycles that have been used as synthetic 

pharmaceuticals in the pharmaceutical industry. Compound I-1 contains a  

four-membered N-heterocycle and can be categorized as a leading drug family of 

antibiotics known as penicillins.10 Econazole (I-2) contains a five-membered  

N-heterocycle which is also a well-known antifungal drug used to treat skin infections.11–

13 Another broadly medicinally used family of five-membered N-heterocyclic scaffold is 

the triazole which is highlighted in the example of compound I-3 for its antifungal 

activity.14 The final example of Figure 1.1 shows a six-membered N-heterocyclic 

compound I-4, which has a 1,3,4-oxadiazine-5-one scaffold. It has been found that some 

of these derivatives demonstrated significant antibacterial and appreciable antifungal 

properties.15,16 
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Figure 1.1 Selected examples of biologically important 4-, 5-, 6-membered  

N-heterocycles. 
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Moreover, six-membered 1,3,4-oxadiazinone structural motif is one of the 

versatile building block that has been widely seen in compounds used in pharmaceutical, 

agrochemical and pesticide industry.17 

 

Since N-heterocycles enjoy a wide variety of applications in pharmaceutical, 

agrochemical, pesticide, and material industry, the synthesis of N-heterocycles by 

convenient routes via atom-economical pathways, with a lack of significant waste 

generation are popular research areas nowadays. Also, there are many synthetic 

methodologies that utilize transition metal catalyzed routes for N-heterocycle 

synthesis.18–21 Nonetheless, due to the fact that trace impurities of some metals could be 

toxic to bacteria and fungi, carrying out synthetic operations which rely on transition 

metal ions could potentially contaminate the final bio-active product with trace metal 

impurities, leading to falsely potent lead compounds. So, developing transition metal free 

synthetic methodologies to access N-heterocycles in fewer synthetic steps with readily 

available starting materials is a worthy area of study.22 

 

1.1.2 Biological importance of the 1,2-diamino compounds 

Another biologically and synthetically important structural motif is the 1,2-

diamine or the vicinal diamino structural motif. There has been significant methodology 

development towards 1,2-diamination reactions of alkenes over the past due to the 

appearance of the 1,2-diamine scaffold in a large number of biologically important 

natural products and in ligands for asymmetric catalysis.10   
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Figure 1.2 Selected examples of biologically important 1,2-diamine structural motif                       

                 containing compounds. 
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Figure 1.2 shows some selected examples of naturally occurring compounds and 

synthetic pharmaceuticals that contain the vicinal diamino motif exhibiting broad 

spectrum of biological activity.10,23,24 

 

Compound I-5 (Figure 1.2) is known as biotin (or vitamin H or vitamin B7) 

which is a water-soluble vitamin which is necessary for cell growth and the metabolism 

of fats and amino acids. Biotin shows its vicinal diamine moiety in the imidazolidinone 

ring. Penicillins (I-6) and Cephalosporines (I-7) are well-known, naturally occurring, 

potent antibiotics with a 1,2-diamine motif within the azetidine ring. Tamiflu (I-8) and 

Slaframine (I-9) both contains the 1,2-diamine motif and are antiviral and cytotoxic 

indolizidine alkaloid respectively.  

 

As a result of the success of diamino platinum compounds in the field of 

antitumor chemotherapy in mid 1960s, synthetic chemists turned towards synthesizing 

different 1,2-diamino platinum compounds to evaluate and identify compounds having 

greater potency and less toxicity. The compound illustrated in I-10 (Eloxatin) is one of 

the examples of a 1,2-diaminoplatinum compound that was tested in the 1960s for its 

anticancer activity that now has been used as a clinical therapeutic agent.23,25 
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1.2 Vicinal diamination or 1,2-diamination 

1.2.1 Previous studies of the vicinal diamination of alkenes 

The versatile applications of the 1,2-diamine (vicinal diamino) motif have placed 

the development of synthetic methodologies for accessing a broad substrate scope of 

vicinal diamines in high demand. Despite their utility in medicine and organic synthesis, 

robust and general means for their preparation are sparse. The previous progress toward 

the vicinal diamination of alkenes is discussed in this section. 

 

Many established approaches for the synthesis of vic-diamines suffer from 

lengthy processes, tedious operations, and sometimes poor yield. As an historical 

example, initially formed diols from an alkene must then undergo alcohol activation, 

azide replacement and reduction to generate the vicinal diamine motif  

(Scheme 1.1, eq. 1).23,24,26 
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Scheme 1.1 Equation 1: A typical multi-step linear sequence for the enantioselective 

preparation of vic-diamines from alkenes. Equation 2: The diaza-Cope strategy for the 

preparation of chiral vic-diamines. 
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Analogous methods have been adapted which involves the stepwise operation of a 

single functional group in β-amino alcohols, β-halogenoalkylamines, aldehydes and 

amino acid derived ketimines.23,24 Some other strategies of vic-diamine synthesis have 

originated from substrates other than generic alkenes which rely on nucleophilic addition 

into nitro alkene, ring opening from aziridinium ion intermediates,  or the reductive 

coupling of imines, amides and oximes.23,24 Further, Chin and Kim developed a 

somewhat general methodology using the diaza-Cope rearrangement (DCR) strategy 

(Scheme 1.1, eq. 2) however this strategy also has its own limitations due to the 

requirement of a specialized chiral diamine source as the initial substrate.27 

 

All of these strategies have limitations such as further synthetic operations to 

obtain the desired products, use of expensive starting materials, multiple steps, and the 

use of toxic substances such as azides. Further, none of these methods displays a 

generalized method for the preparation of a broad scope of vicinal diamines from 

commonly available starting materials. 

 

From a theoretical standpoint, the direct addition of two nitrogen atoms across a 

carbon-carbon double bond is perhaps the most straightforward means for the preparation 

of vicinal diamines.28 However, this approach is not as well developed as related 

processes such as dihydroxylations,29 aminohydroxlyations,30 and epoxidations.31–33 
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Initial attempts towards direct vicinal diamination of alkenes have focused on a 

variety of different metal catalyzed processes. In previous studies, researchers have done 

a remarkable amount of work on metal-catalyzed intramolecular 1,2-diamination 

reactions which enabled access to vicinal diamines. Several protocols utilizing palladium 

catalysis, copper catalysis and some higher oxidation state metals have become available, 

which served to significantly broaden the ability to access these 1,2-diamino 

compounds.34–36 As mentioned earlier, due to the potential for trace metal contamination, 

these metal catalyzed approaches may be less desirable for biomedical research areas. 

Thus, exploring new metal-free approaches toward vicinal diamination is important. 

 

Several groups have done vicinal diamination reactions of alkenes utilizing metal-

free approaches, mostly aided by halogenation event or hypervalent iodine catalysis. 

Scheme 1.2 shows a brief outline of these efforts and highlights a few examples. In 2012, 

Muñiz and coworkers were used an alkene with a tethered sulfonamide group (e.g. I-11) 

to carry out an intramolecular diamination event while avoiding the use of transition 

metals. This reaction was promoted by the in situ oxidation of KBr, leading to bicyclic 

diamine products such as I-12 in high yield (Scheme 1.2, Eq. 1).37,38 Later this protocol 

was modified by Wirth and co-workers by employing a chiral hypervalent iodine catalyst, 

I-13, to perform a highly stereoselective diamination (i.e., (R)-I-14 in 92% ee, Eq. 2) in 

good yield.39 These methods allowed rapid access to the vicinal diamino motif containing 

cyclic sulfamide derivatives, which are medicinally useful due to their proven biological 
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activities such as the inhibition of serine proteases,40 antidepressant activity,41 

antibacterial activity,42 and antiviral activity.43,44 

 

Furthermore, the Muñiz group applied this hypervalent iodine chemistry for 

alkenes35,37,45,46 and conjugated dienes47 to facilitate intra- and intermolecular 

diaminations (examples are not shown). 
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Scheme 1.2 Selected examples of metal-free and recent electrocatalytic vicinal 

diaminations of alkenes. 
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Moreover, similar synthetic strategies were also reported by several other research 

groups for the intramolecular diamination of olefins, which were facilitated by N-

iodosuccinimide and tethered amine nucleophiles such as amidine, urea and thiourea. 

Significant contributions were made by the groups of Zhang,48,49 Widenhoefer,50 and 

Hennecke.51 Equally, other research groups, including those of Chiba,52 Blakey,53 and 

Chang54 reported related intramolecular diamination reactions with hypervalent iodine 

reagents. 

 

In most of these methods, the nitrogen sources for the diamination were already 

housed within the substrate to promote the intramolecular deamination, which was further 

mediated by a halonium promoter or oxidative diamination step. Due to this limitation of 

using specialized substrates in these methods, they necessarily require the synthesis of 

specialized starting materials by means of several steps. However, Pan and co-workers 

demonstrated a Ritter-like cyclization of chalcones (I-15) assisted by an external nitrogen 

source such as TsNCl2 (I-16), with the use of triphenylphosphine, and acetonitrile, thus 

generating racemic 2-imidazolines in high yield (i.e., (rac)-I-17, in Eq. 3).55 

 

In recent literature, the vicinal diamination of alkenes was achieved by the Lin 

group using electrocatalytic diazidation by means of a metal-mediated azidyl radical 

transfer reaction. This approach enabled dual carbon-nitrogen bond formation followed 

by subsequent reduction to the corresponding vicinal diamines (Scheme 1.2, Eq. 4).36 

This electrocatalytic methodology served as a good generalized method with broad 
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functional group compatibility, while the handling of toxic azide reagents seems to be the 

only drawback. Very recently, the selenide-catalyzed 1,2-diamination of alkenes has been 

developed utilizing sulfonamide nucleophiles.56 However, this process requires a 

specialized catalyst and also suffers from a somewhat limited functional group tolerance. 

As described so far, the 1,2-diamination of alkenes is a well-developed and actively 

ongoing research area. 

 

In comparison with alkene diamination, the synthesis of the vicinal diamine motif 

contained within N-heterocycles is another broadly developed research domain due to the 

biological importance of these motifs, as described earlier. There are many other classes 

of 5- and 6-membered heterocyclic compounds containing the vic-diamine motif, while 

also containing oxygen, sulfur, carbonyl, sulfoxide, and sulfone groups within the 

heterocyclic ring. Due to our interest in the main vicinal diamino scaffold, the examples 

and the literature studies of these compounds have not been extensively discussed here. 

Nevertheless, a few selected examples of recent studies, related developments, and 

apparent downsides of the methodologies are highlighted and discussed in the following 

paragraphs in order to highlight some aspects of this area of study. 

 

Vast number of 5-membered heterocycles containing the vicinal diamine motif 

such as imidazoles and imidazolines have been synthesized and evaluated for their 

biological activities over the past.57–64 This area is well-documented in the literature. The 
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preparation of these scaffolds have been enriched with number of different synthetic 

protocols since 1950s.58,59 

 

Six-membered vic-diamine motifs containing heterocycles such as piperizines, 

quinoxalines, tetrahydroquinoxalines are also important structural elements in medicinal 

chemistry.65–73 In recent studies, the vicinal diamination of arenes have been carried out 

under mild conditions with the in situ generation of benzynes (II-19) from 

trimethylsilylaryl triflates (II-18) followed by reaction with sulfamides (e.g.II-20) to 

produce the benzothiadiazole-2,2-dioxide motif (e.g.II-21) consisting of a 1,2-diamino 

motif (Scheme 1.3, Eq. 1).74,75 Lately, o-phenylendiamine have been used as precursors 

to produce quinoxalines and tetrahydroquinoxalines via metal-catalyzed and metal-free 

strategies. With the inspiration of the pioneering work of nickel-catalyzed borrowing 

hydrogen and dehydrogenative coupling protocols,76–78, the Kundu79 and Tang80 groups 

have utilized vicinal diols for the synthesis of quinoxalines and tetrahydroquinoxalines. 

One example for this type of transformation appears in Scheme 1.3, Eq. 2, where a 

vicinal diol (e.g.II-23) reacts with o-phenylendiamine (e.g.II-22) to form quinoxaline 

(e.g.II-24) in the presence of a Ni(II) catalyst.79 Even though these strategies are 

compatible with a broad scope, some required well-define catalysts, specialized ligands, 

additives, high temperatures, and longer reaction times.79,80 
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Scheme 1.3 Selected examples for the synthesis of 5- and 6-membered vic-diamine motif 

containing N-heterocycles. 
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In very recent studies, Wang et al. used a metal-free oxidative [4+2] cycloaddition 

approach to produce an assembly of tetrahydroquinoxalines (Scheme 1.3, Eq.3).70 In this 

example, first o-phenylenediamines (II-25) were chemoselectively oxidized into quinine 

diimide intermediates (II-26) and subsequently reacted with various alkenes to perform 

the [4+2] cycloaddition in order to obtain the corresponding tetrahydroquinoxalines (II-

27) (Scheme 1.3, Eq.3). However, this protocol was also limited by the necessary use of 

electron-withdrawing o-phenylendiamine to obtain higher yields. 

 

Despite these synthetic methodologies, facile and efficient protocols to rapidly 

access the vicinal diamine motif and quickly increase structural diversity as well as 

enantioselective methods are still highly beneficial to this research area. Particularly, 

when compared to the synthetic strategies of five- and six-membered vic-diamine motif 

containing N-heterocycles, methods accessing four-membered N-heterocycles harboring 

the vic-diamine motif are relatively rare. 
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1.2.2 Four-membered N-heterocycles consist of 1,2-diamino motif 

This section will review the previously reported synthetic methodologies for the 

synthesis of four-membered N-heterocycles containing of 1,2-diamino motif. Four-

membered heterocycles that contain the 1,2-diamino motif can be categorized into three 

main classes. They are called as 1,2-diazetidines, 1,2-diazetines, and 1,2-diazetes. These 

compounds consist of two adjacent nitrogen atoms and two adjacent carbon atoms in a 

four-membered ring. They have been named according to Hantzch-Widman IUPAC 

nomenclature system depending on their degree of unsaturation. Efforts to synthesize 

these types of compounds go back over the past 100 years. 

 

The 1,2-Diazetidines have no additional degrees of unsaturation beyond their 

cyclic structure (see Figure 1.3). The 1,2-diazetines have one pi bond and depending on 

the position of the pi bond, they are named differently (see Figure 1.3).81 If the double 

bond or the pi bond is at the first position of the four-membered ring (i.e., numbering 

from the first nitrogen atom through the second),  the compound is called as Δ1-1,2-

diazetine. Similarly, if the double bond is at the second and the third position of the four-

membered ring, it is called a Δ2-1,2-diazetine and Δ3-1,2-diazetine, respectively. 

Furthermore, the Δ3-1,2-diazetine motif can be obtained by replacing the saturated 

carbons of the cyclobutene motif with two nitrogen atoms. Thus, Δ3-1,2-diazetines are 

also known as diazacyclobutenes where “diaza” refers to the two nitrogen atoms in the 

scaffold.  
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Figure 1.3 1,2-Diazetidines, diazetines and diazetes. 
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The first example of a 1,2-diazetidine was synthesized by Herman Staudinger 

from diphenylketene and trans-azobenzene using a [2+2] ketene cycloaddition.82–85 There 

are many derivatives of 1,2-diazetidines known to date, and their synthesis, properties, 

and chemistry are well known.81 

 

Some of the selected synthetic strategies for 1,2-diazetidines are summarized in 

Scheme 1.4.  One of the common strategies that to synthesize 1,2-diazetidines is the 

formal [2+2] cycloaddition of cyclic or acyclic azodicarboxylates (e.g. II-28) with 

substrates bearing an olefin functionality such as tetrafluroethylene,86 indene,87 vinyl 

ethers,88 tetracyclopropylethylene,89 and allenamide90 (Scheme 1.4, Eq. 1). However this 

approach is limited by the high substrate dependency of these reactions and moderate 

yields. Alternatively, Diels-Alder reactions of cyclobutadiene (e.g. II-29) with various 

azo compounds91,92, and 4π–photocyclization of a 1,2-dihydropyridazine (e.g. II-30)93,94 

have been reported to obtain bicycle 1,2-diazetidines (Scheme 1.4, Eq. 2). However, 

some of the drawbacks associated with these methods such as impracticality on larger 

scale, the requirement for a cyclobutadiene precursor (e.g. the corresponding iron 

tricarbonyl complex) which are not commercially available, poor atom economy, and 

expensive preparation of precursors narrowed the broad applicability of these methods. 

 

Further, Hall and Brigard showed that 1,2-dialkyl-1,2-diazetidines can be 

prepared from a direct reaction of 1,2-dibromoethane (II-31) and 1,2-dialkylhydrazines 

(II-32) in hot xylene in the presence of a base such as sodium carbonate (Scheme 1.4, Eq. 
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3).95 Later Miaoet al. reported a one-pot synthesis of substituted 1,2-diazetidines from 

readily available aldehydes. They first transformed the aldehyde (II-33) into a 

corresponding dialkyl 1-(1-hydroxy-3-phenylpropan-2-yl)-hydrazine-1,2-dicarboxylate 

such as II-34 by reacting with a protected azodicarboxylate (II-28) in the presence of 

catalytic proline. Next, the hydroxyl group of II-34 was activated to a better leaving 

group such as a mesylate, which could then be displaced with a nitrogen nucleophile 

within the II-34 via intramolecular cyclization to form the substituted 1,2-diazetidines 

(II-35) (Scheme 1.4, Eq. 4).96 

 

In addition, the Shipman group developed a protocol to access a wide range of 

1,2-diazetidines such as II-37 by applying a Cu(I)-catalyzed 4-exo ring closure from a 

previously synthesized cyclization precursor such as II-36 (Scheme 1.4, Eq. 5).97 Later, 

this method was further modified to obtain enantioenriched C-3 substituted 1,2-

diazetidines and 1,2-diamines.98,99 Regardless of the efficiency, these methods also have 

their own downsides such as multistep synthesis, use of additives, and the formation of 

less substituted 1,2-diazetidine derivatives. Overall, despite the fact that the synthesis of 

1,2-diazetidines are rather well developed, still there are more opportunities for synthetic 

chemists to expand and develop new synthetic protocols to access a broader scope of 

these compounds with lack of drawbacks which mentioned above.  
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Scheme 1.4 Selected examples for the synthesis of 1,2-diazetidines.  
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The first diazetine derivative (II-39) was synthesized in 1962 by Emeleus and 

Hurst from the fluorination of cyanogens (II-38) (Scheme 1.5, Eq. 1).100,101 A few 

attempts were made to synthesize Δ1-1,2-diazetine-1,2-dioxides (II-41) by oxidizing the 

corresponding 1,2-bis-hydroxylamines (II-40) or 1,2-diamine with an oxidant such as 

bromine, dimethyldioxirane (DMDO), or sodium hypobromite (Scheme 1.5, eq. 2).102–106 

This oxidation method provided very low to moderate yields when the hydroxylamino 

group or amino groups of the substrates are at tertiary carbon atoms and phenyl 

substituted secondary carbon atoms. In contrast, the substrates bearing tertiary carbon 

atoms with less sterically hindered shorter alkyl groups such as methyl and secondary 

carbon atoms in cyclic analogs provided very high yields. Δ1-1,2-diazetine-1,2-dioxides 

were found to be highly effective low-energy triplet quenchers due to their ability to 

absorb short wavelengths of light, and the absence of both singlet quenching and triplet 

reactivity.102,106 

 

Furthermore, these Δ1-1,2-diazetine-1,2-dioxides were investigated as 

vasodilators due to their ability to liberate two molecules of NO upon moderate 

heating.106–108 These studies show that Δ1-1,2-diazetine-1,2-dioxides can be identified as 

a new class of effective vasorelaxant agents which will be a good substituent for some of 

the currently used vasorelaxants, such as nitroglycerin, due to the side effects associated 

with nitroglycerin.107 
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Alternatively, Breton and co-workers applied a Diels-Alder approach to afford the 

corresponding Δ1-1,2-diazetine in high synthetic yields.109,110 This method utilizes a less 

substituted Δ3-1,2-diazetine analog such as II-43 as a dienophile to react with a diene  

II-42 to afford a Diels-Alder cycloadduct II-44, followed by hydrolysis and oxidation of 

II-44 to furnish the final Δ1-1,2-diazetine derivative II-45 (Scheme 1.5, eq. 3). However, 

this method was also limited by the poor yield of the Δ3-1,2-diazetine analog which is 

used as the dienophile. 
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Scheme 1.5 Selected examples for the synthesis of Δ1-1,2-diazetines. 
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Examples of the Δ2-1,2-diazetine structural architecture also appeared in the 

literature since the 1980s. Sharp and co-workers showed that bicyclic Δ2-1,2-diazetines 

(II-47) can be formed through the rapid photoisomerization of the corresponding 1,2-

diazepine (II-46) in quantitative yields (Scheme 1.6, Eq.1).111–114 In 1984, the Taylor 

group accidentally found that pivaloylation of 1,2-diazetidine-3-ones bearing a bulky 

group at N1 (II-48) can produce the corresponding Δ2-1,2-diazetine(II-49) in moderate to 

good yields (Scheme 1.6, Eq. 2).115 Beckert and co-workers developed an efficient 

procedure to access the Δ2-1,2-diazetine motif (II-52) by reacting an amidrazone such as 

II-50 with thebis(imidoyl) chlorides of oxalic acid such as II-51while eliminating 

benzonitrile (Scheme 1.6, Eq. 3).116,117 They further illustrated that this synthesis can also 

be performed by the cycloacylation reaction of monoalkylhydrazines (II-53) instead of 

using amidrazones.117 However, in some cases these Δ2-1,2-diazetines were found to be 

light sensitive and degrade to fluorubine byproducts which exhibit fluorescence.117 

Beckert and co-workers further modified this protocol to produce pyridazines and 

biologically relevant 1,3,4-oxadizines by ring expansion reactions.118,119 

 

Some other transformations were also developed for the synthesis of Δ2-1,2-

diazetines by using the reaction between nitrilimines and isocyanides, nitrosation of 

aziridines and irradiation of pyridazines. Nevertheless, these strategies are highly 

substrate dependent and the products generated in these transformations are heat 

sensitive, tending to form byproducts through cycloreversion, ring expansion, and 

fragmentation.116  
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Scheme 1.6 Selected examples for the synthesis of Δ2-1,2-diazetines. 
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When compared with the Δ1-1,2-diazetines and Δ2-1,2-diazetines less attention 

has been paid to the diazacyclobutenes (Δ3-1,2-diazetines) and just a few synthetic 

protocols are available for the synthesis of diazacyclobutenes so far.92,101,109,120–123 

 

Diazacyclobutenes are also fairly strained four membered rings consisting of a 

carbon-carbon double bond and two adjacent nitrogen atoms. These heterocycles have 

gained some attention in the literature owing to the electronic framework resident in the 

diazetine moiety that formally follows the Hückel (4n+2) rule of aromaticity.81,92,123,124 

 There has been some debate in the literature about the possible aromaticity of 

diazacyclobutenes, but a thorough investigation has been difficult due to relatively 

limited access to these molecules.92,123,124 Those diazacyclobutenes that are isolable and 

stable have proven to be synthetically useful as dienophiles in Diels-Alder cycloadditions 

and precursors to Δ1-1,2-diazetine derivatives which was illustrated previously (Scheme 

1.5, Eq. 3).109 

 

The first diazacyclobutene (Δ3-1,2-diazetine) derivative (II-56) was reported by 

Effenberger and Maier in 1966.120 They reacted ketene-N,N-acetals (II-54) and 

azosulfone (II-55) to afford the corresponding diazacyclobutene derivative (Scheme 1.7, 

Eq. 1). Nevertheless, their characterization did not include spectroscopic information and 

did not prove the regiospecificity and the stability of the products. Even though it has 

been more than 50 years since this initial report on the synthesis of diazacyclobutenes, 

less than a dozen examples of the scaffold have been reported so far in the literature due 
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to a general lack of synthetic routes to access the diazacyclobutene moiety in high 

yield.92,109,120,121 

 

Warrener and Nunn reported dimethyl Δ3-1,2-diazetine-1,2-dicarboxylate II-57 in 

1972, which was synthesized in very poor yield (5% in 3 steps). It was found to be 

thermally unstable at room temperature and cycloreversed to make a stable diimine 

derivative II-58 (Scheme 1.7, Eq. 2).92,122 In 1984, Greene synthesized diazacyclobutene 

II-60 in 21-26% yield by reacting 4-phenyl-1,2,4-triazole-3,5-dione (PTAD) with a 

hindered acetylene II-59 in dichloromethane for 4-5 days. They observed that the 

reaction proceeded to make 1:1 and 1:2 (Acetylene: PTAD) adducts  

(Scheme 1.7, eq. 3).121 
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Scheme 1.7 Synthesis of diazacyclobutenes (Δ3-1,2-diazetines). 
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Breton and coworkers developed a method to produce the diazacyclobutene 

moiety in 3 steps by reacting vinyl sulfide (II-62) and N-methyltriazolinedione (II-61, 

MTAD) to yield a [2+2] adduct (II-63) followed by an oxidation with m-CPBA and 

solution-phase pyrolysis to yield the desired diazacyclobutene derivative (II-65) (Scheme 

1.8).109 The overall yield of the sequence was about 8-10% which was attributed to the 

formation of a polymeric byproduct that competes with the desired cycloaddition 

reaction.88 
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Scheme 1.8 Diazacyclobutene synthesis with vinyl sulfide and N-methyltriazolinedione 

(MTAD) 
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Tandon and Chhor were able to prepare 1,2-diazete (II-67) in moderate yields 

(56%) by refluxing 1,4-dichloro-1,4-disubstituted-2,3-diaza-1,3-butadiene (II-66) with 

Beryllium (Be) in dry THF.125 The 1,2-diazetes are the cyclobutadiene analogues of these 

heterocycles and so far only one study has been carried out to access diazete 

heterocycles.125 

 

 

Scheme 1.9 Synthesis of 1,2-diazetes. 
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In addition to the above examples, enzyme mediated vicinal diamino motif 

synthesis has been also appeared in recent literature.126,127 One of the remarkable example 

for this is; biocatalytic asymmetric C(sp3)-H amination that has been developed by 

Arnold group (examples are not shown).127 Despite the fact that this enzymatic 

methodology was able to provide diverse array of synthetically valuable chiral diamines 

in excellent enantioselectivity, the requirement of the nitrogen source which housed 

within the substrate (similar to the Scheme 1.2, Eq. 1) and the synthesis of the specialized 

precursors such as sulfomyl azide substrates in multiple steps are the major drawbacks in 

this transformation.  

 

Due to the versatile use of 1,2-diamines and 1,2-diamino motif containing 

heterocycles in synthetic organic chemistry and medicinal chemistry, we wished to 

investigate more efficient protocols to access these types of compounds. Research studies 

for the synthesis of the 1,2-diamino-motif-containing 4, 5, and 6-membered  

N-heterocycles can still benefit from new, efficient synthetic strategies with higher 

reagent economy, higher atom economy, straight forward approaches, less substrate 

specificity, metal-free synthesis, and less additives. 

 

Further, the studies on the chemical properties, biological activities and 

reactivities of some of the vic-diamino motif containing N-heterocycles – for instance 

diazacyclobutenes – are stymied by a lack of simple methods for their preparation. Some 

of these N-heterocycles are useful as precursors for further chemical transformations to 
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obtain biologically important compounds. These reasons have validated the need for the 

development of facile synthetic methods to prepare these compounds. 

 

In the second chapter of this dissertation, we describe the design of an efficient 

formal [2+2] cycloaddition protocol to access the vic-diamino motif in the form of four-

membered N-heterocycles known as Δ3-1,2-diazetines or diazacyclobutenes from 

electron-rich alkynes and azodicarboxylates. Chapter 2 discusses the development of this 

chemistry and the optimization of the protocol, the initial substrate scope, investigation of 

their potential aromaticity, additional improvements of the substrate scope and biological 

activity of these diazacyclobutenes. Some of the content in this second chapter were 

adapted with permission from (Narangoda, C. J.; Lex, T. R.; Moore, M. A.; McMillen, C. 

D.; Kitaygorodskiy, A.; Jackson, J. E.; Whitehead, D. C. Accessing the Rare 

Diazacyclobutene Motif. Org. Lett. 2018, 20 (24), 8009–8013. 

https://doi.org/10.1021/acs.orglett.8b03590), Copyright (2018) American Chemical 

Society. 

 

Chapter 3 describes the further exploration of this chemistry in terms of substrate 

dependent reactivities such as comparing the reactivity of acyclic vs cyclic 

azodicarboxylates, ene reaction competition with the initially developed formal [2+2] 

cycloaddition protocol, and anomalous behavior in the presence of catalysts. This chapter 

introduces novel protocols for the synthesis of 5-membered N-heterocycles known as 

tetrahydroindoles and a 6-membered N-heterocycle known as 1,3,4-oxadiazin-2-ones by 

https://doi.org/10.1021/acs.orglett.8b03590),
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utilizing the electron-rich alkyne and azodicarboxylate chemistry. Some of the content in 

this third chapter were adapted with permission from (Narangoda, C. J.; Kakeshpour, T.; 

Lex, T. R.; Redden, B. K.; Moore, M. A.; Frank, E. M.; McMillen, C. D.; Wiskur, S. L.; 

Kitaygorodskiy, A.; Jackson, J. E.; Whitehead, D. C. Cycloaddition/Electrocyclic Ring 

Opening Sequence between Alkynyl Sulfides and Azodicarboxylates To Provide N,N-

Dicarbamoyl 2-Iminothioimidates. J. Org. Chem. 2019, 84 (15), 9734–9743. 

https://doi.org/10.1021/acs.joc.9b01515), Copyright (2019) American Chemical Society. 

 

Chapter Four describes the use of polyethyleneimine (PEI) functionalized 

cellulose nanocrystals (CNC) in the use of environmental remediation. This chapter 

discusses the synthesis of CNC, optimization of the functionalization reaction of CNC 

with PEI, environmental remediation studies of PEI functionalized CNC and further 

modifications of the functionalization protocol with halogenation reactions for the 

synthesis of antimicrobial agents.  

https://doi.org/10.1021/acs.joc.9b01515),
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CHAPTER TWO 

DEVELOPMENT OF THE ELECTRON-RICH ALKYNE AND 

AZODICARBOXYLATE CHEMISTRY 

2.1 Motivating Goal: To design a straightforward methodology for the access of 

vicinal diamine motif 

Despite the significant advances described in Chapter I, a general methodology 

that provides rapid access to the vicinal diamine motif in a variety of substitution patterns 

from readily available starting materials is still relatively elusive, and the field could 

benefit from new strategies to solve this difficult problem. This synthetic demand to 

access the vicinal diamine motif triggered our desire to develop a straightforward 

approach to synthesize these compounds. An efficient strategy to access vicinal diamines 

from unsaturated carbon-carbon multiple bonds is not well developed compared to 

similar processes such as dihydroxylations,1 aminohydroxlyations,2 and epoxidations.3,4 

Theoretically, the direct addition of two nitrogen atoms across a carbon-carbon multiple 

bonds is conceptually the most simple way to prepare a vicinal diamino functionality. 

Such an approach would be more economically efficient in terms of reagents and yields.5 

 

We started to investigate the direct addition of two nitrogen atoms across carbon-

carbon multiple bonds using electron rich alkenes and alkynes, while taking 

azodicarboxylates as the nitrogen source. Azodicarboxylates have been used in wide 

range of applications in different research disciplines.6–9 Due to the large number of 

applications in synthetic organic chemistry, azodicarboxylates are readily available 
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starting materials with a variety of derivatives that are commercially available. Scheme 

2.1 briefly highlights the wide range of reactions of azodicarboxylates. 

Azodicarboxylates participates in many different synthetic organic reactions such as 

Mitsunobu reactions,10 terminal alkyne addition reactions,11 aza-Baylis–Hillman 

reactions,12–14 rearrangements,15 and heterocycle syntheses (Scheme 2.1).15–17 

Azodicarboxylates are also known to perform amination reactions with aryl boronic 

compounds,18 β-ketoesters,19 enamines,7 enol ethers,20,21 vinyl acetates22 and oxindoles23 

(Scheme 2.1). 

 

Furthermore, cyclic azodicarboxylates,  for instance the triazolinediones (TADs), 

are very reactive species that participate in diverse range of reactions such as [2+2] 

cycloadditions,24–26 Alder-ene reactions,27 aza-Diels-Alder reactions,28–31 amination 

reactions32 and photochemical reactions33 (Scheme 2.2). Despite their wide range of 

applications of these compounds, a common protocol to obtain a broad range of  

vic-diamines through the reaction of azodicarboxylates with alkenes has not been 

developed.34–36 
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Scheme 2.1. Brief outline of the reactions of acyclic azodicarboxylates. 
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Scheme 2.2. Brief outline of the reactions of cyclic azodicarboxylates. 
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Another interesting feature of azodicarboxylates is the presence of the carbamate 

functionality on the molecule. Organic carbamates have been broadly used as structural 

elements of many approved therapeutic agents.37,38 These functionalities show amide-

ester hybrid features. In most cases, carbamates demonstrate very good chemical and 

proteolytic stabilities, which are some of the key factors for therapeutic agents. Medicinal 

chemists utilize this functionality as a substitution for a peptide bond in their therapeutic 

drugs due to their excellent chemical stability, metabolic stability, and cell permeability. 

Furthermore, having carbamate groups in the final product allows for late stage 

modifications to the structure which can ultimately help to modulate inter- and 

intramolecular interactions with target enzymes or receptors. Moreover, carbamate 

groups help to modulate the pharmacological properties of compounds such as 

absorption, distribution, metabolism, and excretion in order to enhance the desired 

therapeutic effect.37,38 

 

We decided to choose azodicarboxylates as our nitrogen source due to the above 

properties of the carbamate group, two adjacent nitrogen atoms, and their electron 

deficiency. On the other hand, alkenes are commodity petrochemicals and alkynes are 

also readily available starting materials. Both alkenes and alkynes are available in a broad 

range of substitution patterns. Thus, we hypothesized that alkenes and alkynes will be the 

most suitable two carbon candidates for the construction of the vicinal diamine motif.  
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We began our initial goal to test the reactivity of a series of azodicarboxylates 

with electron rich alkene and alkyne substrates in order to access the corresponding 

vicinal diamine motif in the form of four-membered 1,2-diazetidine and diazacyclobutene 

(Δ3-1,2-diazetine) N-heterocycles. Even though we tested the reactivity of many analogs 

of the alkenes and alkynes with azodicarboxylates, the key trials that lead to the 

discovery and development of this chemistry have been outlined in this section. In our 

early attempts, we converted the azodicarboxylate into an electron-rich betaine 

intermediate to react with an alkene bearing an electron withdrawing group (EWG) 

[Scheme 2.3 Eq. 1].10 Furthermore, different substrates were screened to test the 

possibility in this aspect such as epoxides and copper acetalides under different 

conditions. However, all of these attempts were unsuccessful, and even trace amounts of 

the expected product were not observed.  

 

Secondly, we attempted the same reactions with electron rich alkenes which bears 

an electron donating group (EDG) [Scheme 2.3 Eq. 2].20,21,24,32 Since azodicarboxylates 

are known to be good electrophiles,6,7 we thought that the inherent electrophillic nature of 

the azodicarboxylates would possibly provide a reasonable amount of reactivity. 
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Scheme 2.3. Original plan to synthesize four-membered 1,2-diazetidines. 
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As we expected, we saw a reaction between azodicarboxylates II-1 and the 

electron-rich silyl enol ether II-2 (Scheme 2.4). However, the transformation returned 

hydrazine diesters like II-4 which failed to undergo subsequent cyclization to provide the 

desired diazetidines.20,21,24,32 We abandoned this route due to the possible increase in the 

number of synthetic steps to access the desired diazetidines.  

 

Nevertheless, when we carefully considered the possible mechanism of the 

formation of the N-substituted hydrazine diester, we suspected that two pitfalls prevented 

the desired cyclization to form the desired 1,2-diazetidine derivative (Scheme 2.4).24 

First, the formation of a stable carbonyl group with the simultaneous loss of the silyl 

group may prevent further reaction. The second potential drawback is due to the effect of 

the resonance-stabilized negative charge that is formed after the initial attack on the 

azodicarboxylate depicted in intermediate II-3, rendering this intermediate less 

nucleophilic, and thus less prone to cyclization (Scheme 2.4).20,21,32 
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Scheme 2.4. Possible mechanism of N-Substituted hydrazine diester formation. 
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2.2 Synthesis of four-membered 1,2-diamino motif containing N-heterocycle: 

diazacyclobutenes (Δ3-1,2-diazetines) 

In order to understand the lack of previous synthetic studies toward 

diazacyclobutenes and for the convenience of the reader; a very brief outline of the 

historical examples of the diazacyclobutenes are illustrated in Scheme 2.5 and a short 

discussion is also provided. Nevertheless, these literature studies have also been 

discussed in detail in Chapter I. The first diazacyclobutene derivative II-5 was reported 

by Effenberger and Maier in 1966.39 Even though it has been over 50 years since this 

initial report on the synthesis of diazacyclobutenes, less than a dozen diazacyclobutene 

derivatives have been reported in the literature due to a lack of feasible synthetic routes to 

access the motif in high yield.5,40–42 

 

Warrener and Nunn reported dimethyl Δ3-1,2-diazetine-1,2-dicarboxylate or 

diazacyclobutene II-6 in 1972, although the molecule was thermally unstable and rapidly 

underwent electrocyclic ring opening at room temperature to form the stable diimine 

carbamate derivative II-7 (Scheme 2.5).43 In 1984, Greene synthesized diazacyclobutene 

II-8 in a 21–26 % yield by reacting PTAD with a hindered diarylacetylene in 

dichloromethane for 5 days.44 In 2001, Breton and coworkers developed a method to 

produce the diazacyclobutene moiety in 3 operations to afford the desired 

diazacyclobutene II-9 in an 8–10% overall yield (Scheme 2.5).45 The aforementioned 

synthetic methods allowed access to the diazacyclobutene moiety; however their 

strategies suffer from low yields and narrow substrate scopes.  
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Scheme 2.5. Historical examples of diazacyclobutene synthesis. 
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Our initial failures to make four membered heterocyclic compounds with electron 

rich and deficient alkenes (Scheme 2.2) brought our focus on the potential use of electron 

rich alkynes instead of alkenes. Our initial idea was that if we used an electron rich 

alkyne II-10 which has an electron donating group attached to the alkyne functionality, it 

could possibly push electrons towards the pi system and attack one of the electrophillic 

nitrogen on the azodicarboxylates II-11, thus making a zwitterionic species II-12 which 

contains ketene functionality (Scheme 2.6). Due to the high reactivity of the ketene 

functionality, the zwitterionic species II-12 could possibly undergo a rapid ring closure to 

produce the expected diazacyclobutene moiety II-13.46–48 

 

 

Scheme 2.6. Proposed mechanism for the synthesis of diazacyclobutenes. 
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In order to test this hypothesis outlined in Scheme 2.6, we synthesized several 

sulfur analogues of electron rich alkynes (alkylacetylene sulfides) which are displayed in 

Table 2.1 and 2.2. We used two methods to synthesize different alkyne substrates that 

modulated R1 and R2.49–51 

 

The first procedure shown in Table 2.1 was performed mainly to make 

alkylacetylene sulfides with different R2 groups by starting with a terminal alkyne and 

then deprotonating it with n-butyl lithium at –78°C to form the acetylide ion followed by 

addition of elemental sulfur to make the thiolate ion and finally carrying out a 

nucleophilic substitution with a corresponding alkyl halide. 

 

Similarly in the second procedure, a corresponding dialkyl disulfide was added 

after the acetylide ion formation to synthesize bearing alkylacetylene sulfides bearing 

different R1 and R2 groups (See Table 2.2). 

  



 61

Table 2.1. Synthesis of alkylacetylene sulfides. 
 

 

Entry R2 Yield%a 

1 Me 90 

2 Et 82 

3 n-Pr 83 

4 n-Bu 76 

5 n-C5H11 69 

6 n-C8H17 75 

7 Bn 85 

aIsolated yields after column chromatography. 
 
  



 62

Table 2.2. Synthesis of alkylacetylene sulfides. 

 

 

Entry R1 Chalcogen atom 

(S or Se) 

R2 Yield%a 

1 C6H5 S C6H5 92 

2 4-Me-C6H4 S Me 78 

3 4-Me-C6H4 S Et 90 

4 4-MeO-C6H4 S Me 98 

5 4-Cl-C6H4 S Me 65 

6 4-CF3-C6H4 S Me 43 

7 n-Bu S Me 28 

8 n-Bu S n-Bu 67 

9 Cyclopropyl S Me 38 

10 C6H5 Se Me 86 

11 C6H5 Se C6H5 94 

aIsolated yields after column chromatography 
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Then we tested our hypothesis outlined in Scheme 2.6 by reacting 

methylphenylacetylene sulfide with 4-phenyl-1,2,4-triazoline-3,5,dione (PTAD) (Table 

2.3). Intriguingly, we saw the formation of the expected diazacyclobutene derivative. The 

success of this initial reaction encouraged us to explore the optimization of the 

transformation and to probe the substrate scope of this reaction with a range of 

alkylacetylene sulfides. 

 

We first examined the reaction yields under reflux conditions for 24 hours using a 

series of common solvents while keeping the equivalence of PTAD (II-14) and thio-

acetylene II-15a as 1:1.3 (Table 2.3, entries 1-5). Among the common solvents 

examined, acetonitrile was found to afford the highest yield (89%, entry 5) of the 

diazacyclobutene product II-16a. Chloroform and dichloromethane gave yields of 82% 

and 78%, respectively, whereas tetrahydrofuran and toluene provided lower yields of 

68% and 67% (entries 1-4). The reaction conditions were further tuned by conducting a 

time study, varying the reactant equivalence, and reducing the total volume of solvent by 

half (Table 2.3, entry 6-11). Refluxing in acetonitrile for 6 h and 12 h did not 

significantly influence the yield (entries 6-7). Furthermore, decreasing the equivalence of 

the thio-acetylene lowered the yields about 20% (entries 8-10). Finally, when the reaction 

volume was reduced to half, the yield was further lower (entry 11). These studies indicate 

that optimal yields are obtained when the reactants are refluxed in acetonitrile for 24 

hours while using a 1:1.3 ratio of PTAD to alkylacetylene sulfide.  
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Table 2.3. Optimization of the reaction conditions. 

 

 

aIsolated Yields. b5mL of total volume used. 

  

Entry Solvent 
Equivalence of the  

Alkynyl Sulfide(II-15a) 
Reaction time Yielda(%) 

1 Chloroform 1.3 24 h 82 

2 Dichloromethane 1.3 24 h 78 

3 THF 1.3 24 h 68 

4 Toluene 1.3 24 h 67 

5 Acetonitrile 1.3 24 h 89 

6 Acetonitrile 1.3 6 h 80 

7 Acetonitrile 1.3 12 h 83 

8 Acetonitrile 1 24 h 71 

9 Acetonitrile 1.1 24 h 69 

10 Acetonitrile 1.2 24 h 72 

11b Acetonitrile 1.3 24 h 75 
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With the optimized conditions in hand, we successfully synthesized several 

derivatives of diazacyclobutenes in good yield (Scheme 2.7). Alkylphenylacetylene 

sulfides (II-15a to II-15d) with S-substituted methyl, ethyl, n-propyl, n-butyl were 

successfully converted into their corresponding diazacyclobutene derivatives II-16a to 

II-16d in 77–89% yields (Scheme 2.7). Diazacyclobutenes bearing longer S-alkyl chains 

(II-16e to II-16f) with n-pentyl or n-octyl were generated in 78% and 81% yields, 

respectively. The S-benzyl diazacyclobutene derivative II-16g was also produced in a 

moderate 62% yield. The S-phenyl analog II-16h was afforded in 85% yield.  A gram 

scale (6 mmol) reaction to produce the same analog proceeded in 81% yield (1.87 g). 
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Scheme 2.7. Substrate scope of diazacyclobutene derivatives from the cycloaddition of 

PTAD and alkyl acetylene sulfides 
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We then examined the reactivity of alkylphenylacetylene sulfides with para-

substituted electron donating and withdrawing substituents on the phenyl group. Two 

analogs (R2 = Me, Et) of the alkynylsulfides bearing p-methylphenyl as R1 group were 

converted to their corresponding diazacyclobutene in 92% and 77% yield, respectively 

(Scheme 2.7, II-16i and II-16j). Alkylphenylacetylenes with electron donating groups 

such as p-methoxy and electron withdrawing substituents such as p-chloro and  

p-trifluoromethyl (II-16k-m) generated the corresponding diazacyclobutene derivatives 

in good yields ranging from 74–85%. We also synthesized a couple of derivatives  

(R2 = Me, n-Bu) that had R1 substituted with an alkyl group such as n-butyl. These 

examples were made in moderate yields, 56% and 61%, respectively (Scheme 2.7, II-16n 

and II-16o). 

 

In addition, we were able to synthesize a diazacyclobutene analog II-16p which 

bore a cyclopropyl group at the R1 position in 94% yield. Furthermore we explored this 

chemistry with selenium analogs by changing the chalcogen atom on the electron-rich 

alkyne. These attempts yielded the corresponding diazacyclobutenes II-16q and II-16r 

(where R2 = Me, Ph) in 80% and 93% yield, respectively. 
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2.3 Potential Aromaticity of diazacyclobutenes (Δ3-1,2-diazetines) 

Due to the fact that the diazacyclobutene (Δ3-1,2-diazetine) electronic framework 

consists of 6π electrons in a four-membered ring, the Hǖckel rule52,53 of aromaticity 

predicts that the motif may have aromatic character (Figure 2.1).There have been some 

computational studies reported previously to assess the potential aromatic character of 

diazacyclobutenes.43,54–59 Nonetheless, these computational studies could not be validated 

experimentally due to the lack of simple synthetic methods to access the motif. 

 

. 

Figure 2.1. Central diazacycobutene ring 
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When diazacyclobutenes were first reported in 1966, no experiments probing their 

potential aromaticity were performed. Nevertheless, six years prior to this study, a similar 

structural moiety with sulfur as heteroatoms instead of nitrogens was reported.60 This 

molecule was known as bis-(trifluoromethyl)-l,2-dithietene (II-17, Scheme 2.8) and 

theoretically this molecule also follows the Hückel rule. Surprisingly, this molecule  

II-17 exhibited a rather high boiling point (95–96˚C), and existed as a liquid presumably 

due to its aromatic stability.60 

 

In 1972, Warrener synthesized dimethyl Δ3-1,2-diazetine-1,2-dicarboxylate II-18 

(Scheme 2.8) and found that even at ambient temperatures the compound isomerizes to 

the corresponding ring opened analog II-19 [t1/2 (20˚C) = 6.9 h], suggesting that II-18 

does not benefit from aromatic stability. In 1979, Warrener and co-workers reported the 

first broader discussion about the potential aromaticity of the diazacyclobutene motif and 

suggested that the compounds were non-aromatic – or perhaps even antiaromatic – due to 

the destabilizing interactions arising from the lone pair repulsion between the two 

nitrogen atoms and the repulsion between the lone pairs of the nitrogen atoms and the 

C=C double bond.58 
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Scheme 2.8. Various examples used to examine the potential aromaticity. 
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Warrener and co-workers further reported that diazacyclobutene II-20 can 

undergo rapid cis-trans isomerization through NH outer plane deformations (Scheme 

2.8). They further stated that these NH deformations reduce the N-N and C-N overlap and 

thereby compensate the hitherto mentioned destabilizing interactions of the molecule.58 

Successive computational studies on the conrotatory ring opening of the 

diazacyclobutenes, molecular orbital analysis done by Budzelaar et al.54 Móet al.55 and 

Bachrach et al.56 were also in good agreement with Warrener’s initial conclusions of the 

non-aromaticity of the diazacyclobutenes. 

 

In 2002, Breton and his co-workers probed the aromaticity of diazacyclobutene 

II-21 (Scheme 2.8) with the help of an X-ray crystal structure study, further reaction 

studies, and computational investigations.59 They first noticed the non-aromatic character 

of diazacyclobutene II-21 based on the pyramidal nature of the two nitrogen atoms in the 

four-membered ring that were readily extracted from the crystal structure. The pyramidal 

nature of the two nitrogen atoms were observed from the C7-N2-N3-C9 torsion angle of 

120.4° (Scheme 2.8, II-21) which directly suggest that the diazacyclobutene is not 

aromatic. If the four-membered ring is aromatic, it would be a planar molecule and the 

torsion angle should be 180˚. Furthermore, the non-aromatic character based on the 

pyramidal nature of the nitrogen atoms in this diazacyclobutene system II-21 can be 

compared with pyrrole II-23 (Scheme 2.8) (i.e., as a prototype heteroaromatic five-

membered aromatic ring system), which has a trigonal planar nitrogen atom. However, 

there were cases where the extent of the pyramidality of the phosphorous heteroatom 
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atom in some phospholes is not directly correlated with their aromaticity.61,62 So, they 

further investigated the non-delocalized character of the bonds in the four-membered ring 

of II-21 (Scheme 2.8). They found that the bond length values of C=C, C-N and N-N do 

not show any intermediate values. Rather, they are similar to the corresponding standard 

bond lengths for single and double bonds, which ultimately suggest that the 

diazacyclobutene ring has no significant ring current.59 It is also important to note that 

diazacyclobutene II-21 survived higher temperature conditions (i.e., 150˚C for several 

hours) during the solution phase pyrolysis step of its synthesis (described also in Chapter 

I, Scheme 1.8).45 This enhanced thermal stability is not a manifestation of the aromatic 

stability of bicyclic diazacyclobutene II-21 since it should also present in the more labile 

monocyclic diazacyclobutene II-18. Rather, this is probably due to the restriction caused 

by the fused urozole ring of II-21. The conrotatory ring opening process would yield a 

strained ring-opened product: a (1Z,3E)-cycloheptadienyl heterocyclic ring (II-22, 

Scheme 2.8).59 This improved thermal stability was also seen in the bicyclic 

diazacyclobutenes that we synthesized. Figure 2.2 shows the thermogravimetric analysis 

(TGA) of diazacyclobutene II-16b.  
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Figure 2.2.Thermogravimetric analysis (TGA) of diazacyclobuteneII-16b 
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This TGA curve (Figure 2.2) shows that compound II-16b is stable up to ca. 

240˚C. Due to the enhanced stability of II-21, Breton and co-workers performed alkene-

like reactions with the compound such as hydrogenation, bromination, and Diels-Alder 

cycloaddition to further experimentally prove the non-aromatic behavior of the 

diazacyclobutene II-21.59 

 

Although the debate on the potential aromaticity of the diazacyclobutene is fairly 

settled at this point, further attempts to make different derivatives of diazacyclobutenes 

and to evaluate their potential aromaticity has been hindered due to a lack of simple 

synthetic protocols to generate the compounds.39,43–45A similar debate about the 

aromaticity of cyclobutadienyl dianion II-24 (Scheme 2.8) (i.e., a compound that is 

isoelectronic with the diazacyclobutene core ring) also persisted over the past.63–65 

Eventually, it was shown that electronic effects, substituent effects, and steric effects can 

stabilize the π-electron system of the cyclobutadienyl dianion II-24.66 For example 

Sekiguchi et al. reported that the dilithium salt of tetrakis(trimethylsilyl)cyclobutadiene 

dianion II-25 (Scheme 2.8) was planar and almost square according to X-ray 

crystallographic data.66 The observed C-C bond lengths for that compound were in 

between the typical C-C (1.54Å) and C=C (1.34Å) bond lengths. These results suggested 

that the dilithium salt of tetrakis(trimethylsilyl)cyclobutadiene dianion II-25 may be 

aromatic.66 
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Since we were able to produce an array of diazacyclobutene derivatives with our 

simple two-step synthetic protocol and inspired by the aromaticity investigation studies 

of cyclobutadienyl dianion derivatives,63–66 we generated crystals from our suites of 

diazacyclobutene derivatives to get an initial idea about their potential aromaticity based 

on the X-ray crystallographic data.59,62 We thought that this might provide us the initial 

understanding of how electronic effects, substituent effects, and steric effects influence 

the electronic nature and potential aromaticity of our suite of diazacyclobutene 

derivatives.66 

 

The crystal structures of our diazacyclobutene derivatives are shown in Figure 2.3 

and Figure 2.4. In order to investigate the possibility of aromaticity in our 

diazacyclobutenes, several important bond lengths are reported in Table 2.4. Similar to 

Breton’s experimental results, the observed C9-C10,C9-N3, C10-N2 and N2-N3 bond 

lengths are approximately similar to the standard single bond lengths (i.e., C-C of 

cyclobutene = 1.34 Å; C-N of CH3NH2 = 1.47 Å; N-N of N2H4 = 1.45 Å). As explained 

earlier, if the diazacyclobutene possessed ring current due to potential aromaticity, it 

would result in a lengthening of the C9-C10 bond lengths and simultaneous shortening of 

C9-N3, C10-N2 and N2-N3 bond lengths compared to the corresponding standard bond 

lengths of the reference compounds. The XRD data suggests that there is no such 

alteration of the bond lengths, consistent with a non-aromatic compound. 
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Figure 2.3. Structures of the sulfur-based diazacyclobutenes determined by single crystal 

X-ray diffraction, shown as 50% probability ellipsoids. 

  

II-16a II-16b II-16c 

II-16h II-16j II-16k 

II-16l II-16m II-16p 
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Figure 2.4. Structures of the selenium-based diazacyclobutenes determined by single 

crystal X-ray diffraction, shown as 50% probability ellipsoids. 

 

  

II-16q II-16r 
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Table 2.4. Bond lengths of diazacyclobutene crystal structures.  Note that the asymmetric 

units of the compounds of II-16j, II-16l, II-16m, and II-16p have two unique molecules, 

and the corresponding bond lengths and angles of both unique molecules are listed below. 

Compounds II-16q and II-16r are the Se-based molecules. 

Entry R1 R2 
Bond lengths (Å) 

C9-C10 C9-N3 C10-N2 N3-N2 

II-16a C6H5 CH3 1.346(3) 1.463(2) 1.475(2) 1.467(2) 

II-16b C6H5 CH2CH3 1.3505(17) 1.4700(15) 1.4799(16) 1.4712(14) 

II-16c C6H5 CH2CH2CH3 1.3514(19) 1.4691(16) 1.4713(16) 1.4746(15) 

II-16h C6H5 C6H5 1.351(2) 1.468(2) 1.479(2) 1.471(2) 

II-16j 4-CH3-C6H4 CH3 
1.350(3) 

1.352(3) 

1.464(2) 

1.466(2) 

1.482(2) 

1.480(2) 

1.468(2) 

1.471(2) 

II-16k 4-MeO-C6H4 CH3 1.352(2) 1.462(2) 1.487(2) 1.4635(17) 

II-16l 4-Cl-C6H4 CH3 
1.350(2) 

1.350(2) 

1.464(2) 

1.463(2) 

1.479(2) 

1.480(2) 

1.4658(19) 

1.4698(19) 

II-16m 4-CF3-C6H4 CH3 
1.337(12) 

1.348(13) 

1.474(11) 

1.468(11) 

1.477(11) 

1.468(11) 

1.460(10) 

1.472(11) 

II-16p C3H5 CH3 
1.341(5) 

1.329(5) 

1.474(4) 

1.475(4) 

1.480(4) 

1.469(4) 

1.475(4) 

1.471(4) 

II-16q C6H5 CH3 1.348(4) 1.459(3) 1.475(3) 1.462(3) 

II-16r C6H5 C6H5 1.349(3) 1.470(2) 1.470(2) 1.475(2) 
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In addition, we also evaluated the degree of planarity of the diazacyclobutene ring 

by analyzing the C9-N3-N2-C10 torsion angle (Table 2.5). This revealed that the central 

four-membered ring is nearly planar. For instance the C9-N3-N2-C10 torsion angle is  

lower than 2.74(9)˚ for all of the diazacyclobutenes we studied. 

 

However, as described in Breton’s study,59 the pyramidal versus planar nature of 

the nitrogen atoms in the diazacyclobutene ring could be taken as an additional 

measurement to further confirm the aromatic or non-aromatic character of the 

compounds. Since the N2-N3 bond of all the diazacyclobutene crystal structures (Figure 

2.2 and Figure 2.3) is shared between the four-membered diazacyclobutene ring and the 

top five-membered urozole ring, the angle between the four-five ring planes is a direct 

indication of whether the nitrogen atoms are planar or pyramidal. The 4/5 ring planar 

angles (Table 2.6) for our derivatives were ranging from 50˚ to 60˚.  If the compounds 

were aromatic one would expect that the angle would be closer to 180˚. Angles between 

50–60˚clearly indicate that in all of the cases, the N2 and N3 atoms are pyramidal in 

nature.59,62 Therefore, both the bond lengths and 4/5 planar angles suggest that our suite 

of diazacyclobutenes are not aromatic, but instead resemble strained four-membered 

rings with a localized double bond. These studies are also in good agreement with the 

previously reported studies.43,54–59,61,62 However, further studies on more changes to the 

diazacyclobutene scaffold with different electronic and steric substituents to examine the 

influence to the aromaticity are underway. 
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Table 2.5. Evaluating the planarity of the diazacyclobutene ring by C9-N3-N2-C10 

torsion angle. Note that compounds II-16j, II-16l, II-16m, and II-16p and have two 

unique molecules in their asymmetric units, and the corresponding torsion angles of both 

unique molecules are listed. Compounds II-16q and II-16r are the Se-based molecules. 

 

  

Entry R1 R2 

Diazacyclobutene 

Torsion Angle (°) 

C9-N3-N2-C10 

RMS deviation (Å) 

from C9-N3-N2-C10 

plane 

II-16a C6H5 CH3 1.08(12) 0.0072 

II-16b C6H5 CH2CH3 2.24(8) 0.0150 

II-16c C6H5 CH2CH2CH3 2.74(9) 0.0183 

II-16h C6H5 C6H5 1.46(12) 0.0098 

II-16j 4-CH3-C6H4 CH3 
1.13(13)  

2.01(14) 

0.0076  

0.0124 

II-16k 4-MeO-C6H4 CH3 1.03(11) 0.0068 

II-16l 4-Cl-C6H4 CH3 
1.27(12)  

1.83(13) 

0.0085  

0.0111 

II-16m 4-CF3-C6H4 CH3 
1.0(6)  

1.1(7) 

0.0068  

0.0068 

II-16p C3H5 CH3 
0.0(2)  

1.0(2) 

0.0001  

0.0059 

II-16q C6H5 CH3 0.74(19) 0.0049 

II-16r C6H5 C6H5 1.66(13) 0.0111 
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Table 2.6. Four-fiveplanar angles of diazacyclobutene crystal structures. Note that the 

compounds II-16q and II-16r are the Se-based molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Entry R1 R2 

Angle between 4/5 planes (°) 

N2-N3-C9-C10 

N1-C7-C8-N2-N3 

II-16a C6H5 CH3 53.90(8) 

II-16b C6H5 CH2CH3 58.28(6) 

II-16c C6H5 CH2CH2CH3 57.91(6) 

II-16h C6H5 C6H5 54.79(8) 

II-16j 4-CH3-C6H4 CH3 
54.53(8) 

55.87(8) 

II-16k 4-MeO-C6H4 CH3 52.38(6) 

II-16l 4-Cl-C6H4 CH3 
54.09(7) 

55.74(7) 

II-16m 4-CF3-C6H4 CH3 
52.8(4) 

54.4(4) 

II-16p C3H5 CH3 
56.21(11) 

56.45(13) 

II-16q C6H5 CH3 53.18(11) 

II-16r C6H5 C6H5 58.58(9) 
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2.4 Dynamic studies of diazacyclobutenes (Δ3-1,2-diazetines) 

Generally diazacyclobutenes can be crystallized without much difficulty aside 

from those bearing long alkyl chains on the chalcogen. One of the common features we 

noticed in these crystal structures is the puckered geometry about the four- and five-

member ring junction. For example the puckered nature of the diazacyclobutene II-16cb 

is evident in the X-ray crystal structure (Figure 2.5). The side view of II-16cb in Figure 

2.5 clearly shows the angle between the planes of the four-membered diazacyclobutene 

ring and the five-membered urozole ring (4/5 ring planes) is 118°. This angle is also 

similar to the angle of C8-N3-C9 in II-16bc (Figure 2.5). This puckered nature was 

evident in all the diazacyclobutenes we synthesized. 

 

Unlike previous diazacyclobutenes, due to this puckered nature and the 3, 4-

disubstitution of the diazacyclobutene ring (i.e., C9 and C10 substitutions based on the 

crystal structure numbering, see Figure 2.3 and 2.4), these molecules can exist as 

enantiomers. Surprisingly, when we carefully analyzed the crystal structures of these 

diazacyclobutenes, we saw the evidence of the enantiomers in the crystal structure.  
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Figure 2.5. Puckered nature of the diazacyclobutene II-16cb evident in the X-ray crystal 

structure. 
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Figure 2.6. A. Chemical structures for the enantiomers of II-16c (II-16ca and II-16cb). 

B. Enantiomers of II-16c evident in X-ray crystal structure. 
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Figure 2.6 illustrates the enantiomers evident in the X-ray crystal structure of 

diazacyclobutene II-16c. Isomer II-16ca and II-16cb are nonsuperimposable mirror 

images due to the puckered geometry and the 3,4-disubstitution. This characteristic 

behavior of diazacyclobutenes attracted us. We then tried to isolate these enantiomers in 

solution based studies by hoping that the successful isolation of these types of molecules 

could further expand this research area. 

 

Isolation of the enantiomers using high performance liquid chromatography 

(HPLC) was unsuccessful. Then we turned to variable temperature NMR studies to 

carefully investigate the behavior of the diazacyclobutene enantiomers in solution. We 

took II-16g as the model compound to investigate this behavior. At room temperature, II-

16g shows a clean singlet at 4.21 ppm (300 MHz 1H NMR spectra in Figure 2.7) 

corresponding to the signal for the benzylic methylene protons. However, when II-16g is 

slowly cooled to –25˚C, the singlet at first broadens and then transforms to a coalescence 

point followed by resolution into a clean AB quartet or doublet of doublet (4.22 ppm, 

4.15 ppm, J = 12.8 Hz, see stacked spectra in Figure 2.7). 

  



 86

Figure 2.7. Temperature-dependent 300 MHz 1H NMR experimental spectra of 

compound II-16g in CDCl3. 
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This phenomenon is caused due to the diastereotopicity of the benzylic methylene 

protons at lower temperatures. At low temperatures (–25 ˚C), the barrier to nitrogen 

inversion is longer than the NMR time scale, thus rendering the two benzylic protons 

diastereomeric. Due to this phenomenon, Ha and Hb split each other into doublets in the 

NMR time scale and resolve into an AB quartet or doublet of doublet. 

 

We then went forward and analyzed the double nitrogen inversion barrier for this 

isomerization process with the help of dynamic NMR (DNMR) line shape analysis.67–69 

Thus, we were able to simulate a theoretical spectrum for each experimental 1H NMR 

spectrum of II-16g at the specific temperatures denoted above (Figure 2.7). This analysis 

was performed using Bruker Topspin version 3.5 software. First, the coupling constants 

(J, Hz) and the chemical shifts (δ, ppm) were extracted from the completely resolved 

doublet of doublet at the lowest temperature (–25˚C spectrum in Figure 2.7). Next, these 

J values and δ values were entered to the Bruker software and subsequently the exchange 

rate constant (Kex) was varied until the best match of the theoretical spectrum was 

obtained for the corresponding experimental spectrum. 

 

After this DNMR analysis, exchange rate constant (Kex) values for each spectrum 

at each temperature [T (k)] were extracted and an Eyring plot (Figure 2.8) was generated 

by taking [1000/T] for the x-axis and [(Ln Kex / T)] for the y-axis. Using the Eyring plot, 

the enthalpy barrier (ΔH⧧) for the double nitrogen inversion of II-16g and the entropy 

(ΔS⧧) for this process were calculated as 14.4 ± 0.7 kcal/mol and 3.2 ± 2.7 cal/mol·K, 
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respectively. Finally, the activation energy barrier for the inversion, (ΔG⧧) was 

determined to be 13.4 ± 0.7 kcal/mol at 298 K (25 ˚C).  

 

The same analysis was performed for the S-ethyl methylene protons in II-16b and  

S-benzyl methylene protons of II-16s (R1 = p-CF3C6H4-), and the corresponding  

ΔG⧧ values at 298 K (25 ˚C) of all the compounds that were analyzed in this manner 

appear in Table 2.7. 

 

These data show that the para-substituted electron withdrawing CF3 group does 

not significantly influence the inversion barrier (Table 2.7). Additional studies on 

investigating the electronic and steric influence to the N-inversion barrier are currently in 

progress. The main idea here is to investigate the electronic influence, steric influence 

and the effect of additives such as Lewis acids/Brønsted acids on the barrier to double 

nitrogen inversion. Since these types of molecules have potential use in enantioselective 

organic reactions, this type of study will further our understanding on the possibility of 

“locking” one enantiomer of the diazacyclobutene over the other. 
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Figure 2.8. Eyring plot originated from simulated spectra for II-16g in CDCl3. 
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Table 2.7. The activation energy barrier for the double nitrogen inversion (ΔG⧧) at 298 K 

(25 ˚C) for the compounds II-16g, II-16b and II-16s. 

 

 

Compound 

No 
R1 R2 

ΔG⧧ (kcal/mol) 

at 298 K (25 °C) 

II-16g C6H5- Bn 13.4 ± 0.7  

II-16b C6H5- Et 13.6±0.5  

II-16s p-CF3C6H4- Bn 13.8±0.3 
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Based on the experimental results for II-16g, the exchange rate constant Kex at 

248K (–25˚C) =ca. 6 S-1 (i.e., 6 inversions per second) and Kex at 295K (22˚C) =  

ca. 600 S-1 (ca.600 inversions per second). This clearly indicates that enantiomers of the 

diazacyclobutene II-16g (II-16ga and II-16gb) are undergoing a rapid isomerization via 

double nitrogen inversion at room temperature.35 It is apparent that during the double 

nitrogen inversion, the diazacyclobutene must isomerize via the intermediacy of a nearly 

planar transition state. Theoretically, this near planar transition state has the most overlap 

between the lone pairs of the two nitrogen atoms and the C=C double bond, which is the 

expected characteristic feature for a putative aromatic diazacyclobutene ring. Therefore, 

this rapid double nitrogen inversion of the diazacyclobutenes indirectly confirms that the 

planar diazacyclobutene intermediate is unstable relative to their puckered ground state 

geometry which is in good agreement with previous studies.  

 

As mentioned earlier we also wished to further analyze the possibility of locking 

the diazacyclobutene enantiomers and to utilize them for further organic reactions. 

However, immediately we recognized that these types of variable temperature studies and 

calculations of the ΔG⧧ values and Kex are tedious task for these types of screening 

studies. So we needed a quick read out method to understand whether we can lock or 

isolate the diazacyclobutene enantiomers while tuning the above mentioned factors. We 

realized that the simplest way to do this is to look for are solved 1H NMR splitting 

correspond to the diastereotopic protons (as seen in Figure 2.7,–25˚C spectrum) or look 

for 1H NMR peaks which has a higher line broadening (LB) correspond to the 
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diastereotopic protons (as seen in Figure 2.7, 0˚C spectrum at the coalescence point). This 

quick read out will save a lot of time in terms of searching for a method to lock these 

enantiomers. We studied the effect of several Lewis acids and Brønsted acids to see the 

possibility of locking II-16g diazacyclobutene enantiomers in solution via protonating the 

nitrogens of the diazacyclobutene ring. However, so far such attempts were unsuccessful. 

Further studies on these locking attempts will require further modifications of the 

diazacyclobutene molecule and such attempts are currently under progress. 

 

Meanwhile, a more sterically bulky, dimeric diazacyclobutene compound was 

accessed using a bis-alkyne (II-26) and PTAD (II-14) by applying our previously 

optimized conditions (Scheme 2.9). Bis-alkyne (II-26) was first synthesized using the 

protocol described by Hoye’s group by means of the deprotonation of the terminal alkyne 

followed by performing a nucleophilic substitution with an alkyl dihalide (Scheme 2.9, 

Eq. 1)70 
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Scheme 2.9. Synthetic scheme for diazacyclobutene dimer. 
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Then the bis-alkyne (II-26) was reacted with 2 equivalents of PTAD (II-14) by 

refluxing in acetonitrile for 24 h in order to obtain a maximum yield of the 

diazacyclobutene dimer II-27. However, even with our previously optimized thermal 

conditions, we obtained 18% of the diazacyclobutene dimer II-27 and also the mono-

adduct II-28 in 6% yield (Scheme 2.9, Eq. 2). 

 

This diazacyclobutene dimer (II-27, n=1) is bridged by the sulfur-methylene-

sulfur linkage. Interestingly, we saw that the line broadening (LB) value for the singlet 

corresponding to that bridged methylene protons of II-27 was 24 Hz at room temperature 

1H NMR spectrum. Typical line broadening for unexchanged protons or rapidly 

isomerizing diastereotopic protons are about 1-2 Hz in 1H NMR. Therefore, this high LB 

value was surprising. We then performed a variable temperature NMR study to reveal 

more insights of this molecule. This bridged methylene protons of II-27 which appeared 

as a broad singlet at room temperature, was transformed to a clean doublet of doublet and 

a clean singlet upon gradual cooling to a very low temperature (<–30°C) (see Figure 2.9). 
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Figure 2.9. “Two hands waving dynamic effect” of the diazacyclobutene dimer (II-27) 

evident in variable temperature NMR in CDCl3 (300 MHz 1H NMR spectra). 
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We found that this singlet corresponds to a meso (syn) conformational isomer of 

II-27, whereas the doublet of doublets corresponds to enantiomeric, anti conformational 

isomers of II-27 at low temperature. All three isomers were in a rapid equilibrium at 

room temperature which resulted in a broad singlet (LB = 24 Hz) for the bridged 

methylene protons of II-27. This rapid equilibrium of meso (syn) and enantiomeric (anti) 

conformational isomers of II-27 demonstrates a fascinating dynamic behavior akin to 

“two hands waving”. 

 

Furthermore, we were able to obtain a crystal structure of II-27 which showed a 

sandwich structure of the two phenyl rings (see Figure 2.10). We noticed that the distance 

between the two phenyl rings are about 4Å. We thought that this 4Å distance would 

facilitate sandwiching a transition metal ion inside the two phenyl rings with the help of 

π-interactions at low temperature. This sandwich X-ray crystal structure corresponded to 

the anti-conformational isomer, II-27. Table 2.8 presents the syn:anti ratio of II-27 in 

several deuterated solvents tested at –45°C. Nonetheless, in most of the cases the syn-

isomer of II-27 is more favorable in solution than the anti-isomer of II-27. It is also 

important to note that only a few deuterated solvents were tested in this study due to poor 

solubility of II-27 in other common solvents. 
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Figure 2.10. Sandwich arrangement of the phenyl rings evident in X-ray crystal structure 

of the bis-diazacyclobutene. 
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Table 2.8. Syn:anti ratio of diazacyclobutene dimer (II-27) in several deuterated solvents 

at –45°C. 

 

Solvent system 
syn : anti 

of II-27 at –45°C 

CDCl3 80 : 20 

30% CD3OD : 70% CDCl3 80 : 20 

THF-d8 70 : 30 

 

Further studies to enrich the percentage of the anti-diazacyclobutene 

conformational isomer and enhance the synthetic yield of the II-27 are in progress. The 

studies of the diazacyclobutene dimer discussed in this section are unpublished results 

and further research studies are in progress in order to enhance the synthetic yields of the 

dimer. Therefore the reader is encouraged to read the future published peer-reviewed 

articles that the Whitehead group publishes for more details. 
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2.5 Biological studies of diazacyclobutenes. 

N-containing heterocycles have been used as therapeutic agents and this has been 

reflected by the large number of nitrogen-containing FDA-approved drugs.71–75 Also, 

compounds bearing the vic-diamine motif have been seen in leading drug candidates.5,76–

81 This information has been discussed extensively in Chapter I. Diazacyclobutenes are 

four-membered N-heterocycles that contain the vic-diamine motif. These molecules are 

rarely found, and there is a lack of biological studies for these molecules. The Whitehead 

laboratory has begun to study the anti-parasitic behavior of the diazacyclobutenes in 

collaboration with the Morris Laboratory (CU EPIC).82,83 In further collaboration with 

Dr. Kristi Whitehead (CU Biological Sciences), we started to assess the biological 

activity of diazacyclobutenes and related compounds against gram-positive and gram-

negative bacteria. 

 

We have been able to test most of our compounds against parasites and found 

good potency with submicromolar half maximal effective concentration (EC50). 

However, we have not seen any microbicidal activity at this point. We also performed 

cytotoxicity studies with the mammalian cell lines for the most potent diazacyclobutenes 

and they have showed very low toxicity profiles which are comparable with some of the 

common over the counter drugs. 

 

Our preliminary biological evaluation results of parasites, bacteria and other cell 

lines shows that the diazacyclobutenes probably have selective activity against protozoan 
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parasites. Currently, the Whitehead lab is working on expanding these parasitic studies 

with other related parasites.  The group is generating a library of compounds to test and 

find more lead compounds based on structure activity relationship (SAR) studies. Also, 

we are in the progress of claiming this novel antiparasitic diazacyclobutene invention and 

file the patents. Therefore reader is encouraged to read upcoming patents, peer reviewed 

articles from Dr. Whitehead laboratory. 

 

2.6 Ongoing and future studies of diazacyclobutenes 

In this section, diazacyclobutene synthesis with ynamides and ynamines as well as 

diazacyclobutene synthesis with 4-substituted 1,2,4-triazoline-2,5-dionesare discussed 

briefly.  

 

This section also contains unpublished data and this research area is an actively 

working project in the Whitehead laboratory. Therefore the reader is encouraged to read 

the upcoming peer reviewed articles that the Whitehead group publishes for further 

details. 

 

One of the interesting features of the diazacyclobutene scaffold that we 

synthesized compared to the previously reported diazacyclobutene is; the ability of 

expanding the substrate scope rapidly. So far it has been shown that the thio- and seleno- 

electron-rich alkynes can be used to synthesize diazacyclobutenes in good yields. In 

principle, we can use the ability of changing the chalcogen atom or the electron donor 
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atom of the electron-rich alkynes to synthesize a broad range of diazacyclobutenes where 

the electron donor atom can be changed to N, O, P, etc. (see Scheme 2.10). It is important 

to note that the electron donor atom is necessary to promote the formal [2+2] 

cycloaddition to occur based on our initial experiments with commercially available, non-

activated terminal alkynes and previous reports.44,84 We also hypothesized that an 

electron deficient atom such as boron might be used with the assistance of an electron-

rich species to coordinate with boron to pump electron towards the alkyne to perform the 

[2+2] cycloaddition. So far for the development of this chemistry we have used 

commercially available cyclic azodicarboxylate 4-phenyl-1,2,4-triazoline-2,5-dione 

(PTAD). Furthermore, 4-substituted 1,2,4-triazoline-2,5-diones can be prepared by 

previously reported protocols which can be used to synthesize a wide range of 

diazacyclobutenes consist of a 4-substituted five-membered urozole ring (Scheme 2.10). 

  



 102 

 

Scheme 2.10. Expanding the diazacyclobutene scope with electron donor atom and  

4-substituted 1,2,4-triazoline-2,5-diones. 
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2.6.1 Diazacyclobutene synthesis with ynamides and ynamines. 

As mentioned in Scheme 2.10 diazacyclobutenes bearing a substituted amide or 

amine group at the 3rd position of the core ring could be synthesized using ynamides or 

ynamines. As previously discussed in Chapter I, additional nitrogen in the molecule could 

significantly change the biological activity of the molecule.73 To test the possibility of 

synthesizing these types of diazacyclobutenes, we first synthesized tosyl ynamides.85–90 

We first tried the ynamide synthesis with vinyl dihalides85,91,92 (Example not shown), 

however due to the low yield of vinyl dihalide we turned towards the bromoalkyne 

route86–90 for the routine attempts in our laboratory. We first synthesized the bromoalkyne 

II-29 (in 88% yield) from a terminal alkyne by treating it with N-bromosuccinimide 

(NBS) in the presence of silver nitrate (Scheme 2.11, Eq. 1). Then the bromoalkyne was 

treated with N-tosyl-N-methylamine (II-30) under reflux conditions with a mild base in 

the presence of a copper catalyst (Scheme 2.11, Eq. 2) to provide the corresponding 

ynamide II-31 in 99% yield. 

 

This ynamide (II-31) is then reacted with PTAD (II-14) to synthesize the 

corresponding diazacyclobutene II-32 (Scheme in Table 2.9). Our initial attempts are 

highlighted in Table 2.9. 
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Scheme 2.11. Ynamide synthesis. 
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Table 2.9. Diazacyclobutene synthesis from ynamides. 

 

Entry R Condition Yield% of II-32 

1 C6H5- A 20 

2 C6H5- B 27 

3 C6H5- B, with water work up 13 

4 p-CF3-C6H4- A 37 

5 p-CF3-C6H4- B 40 
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In these initial attempts, we used two different reaction conditions. The first 

condition was our initially optimized acetonitrile reflux protocol (condition A)84 and the 

second condition was a catalytic method at room temperature in the presence of silver N-

triflate (condition B) (Table 2.9). Silver N-triflate was found to be active in the [2+2] 

cycloadditions of siloxyalkynes and α,β-unsaturated ketones in the literature.48 Also, we 

used two different ynamide derivatives, R = Ph and R = p-CF3-Ph. As illustrated in Table 

2.9; the silver catalyst (condition B) seems to provide better yields compared to our 

previously optimized thermal condition (condition A) for both ynamide derivatives 

(Table 2.9, Entry 1-2 and 3-4). 

 

These yields are considered to be moderate or low, which need further 

optimization. We believe that the low yields result due to the significant electron 

withdrawing effect of the sulfonyl group on the ynamide. Interestingly, the ynamide 

bearing R = p-CF3-Ph showed slightly higher yields than the substrate bearing R = Ph. 

Presumably, the electron withdrawing nature of p-CF3 group is supporting progress of the 

reaction by offsetting the electron-withdrawal of the sulfonyl group on the alkyne. 

Furthermore, we noticed that upon aqueous work up, the yields of the diazacyclobutene 

II-32 dropped down by half (Table 2.9, Entry 3). We are currently working on further 

understanding the ynamide-azodicarboxylate chemistry in order to optimize this reaction 

with different catalytic conditions93–95 to obtain higher yields of the ynamide-based 

diazacyclobutenes.  
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Literature studies have been shown that many metal catalysts such as alkaline 

earth metals like magnesium (II),93 transition metal ions such as scandium (III),96,97  

copper (I and II),95,98 nickel (0),95 rhodium (I)94 and post-transition metal ions such as tin 

(IV),99 and indium (III)100 have been used to aid the [2+2] or [4+2] cycloadditions of  

α, β-unsaturated ketones, imines, nitro alkenes, etc. So, we hypothesize that further 

tuning of the reaction conditions to a milder catalytic condition will provide higher yields 

as well as a convenient approach to access these diazacyclobutenes at room temperature. 

 

Next, an ynamine was synthesized using a haloalkyne and secondary amine 

according to the protocol reported by Jeong et al.101 We tested the reactivity of this 

substrate with azodicarboxylates under our previously optimized thermal conditions 

(Example not shown).84,102,103 Unfortunately, there was no significant reactivity seen in 

the initial attempts. Based on NMR analysis of the crude and purified ynamine; we 

noticed that the ynamine is highly moisture sensitive. We hypothesized that based on the 

literature and our experimental analysis, the ynamine can react with water and perform a 

hydration reaction (Scheme 2.12). As displayed in Scheme 2.12; ynamine II-33 can 

undergo protonation by water to produce an intermediate II-34.  Then, nucleophilic 

attack of hydroxide on II-34 will produce the corresponding enol II-35. Finally enol II-

35 could convert to the corresponding amide II-36 via keto-enol tautomerism.104 
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Scheme 2.12. Plausible pathway of ynamine degradation in the presence of moisture. 
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We believe that due to the moisture sensitivity of the ynamine and the possibility 

of the ynamine acting as a nucleophile to the azodicarboxylate during the reaction under 

high temperature, these reaction conditions also need further attention to modify the 

conditions to milder reaction conditions while preventing the ynamine from converting to 

the corresponding amide. It has been shown in the literature that magnesium bromide can 

act as a Lewis acid to perform [2+2] cycloadditions between ynamines and cyclic enones 

in excellent yields.93 So we think that we still have a good chance to modify this 

ynamine-azodicarboxylate chemistry to obtain better yields under catalytic one-pot 

reaction conditions. 
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2.6.2 Diazacyclobutene synthesis with 4-substituted 1,2,4-triazoline-2,5-diones (TADs). 

As a result of expanding the diazacyclobutene scope, we identified that 4-

substitution of the 1,2,4-triazoline-2,5-dione ring will serve as an ideal platform to 

rapidly access a wide range of diazacyclobutene derivatives.6 One of the common routes 

to access 4-substituted 1,2,4-triazoline-2,5-diones (TADs) is via isocyanates by first 

converting the isocyanates into the corresponding semicarbazide, followed by cyclization 

to the urozole, followed by oxidation Scheme 2.13, 2.14 and 2.15).6,105–112 

 

To begin this study we first synthesized a handful of semicarbazides via 

isocyanates. Isocyanate II-38 can be reacted with ethyl carbazate II-37 under reflux 

conditions with toluene to obtain the corresponding semicarbazide II-39 (Scheme 2.13). 

Semicarbazides II-39a and II-39b bearing alkyl groups such as iso-propyl and n-butyl 

groups at the R position were synthesized in moderate yields (43% and 69%, 

respectively). Derivatives of semicarbazides bearing chloroalkyl groups such as 

chloroethyl (II-39c), and chloro n-butyl (II-39d) were also generated in moderate to good 

yields (49% and 79%, respectively). The importance of these haloalkyl derivatives is that 

they can be use in late stage modifications of the diazacyclobutenes via further 

orthogonal chemistry such as nucleophilic substitution reactions, click chemistry, 

etc.106,113,114 
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Scheme 2.13. Semicarbazide synthesis and scope. 
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Semicarbazide derivatives bearing substituted aryl groups at the R position – 

consisting of both electron-donating and withdrawing groups (i.e., m-MeO-C6H4-, m-Cl-

C6H4-, p-F-C6H4-, and p-NO2-C6H4- (II-39e-g and II-39i) were generated in 85–99% 

yields. However the corresponding p-CF3-C6H4- analog II-39h was generated in a lower, 

29% yield. 

 

These semicarbazides were then converted to the corresponding urozoles by base-

mediated cyclization (Scheme 2.14). Initially the aryl analogs of the semicarbazides (II-

39e-i) were conveniently converted to their corresponding urozole. Urozole derivatives 

bearing 4-substituted m-MeO-C6H4- and m-Cl-C6H4- were generated in 35% and 44% 

yields, respectively (II-40e and II-40f). Urozole analogs bearing p-F-C6H4-, and p-NO2-

C6H4- groups such as II-40g and II-40i were synthesized in moderate to excellent yields 

(63% and 87% yield, respectively). Again the p-CF3-C6H4- urozole analog II-40h was 

isolated in very poor yield (16%). We noticed that the corresponding semicarbazides 

bearing alkyl groups at the R position were reluctant to cyclize to the urozole and 

precipitate out during the neutralization work-up step as compared to their aryl 

congeners. 

  



 113 

 

Scheme 2.14. Urozole synthesis and scope. 
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Then we tried a couple of oxidation methods on the urozole and found that 

oxidized 4-substituted triazoline-2,5-diones are highly unstable while handling, 

purification, and processing to the final [2+2] cycloaddition step.107 Both the iodobenzene 

diacetate oxidation108,115–117 and the 1,3-dibromo-5,5-dimethylimidazoline-2,4-dione 

(DBH) oxidation107 methods generated the corresponding 4-substituted 1,2,4-triazolind-

2,5-dione (TAD) product (Scheme 2.15). However, both methods generated byproducts 

such as acetic acid and the 5,5-dimethylhydantoin which remained in the final oxidized 

TAD product. Attempts to remove those byproducts with further purification treatments 

dropped down the yield of the TAD product and in some cases the TAD degraded while 

processing further. For example the TAD derivative bearing a p-NO2-C6H4- group was 

completely degraded while removing the solvent.  

 

From a synthetic standpoint, performing the [2+2] cycloaddition to make the 

dazacyclobutenes after the purification of the oxidized TAD derivative is not productive, 

due to this higher instability of the oxidized TAD. We then attempted to develop a 

method which uses the in situ oxidation and subsequent [2+2] cycloaddition to avoid the 

difficulties of the instable TADs (Scheme 2.16). 
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Scheme 2.15. Oxidation of urozole. 

 

 

Scheme 2.16. In situ oxidation and [2+2] cycloaddition. Note that the final 

diazacyclobutene yields are based on the unoxidized urozole equivalence. 
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Initially, a few derivatives of diazacycobutenes were made using in situ prepared 

TADs bearing m-MeO-C6H4- and m-Cl-C6H4-groups (Scheme 2.15, II-42e, II42f, II-

42fa). These TADs were made by the in situ oxidation of the corresponding urozole and 

subsequent [2+2] cycloaddition was performed according to the previously optimized 

conditions after adding the electron-rich alkyne (Scheme 2.16). These new 

diazacyclobutenes (II-42e, II42f, II-42fa) were generated in rather poor yield (ca. 30% 

based on the unoxidized urozole equivalence). 

 

2.6.3 Development of an in situ catalytic method for [2+2] cycloaddition to provide 

diazacyclobutenes with 4-substituted 1,2,4-triazoline-2,5-diones (TADs). 

This section of the catalytic study contains unpublished data and this part of the 

study was performed with the collaboration of a fellow colleague, Brock Miller (Clemson 

University, advisor: Dr. Daniel C. Whitehead). This research area is an actively working 

project in the Whitehead laboratory. Therefore this part is described in concise manner 

and the reader is highly encouraged to read the upcoming peer-reviewed articles that the 

Whitehead group publishes for further details. 

 

Finally, after understanding all these issues, we then attempt to modify our 

methodology to a milder, one-pot catalytic method to perform the [2+2] cycloaddition at 

room temperature (Table 2.10). We initially tested a series of catalysts (25 catalysts, 19 

metal ions) for this in situ oxidation and [2+2] cycloaddition method, such as alkali metal 

(e.g. Li(I)), alkali earth metal (e.g. Mg(II)),93 transition metals (e.g. Sc(III),96,97 Ti(IV), 
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Co(II), Co (III), Ni (II), Cu (I), Cu (II),98 Zn (II), Pd (II), Ag (I),48 Pt (IV), and Au (III)), 

post-transition metals (e.g. Al (III), Sn (II), Sn (IV),99 and In (III)),100 lanthanide metal 

(e.g. Yb (III)).96 In these trials we used a milder oxidation method using calcium 

hypochlorite (i.e., Ca(OCl)2) and also used a large excess of urozole in order to confirm 

that sufficient TAD (II-14, Table 2.10) had been oxidized in order to perform the follow-

on [2+2] cycloaddition. Moreover, the catalytic [2+2] cycloaddition was performed in 

dichloromethane for 24 h at room temperature. Out of all these trials, the best yielding 

attempts are summarized in Table 2.10. 

 

The main motivation for the exploration of this extensive catalytic study was that 

we wanted to see how the metal ions interact with azodicarboxylates more broadly for the 

[2+2] cycloaddition. Furthermore, at this point in time we had invented a novel reaction 

to synthesize a biologically relevant five-membered N-heterocycle known as 

tetrahydroindoles using electron-rich alkyne and azodicarboxylate chemistry which also 

utilizes this [2+2] cycloaddition as the first step. This reaction will be broadly discussed 

in Chapter III. 
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Table 2.10. Development of an in situ catalytic method for [2+2] cycloaddition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aSn(IV) gave inconsistent results. bUsed 30 mol% catalyst, 2 h oxidation time and 

3 equiv. of the urozole.  

Entry 
Catalyst  

(Lewis Acid) 
Isolated Yield% 

1 - 28 

2 Sc(OTf)
3
 66 

3 AgOTf 60 

4 Cu(OAc)
2
 62 

5 TiO
2
 71 

6 MgCl
2
 68 

7 SnCl
4
 81 [26]a 

8 MgCl2 98b 
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Interestingly, this tetrahydroindole synthesis reaction utilizes an intermediate step 

similar to the Nazarov cyclization which often uses the assistance of Lewis acids (See 

Chapter III for more details of this reaction). So, we thought that performing a broader 

catalytic screening for this initial [2+2] cycloaddition with PTAD (II-14) might provide a 

broader understanding of how metal ions interact with azodicarboxylates, which will in 

return help us to further manipulate and tune our electron-rich alkyne and 

azodicarboxylate chemistry for other studies such as tetrahydroindole synthesis. 

 

As shown in Table 2.10, the inexpensive phenyl urozole (II-40a) was selected for 

this optimization and a large excess (i.e., 4 equiv.) of the II-40a was oxidized with 

calcium hypochlorite for 1 hour to obtain the oxidized PTAD (II-14). This PTAD (II-14) 

was then reacted with the methyl phenylacetylene sulfide (1 equiv.) in DCM for 24 h in 

the presence of 10 mol% of the catalyst. First, without the catalyst, the reaction 

underwent relatively poor conversion to yield the diazacyclobutene II-16a (28% yield, 

Table 2.10, Entry 1). Catalytic reactions performed with Sc(OTf)
3,AgOTf, Cu(OAc)

2
, 

TiO
2
, and MgCl

2 
produced the diazacyclobutene II-16a in 60–70% yield (Table 2.10, 

Entry 2-6). Even though SnCl4 initially gave promising results by providing the desired 

product in 81% yield, it was later found that SnCl4 was less desirable due to its moisture 

sensitivity (Table 2.10, Entry 7). It is important to note that water is generated as a 

byproduct during the oxidation sequence. This moisture could inhibit the action of a 

catalyst if the catalyst is sensitive to moisture. After several trials, we found that SnCl4 

was an ineffective catalyst presumably due to the tendency of reacting with moisture and 
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perhaps producing HCl fumes, which in turn could protonate or hydrolyze the oxidized 

TADs. Finally, we further optimized the reaction and found that 30 mol% MgCl2 catalyst 

with 2 h oxidation time and 3 equiv. of the urozole can produce the diazacyclobutene II-

16a in 98% yield (Table 2.10, Entry 8). 

 

Currently, more efforts are in progress to expand the substrate scope of this 

transformation by applying the optimized one-pot catalytic protocol with a broad range of 

4-substituted urazoles and electron-rich alkynes. We are also interested in investigating 

the orthogonal synthetic manipulation (nucleophilic substitution, click chemistry 

etc.),106,113 performing late stage modifications, and broadly studying the biological 

activity82,83,108,118,119 of this unique class of diazacyclobutenes. Also, further reactions 

with the double bond of the diazacyclobutenes such as reduction,58,59 alkene-like 

reactions59 as well as hydrolysis45,120 of the urozole ring, oxidation121 and 

desulfurization122,123 attempts are underway. 
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2.7 Conclusions. 

In summary, by using cyclic azodicarboxylate and electron-rich alkynes, we have 

successfully developed a convenient route to access a wide range of four-membered N-

heterocycles containing the vic-diamine motif known as diazacyclobutenes (Δ3-1,2-

diazetine). This cycloaddition provides a rapid route to a broad substrate scope (25 

examples in this document) of diazacyclobutenes in moderate to good yields. 

 

Almost all the diazacyclobutenes we synthesized are crystalline which is a good 

fact based on the pharmaceutical standpoint. One of the important features of this 

diazacyclobutene-core ring is that it formally follows the Hǖckel rule for aromaticity. 

Extensive study of the crystallographic structures by analyzing the 4/5 planar angle 

between the diazacyclobutene and the urozole ring suggest that our suite of 

diazacyclobutenes are not aromatic. 

 

Further studies of the dynamic behavior of the diazacyclobutene in solution 

revealed that, diazacyclobutenes are rapidly isomerizing through the double nitrogen 

inversion via a near planar transition state (ΔG⧧Inversion (298 K) = 13.4 ± 0.7 kcal/mol). 

Theoretically, this near planar transition state is the aromatic analog of the 

diazacyclobutene and has the most overlap between the lone pair nitrogens and the 

double bond in the four-membered ring. However, with the evidence of this rapid 

isomerization in solution, it further suggests that this aromatic analog does not exist as a 

stable molecule even in solution. Moreover, the diazacyclobutene dimer, which has two 
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diazacyclobutene units bridged by sulfur-methelene-sulfur linkage, showed a fascinating 

dynamic behavior akin to “two hands waving” by rapidly equilibrating between meso, 

anti and syn conformational isomers. 

 

Diazacyclobutene synthesis with ynamines, and ynamides did not proceed in good 

yields compared to their thio- and seleno- analogs with the optimized thermal conditions. 

However, the initial catalytic screening studies of the formal [2+2] cycloaddition reaction 

to provide diazacyclobutenes with in situ oxidized 4-substituted 1,2,4-triazoline-3,5-

diones showed promising results which could significantly increase the broad utility of 

these novel compounds. 

 

Additionally, diazacyclobutenes showed excellent antiparasitic activities by 

showing submicromolar values for the half maximal effective concentration (EC50). 

Cytotoxicity studies with the mammalian cell lines for the most potent diazacyclobutenes 

showed very low toxicity profiles. 
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2.8 Experimental section 

2.8.1 General information 

All common reagents were obtained from commercially available sources and 

used without purification. Dry tetrahydrofuran (THF) was prepared by distillation over 

sodium/benzophenone and dry acetonirtile (MeCN) was prepared by distillation over 

phosphorous pentoxide. JOEL 500 MHz, Bruker avance 300 MHz/500 MHz NMR 

spectrometers were used to collect 1H and 13C NMR spectra and chemical shifts were 

reported in parts per million (ppm). NMR spectra are calibrated and referenced based on 

the residual solvent peaks. Infrared spectroscopy data were collected using an ATR-FTIR 

instrument (Shimadzu IRAffinity-1S instrument with MIRacle 10 single reflection ATR 

accessory) and scanned over the range of 400 to 4000 cm-1. Column chromatography was 

performed using flash silica gel (32-63 μm). TGA data was collected using TGA 

instrument SDT Q600 V20.9 Build 20 over the temperature range of 200 – 800˚C, with a 

ramp rate of 20˚C/min and under the nitrogen flow rate of 100mL/min. All previously 

known compounds were characterized by 1H and 13C NMR and are in complete 

agreement with the literature reported data. All novel compounds were characterized by 

1H and 13C NMR, ATR-FTIR, XRD (where appropriate), melting point and HRMS. 
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2.8.2 A typical procedure for the preparation of alkynylthiolate. 

Method1 (see Table 2.1)50 

 

Procedure 

A 2-neck round bottom flask was-flame dried, equipped with a stir bar and 

subsequently fitted with an argon balloon through a rubber septum. Then the flask was 

heated under argon to flush out any remaining air or moisture. After cooling, 25 mL of 

THF and the terminal alkyne/phenyl acetylene (5.0 mmol, 1 equiv) was added under 

argon atmosphere. The solution was then cooled to –78◦C and stirred for at least 10 min. 

Then a solution of n-BuLi (5.5 mmol, 1.1 equiv, 1.6 M in hexane) was added and stirred 

for 15-30 min. After that, finely ground sulfur powder (5.0 mmol, 1 equiv) was added by 

briefly removing the septum and replacing it quickly. The resulting mixture was stirred at 

−78◦C for 1 h. The mixture was then gradually warmed to 0◦C until the sulfur was 

completely consumed to produce the red color lithium alkynylthiolate. The corresponding 

alkyl halide (5.0 mmol, 1 equiv) was then added in a dropwise fashion. After 4-6 h, the 

reaction mixture was quenched with sat.aq. NH4Cl. The water layer was extracted with 

diethyl ether (3 x 10 mL).  
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The combined ether extract was washed with sat. aq. brine. The organic layer was 

then dried over Na2SO4 and the solvent was evaporated under reduced pressure. The 

crude residue was then purified by flash chromatography (silica gel, hexanes) to afford 

the alkynyl sulfide (The corresponding yields appear in Table 2.1 above). 

 

Method 2 (See Table 2.2)49,51 

 

Procedure 

A flame-dried round bottom flask, equipped with a magnetic stir bar and a 

septum, was purged with argon to remove the remaining air and moisture. Then, under 

the argon atmosphere, 5 mL of THF was added and subsequently a solution of the 

terminal alkyne (5mmol/1equiv) was added. Then, the solution was cooled to –78˚C and 

n-BuLi (5.5 mmol, 1.1 equiv, 1.6 M in hexane) was added in a dropwise fashion. This 

solution was stirred for 10-15 min. Dimethyl disulfide (6.0 mmol/1.2 equiv) was then 

added at –78˚C. The solution was stirred for 1 hr after allowing it to warm to room 

temperature. Then, the reaction mixture was quenched with sat. aq. NH4Cl solution. The 

inorganic layer was extracted with ethyl acetate (3 x 5 mL). 
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The combined organic layers were dried over anhydrous Na2SO4 and the solvent 

was evaporated under reduced pressure. The crude mixture was purified by flash 

chromatography (silica gel, hexanes) to yield the corresponding alkynylthiolate. (The 

corresponding yields appear in Table 2.2 above). 

 

2.8.3 General procedure for the synthesis of diazacyclobutenes. 

 

In a flame-dried round bottom flask, equipped with stir bar, were added 4-phenyl-

triazoline-3,5-dione (PTAD) (1 mmol, 1 equiv.) and dry acetonitrile (5 mL for 1 mmol of 

PTAD). To this solution, the previously synthesized electron-rich alkyne (alkynyl sulfide 

or selenide, II-15) was added as a solution in dry acetonitrile (5 mL for 1 mmol of the 

electron-rich alkyne). The flask was then equipped with water-cooled condenser and the 

mixture was refluxed for 24 h. The solvent of the resultant mixture was removed under 

reduced pressure and the residue was subsequently purified via flash chromatography 

using silica gel and hexane/ethyl acetate eluents. A gradient from 100% hexanes to 80:20 

hexanes/ethyl acetate was used to elute the corresponding diazacyclobutene.  
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2.8.4 Characterization data for alkynyl sulfides and selenides 
 
 
 
 
 
 
Light yellow liquid; Yield: 90%; 1H-NMR (500 MHz, CDCl3) δ 7.48-7.27 (m, 5H), 2.48 
(s, 3H); 13C NMR (125 MHz, CDCl3) δ = 131.4, 128.2, 128.0, 123.4, 91.8, 80.9, 19.38. 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 82%; 1H-NMR (300 MHz, CDCl3) δ 7.45-7.35 (m, 2H), 7.35-
7.26 (m, 3H), 2.82 (q, J = 7.3 Hz, 2H), 1.46 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, 
CDCl3) δ = 131.4, 128.2, 127.9, 123.5, 93.5, 79.2, 29.9, 14.7. 
 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 83%; 1H-NMR (500 MHz, CDCl3) δ 7.50-7.38 (m, 2H), 7.31 
(td, J = 4.7, 1.7 Hz, 3H), 2.80 (t, J = 7.3 Hz, 2H), 1.86 (sext, J = 7.3 Hz, 2H), 1.09 (t, J = 
7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 131.3, 128.2, 127.8, 123.5, 92.7, 79.6, 
37.7, 22.6, 12.8. 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 76%; 1H-NMR (500 MHz, CDCl3) δ 7.50-7.27 (m, 5H), 2.82 
(t, J = 7.5 Hz, 2H), 1.79 (quint, J = 7.5 Hz, 2H), 1.50 (sext, J = 7.5 Hz, 2H), 0.97 (t, J = 
7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 131.4, 128.2, 127.9, 123.6, 92.8, 79.7, 
35.5, 31.4, 21.4, 13.6. 
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Light yellow liquid; Yield: 69%;  1H-NMR (300 MHz, CDCl3) δ 7.70-7.50 (m, 5H), 3.04 
(t, J = 7.3 Hz, 2H) 2.06 (p, J = 7.0 Hz, 2H), 1.66 (m, 4H), 1.19 (t, J = 7.0 Hz, 3H); 13C 
NMR (75 MHz, CDCl3) δ = 90.6, 89.9, 89.8, 88.7, 80.9, 77.7, 66.6, 65.2, 64.9, 63.2, 61.1. 
 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 75%; 1H-NMR (300 MHz, CDCl3) δ 7.70-7.50 (m, 5H), 3.05 
(t, J = 7.3 Hz, 2H) 2.06 (p, J = 7.3 Hz, 2H), 1.71 (broad m, 2H), 1.56 (broad m, 8H), 1.16 
(t, J = 6.7 Hz, 3H);  13C NMR (75 MHz, CDCl3) δ = 131.3, 128.1, 127.8, 123.5, 92.8, 
79.7, 35.7, 31.7, 29.3, 29.1, 29.0, 28.2, 22.6, 14.0. 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 85%; 1H-NMR (300 MHz, CDCl3) δ 7.60-7.30 (m, 10H), 4.07 
(s, 2H); 13C NMR (75 MHz, CDCl3) δ = 136.5, 131.2, 129.0, 128.5, 128.2, 127.9, 127.7, 
123.2, 94.5, 79.2, 40.3. 
 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 92%;1H-NMR (300 MHz, CDCl3) δ 7.75-7.55 (m, 4H), 7.5-
7.27 (m, 6H); 13C NMR (75 MHz, CDCl3) δ = 136.9, 132.8, 131.6, 129.1, 128.3, 126.4, 
126.1, 122.8, 97.86, 75.45. 
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Light yellow liquid; Yield: 78%; 1H-NMR (300 MHz, CDCl3) δ 7.35 (d, J = 8.0 Hz, 2H), 
7.12 (d, J = 8.0 Hz, 2H), 2.48 (s, 3H), 2.36 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 
138.1, 131.3, 128.9, 120.2, 91.8, 79.8, 21.3, 19.3. 
 
 
 
 
 
 
 
Colorless liquid; Yield: 90%, 1H-NMR (300 MHz, CDCl3) δ 7.39 (d, J = 8.1 Hz, 2H), 
7.14 (d, J = 7.9 Hz, 2H), 2.84 (q, J = 7.3 Hz, 2H), 2.38 (s, 3H), 1.50 (t, J = 7.3 Hz, 2H), 
13C NMR (75 MHz, CDCl3) δ = 137.8, 131.9, 128.8, 120.3, 93.4, 78.1, 29.7, 21.2, 14.5. 
 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 98%; 1H-NMR (500 MHz, CDCl3) δ 7.37 (d, J = 8.7 Hz, 2H), 
6.81 (d, J = 9.2 Hz, 2H), 3.76 (s, 3H), 2.44 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 
159.4, 133.1, 115.2, 113.7, 91.4, 78.8, 54.9, 19.2. 
 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 65%; 1H-NMR (300 MHz, CDCl3) δ 7.35 (d, J = 8.8 Hz, 2H), 
7.28 (d, J = 8.8 Hz, 2H), 2.48 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 133.8, 132.5, 
128.5, 121.7, 90.6, 82.2, 19.2. 
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Light yellow liquid; Yield: 43%; 1H-NMR (500 MHz, , CDCl3) δ 7.54 (d, J = 8.0 Hz, 
2H), 7. 47 (d, J = 8.0 Hz, 2H), 2.50 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 131.1, 
129.4 (q, 2JC-F = 32.1 Hz) 127.2 (quartet not well resolved, 4JC-F ~ 0.9 Hz), 125.2 (q, 3JC-F 
= 3.8 Hz), 124.0 (q, 1JC-F = 271.8 Hz), 90.8, 84.4, 19.2. 
 
 
 
 
 
 
Light yellow liquid; Yield: 28%; 1H-NMR (500 MHz, CDCl3) δ 2.28 (s, 3H), 2.23 (t, J = 
7.0 Hz, 2H), 1.437 (p, J = 6.8 Hz, 2H), 1.35 (sext, J = 7.4 Hz, 2H), 0.856 (t, J = 7.3 Hz, 
3H); 13C NMR (125 MHz, CDCl3) δ = 93.0, 69.7, 30.7, 21.8, 19.6, 19.1, 13.4. 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 67%;1H-NMR (300 MHz, CDCl3) δ 2.69 (t, J = 7.3 Hz, 2H), 
2.32 (t, J = 6.8 Hz, 2H), 1.72 (p, J = 7.3 Hz, 2H), 1.6-1.35 (m, 6H), 1.00-0.88 (m, 6H); 
13C NMR (75 MHz, CDCl3) δ = 94.2, 68.3, 35.2, 31.3, 30.9, 21.9, 21.4, 19.8, 13.6, 13.6. 
 
 
 
 
 
 
Light yellow liquid; Yield: 38%;1H-NMR (300 MHz, CDCl3) δ 2.25 (s, 3H), 1.30-1.15 
(m, 1H), 0.77-0.67 (m, 2H), 0.66-0.55 (m, 2H); 13C NMR (75 MHz, CDCl3) δ = 96.7, 
65.6, 19.1, 8.6, 0.5. 
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Light yellow liquid; Yield: 86%;1H-NMR (300 MHz, CDCl3) δ 7.50-7.43 (m, 2H), 7.40-
7.28 (m, 3H), 2.38 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 131.3, 128.1, 127.9, 123.3, 
98.1, 71.3, 9.6. 
 
 
 
 
 
 
 
Light yellow liquid; Yield: 94%; 1H-NMR (300 MHz, CDCl3) δ 7.70-7.59 (m, 2H), 7.58-
7.50 (m, 2H), 7.40-7.28 (s, 6H); 13C NMR (75 MHz, CDCl3) δ = 135.9, 133.4, 131.7, 
129.5, 128.9, 128.3, 127.1, 123.1, 102.9, 69.2. 
 
 
 
2.8.5Characterization data for diazacyclobutenes (S, Se based examples) 
 
 
 
 
 
 
 
 
 
Light yellow solid; Yield: 89%; Mp: 98.6-99.6 °C; IR (neat): 2927 (w), 1784 (m), 1732 
(s), 1595 (w), 1384 (s), 1220 (s), 696 (s), 686 (s)  cm-1; 1H-NMR (500 MHz, CDCl3) δ 
8.00-7.78 (m, 2H), 7.67-7.31 (m, 8H), 2.59 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 
156.5, 155.1, 145.3, 130.8, 129.9, 129.3, 129.1, 128.8, 126.3, 125.6, 125.4 (2C, See 2D-
HMQC analysis), 17.4; HRMS (ESI+): Calcd for C17H14N3O2S, [M+H]+ 324.0807 Found 
m/z 324.0822. 
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Light yellow solid; Yield: 84%; Mp: 90.6-91.2 °C; IR (neat): 3061 (w),2962 (w), 2929 
(w), 1793 (m), 1726 (s), 1595 (w), 1386 (s), 1213 (s), 698 (s), 686 (s) cm-1; 1H-NMR 
(500 MHz, CDCl3) δ 7.92 (d, J = 8.2 Hz, 2H), 7.78-7.29 (m, 8H), 3.06 (q, J = 7.2 Hz, 
2H), 1.41 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 156.3, 155.0, 146.9, 
130.8, 129.9, 129.3, 129.1, 128.7, 128.1, 126.3, 125.5, 125.4, 29.2, 15.1; HRMS (ESI+): 
Calcd for C18H16N3O2S, [M+H]+ 338.0963 Found m/z 338.0980. 
 
 
 
 
 
 
 
 
Light yellow solid; Yield: 80%;Mp: 85.2-86.2 °C; IR (neat): 3068 (w), 2962 (w), 2929 
(w), 2870 (w), 1793 (m), 1728 (s), 1593 (w), 1386 (s), 1213 (s), 700 (s), 686 (s) cm-1; 1H-
NMR (500 MHz, CDCl3) δ 8.02-7.80 (m, 2H), 7.64-7.32 (m, 8H), 3.02 (t, J = 6.4 Hz, 
2H), 1.77 (q, J = 7.3 Hz, 2H), 1.05 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 
156.4, 155.1, 146.5, 130.9, 129.9, 129.3, 129.1, 128.7, 128.5, 126.4, 125.5, 125.4, 36.8, 
23.2, 13.0; HRMS (ESI+): Calcd for C19H18N3O2S, [M+H]+ 352.1120 Found m/z 
352.1129. 
 
 
 
 
 
 
 
 
Light yellow solid; Yield: 77%; Mp: 60.5-61.7 °C; IR (neat) : 3066 (w),2960 (w), 2931 
(w), 2872 (w), 2856 (w), 1788 (m), 1728 (s), 1595 (w), 1388 (s), 1217 (s), 698 (s), 684 
(s) cm-1; 1H-NMR (500 MHz, CDCl3) δ 7.88 (d, J = 7.5 Hz, 2H) 7.60-7.30 (m, 8H), 3.04 
(t, J = 7.5 Hz, 2H), 1.72 (p, J = 7.3 Hz, 2H), 1.47 (sext, J = 7.3 Hz, 2H), 0.92 (t, J = 7.3 
Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 156.4, 155.2, 146.5, 130.9, 129.9, 129.3, 
129.1, 128.8, 128.6, 126.4, 125.5, 125.4, 34.6, 31.8, 21.5, 13.5; HRMS (ESI+): Calcd for 
C20H20N3O2S, [M+H]+ 366.1276 Found m/z 366.1286. 
  

Ph S

N N

NO O

Ph

II-16b



 133 

 
 
 
 
 
 
 
Light yellow solid; Yield: 78%; Mp: 70.7-71.2 °C; IR(neat): 3066 (w), 2953 (w), 2927 
(w), 2856 (w), 1791 (m), 1730 (s), 1595 (w), 1388 (s), 1213 (s), 698 (s), 684 (s) cm-1; 1H-
NMR (500 MHz, CDCl3) δ 7.95-7.85 (m, 2H), 7.6-7.3 (m, 8H), 3.03 (t, J = 7.3 Hz, 2H), 
1.73 (p, J = 7.3 Hz, 2H), 1.5-1.2 (m, 4H), 0.87 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, 
CDCl3) δ = 156.3, 155.2, 146.5, 130.9, 129.9, 129.3, 129.1, 128.7, 128.6, 126.4, 125.5, 
125.4, 34.9, 30.5, 29.4, 22.1, 13.9; HRMS (ESI+): Calcd for C21H22N3O2S, [M+H]+ 

380.1433 Found m/z 380.1437. 
 
 
 
 
 
 
 
 
Light yellow solid; Yield: 81%;Mp: 36.3-37.3 °C; IR (neat): 3066 (w), 2924 (m), 2852 
(w), 1789 (m), 1732 (s), 1595 (w), 1386 (s), 1215 (s), 700 (s), 686 (s) cm-1;1H-NMR (300 
MHz, CDCl3) δ 7.89 (d, J = 6.6 Hz, 2H), 7.6-7.3 (m, 8H), 3.03 (t, J = 7.3 Hz, 2H), 1.73 
(p, J = 7.4 Hz, 2H), 1.56-1.36 (m, 2H), 1.35-1.15 (broad m, 8H), 0.86 (t, J = 6.7 Hz, 3H); 
13C NMR (75 MHz, CDCl3) δ = 156.4, 155.2, 146.5, 130.9, 129.9, 129.3, 129.1, 128.7, 
128.6, 126.4, 125.5, 125.4, 34.9, 31.7, 29.8, 29.1, 29.0, 28.4, 22.6, 14.0; HRMS (ESI+): 
Calcd for C24H28N3O2S, [M+H]+ 422.1902 Found m/z 422.1909. 
 
 
 
 
 
 
 
 
Light Pink solid; Yield: 62%;Mp: 92.6-93.8 °C; IR (neat): 3061 (w), 3026 (w), 2929 (w), 
2850 (w), 1786 (m), 1735 (s), 1595 (w), 1386 (s), 1224 (s), 694 (s), 682 (s) cm-1; 1H-
NMR (300 MHz, CDCl3) δ 7.8-7.1 (m, 15H), 4.21 (s, 2H); 13C NMR (75 MHz, CDCl3) δ 
= 156.7, 154.9, 148.6, 136.3, 130.8, 130.1, 129.4, 129.2, 129.1, 128.6, 128.5, 127.8, 
127.0, 125.9, 125.5, 125.5, 39.2; HRMS (ESI+): Calcd for C23H18N3O2S, [M+H]+ 

400.1120 Found m/z 400.1136. 
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White Solid; Yield:85%;Mp: 171.7-172.7 °C ;IR (neat) : 2924 (w), 2850 (w), 1789 (m), 
1732 (s), 1593 (w), 1577 (w), 1384 (s), 1215 (s), 1149 (s), 1006 (m), 918 (m), 740 (s) 682 
(s) cm-1;1H-NMR (300 MHz, CDCl3) δ 7.90-7.80 (m, 2H), 7.60-7.40 (m, 10H), 7.40-7.29 
(m, 3H); 13C NMR (75 MHz, CDCl3) δ = 155.6, 154.8, 148.2, 131.8, 130.7, 130.6, 129.7, 
129.6, 129.3, 129.1, 128.8, 128.1, 125.9, 125.9, 125.8, 125.4; HRMS (ESI+): Calcd for 
C22H16N3O2S, [M+H]+ 386.0963 Found m/z 386.0978. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
White yellow solid; Yield: 92%; Mp: 144.7-145.8 °C; IR (neat): 3072 (w), 3034 (w), 
2997 (w), 2926 (w), 2850 (s), 1782 (m), 1724 (s), 1595 (w), 1382 (s), 1217 (s), 690 
(s)cm-1; 1H-NMR (300 MHz, CDCl3) δ 7.78 (d, J = 8.0 Hz, 2H), 7.6-7.4 (m, 5H), 7.27 (d, 
J = 8.0 Hz, 2H),   2.58 (s, 3H), 2.41 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 156.7, 
155.1, 145.9, 140.4, 130.9, 129.5, 129.3, 129.1, 128.3, 125.6, 125.4, 123.5, 21.6, 17.5; 
HRMS (ESI+): Calcd for C18H16N3O2S, [M+H]+ 338.0963 Found m/z 338.0978. 
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White solid; Yield:77%;Mp: 105.3-106.3°C; IR (neat) : 2966 (w), 2931 (w), 2866 (w), 
1782 (m), 1728 (s), 1627 (w), 1597 (w), 1496 (m), 1388 (s), 1226 (s), 1145 (s), 1103 (s), 
1018 (m), 921 (m), 875 (m), 813 (m), 767 (s), 686 (s) cm-1; 1H-NMR (300 MHz, CDCl3) 
δ 7.80 (d, J = 8.2 Hz, 2H), 7.55-7.37 (m, 5H), 7.26 (d, J = 8.01 Hz, 2H), 3.03 (q, J = 7.3 
Hz, 2H), 2.39 (s, 3H), 1.39 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 156.6, 
155.1, 147.5, 140.5, 130.8, 129.4, 129.3, 129.1, 127.1, 125.6, 125.4, 123.5, 29.3, 21.6, 
15.1; HRMS (ESI+): Calcd for C19H18N3O2S, [M+H]+ 352.1120 Found m/z 352.1130. 
 
 
 
 
 
 
 
 
 
 
 
 
White solid; Yield: 74%; Mp: 116.1-116.5 °C; IR (neat): 3070 (w), 3014 (w), 2962 (w), 
2927 (w), 2837 (w), 1782 (m), 1724 (s), 1602 (m), 1384 (s), 1257 (s), 1226 (m), 688 
(s)cm-1;1H-NMR (500 MHz, CDCl3) δ 7.94-7.71 (m, 2H), 7.59-7.34 (m, 5H), 7.02-6.90 
(m, 2H), 3.84 (s, 3H), 2.54 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 160.9, 156.9, 155.2, 
145.9, 130.8, 129.2, 129.0, 127.4, 126.9, 125.3, 118.8, 114.2, 55.3, 17.6; HRMS (ESI+): 
Calcd for C18H15N3O3S, [M+H]+ 354.0912 Found m/z 354.0928. 
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White solid; Yield: 85%; Mp: 135.8-136.9 °C; IR (neat): 3091 (w), 3072 (w), 2926 (w), 
1784 (m), 1732 (s), 1593 (w), 1381 (s), 825 (s), 686 (s)cm-1;1H-NMR (500 MHz, CDCl3) 
δ 7.80 (d, J = 8.7 Hz, 2H), 7.58-7.36 (m, 7H), 2.59 (s, 3H); 13C NMR (125 MHz, CDCl3) 
δ = 156.2, 155.0, 144.0, 135.8, 130.7, 129.8, 129.4, 129.2, 129.1, 126.8, 125.4, 124.8, 
17.3; HRMS (ESI+): Calcd for C17H13N3O2SCl, [M+H]+ 358.0417 Found m/z 358.0432. 
 
 
 
 
 
 
 
 
 
 
 
 
White solid; Yield: 83%; Mp: 79.6-81.4 °C; IR (neat): 3068 (w), 3045 (w), 2922 (w), 
1788 (m), 1732 (s), 1614 (w), 1388 (s), 1317 (s), 696 (s), 684 (s)cm-1; 1H-NMR (300 
MHz, CDCl3) δ 7.94 (d, J = 8.2 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.60-7.40 (m, 5H), 
2.63 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 155.8, 155.0, 142.8, 131.8, 131.1 (q, 2JC-F = 
32.9 Hz), 130.7, 129.7 (q, 4JC-F = 1.47 Hz), 129.4, 129.3, 125.8 (q, 3JC-F = 3.8 Hz), 125.6, 
125.4, 123.7 (q, 1JC-F = 272.2 Hz), 17.1; HRMS (ESI+): Calcd for C18H13N3O2SF3, 
[M+H]+ 392.0681 Found m/z 392.0693. 
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White solid; Yield: 61%; Mp: 44.8-45.7°C; IR (neat): 2958 (w), 2927 (w), 2860 (w), 
1797 (m), 1739 (s), 1593 (w), 1390 (s), 1211 (m),694 (s) cm-1; 1H-NMR (300 MHz, 
CDCl3) δ 7.55-7.35 (m, 5H), 2.54 (t, J = 7.5 Hz, 2H), 2.44 (s, 3H), 1.70 (p, J = 7.5 Hz, 
2H), 1.42 (sext, J = 7.4 Hz, 2H), 0.95 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 
156.7, 155.1, 150.5, 132.2, 130.9, 129.2, 128.9, 125.2, 28.0, 25.3, 22.1, 17.8, 13.4; 
HRMS (ESI+): Calcd for C15H18N3O2S, [M+H]+ 304.1120 Found m/z 304.1138. 
 
 
 
 
 
 
 
 
Colorless liquid; Yield: 56%; IR (neat) : 2958 (w), 2931 (w), 2870 (w), 1793 (w), 1735 
(s), 1597 (w), 1500 (m), 1458 (w), 1377 (s), 1211 (m), 1138 (m), 1072 (m), 999 (m), 921 
(m), 748 (m), 690 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ 7.60-7.35 (m, 5H), 2.87 (bs, 
2H), 2.54 (t, J = 7.5 Hz, 2H), 1.80-1.55 (m, 4H), 1.52-1.35 (m, 4H), 1.00-0.85 (m, 6H); 
13C NMR (75 MHz, CDCl3) δ = 156.5, 155.2, 151.7, 131.2, 130.9, 129.3, 128.9, 125.3, 
34.2, 31.5, 28.1, 25.3, 22.1, 21.3, 13.5 (2C, See 2D-HMQC analysis); HRMS (ESI+): 
Calcd for C18H24N3O2S, [M+H]+ 346.1589 Found m/z 346.1608. 
 
 
 
 
 
 
 
 
 
White solid; Yield: 94%;Mp: 71.5-72.5°C; IR (neat): 2924 (w), 1793 (w), 1739 (s), 1643 
(w), 1593 (w), 1492 (m), 1454 (w), 1427 (w), 1388 (s), 1261 (m), 1215 (s), 1149 (s), 
1091 (m), 999 (m), 972 (m), 775 (m), 756 (m), 690 (m) cm-1; 1H-NMR (300 MHz, 
CDCl3) δ 7.55-7.35 (m, 5H), 2.41 (s, 3H), 1.90-1.60 (m, 1H), 1.40-1.06 (bm, 2H), 1.06-
0.90 (bm, 2H); 13C NMR (75 MHz, CDCl3) δ = 156.5, 154.9, 151.2, 130.7, 130.5, 129.1, 
128.8, 125.1, 17.8, 6.9, 6.6 
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White yellow solid; Yield: 80%;Mp:82.6-83.9 °C; IR (neat) : 3066 (w), 3016 (w), 2924 
(w), 2850 (w), 1786 (m), 1732 (s), 1631 (w), 1597 (w), 1504 (m), 1489 (m), 1381 (s), 
1222 (s), 1141 (s), 1095 (m), 1072 (m), 1018 (s), 758 (m), 744 (m), 682 (s) cm-1; 1H-
NMR (300 MHz, CDCl3) δ 7.94-7.84 (m, 2H), 7.56-7.36 (m, 8H), 2.47 (s, 3H); 13C NMR 
(75 MHz, CDCl3) δ = 156.3, 154.9, 146.5, 130.8, 129.8, 129.3, 129.1, 128.7, 126.4, 
125.3, 125.3, 121.3, 8.7; HRMS (ESI+): Calcd for C17H14N3O2Se, [M+H]+ 372.0251 
Found m/z 372.0269. 
 
 
 
 
 
 
 
 
 
 
 
White yellow solid; Yield: 93%;Mp: 162-162.8 °C; IR (neat) : 3070 (w), 2924 (w), 2850 
(w), 1793 (m), 1735 (s), 1631 (w), 1593 (w), 1573 (w), 1384 (s), 1276 (m), 1215 (s), 
1141 (m), 1107 (m), 1068 (m), 995 (m), 918 (m),883 (m), 756 (m), 736 (s), 686 (s) cm-1; 
1H-NMR (300 MHz, CDCl3) δ 8.00-7.90 (m, 2H), 7.70-7.60 (m, 2H), 7.53-7.38 (m, 8H), 
7.38-7.29 (m, 3H); 13C NMR (75 MHz, CDCl3) δ = 155.7, 154.8, 148.1, 132.2, 130.8, 
130.4, 129.8, 129.3, 129.1, 128.8, 128.4, 128.2, 126.1, 125.6, 125.4, 120.7; HRMS 
(ESI+): Calcd for C22H16N3O2Se, [M+H]+ 434.0408 Found m/z 434.0417. 
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2.8.6 Dynamic NMR Experiments 

A small amount (ca.100 mg) of the corresponding diazacyclobutene (II-16b, II-

16g and II-16s) was prepared in 0.5 mL of CDCl3. Variable temperature 1H NMR spectra 

were collected using a Bruker 300 MHz instrument. Temperature calibration for the 

instrument was done in advance of the actual experiments. After collecting 1H NMR 

spectra for each temperature, a theoretical 1H NMR spectrum was generated for each 

temperature by performing a Dynamic NMR (DNMR) line shape analysis. This DNMR 

analysis was done by means of the Bruker TopSpin 3.5 pl 7 software for AB spin system  

(i.e., the S-benzyl methylene protons of II-16g and II-16s) and the WINDNMR-Pro 

software for the ABX3 spin system (i.e., the S-ethyl methylene protons of II-16b).  

Figure 2.11 and 2.13 shows the experimental variable temperature (VT) 1H NMR spectra 

for II-16b and II-16s for the labeled protons in the structure displayed in the figure 

(stacked VT 1H NMR spectra for II-16g was shown earlier in Figure 2.7). Using the 

DNMR analysis, theoretical spectra were generated and subsequently the exchange rate 

constants (Kex) were extracted for each temperature (T) for each compound (see Table 

2.11, 2.12 and 2.13). 

 

In order to extract the thermodynamic parameters for the double-nitrogen 

inversion of the diazacyclobutenes, the Eyring equation (i.e., ln (Kex/T) = –ΔH‡/RT + 

ΔS‡/R + ln (Kb/h), where ln (Kb/h) = 23.7600) was used. Hence, 1000/T vs. ln (Kex/T) 

graph was generated for each compound. These graphs are shown in Figure 2.12, and 

2.14 (Figure 2.8 has shown the Eyring plot of compound II-16g).  
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Then by using the slope and the intercept extracted from the graph, the enthalpy 

of activation (ΔH‡) and entropy of activation (ΔS‡) was calculated, respectively. Finally, 

by applying the equation: ΔG‡ = ΔH‡ – TΔS‡, the activation energy (ΔG‡) or the standard 

Gibbs free energy change was calculated for each compound. The error and error 

propagation of the thermodynamic parameters were calculated based on the reported 

literature68,69,124–126 with the help of linear regression statistics in the excel toolpak.127 

These ΔH‡, ΔS‡, and ΔG‡ values are tabulated in Table 2.14 for all compounds tested so 

far. 

 

Table 2.11. Exchange rate constants for AB spin system in compound II-16g for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 
  

T (K) Kex(s-1) 

295 614 

281 231 

277 187 

273 71 

266 38 

260 20 

254 12 

248 6 
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Figure 2.11. Temperature-dependent 300 MHz 1H NMR spectra of the methylene 

protons of compound II-16b in CDCl3. 
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Table 2.12. Exchange rate constants for ABX3 spin system in compound II-16b for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

T (K) Kex(s-1) 

295 480 

281 182 

277 120 

273 79 

270 85 

266 42 

260 23 

254 17 

248 8 

243 3 
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Figure 2.12. Eyring plot originated from simulated spectra for II-16b in CDCl3. 
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Figure 2.13. Temperature-dependent 300 MHz 1H NMR spectra of the methylene 

protons of compound II-16s in CDCl3. 
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Table 2.13. Exchange rate constants for AB spin system in compound II-16s for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

T (K) Kex(s-1) 

294 309 

281 142 

274 96 

267 48 

263 43 

261 27 

254 16 

251 11 

247 8 

240 5 

234 1 
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Figure 2.14. Eyring plot originated from simulated spectra for II-16s in CDCl3. 
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Table 2.14. Thermodynamic parameters: ΔH‡, ΔS‡, and ΔG‡ at 298 K (25°C) for the 

compounds of II-16g, II-16b and II-16s. 

 

Compound 

No 
R1 R2 

ΔH‡ 

(Kcal/mol) 

ΔS‡ 

(Kcal/mol) 

ΔG‡ (Kcal/mol) 

at 298 K 

II-16b C6H5- Et 13.0±0.5 -1.9±1.9 13.6±0.5 

II-16g C6H5- Bn 14.4±0.7 3.2±2.7 13.4±0.7 

II-16s p-CF3-C6H4- Bn 10.8±0.3 -10.2±1.1 13.8±0.3 
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2.8.7 Generation of single crystals of diazacyclobutenes 

In general, about 100 mg of the diazacyclobutene compound was placed in a 3 

mL glass vial and subsequently 0.5 mL of chloroform was syringed into the vial. The vial 

was capped and mixed thoroughly until the diazacyclobutene was dissolved. This 

solution was layered with 0.5 mL of hexane by syringing hexane along the wall of the 

glass vial. In order to assist slow evaporation of this solution to create X-ray quality 

crystals; the vial was covered with paraffin film and subsequently the film was pierced a 

few times with a needle. This vial was then kept at room temperature overnight. For 

stubborn compounds which did not yield X-ray quality crystals by this method neat 

dichloromethane, chloroform or acetone was used without adding hexanes. 

 

2.8.8 X-ray Crystallography Experimental 

CCDC 1871105-1871115 contain the supplementary crystallographic data for 

these diazacyclobutene compounds showed in Figure 2.3 and 2.4. 

 

Structural data on a series of diazacyclobutenes were obtained by single crystal X-

ray diffraction.  X-ray diffraction data were collected from Bruker D8 Venture 

diffractometer equipped with Mo Kα radiation (λ = 0.07107 Å) from an IncoatecIμS 

source and a Photon 100 detector under a cold nitrogen stream. Bruker Apex3 software 

package was used to control the instrument, data processing (SAINT), and data scaling 

(SADABS, spherical multi-scan absorption correction).128 Space group determinations 

were made based on the systematic absences, and the structures were solved by intrinsic 
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phasing, then refined on F2 using full matrix least squares techniques with the SHELXTL 

software suite.129 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were placed in geometrically optimized positions using appropriate riding models. A 

summary of the crystallographic data and structure refinements are given in Table 2.15, 

2.16, 2.17, and 2.18. 

 

Packing diagrams for sulfur-based and selenium based diazacyclobutenes are 

shown in Figure 2.15 and 2.16, respectively. 
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Table 2.15: Crystallographic data for sulfur-based diazacyclobutenes. 

 II-16a II-16b II-16c 

Empirical formula C17H13N3O2S C18H15N3O2S C19H17N3O2S 

Formula weight (g/mol) 323.36 337.39 351.41 

Crystal system monoclinic triclinic triclinic 

Space group, Z P21/c, 4 P-1, 2 P-1, 2 

Temperature (K) 140 140 140 

Crystal size (mm) 0.05 x 0.05 x 0.31 0.10 x 0.11 x 0.24 0.06 x 0.08 x 0.23 

a, Å 4.2495(2) 5.5294(3) 5.4355(11) 

b, Å 13.0822(8) 12.2824(7) 12.565(3) 

c, Å 27.2564(16) 12.3440(6) 12.738(3) 

α,°  105.607(2) 101.753(7) 

β, ° 90.623(2) 99.079(2) 91.504(7) 

γ, °  94.064(2) 94.642(7) 

Volume (Å3) 1515.17(15) 791.63(7) 848.1(3) 

Dcalc (g/cm3) 1.418 1.415 1.376 

Abs. Coeff. (mm-1) 0.227 0.220 0.209 

F(000) 672 352 368 

Tmax, Tmin 1.0000, 0.9369 1.0000, 0.9479 1.0000, 0.9457 

Θ range for data 2.73-25.50 2.79-27.51 3.33-26.50 

Reflections collected 38600 36079 27872 

Data/restraints/parameters 2798 / 0 / 209 3626 / 0 / 218 3506 / 0 / 236 

R(int) 0.0526 0.0393 0.0347 

Final R [I> 2σ(I)] R1, wr2 0.0375, 0.0904 0.0325, 0.0779 0.0325, 0.0831 

Final R (all data) R1, wr2 0.0441, 0.0947 0.0395, 0.0814 0.0381, 0.0864 

Goodness-of-fit on F2 1.087 1.058 1.046 

Larg. Diff. Peak, hole, eå-3 0.247, -0.317 0.243, -0.298 0.228, -0.233 
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Table 2.16: Crystallographic data for sulfur-based diazacyclobutenes cntd. 

 II-16h II-16j II-16k 

Empirical formula C22H15N3O2S C18H15N3O2S C18H15N3O3S 

Formula weight (g/mol) 385.43 337.39 353.39 

Crystal system monoclinic monoclinic monoclinic 

Space group, Z P21/c, 4 P21/c, 8 P21/c, 4 

Temperature (K) 140 140 140 

Crystal size (mm) 0.03 x 0.03 x 0.38 0.04 x 0.04 x 0.20 0.03 x 0.04 x 0.26 

a, Å 10.835(2) 9.2538(3) 4.2026(6) 

b, Å 4.5510(8) 15.6160(6) 23.514(4) 

c, Å 36.893(8) 22.1925(9) 16.820(3) 

α,°    

β, ° 95.936(8) 96.9700(10) 96.362(5) 

γ, °    

Volume (Å3) 1809.4(6) 3183.3(2) 1651.9(4) 

Dcalc (g/cm3) 1.415 1.408 1.421 

Abs. Coeff. (mm-1) 0.203 0.219 0.219 

F(000) 800 1408 736 

Tmax, Tmin 1.0000, 0.8569 1.0000, 0.9473 1.0000, 0.9093 

Θ range for data 2.29-26.00 2.22-25.50 2.44-25.50 

Reflections collected 19109 62452 26569 

Data/restraints/parameters 3567 / 0 / 253 5915 / 0 / 437 3052 / 0 / 228 

R(int) 0.0402 0.0863 0.0431 

Final R [I> 2σ(I)] R1, wr2 0.0408, 0.0924 0.0396, 0.0890 0.0337, 0.0809 

Final R (all data) R1, wr2 0.0507, 0.0967 0.0609, 0.0996 0.0404, 0.0851 

Goodness-of-fit on F2 1.079 1.021 1.069 

Larg. Diff. Peak, hole, eå-3 0.236, -0.264 0.231, -0.317 0.233, -0.271 
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Table 2.17: Crystallographic data for sulfur-based diazacyclobutenes cntd. 

 II-16l II-16m II-16p 

Empirical formula C17H12ClN3O2S C18H12F3N3O2S C14H13N3O2S 

Formula weight (g/mol) 357.81 391.37 287.33 

Crystal system monoclinic triclinic monoclinic 

Space group, Z P21/c, 8 P-1, 4 P21/n, 8 

Temperature (K) 140 140 100 

Crystal size (mm) 0.03 x 0.05 x 0.46 0.04 x 0.06 x 0.41 0.10 x 0.14 x 0.29 

a, Å 8.9949(8) 4.3570(6) 13.7190(7) 

b, Å 15.8185(17) 16.601(2) 12.4361(6) 

c, Å 22.177(2) 23.517(3) 16.4246(8) 

α,°  84.892(5)  

β, ° 96.762(4) 87.991(5) 97.0910(10) 

γ, °  87.049(5)  

Volume (Å3) 3133.5(6) 1691.2(4) 2780.8(2) 

Dcalc (g/cm3) 1.517 1.537 1.373 

Abs. Coeff. (mm-1) 0.392 0.242 0.237 

F(000) 1472 800 1200 

Tmax, Tmin 1.0000, 0.9245 1.0000, 0.8650 1.0000, 0.9067 

Θ range for data 2.28-25.50 2.47-25.24 2.50-25.25 

Reflections collected 55874 16063 31474 

Data/restraints/parameters 5811 / 0 / 435 5719 / 0 / 489 5021 / 18 / 361 

R(int) 0.0672 0.0421 0.0430 

Final R [I> 2σ(I)] R1, wr2 0.0332, 0.0763 0.0881, 0.3108 0.0628, 0.1613 

Final R (all data) R1, wr2 0.0459, 0.0832 0.1045, 0.3182 0.0784, 0.1731 

Goodness-of-fit on F2 1.053 1.090 1.092 

Larg. Diff. Peak, hole, eå-3 0.220, -0.281 0.452, -0.426 1.451, -0.818 
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Table 2.18. Crystallographic data for Se-based diazacyclobutenes. 

 II-16q II-16r 

Empirical formula C17H13N3O2Se C22H15N3O2Se 

Formula weight (g/mol) 370.26 432.33 

Crystal system orthorhombic triclinic 

Space group, Z Fdd2, 16 P-1, 2 

Temperature (K) 140 140 

Crystal size (mm) 0.06 x 0.06 x 0.38 0.04 x 0.04 x 0.37 

a, Å 33.002(3) 5.6338(4) 

b, Å 44.669(4) 12.2422(9) 

c, Å 4.1629(3) 13.6022(10) 

α,°  97.430(3) 

β, °  98.791(3) 

γ, °  92.491(3) 

Volume (Å3) 6136.8(9) 917.42(12) 

Dcalc (g/cm3) 1.603 1.565 

Abs. Coeff. (mm-1) 2.461 2.070 

F(000) 2976 436 

Tmax, Tmin 1.0000, 0.8136 1.0000, 0.8306 

Θ range for data 2.47-26.50 2.11-26.00 

Reflections collected 65252 32997 

Data/restraints/parameters 3145 / 1 / 209 3590 / 0 / 253 

R(int) 0.0447 0.0506 

Final R [I> 2σ(I)] R1, wr2 0.0190, 0.0438 0.0258, 0.0547 

Final R (all data) R1, wr2 0.0214, 0.0447 0.0326, 0.0570 

Goodness-of-fit on F2 1.106 1.082 

Larg. Diff. Peak, hole, eå-3 0.175, -0.292 0.289, -0.346 
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 Figure 2.15: Packing diagrams for sulfur-based diazacyclobutenes. 

  

II-16a II-16b II-16c 

II-16h II-16j II-16k 

II-16l II-16m II-16p 
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Figure 2.16: Packing diagrams for selenium-based diazacyclobutenes. 

 

  

II-16q II-16r 
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2.8.9 A typical procedure for the preparation of methanebis(ethynylsulfane)70 

 

Procedure 

An alkyne thiolate solution was formed using a terminal alkyne (5 mmol, 2.08 

equiv) according to the method 1 which was described earlier. Then the solution was 

allowed to warm up to the room temperature. To this solution, diiodomethane (2.4 mmol, 

1 equiv) was added in a dropwise fashion and the reaction mixture was stirred overnight. 

Then the reaction mixture was quenched with 25 mL of sat. aq. NH4Cl. The combined 

organic layer was washed with 25 mL of sat. aq. brine and dried over anhydrous Na2SO4. 

Then the solvent was evaporated and the crude mixture was purified via flash 

chromatography with silica gel and hexanes to yield the methanebis(ethynylsulfane) 

product as a dark yellow oil (II-26 (n=1), 32% yield). 
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2.8.10 General procedure for the synthesis of diazacyclobutene dimer with 

methanebis(ethynylsulfane) (II-26 (n=1)) 

 

In a flame-dried round bottom flask, equipped with stir bar, were added 4-phenyl-

triazoline-3,5-dione (PTAD) (2 mmol, 2equiv) and dry acetonitrile (5 mL for 2 mmol of 

PTAD). To this solution, the previously synthesized methanebis(ethynylsulfane)  

(1 mmol, 1 equiv, (II-26, n =1)) was added as a solution in dry acetonitrile (5 mL for 1 

mmol of the electron-rich alkyne). The RBF was then attached to a water-cooled 

condenser and the mixture was refluxed for 24 h. Then, the solvent was removed under 

reduced pressure. The crude reaction mixture was purified via flash chromatography 

using silica gel and hexane/ethyl acetate (100% hexane to 80:20 hexanes/ethyl acetate) to 

afford the corresponding diazacyclobutene dimer (18%, II-27). 
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2.8.11 Characterization data for methanebis(ethynylsulfane) and diazacyclobutene dimer 

(II-26 (n=1))70 

 
 
 
 
 
Light yellow liquid; Yield: 36%; 1H-NMR (300 MHz, CDCl3) δ 7.70-7.45 (m, 4H), 7.45-

7.20 (m, 6H), 4.21 (s, 2H); 13C NMR (75 MHz, CDCl3) δ = 131.6, 128.4, 128.2, 122.6, 

96.0, 77.1, 43.0. 

 

 

 

 

 

Light brown solid; Yield: 18%; Mp: 187.8-188.8 °C; IR (neat): 2985 (w), 2924 (w), 

2850(w), 1801 (m), 1739 (s), 1631 (w), 1597 (w), 1570 (w), 1496 (s), 1489 (s), 1446 (m), 

1377 (s), 1284 (w), 1226 (s), 1203 (s), 1168 (w), 1149 (s), 1103 (s), 1068 (m), 1022 (w), 

999 (s), 921 (s), 833 (m), 840 (w), 783 (s), 752 (s), 690 (s), 594 (s) cm-1;1H-NMR (300 

MHz, CDCl3) δ 8.00-7.30 (m, 14H), 7.25-6.80 (m, 6H), 4.68 (s, 2H); 13C NMR (75 MHz, 

CDCl3) δ = 156.8, 154.5, 148.9, 130.7, 130.2, 129.4, 129.3, 128.6, 125.53, 125.45, 125.3, 

123.9, 37.8. 
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Light brownliquid; Yield: 6%; 1H-NMR (300 MHz, CDCl3) δ 8.10-7.90 (m, 2H), 7.60-

7.20 (m, 13H), 4.38 (bs, 2H); 13C NMR (75 MHz, CDCl3) δ = 157.2, 154.7, 150.2, 131.7, 

130.8, 130.5, 129.4, 129.3, 128.72, 128.67, 128.4, 126.2, 126.0, 125.6, 124.2, 122.7, 96.4, 

76.8, 40.3. 
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2.8.12 X-ray crystallographic data for diazacyclobutene dimer (II-28 (n=1)) 

Crystal Structure Report for II-28. 

A specimen of C33H22N6O4S2, approximate dimensions 0.167 mm x 0.194 mm x 

0.211 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. 

 

The integration of the data using a monoclinic unit cell yielded a total of 38969 

reflections to a maximum θ angle of 26.00° (0.81 Å resolution), of which 5563 were 

independent (average redundancy 7.005, completeness = 99.7%, Rint = 4.49%, Rsig = 

3.03%) and 4561 (81.99%) were greater than 2σ (F2). The final cell constants of a = 

13.9482(5) Å, b = 13.2287(5) Å, c = 15.4227(5) Å, β = 91.6577(12)°, volume = 

2844.55(17) Å3, are based upon the refinement of the XYZ-centroids of reflections above 

20 σ(I). The calculated minimum and maximum transmission coefficients (based on 

crystal size) are 0.9353 and 1.0000. 

 

The structure was solved and refined using the Bruker SHELXTL Software 

Package, using the space group P 1 21/n 1, with Z = 4 for the formula unit, 

C33H22N6O4S2. The final anisotropic full-matrix least-squares refinement on F2 with 406 

variables converged at R1 = 3.70%, for the observed data and wR2 = 8.83% for all data.  
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The goodness-of-fit was 1.023. The largest peak in the final difference electron 

density synthesis was 0.664 e-/Å3 and the largest hole was -0.355 e-/Å3 with an RMS 

deviation of 0.055 e-/Å3. On the basis of the final model, the calculated density was 1.473 

g/cm3 and F(000), 1304 e-.  

 

Figure 2.17. Structure of the diazacyclobutene dimer (II-28 (n=1)) determined by single 

crystal X-ray diffraction, shown as 50% probability ellipsoids. 
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Figure 2.18. Packing diagram of the diazacyclobutene dimer (II-28 (n=1)). 
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Table 2.19. Sample and crystal data for II-28. 

Identification 
code Q_0355_CN_V_168_68 

Chemical formula C33H22N6O4S2 

Formula weight 630.68 g/mol 

Temperature 106(2) K 

Wavelength 0.71073 Å 

Crystal size 0.167 x 0.194 x 0.211 mm 

Crystal system monoclinic 

Space group P 1 21/n 1 
Unit cell 
dimensions a = 13.9482(5) Å α = 90° 

 b = 13.2287(5) Å β = 91.6577(12)° 

 c = 15.4227(5) Å γ = 90° 

Volume 2844.55(17) Å3  
Z 4 
Density 
(calculated) 1.473 g/cm3 

Absorption 
coefficient 0.240 mm-1 

F(000) 1304 
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Table 2.20 Data collection and structure refinement for II-28.  

Theta range for data 
collection 3.06 to 26.00° 

Index ranges -17<=h<=17, -16<=k<=16, -18<=l<=19 

Reflections collected 38969 
Independent 
reflections 5563 [R(int) = 0.0449] 

Max. and min. 
transmission 1.0000 and 0.9353 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT-2014 (Sheldrick 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014 (Sheldrick 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 5563 / 0 / 406 

Goodness-of-fit on F2 1.023 

Δ/σmax 0.001 

Final R indices 4561 data; 
I>2σ(I) 

R1 = 0.0370, wR2 = 
0.0819 

 all data R1 = 0.0502, wR2 = 
0.0883 

Weighting scheme w=1/[σ2(Fo
2)+(0.0354P)2+2.5132P] 

where P=(Fo
2+2Fc

2)/3 
Largest diff. peak and 

hole 0.664 and -0.355 eÅ-3 

R.M.S. deviation 
from mean 0.055 eÅ-3 
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2.8.13 A typical procedure for the preparation of ynamides.51,86,130 

 

 
Procedure 

Step 1 

To a flame-dried round bottom flask, equipped with a stir bar, AgNO3 (5 mol%, 

0.25 mmol) and dry acetone (12.5 mL) were added. To this solution, phenylacetylene (5 

mmol, 1 equiv) was added and subsequently NBS (6 mmol, 1.2 equiv) was added in 

portion-wise manner. The mixture was then stirred for 3 h at room temperature. The 

solvent was removed under reduced pressure. The residue was dissolved in petroleum 

ether and filtered through a short pad of silica gel. Again, the solvent was removed under 

the reduced pressure to afford a pale-yellow oil of bromoalkyne (88%, II-29). 
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Step 2 

To the above solution of bromoalkyne (2.20 mmol, 1.1 equiv) in 2 mL of 

anhydrous toluene in a round bottom flask (RBF) were added N-

methyltoluenesulfonamide (2.00 mmol, 1 equiv (II-30)), K2CO3 (2 equiv, 4.00 mmol), 

CuSO4•5H2O (0.20 mmol, 10 mol%), and 1,10-phenanthroline (0.40 mmol, 20 mol%). 

Then the flask was capped with a septum and heated in an oil bath at 80˚C overnight 

under nitrogen atmosphere. After completion of the reaction was confirmed by TLC, the 

reaction mixture was cooled to room temperature and subsequently diluted with 12 mL of 

chloroform. This mixture was filtered through a short celite pad, and the filtrate was 

concentrated under reduced pressure. The crude residue was purified by flash column 

chromatography using silica gel and hexane/ethyl acetate eluents system. A gradient 

eluent: 0-20% EtOAc in hexane was used to yield ynamide (99%, II-31) as a yellow 

solid.  
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2.8.14 A typical procedure for the preparation of ynamines.101,131 

 

The above procedure was slightly modified from reported procedures. 

Procedure 

Step 1 

A flame-dried flask, equipped with a stir bar, was added a terminal alkyne (5.00 

mmol, 1 equiv) and freshly distilled, anhydrous THF (10 mL) under argon. The reaction 

was cooled to –78˚C and then treated with n-butyllithium (1.6 M solution in hexanes, 

6.00 mmol, 1.2 equiv). Then the solution was stirred for 15 min and N-chlorosuccinimide 

(6.60 mmol, 1.1 equiv.) was added in one portion-wise manner.   
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The reaction was then allowed to warm to room temperature and quenched with 

15 mL of sat. aq. NH4Cl. The mixture was then diluted with 30 mL of Et2O and washed 

with 20 mL of sat. aq. brine. The aqueous layer was extracted with Et2O(3 x 30 mL). The 

combined organic layer was dried over Na2SO4, filtered and concentrated under reduced 

pressure. This crude mixture was then purified by flash column chromatography using 

silica gel and 100% hexane or petroleum ether afforded the expected chloroalkyne 

product. 

Step 2 

A flame dried round bottom flask was charged with a stir bar, equipped with a 

septum, and flushed with argon while heating to remove remaining air and moisture. 

Then diethylamine (NEt2) (2.2 mmol, 1.8 equiv) and 20 mL of anhydrous toluene were 

added. The mixture was cooled to –78˚C and treated with n-butyllithium (1.6 M in 

hexane, 2.4 mmol, ca. 2 equiv). The reaction mixture was stirred for 30 min at –78˚C and 

allowed to warm to the room temperature. Then the reaction mixture was stirred at room 

temperature for another 5-10 min and the previously prepared chloroalkyne (1.22 mmol, 

1 equiv) was added. The reaction mixture was then heated at 70˚C for 19 h. The reaction 

mixture was cooled, filtered through a pad of celite, and solvents were removed under 

reduced pressure. The residue was extracted with hexane, filtered again through a pad of 

celite, and solvents were removed under reduced pressure to afford the desired ynamine 

as a red liquid. 
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2.8.15 General procedure for the synthesis of ynamide based diazacyclobutenes. 

 

Condition A 

To a flame-dried round bottom flask, equipped with a stir bar, were added 4-

phenyl-triazoline-3,5-dione (PTAD) (1 mmol, 1 equiv), and dry acetonitrile (5 mL for 1 

mmol of PTAD). Then the corresponding ynamide (1.3 mmol (II-31)) was added as a 

solution in dry acetonitrile (5 mL for 1.3 mmol of ynamide).  Then the mixture was 

refluxed for 24 h. The resultant mixture was concentrated under reduced pressure and 

purified via flash silica gel column chromatography with a gradient elution using 

hexane/ethyl acetate eluents system (0-20% ethyl acetate) to afford the corresponding 

diazacyclobutene (II-32). 
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Condition B 

To a flame-dried round bottom flask, equipped with a stir bar, were added 5 mol% 

AgNTf2 (0.05 mmol), 4-phenyl-triazoline-3,5-dione (PTAD) (1 mmol, 1 equiv), and dry 

dichloromethane (5 mL for 1 mmol of PTAD). Then the corresponding ynamide (1.3 

mmol/ II-31) was added as a solution in dry dichloromethane (5 mL for 1.3 mmol of 

ynamide). Then the mixture was stirred at room temperature for 24 h. The resultant 

mixture was concentrated under reduced pressure and purified via flash silica gel column 

chromatography with a gradient elution using hexane/ethyl acetate eluents system (0-20% 

ethyl acetate) to afford the corresponding diazacyclobutene (II-32). 
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2.8.16 Characterization data for bromoalkynes, ynamides and ynamide based 

diazacyclobutenes. 

 

 

 

 

Colorless liquid; Yield: 88%;1H-NMR (300 MHz, CDCl3) δ 7.60-7.45 (m, 2H), 7.45-

7.25(m, 3H); 13C NMR (75 MHz, CDCl3) δ = 131.9, 128.6, 128.3, 122.6, 80.0, 49.8. 

 

 

 

 

 

Light yellow solid; Yield: 98%;1H-NMR (300 MHz, CDCl3) δ 7.87 (d, J = 7.3 Hz, 2H), 

7.60-7.33 (m, 4H), 7.33-7.25 (m, 3H), 3.15 (s, 3H), 2.46 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ =162.3, 144.8, 133.2, 131.3, 129.8, 128.2, 127.8, 122.6, 83.9, 68.98, 39.26, 

21.6. 

 

  

Br

II-29

N
Me

Ts

II-31a
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Light yellow solid; Yield: 94%; 1H-NMR (300 MHz, CDCl3) δ 7.84 (d, J  = 8.3 Hz, 2H), 

7.60-7.48 (d, J = 7.5 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 3.18 (s, 

3H), 2.46 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 145.1, 133.3, 131.0, 129.9, 127.8, 

126.8, 125.2 (3J= 3.78 Hz, 1C), 86.5, 68.4, 39.1, 21.6. 

 

 

 

 

 

 

 

Light yellow solid; Yield: 20% (Method-A); Mp: 167.2-168.2°C; IR (neat): 2927 (w), 

2854 (w), 1797 (m), 1739 (s), 1693 (m), 1597 (m), 1492 (m), 1450 (m), 1392 (s), 1350 

(s), 1292 (w), 1230 (s), 1188 (m), 1149 (s), 1122 (w), 1083 (m), 1045 (w), 1018 (s), 933 

(w), 891 (m), 833 (s), 810 (s), 759 (s), 705 (s), 671 (s), 640 9s), 578 (m)  cm-1; 1H-NMR 

(300 MHz, CDCl3) δ 7.80-7.70 (m, 4H), 7.60-7.20 (m, 10H), 3.22 (s, 3H), 2.42 (s, 3H); 

13C NMR (75 MHz, CDCl3) δ = 156.1, 155.4, 144.9, 139.7, 133.8, 132.8, 130.7, 130.2, 

129.9, 129.2, 129.1, 128.6, 128.2, 126.4, 126.2, 125.3, 36.3, 21.6. 

  

N Me

Ts

N N

NO O

Ph

II-32a

N
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F3C
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Light yellow solid; Yield: 37% (Method-A); Mp: 173.2-174.2°C; IR (neat): 2927(w), 

2858 (w), 1801 (w), 1743 (s), 1697 (w), 1616 (w), 1597 (m), 1504 (m), 1458 (m), 1411 

(m), 1365 (s), 1350 (s), 1319 (s), 1234 (s), 1157 (s), 1111 (s), 1083 (s), 1064 (s), 1010 (s), 

844 (s), 705 (s), 671 (s), 578 (s) cm-1;1H-NMR (300 MHz, CDCl3) δ 7.98 (d, J = 8.2 Hz, 

2H), 7.82 (d, J = 8.2 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 7.60-7.37 (m, 5H), 7.34 (d, J = 

8.1 Hz, 2H), 3.24 (s, 3H), 2.41 (s, 3H); 13C NMR (75 MHz, CDCl3) δ = 155.5, 155.4, 

145.4, 137.6, 133.5, 131.3, 130.6, 130.1, 129.4, 129.3, 128.8, 128.2, 126.6, 126.8 (1JCF = 

272 Hz, 1C), 125.3, 125.7 (3JCF = 3.96 Hz, 1C), 125.3, 36.2, 21.6. 

 

 

 

 

Light brown liquid;1H-NMR (500 MHz, CDCl3) δ 5.50-5.40 (m, 1H), 3.34 (q, J = 7.1 Hz, 

2H), 3.26 (q, J = 7.1 Hz, 2H), 2.95 (s, 2H), 2.05-1.90 (m, 4H), 1.65-1.45 (m, 4H), 1.13 (t, 

J = 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 170.1, 132.2, 

123.6, 43.1, 42.1, 39.8, 28.5, 25.2, 22.7, 22.0, 14.2, 12.9. 

  

N Me
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NO O
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II-32bF3C
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2.8.17 X-ray crystallographic data for ynamide based diazacyclobutenes. 

Crystal Structure Report for II-32a. 

A specimen of C24H20N4O4S, approximate dimensions 0.056 mm x 0.241 mm x 

0.372 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. 

 

The integration of the data using an orthorhombic unit cell yielded a total of 

33874 reflections to a maximum θ angle of 25.50° (0.83 Å resolution), of which 4235 

were independent (average redundancy 7.999, completeness = 99.8%, Rint = 4.92%, Rsig = 

2.57%) and 3517 (83.05%) were greater than 2σ(F2). The final cell constants of a = 

12.2237(4) Å, b = 18.2464(7) Å, c = 20.4324(8) Å, volume = 4557.2(3) Å3, are based 

upon the refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 0.9417 and 

1.0000. The structure was solved and refined using the Bruker SHELXTL Software 

Package, using the space group P b c a, with Z = 8 for the formula unit, C24H20N4O4S. 

The final anisotropic full-matrix least-squares refinement on F2 with 300 variables 

converged at R1 = 3.90%, for the observed data and wR2 = 10.31% for all data. The 

goodness-of-fit was 1.054. The largest peak in the final difference electron density 

synthesis was 0.199 e-/Å3 and the largest hole was -0.474 e-/Å3 with an RMS deviation of 

0.049 e-/Å3. On the basis of the final model, the calculated density was 1.342 g/cm3 and 

F(000), 1920 e-.  
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Figure 2.19. Structures of the ynamide-based diazacyclobutenes II-32a determined by 

single crystal X-ray diffraction, shown as 50% probability ellipsoids. 
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Figure 2.20. Packing diagram of the ynamide-based diazacyclobutenes II-32a 
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Table 2.21. Sample and crystal data for II-32a.  

Identification code D8_2823_CN_VI_134_74 

Chemical formula C24H20N4O4S 

Formula weight 460.50 g/mol 

Temperature 140(2) K 

Wavelength 0.71073 Å 

Crystal size 0.056 x 0.241 x 0.372 mm 

Crystal system orthorhombic 

Space group P b c a 

Unit cell dimensions a = 12.2237(4) Å α = 90° 

 b = 18.2464(7) Å β = 90° 

 c = 20.4324(8) Å γ = 90° 

Volume 4557.2(3) Å3  
Z 8 

Density (calculated) 1.342 g/cm3 

Absorption coefficient 0.181 mm-1 

F(000) 1920 
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Table 2.22. Data collection and structure refinement for II-32a.  

Theta range for data 
collection 2.23 to 25.50° 

Index ranges -14<=h<=14, -22<=k<=22, -22<=l<=24 

Reflections collected 33874 
Independent 
reflections 4235 [R(int) = 0.0492] 

Max. and min. 
transmission 1.0000 and 0.9417 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT-2014 (Sheldrick 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014 (Sheldrick 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 4235 / 0 / 300 

Goodness-of-fit on F2 1.054 

Δ/σmax 0.001 

Final R indices 3517 data; 
I>2σ(I) 

R1 = 0.0390, wR2 = 
0.0957 

 all data R1 = 0.0504, wR2 = 
0.1031 

Weighting scheme w=1/[σ2(Fo
2)+(0.0483P)2+2.1545P] 

where P=(Fo
2+2Fc

2)/3 
Largest diff. peak and 

hole 0.199 and -0.474 eÅ-3 

R.M.S. deviation 
from mean 0.049 eÅ-3 
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Crystal Structure Report for II-32b  

A specimen of C26H20Cl3F3N4O4S, approximate dimensions 0.078 mm x 0.087 

mm x 0.403 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured. 

 

The integration of the data using a monoclinic unit cell yielded a total of 39210 

reflections to a maximum θ angle of 26.00° (0.81 Å resolution), of which 5658 were 

independent (average redundancy 6.930, completeness = 99.8%, Rint = 4.93%, Rsig = 

2.92%) and 4589 (81.11%) were greater than 2σ(F2). The final cell constants of a = 

29.839(4) Å, b = 9.6388(12) Å, c = 23.025(3) Å, β = 119.411(6)°, volume = 5768.8(14) 

Å3, are based upon the refinement of the XYZ-centroids of reflections above 20 σ(I). The 

calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.9021 and 1.0000. The structure was solved and refined using the Bruker SHELXTL 

Software Package, using the space group C 1 2/c 1, with Z = 8 for the formula unit, 

C26H20Cl3F3N4O4S. The final anisotropic full-matrix least-squares refinement on F2 with 

428 variables converged at R1 = 4.46%, for the observed data and wR2 = 11.90% for all 

data. The goodness-of-fit was 1.021. The largest peak in the final difference electron 

density synthesis was 0.566 e-/Å3 and the largest hole was -0.421 e-/Å3 with an RMS 

deviation of 0.054 e-/Å3. On the basis of the final model, the calculated density was 1.492 

g/cm3 and F(000), 2640 e-. 
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Figure 2.21. Structures of the ynamide-based diazacyclobutenes II-32b determined by 

single crystal X-ray diffraction, shown as 50% probability ellipsoids. 
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Figure 2.22. Packing diagram of the ynamide-based diazacyclobutenes II-32b 
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Table 2.23 Sample and crystal data for II-32b.  

Identification code D8_2662_CN_VI_110_63 

Chemical formula C26H20Cl3F3N4O4S 

Formula weight 647.87 g/mol 

Temperature 140(2) K 

Wavelength 0.71073 Å 

Crystal size 0.078 x 0.087 x 0.403 mm 

Crystal system monoclinic 

Space group C 1 2/c 1 

Unit cell dimensions a = 29.839(4) Å α = 90° 

 b = 9.6388(12) Å β = 119.411(6)° 

 c = 23.025(3) Å γ = 90° 

Volume 5768.8(14) Å3  
Z 8 

Density (calculated) 1.492 g/cm3 

Absorption coefficient 0.449 mm-1 

F(000) 2640 
 
  



 183 

Table 2.24 Data collection and structure refinement for II-32b.  

Theta range for data 
collection 2.62 to 26.00° 

Index ranges -36<=h<=36, -11<=k<=11, -28<=l<=26 

Reflections collected 39210 
Independent 
reflections 5658 [R(int) = 0.0493] 

Max. and min. 
transmission 1.0000 and 0.9021 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT-2014 (Sheldrick 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014 (Sheldrick 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 5658 / 75 / 428 

Goodness-of-fit on F2 1.021 

Δ/σmax 0.001 

Final R indices 4589 data; 
I>2σ(I) 

R1 = 0.0446, wR2 = 
0.1096 

 all data R1 = 0.0580, wR2 = 
0.1190 

Weighting scheme w=1/[σ2(Fo
2)+(0.0554P)2+9.1166P] 

where P=(Fo
2+2Fc

2)/3 
Largest diff. peak and 

hole 0.566 and -0.421 eÅ-3 

R.M.S. deviation 
from mean 0.054 eÅ-3 
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2.8.18 A typical procedure for the preparation of semicarbazides.6,106,108 

 

A flame-dried round bottom flask was charged with a stir bar and ethyl carbazate  

(4 mmol, 1 equiv, (II-37)) was added in dry toluene (4 mL). To this solution, was added 

isocyanate (4 mmol, 1 equiv, (II-38)) in dry toluene (4 mL) and the reaction mixture was 

refluxed at 80˚C for 2 h. Then the mixture was stirred at room temperature overnight 

(about 16 h). The precipitate that formed was filtered, washed with diethyl ether and 

dried under air to give the corresponding semicarbazide II-39. This compound was used 

without further purification in the next reaction step. 

 

2.8.19 A typical procedure for the preparation of urozoles.6,106,107,116 

 

A flame-dried round bottom flask was charged with a stir bar and the 

semicarbazide II-39 was added (2 mmol, 1 equiv). This was then reacted with aqueous  
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4 M KOH solution (4 mmol, 2 equiv), and the flask was placed in a warm water bath at 

80˚Cfor 45 min. The reaction mixture was cooled to room temperature and neutralized 

with 3 M HCl. The formed precipitate was filtered off, washed with cold water, and dried 

in a vacuum oven at 60°C for 1 h to afford the corresponding 4-substituted urozole II-40. 

 

2.8.20 A typical procedure for the oxidation of urozoles.107,108,115–117 

 

DBH oxidation107 

To a flame-dried round bottom flask were added a stir bar, urozole II-40(1 mmol, 

1 equiv), dry CH2Cl2 (15 mL), and DBH (1 mmol, 1 equiv). The resulting mixture was 

stirred at room temperature for 2h. To this solution, was added 0.5 g of previously 

prepared silica sulfuric acid [i.e., prepared by mixing 1 mL of concentrated H2SO4 acid to 

a slurry of silica in ether (10 g in 20 mL of ether) followed by evaporation of solvents and 

dried at 100◦C for 3 h]132,133 and stirred for 15 min. 
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The reaction mixture was then filtered and concentrated under reduced pressure to 

give the red colored 4-substituted-triazoline-3,5-dione (II-41). These compounds are very 

sensitive to heat, so one needs to perform the removal of the solvent carefully without 

using high temperatures (i.e., >50˚C). Also, these oxidized triazolinediones are sensitive 

to light, alcohols, ethers, transition metals, and some nucleophiles. 

Iodobenzene diacetate (PhI(OAc)2) oxidation108,115–117 

 

To a flame-dried round bottom flask were added a stir bar, urozole II-40 (1 mmol, 

1 equiv), dry CH2Cl2 (4 mL), and iodobenzene diacetate (1 mmol, 1 equiv). The resulting 

mixture was stirred at room temperature for 15 min. Then the solvent was removed under 

reduced pressure, and hexane (8 mL) was added.  The slurry was filtered to afford the red 

colored 4-substituted-triazoline-3,5-dione (II-41). 
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2.8.21 General procedure for the in situ oxidation and following [2+2] cycloaddition to 

provide diazacyclobutenes with 4-substituted 1,2,4-triazoline-2,5-diones (TADs). 

 

To a flame-dried round bottom flask, was added a stir bar, urozole II-40 (1 mmol, 

1 equiv), oxidant (i.e., DBH or PhI(OAc)2) (1 mmol, 1 equiv), and dry CH2Cl2 (10 mL). 

The resulting mixture was stirred at room temperature for a given period of time. After 

the oxidation work-up (according to the DBH or iodobenzene diacetate oxidation 

methods described above) is completed, the in situ generated triazolinedione (II-41) was 

directly used without further purification. The triazolinedione (II-41) was then reacted 

with the corresponding alkynyl sulfide (1.3 mmol, 1.3 equiv) in acetonitrile (10 mL) 

under reflux condition for 24 h. Then the solvent was removed under reduced pressure 

and the crude mixture was purified using flash silica gel chromatography with a 

hexane/ethyl acetate solvent system (0 to 20% ethyl acetate) to afford the corresponding 

diazacyclobutene II-42. (Note: Yields were calculated based on the urozole equivalence.) 
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2.8.22 General procedure for the in situ catalytic method for [2+2] cycloaddition to 

provide diazacyclobutenes with 4-substituted 1,2,4-triazoline-2,5-diones (TADs).93,96–

100,111 

 

To a flame-dried round bottom flask, was added a stir bar, urozole II-40a (4 

mmol, 4equiv.), Ca(OCl)2 (8 mmol, 8 equiv.),111 and dry DCM (10 mL). The resulting 

mixture was stirred at room temperature for 1 h. After the oxidation is finished, the 

reaction mixture was filtered, concentrated under reduced pressure, and the residue was 

used directly without further purification.  
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To this triazolinedione, was added 10 mol% of the catalyst (0.1 mmol),93,96–100 

and the corresponding alkynyl sulfide (1mmol, 1equiv.) in DCM (10 mL).  The resulting 

mixture was stirred at room temperature for 24 h. Then the solvent was removed under 

reduced pressure. The crude mixture was purified using flash silica gel chromatography 

with hexane/ethyl acetate eluents system (0 to 20% ethyl acetate) to afford the 

diazacyclobutene II-16a. Further optimization showed that 3 equiv. of the urozole, 2 h 

oxidation and 30 mol% of the MgCl2catalyst93
 gave 98% of the diazacyclobutene II-16a. 

 

2.8.23 Characterization data for semicarbazides and urozoles 

Note: Characterization data for these widely known molecules can be also found 

in these cited publications106–108 and they were consistent with this experimental data. 

Therefore, these characterization data have been limited to 1H NMR or 1H and 13C NMR. 

 

 

 

 

White solid; Yield: 43%; 1H-NMR (300 MHz, CDCl3) δ 7.23 (s, 1H), 7.02 (bs, 1H), 5.46 

(bs, 1H), 4.16 (J = 7.1 Hz, 2H), 4.02-3.78 (bm, 1H), 1.25 (t, J = 7.1 Hz, 3H), 1.12 (d, J = 

6.5 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ = 158.2, 157.5, 62.2, 42.0, 23.0, 14.4. 

II-39a

HN NH

O
O

Et
HN

O
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White solid; Yield: 69%; 1H-NMR (300 MHz, CDCl3) δ 7.16 (s, 1H), 6.99 (bs, 1H), 5.60 

(bs, 1H), 4.17 (q, J = 7.1, 2H), 3.18 (t, J = 7.1, 2H), 1.56-1.16 (m, 7H), 0.9 (t, J = 7.3 Hz, 

3H); 13C NMR (75 MHz, CDCl3) δ =.158.9, 157.5, 62.3, 39.8, 32.0, 19.9, 14.4, 13.7. 

 

 

 

White solid; Yield: 40%; 1H-NMR (300 MHz, DMSO-d6) δ 8.8 (s, 1H), 7.9 (s, 1H), 6.6 

(s, 1H), 4.0 (q, J = 7.1 Hz, 2H), 3.6 (t, J = 6.4 Hz, 2H), 3.4-3.2 (m, 2H), 1.17 (t, J = 7.1 

Hz, 3H);13C NMR (75 MHz, DMSO-d6) δ = 158.4, 157.0, 60.6, 43.9, 41.5, 14.7. 

 

 

 

 

White solid; Yield: 40%; 1H-NMR (500 MHz, DMSO-d6) δ 8.76 (s, 1H), 7.73 (s, 1H), 

6.53 (s, 1H), 4.02 (q, J = 7.0 Hz, 2H), 3.61 (t, J = 6.6 Hz, 2H), 3.12 (q, J = 6.1 Hz, 2H), 

1.83 (pentet, J = 6.6 Hz, 2H),1.18 (t, J = 6.3 Hz, 3H); 13C NMR (125 MHz, DMSO-d6) δ 

= 158.9, 157.4, 60.9, 43.5, 37.1, 33.4, 15.0.  

II-39b

HN NH

O
O

Etn-Bu
HN

O
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White solid; Yield: 99%; 1H-NMR (300 MHz, DMSO-d6) δ 8.92 (s, 1H), 8.72 (s, 1H), 

7.99 (s, 1H), 7.5-6.0 (m, 4H), 4.05 (q, J = 7.1 Hz, 2H), 3.7 (s, 3H), 1.19 (t, J = 6.8 Hz, 

3H); 13C NMR (75 MHz, DMSO-d6) δ = 159.6, 156.9, 155.5, 140.9, 129.4, 110.8, 107.3, 

104.2, 60.5, 54.9, 14.6. 

 

 

 

 

 

White solid; Yield: 85%; 1H-NMR (300 MHz, DMSO-d6) δ 8.97 (s, 2H), 8.17 (s, 1H), 

7.69 (s, 1H), 7.35 (s, 1H), 7.25 (t, J = 8.0 Hz, 1H), 7.10-6.90 (m, 1H), 4.05 (q, J = 7.1 

Hz, 2H), 1.19 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, DMSO-d6) δ = 161.9, 156.9, 

155.5, 141.3, 132.9, 130.2, 121.4, 117.9, 60.6, 14.5. 

 

  

HN NH

O
O
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O
O

II-39e
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White solid; Yield: 95%; 1H-NMR (300 MHz, DMSO-d6) δ 8.92 (s,, 1H), 8.78 (s, 1H), 

8.03 (s, 1H), 7.60-7.00 (m, 4H), 4.05 (q, J = 7.1 Hz, 2H), 1.19 (t, J = 6.9 Hz, 3H)); 13C 

NMR (75 MHz, DMSO-d6) δ = 157.8 (d, J = 237.7 Hz, 1C), 157.5, 156.2, 136.5 (d, J = 

1.8 Hz, 1C), 120.7, 115.5 (d, J = 22.1 Hz, 1C), 61.0, 15.0. 

 

 

 

White solid; Yield: 29%; 1H-NMR (300 MHz, DMSO-d6) δ 9.19 (s, 1H), 9.00 (s, 1H), 

9.00 (s, 1H), 8.23 (s, 1H), 8.00-7.50 (m, 4H), 4.06 (q, J = 7.0 Hz, 2H), 1.19 (t, J = 6.7 Hz, 

3H); 13C NMR (125 MHz, DMSO-d6) δ = 157.0, 155.5, 143.6, 124.6 (q, 1JCF = 270.7 Hz, 

1C), 126.0, 121.8 (q, 1JCF = 31.5 Hz, 1C), 118.2, 60.7, 14.6. 

 

 

 

 

White solid; Yield: 99%; 1H-NMR (300 MHz, DMSO-d6) δ 9.54 (s, 1H), 9.06 (s, 1H), 

8.41 (s, 1H), 8.16 (d, J = 9.2 Hz, 2H), 8.00-7.60 (m, 2H), 4.06 (q, J = 7.1 Hz, 2H), 1.20 

(t, J = 6.8 Hz, 3H); 13C NMR (125 MHz, DMSO-d6:CDCl3 = 5:1) δ =156.9, 155.1, 146.4, 

141.1, 124.9, 117.7, 60.7, 14.6.  
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White solid; Yield: 35%; 1H-NMR (300 MHz, DMSO-d6) δ10.46 (s, 2H), 7.60-7.20 (m, 

1H), 7.20-6.90 (m, 3H), 3.77 (s, 3H); 13C NMR (75 MHz, DMSO-d6) δ = 159.4, 153.3, 

129.5, 118.2, 113.2, 111.9, 55.3. 

 

 

 

 

 

White solid; Yield: 44%; 1H-NMR (300 MHz, DMSO-d6) δ 7.70-7.40 (m, 6H); 13C NMR 

(75 MHz, DMSO-d6) δ = 152.9, 133.5, 132.9, 130.5, 127.6, 125.6, 124.5. 

 

 

  

HN NH

ONO

O

II-40e
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White solid; Yield: 63%; 1H-NMR (300 MHz, DMSO-d6) δ10.52 (bs, 2H), 7.60-7.43 (m, 

2H), 7.43-7.26 (m, 2H); 13C NMR (75 MHz, DMSO-d6) δ = 161.4 (1JCF = 244.7 Hz, 1C), 

153.7, 128.7 (3JCF = 8.8 Hz, 1C), 128.6 (4JCF = 2.9 Hz, 1C), 116.2 (2JCF = 22.8 Hz, 1C). 

 

 

 

 

 

 

White solid; Yield: 16%; 1H-NMR (300 MHz, DMSO-d6) δ10.70 (s, 2H), 7.87 (d, J = 8.6 

Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H). 
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White solid; Yield: 87%; 1H-NMR (300 MHz, DMSO-d6) δ8.33 (d, J = 8.9 Hz, 2H), 7.86 

(d, J = 8.9 Hz, 2H); 13C NMR (75 MHz, DMSO-d6) δ = 152.7, 146.0, 138.5, 126.0, 

124.6.  

 

  

HN NH

ONO

II-40i

NO2
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2.8.24 Characterization data for the diazacyclobutenes with 4-substituted 1,2,4-

triazoline-2,5-diones (TADs). 

 

 

 

Light yellow solid; Yield: 30%; Mp: 113.7-114.7°C; IR (neat): 2924 (w), 2831 (w), 1786 

(m), 1732 (s), 1604 (s), 1496 (m), 1388 (s), 1319 (m), 1334 (m), 1261 (s), 1207 (s), 1180 

(m), 1145 (m), 1111 (w), 995 (m), 964 (m), 786 (s), 756 (s), 682 (s) cm-1; 1H-NMR (300 

MHz, CDCl3) δ 8.00-7.80 (m, 2H), 7.60-7.30 (m,4H), 7.20-6.90 (m, 3H), 3.82 (s, 3H), 

2.58 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 160.2, 156.4, 155.0, 145.3, 131.7, 130.1, 

129.9, 129.3, 128.8, 126.3, 125.6, 117.5, 115.3, 110.9, 55.5, 17.4. 

 

 

 

 

Light yellow solid; Yield: 30%; Mp: 126.5-127.5°C; IR (neat): 3082(w), 3055 (w), 3024 

(w), 2927 (w), 1786 (m), 1735 (s), 1631 (w), 1589 (m), 1477 (m), 1435 (m), 1381 (s), 

1296 (w), 1273 (w), 1230 (s), 1141 (m), 1026 (m), 1002 (m), 945 (w), 867 (m), 783 (s), 

748 (s), 682 (s) cm-1; 1H-NMR (300 MHz, CDCl3) δ 7.80-7.30 (m, 9H), 2.58 (s, 3H); 13C 

NMR (75 MHz, CDCl3) δ = 156.0, 154.6, 145.3, 134.9, 131.8, 130.2, 129.9, 129.4, 129.3, 

128.8, 126.1, 125.51, 125.45, 123.3, 17.4.  

N N
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Cl

II-42f
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Me

N N

ONO

O

II-42e
Ph S Me
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Light yellow solid; Yield: 29%; Mp: 95.5-96.5°C; IR (neat): 3062 (w), 3028 (w), 2966 

(w), 2927 (w), 2873 (w), 1793 (w), 1743 (s), 1681 (s), 1593 (m), 1481 (s), 1381 (s), 1261 

(w), 1222 (s), 1141 (s), 1076 (m), 1022 (m), 860 (m), 752 (s), 698 (s), 601 (m) cm-1; 1H-

NMR (300 MHz, CDCl3) δ 8.00-7.20 (m, 9H), 3.06 (q, J = 7.4 Hz, 2H), 1.41 (t, J = 7.4 

Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 155.9, 154.7, 147.0, 135.0, 131.9, 130.3, 130.1, 

129.6, 129.3, 128.8, 128.6, 126.2, 125.6, 123.4. 
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2.8.25. 1H NMR spectra and 13C NMR spectra for alkynyl sulfides and selenides 
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1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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2.8.26. 1H NMR spectra and 13C NMR spectra for diazacyclobutenes 
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2D-HMQC (F2 = 500 MHz, F1 = 125 MHz, CDCl3) analysis of diazacyclobutene II-6a 
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2D-HMQC (F2 = 500 MHz, F1 = 125 MHz, CDCl3) analysis of diazacyclobutene II-16a 
Cntd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

This carbon correlates with two sets of 
aromatic protons which share this 
same carbon. 
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2D-HMQC (F2= 300 MHz, F1 = 75 MHz, CDCl3) analysis of diazacyclobutene II-16o 

(Carbons were denoted in numbers and hydrogens were denoted in letters in the chemical 
structure and the spectrum) 
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and Hh correlate to a single 13C resonance 
resulting from accidental degeneracy of 
the resonances from C4 and C8.  
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2D-HMQC (F2= 300 MHz, F1 = 75 MHz, CDCl3) analysis of diazacyclobutene II-16p 
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2D-HMQC (F2= 300 MHz, F1 = 75 MHz, CDCl3) analysis of diazacyclobutene II-16p 
Cntd. 
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2.8.27. 1H NMR and 13C NMR spectra for methanebis(ethynylsulfane) and 

diazacyclobutene dimer (II-26 (n=1)) 
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2.8.28. 1H NMR and 13C NMR spectra for bromoalkynes, ynamides and ynamide based 

diazacyclobutenes. 
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2.8.29. 1H NMR and 13C NMR spectra for semicarbazides and urozoles 
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2.8.30. 1H NMR and 13C NMR spectra the diazacyclobutenes with 4-substituted 1,2,4-

triazoline-2,5-diones (TADs). 
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CHAPTER THREE 

SUBSTRATE DEPENDENT AND DIVERGENT REACTIVITY OF 

AZODICARBOXYLATES IN [2+2] CYCLOADDITION WITH ELECTRON-RICH 

ALKYNES 

3.1 Cyclic vs. acyclic azodicarboxylates in [2+2] cycloaddition with electron-rich 

alkynes 

In chapter II of this dissertation, the synthesis of stable diazacyclobutene 

derivatives (III-2) by means of a formal [2+2] cycloaddition of 4-phenyl-1,2,4-

triazolinedione (PTAD) and electron-rich alkynyl sulfides (eg: III-1) or selenides was 

described (Scheme 1, eq. 1).1 The resulting bicyclic diazacyclobutenes exhibit excellent 

thermal stability up to >200 ˚C (see also Chapter I, Figure 2.2), significantly higher 

compared to the previously studied monocyclic diazacyclobutenes.1–8 These results are 

also in good agreement with the studies done by Breton and co-workers.9,10 Apparently, 

this enhanced thermal stability is due to the fused second ring (i.e., the 5-membered 

urozole ring), which prevents the 4 conrotatory cycloreversion of the initially formed 

diazacyclobutene III-2 to produce a rather strained (1Z,3E)-cycloheptadienyl 

heterocyclic ring III-3 (Scheme 3.1, eq. 1).9 This information has been further discussed 

in Chapter II, section 2.3. Warrener showed that the monocyclic diazacyclobutene that 

they made, dimethyl Δ3-1,2-diazetine-1,2-dicarboxylate (III-4),was thermally unstable 

(i.e., t1/2 (20 ˚C) = 6.9 h; t1/2 (34 ˚C) = 1.8 h) and isomerized into ring open-product III-5 

even at ambient temperatures (Scheme 1.3, eq. 2).2  
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Scheme 3.1. Straightforward approach to synthesize the vic-diamine motif containing 
acyclic 2-iminothioimidates. 
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Nevertheless, this protocol has not been broadly utilized to synthesize the vic-

diamine motif due to certain drawbacks including the impracticality of larger scale 

reactions, the requirement for non-commercial precursors, and tedious synthetic 

protocols.2 Inspired by the previous literature,2,3,9,10 we assumed that reacting electron 

rich alkynes with acyclic azodicarboxylates (III-6) instead of cyclic azodicarboxylates 

(e.g. PTAD), would provide a straightforward approach to synthesize a new class of 

compounds known as N,N-dicarbamoyl 2-iminothioimidates (III-8). In this approach, the 

monocyclic diazacyclobutene III-7 was initially formed via an analogous formal [2+2] 

cycloaddition with alkynyl sulfide III-1 and subsequently undergoes facile 4 

conrotatory cycloreversion to provide the N,N-dicarbamoyl 2-iminothioimidates III-8 

(Scheme 3.1, eq. 3).11 

 

2-iminothioimidates are rarely reported compounds in the literature.2 Interestingly 

this molecular architecture consists of an oxidized variant of the vic-diamine motif, and 

the synthesis of these molecules only requires one synthetic operation from an electron-

rich alkyne precursor. Previous methods for the synthesis of acyclic 1,2-diamines from 

the four-membered 1,2-diazetidine heterocycles (III-9) would require a reductive N-N 

bond cleavage step to form the acyclic vic-diamine motif containing compound III-10 

(Scheme 3.1, eq. 4).12–15 However, it is important to note that the new protocol of 2-

iminothioimidate synthesis does not require this step due to the inherent strain of the 

diazacyclobutene III-7 leveraging the N-N bond cleaving step (Scheme 3.1, eq. 3). 
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It is apparent that further treatments are required to access the diamine motif from 

the molecule III-8; however we hope that this molecular scaffold could be a broadly 

useful template in organic synthesis apart from accessing vicinal diamines. 

 

According to best of our knowledge, there are no examples in literature for the 

direct synthesis of the 2-iminothioimidate molecular scaffold. Nevertheless, a few related 

scaffolds that bear α-oxidized functionality such as α-keto (III-11), α-oximo (III-12), and 

α-hydrazono (III-13) analogs have been encountered in literature (Figure 3.1).16–25 In 

addition, α-oxidized thioimidates have a wide range of applications such as precursors for 

the synthesis of dyes,18 as metal-binding ligands,16,17 significance in Maillard flavors in 

cooked food,26 intermediates for heterocycle syntheses,19 and fungicides and 

pesticides.25,27,28 

 

Figure 3.1. -oxidized thioimidate scaffolds.   
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Based on literature studies, these 2-iminothioimidate compounds may be useful 

building blocks for diverse applications. These applications further encouraged us to 

investigate the validity of this protocol as a general method to access these compounds.  

 

3.1.1 Synthesis of acyclic N,N-dicarbamoyl 2-iminothioimidates. 

We first synthesized a set of phenyl alkynyl sulfides as our electron-rich alkynes 

from the previously developed n-butyl lithium protocol. These alkynyl sulfides (III-1, 

where X = S) were then reacted with diethyl azodicarboxylate (DEAD, III-6) under the 

previously optimized conditions1 (i.e., refluxing acetonitrile for 24 h) to provide the 

corresponding N,N-dicarbamoyl 2-imidothioimidates III-8 (Scheme 3.2). The first series 

of the N,N-dicarbamoyl 2-imidothioimidates were prepared by varying the length of the 

alkyl chain (R2) resident on the sulfur atom. The N,N-dicarbamoyl 2-imidothioimidates 

bearing shorter n-alkyl chains at R2 such as methyl, ethyl, n-propyl, and n-butyl were 

successfully prepared in good to excellent yields (III-8a−III-8d in 73−99% yields). The 

2-imidothioimidate derivatives III-8e and III-8f bearing n-pentyl and n-octyl groups at 

R2 position were provided 80% and 73% yields, respectively. .  



281 
 

 

Scheme 3.2. Substrate scope of N,N-dicarbamoyl 2-imidothioimidates.  
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Incorporating aryl groups at the R2 position such as phenyl and benzyl groups 

yielded the corresponding 2-iminothioimidates III-8g and III-8h in 77% and 83% yields, 

respectively. 

 

Then we examined the reactivity of alkynyl sulfides bearing aryl groups at the R1 

position with both electron donating and deficient substituents. First, 2-iminothioimidates 

bearing para-substituted electron donating groups such as para-methyl or para-methoxy 

at the R1 position were synthesized in 88% and 95%yields (III-8i and III-8j, 

respectively). In contrast, electron deficient aryl substituents at R1 such as para-chloro 

(III-8k) and para-trifluoromethyl (III-8l) yielded their corresponding 2-iminothioimidate 

products in low to moderate yields (47% and 69% respectively). 

 

Then we turned towards assessing the yields of alkyl analogs of the 2-

iminothioimidates. The 2-iminothioimidates III-8m (Where R1 = n-butyl and R2 = 

methyl) and III-8n (Where R1 = n-butyl and R2 = n-butyl) were isolated in moderate 

yields (40% for III-8m and 47% for III-8n). We noticed that these alkyl analogs are not 

stable and tends to decompose after isolation. This is presumably due to the presence of 

α–protons at the R1 group in these alkyl analogs which can undergo tautomerism into a 

corresponding enamine and consequently decay into other by-products. In contrast to 

linear alkyl groups at R1 position, the product bearing a cyclopropyl group (III-8o) was 

found to be stable and was isolated in a 77% yield. This is probably due to the ring strain 
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resulting from the cyclopropyl group which prevents the formation of the corresponding 

enamine by product. 

 

Then we decided to evaluate this reaction with other commercially available, 

symmetric azodicarboxylates (i.e., exploring variations at the R3 position). As a result of 

this, 2-iminothioimidates derived from azodicarboxylates bearing diisopropyl, dibenzyl, 

and bis(2,2,2-trichloroethyl) groups were generated in very good yields (III-8p-r, 79-

99% yield). In addition, the chalcogen atom of the 2-iminothioimidates was changed to 

selenium by reacting alkynyl selenides with DEAD. Consequently, the corresponding 2-

iminoselenoimidates were generated in very good yields (76% for III-8s where R1 = 

phenyl and R2 = methyl, and 73% for III-8t where R1 = phenyl and R2 = benzyl). 

Moreover, this 2-iminothioimidate synthesis was able to be performed at gram scale, 

resulting in very high yields. Sulfur analog III-8b was generated in 99% yield at a 5 

mmol scale and the synthesis of selenium analog III-8t proceeded smoothly to provide 

4.61 g of the desired product. 
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3.1.2 Mechanistic investigations for the [2+2] cycloaddition of the alkynyl sulfide and 

diethyl azodicarboxylate (DEAD) 

We hypothesized that the formal [2+2] cycloaddition between alkynyl sulfide and 

diethyl azodicarboxylates could follow two main pathways (path a and b, Scheme 3.3). It 

is apparent that regardless of whether the reaction proceeds through path a or path b 

initially, both will form a thermally unstable monocyclic diazacyclobutene III-7b which 

will undergo facile 4π conrotatory ring opening to provide the corresponding 2-

iminothioimidate III-8b.2,3 However, the only noticeable difference between path a vs. 

path b is that path a undergoes a concerted [2+2] cycloaddition and in contrast path b 

undergoes a stepwise [2+2] cycloaddition.  

 

As a result of the formation of ketene type intermediate III-15b (Scheme 3.3) 

from the minor resonance contributor of the alkynyl sulfide, we envisioned that a 

concerted [2+2] cycloaddition could be possible to generate the monocyclic 

diazacyclobutene intermediate.29,30 Ketenes are well known precursors for [2+2] 

cycloaddition in the literature.31–33 On the other hand, if the reaction follows path b, it 

will first form a 1,5-dipole intermediate III-16b, and thus will cyclize back by attack of 

the negatively charged nitrogen nucleophile onto the most reactive ketene-type carbon 

atom within the 1,5-dipole, thus forming the monocyclic diazacyclobutene III-7b. 
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Previous work of mechanistic investigations of the reactions between vinyl ethers 

and 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) revealed that these reactions proceed via 

a dipole intermediate.34,35 Therefore, we were equally interested that our reaction could 

also proceed via a 1,5-dipole intermediate according to path b (Scheme 3.3).  

 

 

Scheme 3.3. Plausible mechanistic paths for the formation of 2-iminothioimidate. 
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In order to gain more insights about the mechanism, we then began to thoroughly 

investigate this reaction by means of variable temperature NMR studies, react-IR, 

computational modeling. According to Werrener’s and Breton’s previous studies, we 

recognized that this reaction proceeds via a monocyclic diazacylcobutene 

intermediate.2,3,9 To probe this question, we isolated the monocyclic diazacyclobutene 

intermediate III-7b (Figure 3.2) by preparative TLC and confirmed its structure with 1H, 

13C NMR, and FTIR spectroscopy. The quaternary carbon at the 4th position of the 

diazacyclobutene ring resonates at 140 ppm which serves as a fingerprint peak to show 

the presence of the diazacyclobutene ring (III-7b), whereas the two imine 13C NMR 

peaks of the 2-iminothioimidate product (III-8b) appear between 160-175 ppm.  

 

Next, we performed a variable temperature NMR study for III-7b at different 

temperatures ranging from –35°C to 50˚C (238–323 K) in acetonitrile-d3 while 

monitoring the quartet generating from the S-methylene protons (x and y) of III-7b and 

III-8b (Figure 3.2). Note that the reaction arrow has been drawn from right to left in the 

Figure in order to coincide that with the corresponding x and y quartets of the stacked 1H 

NMR spectra. 
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Figure 3.2. Variable temperature 1H NMR spectra of III-7b recorded at different 

temperatures in the range of –35˚C to 50˚C (238–323 K) in acetonitrile-d3. 
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These variable temperature NMR results suggest that at higher temperatures 

(>45˚C) the monocyclic diazacyclobutene III-7b undergoes facile cycloreversion due to 

its lower thermal stability compared to the 2-iminothioimidate products.2,3,9 

 

The next question that we wanted to probe was which isomer of the monocyclic 

diazacyclobutene cis-III-7b or trans-III-7b provides the 2-iminothioimidate III-8b from 

the conrotatory ring open process (Scheme 3.3). Since the imine geometry (E/Z) of the  

2-iminothioimidate is dependent on which isomer (cis or trans of III-7b) is undergoing 

the ring open process, this could provide more information about the mechanism. 

 

In addition, monocyclic diazacyclobutene III-7b, which was isolated for variable 

temperature NMR, also exhibits diastereotopicity at lower temperatures exchange process 

from S-methylene protons (x) which can be accomplished via cis-trans inter-conversion 

shown in Scheme 3.3 through nitrogen inversion. This is also an analogous process that 

we saw in the double-nitrogen inversion of 4,5 bicyclic diazacyclobutene (III-2, Scheme 

3.1). This process was clearly described in our recent work and in Chapter II.1 However, 

in this case, when III-7b was cooled down, no further splitting of the S-methylene quartet 

(x) was seen which indicates that no diastereotopicity was observed at lower 

temperatures. This was attributed to a very low energy barrier for this cis-trans inter-

conversion of III-7b which is also in good agreement with Warrener’s previous work 

(i.e., ~7.5 kcal/mol) (Scheme 3.3).3 This suggests that monocyclic diazacyclobutene  

III-7b undergoes rapid cis-trans isomerization under the reaction conditions.  
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Nonetheless, based on conventional molecular orbital symmetry arguments the cis analog 

of the III-7b would have a higher energy barrier during the conrotatory ring open process 

compared to the trans-III-7b.3,8,11 So, we can speculate that the 4π-conrotatory ring open 

process presumably proceeds via trans-III-7b. 

 

Furthermore, we analyzed the integration data for the electrocyclic ring opening 

of III-7b to provide III-8b at 373 and 298 K and found that this process follows first-

order decay and subsequently extracted the rate constants k of 7.3(1) × 10−4 and 3(1) × 

10−6 s−1 for 373 and 298 K, respectively. By applying these two data sets into the 

Arrhenius equation, the activation energy (Ea) for the ring open process was calculated to 

be 29 ± 4 kcal/mol (see the Experimental section for more details). This value was also in 

good agreement with the calculated barrier of 29.4 kcal/mol for the ring open process by 

using computational simulations.11 

 

The next question that we probed was to identify which pathway –path a or path 

b– was operative (Scheme 3.3). It is apparent that path b proceeds via 1,5-dipole 

intermediate which could be further trapped by an appropriate electrophile.34,35 With the 

hope of examining the formation of possible dipole intermediate (III-16b, Scheme 3.3), 

we then performed experiments to trap the dipole intermediate of the reaction between 

alkynylsulfides with PTAD and DEAD separately, in the presence of excess aldehydes 

and ketones as an electrophilic solvent.34,35 These experiments were unsuccessful with 

PTAD due to the very fast cyclization to the diazacyclobutene. On the other hand, 
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reactions with DEAD tend to give α or β-carbonyl hydrazine esters through hydrogen 

abstraction from the corresponding aldehyde or ketone which was confirmed by crude 

NMR analysis.36–38 

 

3.1.3. In situ react-IR studies 

We then moved onto react-IR experiments of the reaction between phenylethynyl 

sulfide with PTAD and DEAD at room temperature and reflux conditions in 

dichloromethane to see whether there was any evidence of the formation of C=S 

stretching during the reaction.34,35,39–41 If the [2+2] cycloaddition follows path b it might 

be evident from the C=S stretch arising from the C=S group in the 1,5-dipole 

intermediate (III-16b, Scheme 3.3). We analyzed the IR spectral region from 1300-2000 

cm-1 while running these reactions to find any evidence of the intermediate species.39–41 

In-situ react-IR stacked spectra for the reaction of phenylethynyl sulfide with DEAD is 

shown in Figure 3.3. These results did not show any significant evidence for the C=S 

stretching for a possible 1,5-dipole intermediate (III-16b, Scheme 3.3). 
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Figure 3.3. In situ react-IR stacked spectra for alkynyl sulfide and diethyl 

azodicarboxylate (DEAD) reaction. 
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Nevertheless, when we carefully looked at the react-IR spectra, the carbonyl 

region (~1600-1800 cm-1) of the stacked IR spectra showed a gradual increase in the 

intensity and followed by a sudden drop and again an increase over the course of the 

reaction. We believe that this “zig-zag” behavior in the intensity could be a manifestation 

of the formation and accumulation of the monocyclic diazacyclobutene III-7b and then 

facile ring opening of the III-7b (Figure 3.3). 

 

In contrast, the in situ react-IR stacked spectra of the reaction of phenylethynyl 

sulfide with PTAD has no evidence of any intermediate species other than a sudden drop 

of the carbonyl stretching intensity of PTAD and the increase of the product carbonyl 

stretching intensity, followed by a saturation as expected (shown in Figure 3.4). 

 

Finally, we turned towards a computational simulation of this reaction. These 

simulations revealed that the reaction likely proceeds through a highly asynchronous 

[2+2] cycloaddition to form the monocyclic diazacyclobutene. This means that path a 

and path b both could be operative in this reaction mechanism.11 
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Figure 3.4. In situ react-IR stacked spectra for alkynyl sulfide and 4-phenyl-triazoline-

3,5-dione (PTAD) reaction. 
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Then we wished to further analyze the geometry of the 2-iminothioimidate III-8b 

since the geometry of III-8b might also provide more information about the conrotatory 

ring opening event. We further analyzed the final 2-iminothioimidate products by means 

of 2D-NOESY, low temperature NMR; X-ray crystallographic data, and computational 

simulations in order to identify the possible isomers of the 2-iminothioimidate product. 

 

2D-NOESY was unable to provide any direct evidence of the imine/thioimidate 

geometries. The low temperature NMR studies showed that 2-iminothioimidate rapidly 

isomerizes at room temperature. These results are extensively discussed in section 3.1.4. 

We were also able to generate single crystals of the 2-iminothioimidate III-8g (Where R1 

= Phenyl, R2 = Phenyl and X = S, see Experimental section 3.5.9 for more information), 

and we found that III-8g has a solid state geometry of (Z)-imine, (Z)-thioimidate. (This 

(Z)-imine, (Z)-thioimidate geometry has been drawn for the all the 2-iminothioimidate 

structures shown in Scheme 3.2 by analogy). 

 

Lastly, computational analysis also suggested that these 2-iminothioimidates 

rapidly interconvert between Z/E isomers at ambient temperature.11 The detailed energy 

analysis for all the possible conformers of III-8 were performed computationally and 

found that (Z)-imine, (E)-thioimidate or the Z/E isomer is the lowest energy form of III-

8.11 The difference of the geometry in crystalline III-8g (Z/Z) appears to be an artifact of 

the crystal packing forces due to π stacking. Further calculations revealed that the energy 

difference of the crystallized conformer III-8g (E(Z/Z) = +0.3 kcal/mol) is rather small 
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compared to the absolute lowest energy geometry (E(Z/E) = 0.0 kcal/mol). It is not 

surprising that the crystalline III-8g compensates such a small energy change by crystal 

packing forces to prefer Z/Z geometry rather than Z/E. In conclusion, due to the rapid 

isomerization of the 2-iminothioimidate, we found that it is difficult to assign which 

isomer is first formed during the reaction by means of the electrocyclic ring opening of 

the diazacyclobutene intermediate. 

 

Based on overall experimental data and literature studies, we believe that, the 

[2+2] cycloaddition between alkynyl sulfide and azodicarboxylates proceeds by process 

at the interface between path a and path b to form the monocyclic diazacyclobutene III-

7, which isomerizes rapidly between cis- III-7 and trans- III-7. Since the trans- III-7 is 

more stable than the cis analog, this intermediate probably undergoes the 4π-conrotatory 

cycloreversion to form the Z/E conformer of the 2-iminothioimidate III-8 followed by a 

rapid Z/E isomerization at room temperature (Scheme 3.3).3,11 
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3.1.4. Dynamic NMR studies of 2-iminothioimidates 

The 2-iminothioimidate III-8q (R1 = Ph, R2 = Et, R3 = Bn, X = S in Scheme 3.2) 

was chosen for low temperature NMR studies due to the possible diastereotopicity of the 

benzyl methylene protons at the R3 position and the sulfur methylene protons at the R2 

position. Initial variable temperature NMR results with imidothioimidate III-8q were 

surprising to us. We observed two different proton exchange rates for the two benzyl 

methylene protons of the imine carbamoyl groups with one being an AB doublet of 

doublets owing to the diastereotopic exchange present in one of the benzyl methylene 

protons due to slow exchange (see 4.5–5.5 ppm in Figure 3.5). 

 

Moreover, the S-methylene protons of III-8q also showed multiplets, possibly 

due to the diastereotopic effect (see 2.5–3.5 ppm in Figure 3.5). In order to further 

confirm that these S-methylene multiplets are arising from a diastereotopicity rather than 

from different isomers or rotomers that shows different chemical shifts; we decoupled the 

adjacent methyl protons of the S-ethyl group and observed the low temperature spectra. 

We found that the observed spectra arise solely from a diastereotopic exchange process 

by obtaining an AB doublet of doublet for this decoupled spectrum (see 2.8– 3.2 ppm in 

Figure 3.6).  
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Figure 3.5. Variable temperature 1H NMR spectra of III-8q recorded at different 

temperatures in the range of 21°C to –48˚C (293  –225 K) in CDCl3. 

 

  



298 
 

 

Figure 3.6. Variable temperature homodecoupled (at methyl protons) 1H NMR spectra of 

III-8q recorded at different temperatures over the range of 21˚C to –32˚C (293 – 225 K) 

in CDCl3. 
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Theoretically, there are three major ways these S-methelene protons and benzyl 

methylene protons can exhibit diastereotopicity at lower temperatures. If the lower 

temperatures slow the rotation about the C-C single bond in-between the two imine 

moieties beyond the NMR timescale, two more stable, chiral atropisomers (staggered-1 

and 2) may appear,  out of four major rotomers (staggered and eclipsed, see Scheme 3.4). 

 

Another possible explanation might be the out-of-plane imine N-inversion  

(i.e., with respect to the imine double bond plane), which would result in four 

diastereomers which will be a pair of non-superimposable mirror images for any of the 

rotomers in Scheme 3.4. However, it is apparent that the out-of-plane N-inversion in  

III-8q is a geometrically restricted process due to the perpendicular imine pi bond. 

Therefore, another possible N-inversion pathway is the in-plane N-inversion via sp2-sp-

sp2 hybridization change of the nitrogen. The in-plane imine N-inversion would not 

produce an instance of diastereotopicity unless it arises from a non-eclipsed rotomer with 

slowed rotation beyond the NMR time scale (i.e., any other rotomer than eclipsed in 

Scheme 3.4). Finally, rotation about imino nitrogen-carbamoyl carbon bond could also 

lead to chiral species.42–45 
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Scheme 3.4. Major atropisomers possible via slowed C-C rotation between two imine 

moieties for III-8q (In-plane imine N-inversion has not been considered here.) 

 

We then set out to determine what are the major isomers present in a sample of  

2-iminothioimidate III-8q at very low temperature. We used THF-d8 to access 

temperatures as low as –58˚C in the spectrometer. Unexpectedly, in THF-d8, we saw 

both benzyl methylene protons of the imine carbamoyl groups are showing slow 

exchange (Figure 3.7). In addition, we saw an AB doublet of doublet and three singlets in 

between 5.1-5.4 ppm (see Figure 3.7) at low temperature in THF-d8, suggesting that 

there could be chiral and achiral species in the mixture at very low temperature. 
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Figure 3.7. Variable temperature 1H NMR spectra of III-8q recorded at different 

temperatures over the range of 21˚C to –58˚C (293–216 K) in THF-d8. 

The achiral components of the mixture might be explained by considering 

eclipsed rotational isomers.  Chiral species can be achieved by rotation about the imino 

nitrogen-carbamoyl carbon bond or atropisomers arising from slowed rotation of the 

central C-C bond. One of the important questions we had at this point is to find out 

whether N-inverison (in-plane) is slower than the hindered C-C rotation between the sp2 

carbons or imino N-carbamoyl carbon rotation.   
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In order to understand the rotational energy barrier of the C-C joining two sp2 Cs; 

the dihedral angle vs. energy of the conformer III-8b in gas phase was graphed. The 

energies of the conformers were computed at 6-31G*/B3LYP (d,p) level, as implemented 

in the Gaussian 09 program.46,47 These results are shown in Figure 3.8. 

 

Figure 3.8. Dihedral angle vs. potential energy of III-8b [DFT 6-31G*/B3LYP (d,p)] 

(Note: Dihedral angle was taken through imine nitrogen to thioimidate nitrogen and +ve 

values are anti clockwise rotation whereas –ve values are clockwise rotation) 
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The highest energy conformer of III-8b in the gas phase was +8 kcal/mol and 

thus shows a very lower energy barrier for imine C-C rotation. These results suggest that 

imine C-C rotation is more likely a fast process on the NMR time scale. 

 

In addition, when we carefully investigate the experimental observations of the 

two different proton exchange rates in CDCl3 (Figure 3.5) vs. THF-d8 (where both imine 

N-inversions showed slow exchange, see Figure 3.7); it is apparent that this experimental 

evidence are in good agreement with the sp2-sp-sp2 imine N-inversion since the hindered 

rotation and the rotation between imino nitrogen and carbamoyl carbon are less likely to 

be influenced by the solvent polarity. Furthermore, these two different rates suggest that 

the transition state (TS) energy of the sp2-sp-sp2 N-inversions of the imine moiety and the 

imidate moiety are different. This is possibly due to fact that the N-inversion TS of the 

imine moiety has more nonpolar character compared to the TS of the imidate N-

inversion. Typically, if there are chiral isomers evidences in 1H NMR via slow N-

inversion at low temperature; this means that the energy barrier of the N-inversion is very 

high at that particular temperature. In this case, compared to CDCl3 (Figure 3.5), THF-d8 

(Figure 3.7) increases the transition state energy of one of the N-inversion by changing 

the dipole moment (Chloroform = 1.04 debye, THF = 1.75 debye).48 Since the imine 

moiety has more nonpolar character than the imidate moiety, THF-d8 presumably 

increases the TS energy of the more nonpolar TS which corresponds to the imine moiety. 

Therefore, we speculate that, further downfield slow exchange of the benzyl methylene 

protons are arising from the imine moiety which is sensitive to polar solvents. This is also 
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reflected in the Mulliken charge distribution of the lowest energy conformer of III-8b 

which was computed at6-31G*/B3LYP (d,p)] DFT method in gas phase. These Mulliken 

charges are tabulated below in Table 3.1. Table 3.1 clearly shows that the atomic charge 

difference of the C=N and C=O groups are high in the thioimidate moiety compared to 

the imine moiety. This is presumably due to electron pushing from the electron donor 

atom (sulfur) adjacent to the C=N group of the thioimidate moiety which is absent in the 

imine moiety. 

 

Since the rotation between imino nitrogen and carbamoyl carbon is also less likely 

to occur, we can eliminate the contribution from those processes to generate these low 

temperature 2-iminothioimidate isomers. Taken together, we can speculate that these 

isomers at low temperature are most probably arising by a combination of in-plane N-

inversion and hindered rotation at very low temperature. However, little can be said at 

present about the correct mode of this diastereotopic exchange process than speculating 

the most possible mode of diastereotopic exchange with the current experimental and 

computational results. But more studies are needed in order to validate these 

experimental results and investigate the correct mode of the diastereotopic exchange 

process at low temperature.  
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Table 3.1. Mulliken charges of III-8b computed at 6-31G*/B3LYP (d,p) level in gas 

phase. (Note: Imine moiety is in blue color and thioimidate moiety is in red color in the 

chemical structure). 

 

 

 

 

 

 

 

 

 

 

  

Atom number Imine moiety Imidate moeity 

1 –0.191 - 

2 –0.119 - 

3 0.109 - 

4 –0.202 - 

5 - –0.369 

6 - 0.363 

7 - 0.026 

8 - –0.222 
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Overall, these low temperature NMR studies show that 2-iminothioimidates are 

rapidly isomerizing at room temperature. Also, it is important to note that the N-inversion 

of the imine nitrogen and the imidate nitrogen of the same 2-iminothioimidate molecule 

III-8q has a solvent effect which is evident when comparing the stacked spectra in Figure 

3.5 and 3.7 (CDCl3 vs. THF-d8). It would be interesting to study this behavior in detail 

with more solvents with different dipole moments to identify the effects on the transition 

state of this dynamic process. More experimental studies by synthesizing different 2-

iminothioimidates with asymmetric azodicarboxylates49 and computational studies with 

implementing different methods (e.g. by considering solvation models and non-covalent 

interactions)1,11,50 are underway in order to further investigate this dynamic process more 

accurately. 

 

3.1.5. Conclusions 

In conclusion, we have showed a convenient route to access synthetically useful 

N,N-dicarbamoyl 2-iminothioimidates by means of the [2+2] cycloaddition of 

alkynylsulfides and selenides with commercially available acyclic azodicarboxylates to 

form a monocyclic diazacyclobutene intermediate followed by 4π-conrotatory 

cycloreversion. This reaction served as the first reaction to make this new class of 

compounds according to best of our knowledge. Also, these 2-iminothioimidates may 

provide access to acyclic vic-diamines which could be obtained by one synthetic 

operation. Thorough investigations of the mechanism of this reaction with the help of 

variable temperature NMR, react-IR, and computational studies suggested that the 
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reaction could either proceed via a concerted [2+2] cycloaddition or via a 1,5-dipole 

intermediate to form the monocyclic diazacyclobutene followed by 4π-conrotatory 

cycloreversion to form the corresponding 2-iminothioimidate. 

 

Additionally, low temperature NMR studies and computational studies predicted 

that 2-iminothioimidate exists as a mixture of isomers at very low temperature. Low 

temperature NMR and homodecoupled NMR further suggest that the imine N-inversion 

of the 2-iminothioimidate is a diastereomeric process and more likely occurring through a 

combination effect of in-plane N-inversion with the hindered rotation. In addition, low 

temperature studies with different solvents with different dipole moments revealed that 

the N-inversion of imine moiety and the imidate moiety has different transition state (TS) 

natures. Therefore this N-inversion is in good agreement with the sp2-sp-sp2 imine N-

inversion since the solvent polarity has less effect on the hindered rotation and the 

rotation between imino nitrogen and carbamoyl carbon. This study further showed that 

the TS of the N-inversion of the imine moiety have a nonpolar character. More 

experimental and computational studies are underway in order to further prove these 

arguments. 
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3.2. [2+2] vs. Ene reaction competition for the reaction between electron-rich 

alkynes and acyclic azodicarboxylates and the synthesis of five-membered N-

heterocycle: Tetrahydroindoles. 

3.2.1 Introduction 

With the hope of exploring this chemistry even further, we wished to investigate 

the competition between our initially developed [2+2] cycloaddition and the traditional 

ene reaction. A typical ene reaction is a reaction between an ene component (eg: alkene, 

alkyne, C-heteroatom bond) and the enophile (eg: C=C, C=O, C=N, N=N) to form the 

ene product while breaking and forming bonds in a concerted fashion (Scheme 3.5, Eq. 

1).  

 

In previous studies, particularly acyclic azodicarboxylates have shown ene 

reactions with acyclic olefins, cyclic mono-olefins, and cyclic di-olefins.51–55 For 

example Bis(2,2,2-trichloroethyl) azodicarboxylate (III-6d) formed the ene product with 

cyclic mono olefins such as cyclohexene (III-18) under thermal conditions (Scheme 3.5, 

Eq. 2).53 Furthermore, under catalytic conditions such as in the presence of SnCl4 at 

cryogenic temperatures, cyclohexene (III-18) and diethyl azodicarboxylate (III-6a) were 

found to rapidly form the corresponding ene product (III-20) (Scheme 3.5, Eq. 3).52 
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Scheme 3.5. Related examples of the formal ene reaction of azodicarboxylates. 
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These previous ene reaction examples of the acyclic azodicarboxylates inspired us 

to evaluate whether the ene reaction might compete with our previously developed [2+2] 

cycloaddition reaction. In order to study this competition, we selected a model 

compound, cyclohexenyl sulfide III-26, which bear cyclic olefin functionality with 

allylic hydrogens that could in principle undergo competing ene reaction along with 

required electron rich alkyne functionality to perform the [2+2] cycloaddition (Scheme 

3.6).  

 

3.2.2 Testing the Ene reaction competition with a model compound 

In order to start these studies we first selected a couple of acyclic 

azodicarboxylates (i.e., III-6a (DEAD), III-6d (TCEAD)) and reacted them with the 

model compound III-26 under reflux conditions using common solvents such as 

dichloromethane, acetonitrile, and toluene. If the substrate undergoes an ene reaction, it 

could possibly form two different ene products due to the presence of two different allylic 

positions on the model compound III-26 (Scheme 3.6).51–54 However, if the reaction 

predominantly follows the [2+2] cycloaddition route, it will first form the monocyclic 

diazacyclobutene (III-7u) and then it will convert into the corresponding 2-

iminothioimidate (III-8u) via 4π-conrotatory ring opening similar to what we have 

discussed earlier in this chapter (Section 3.1).11 Interestingly, we saw that the thermal 

reaction between the cyclic enyne sulfides (III-26) and acyclic azodicarboxylates 

predominantly follow the [2+2] cycloaddition pathway, without any detectable amounts 

of ene products.  
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Scheme 3.6. Competition between the formal ene reaction and the initially developed 

[2+2] cycloaddition. 

  



312 
 

In order to understand this competition even better, it is important to know the 

possible reaction pathways of the thermal ene reaction of cyclic olefins and acyclic 

azodicarboxylates. In previous studies, researchers have broadly investigated the thermal 

ene reaction between acyclic azodicarboxylates with cyclic mono-olefins and cyclic 

dienes.56–58 

 

Moreover, literature studies suggest that “ene reaction” of cyclic mono-olefins 

with acyclic azodicarboxylates follows more likely a stepwise (i.e., diradical) pathway, as 

the principle mode of reaction due to the entropic or energetic favorability (Scheme 

3.7).56 If acyclic mono-olefin III-17 follows a radical pathway during the ene reaction 

with acyclic azodicarboxylates, in the propagation step, it will react with a radical 

intermediate III-21 and form the diradical III-22 (Scheme 3.7, Eq. 1). During this 

process, III-17 will lose the rotation around the C-C single bond which will lead to an 

unfavorable entropy change between the ground state III-17 and the transition state of the 

process. Due to this phenomenon, acyclic mono-olefins are unlikely to follow a diradical 

pathway during this ene raction. In contrast, cyclic mono-olefins such as cyclohexene III-

18 will not have such an entropy change to form the diradical III-24 due to the restricted 

geometry in the ground state (Scheme 3.7, Eq. 2). Thus cyclic mono-olefins favor the 

diradical or the stepwise pathway during this ene reaction.56 
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Scheme 3.7. Comparison of the plausible mechanism of formal ene reaction between 

acyclic and cyclic mono-olefins with azodicarboxylates. 
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On the other hand, the [2+2] cycloaddition between electron rich alkynes and the 

azodicarboxylates is a highly asynchronous process and it could either be accomplish via 

a concerted or stepwise manner.11 Therefore, we believe that the [2+2] cycloaddition is 

an energetically favorable process in this competitive reaction compared to the stepwise 

diradical pathway under thermal conditions. 

 

3.2.3. Substrate dependency and temperature dependency 

When we further explore these ene vs. [2+2] cycloaddition competition reactions, 

we found an interesting substrate dependent and temperature dependent reactivity of the 

alkyl cyclohexenyl sulfides III-26a and the acyclic azodicarboxylates III-6a and III-6d 

(Scheme 3.8).When the alkyl cyclohexenyl sulfide III-26 was reacted with diethyl 

azodicarboxylate (III-6a, DEAD) under the previously optimized thermal conditions 

(i.e., refluxing acetonitrile, 24 h), the corresponding 2-iminothioimidate III-8v (R2 = Me) 

and III-8w (R2 = Et) was formed in good yields (66% and 68% respectively) (Reaction 1, 

Scheme 3.8). In contrast, when the same reaction condition was used with cyclohexenyl 

sulfide III-26a while changing the azodicarboxylate substrate to a more electrophillic   

bis(2,2,2-trichloroethyl) azodicarboxylate (III-6d, TCEAD), the 2-iminothioimidate  

(III-8x) was generated in 33% yield, and another new compound, tetrahydroindole  

(III-27a) was isolated in 12% yield (Reaction 2, Condition B, Scheme 3.8). This 

substrate dependency of the reaction surprised us. In addition, when the same reaction 

was performed at dichloromethane reflux condition, it was only provided the  

2-iminothioimidate product in 36% yield (Reaction 2, Condition A, Scheme 3.8). 
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Scheme 3.8. Substrate dependency and different solvent reflux studies of the 

tetrahydroindole synthesis. (Note: a = isolated yields, b = 1H NMR integration ratio of the 

crude product)  
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Furthermore, upon performing the reaction with TCEAD at a higher temperature 

in refluxing toluene, it provided 52% of the tetrahydroindole III-27a in 24 hours and 

77% of the tetrahydroindole III-27a in 72 hours with no evidence of the  

2-iminothioimidate product (Reaction 3, Scheme 3.8). One of the disadvantages we 

observed in the 1H NMR spectrum is that the signals for the vinyl hydrogen of the 

corresponding 2-iminothioimidate and the hydrogen of the NH group of tetrahydroindole 

product (III-27a) both comes around the same chemical shift as a broad singlet which 

makes it difficult to distinguish these products.  

 

However, we were able to confirm the two different products generated with 

DEAD and TCEAD by means of 2D-HMQC analysis (Figure 3.9 and 3.10). Figure 3.9 

shows the 2D-HMQC analysis of the 2-iminothioimidate III-8v, and Figure 3.10 shows 

the 2D-HMQC analysis of thetetrahydroindole III-27a. It is important to note that the  

2-iminothioimidate III-8v has a vinyl hydrogen directly attached to a vinyl carbon 

whereas in the tetrahydroindole product III-27a, that vinylic proton  no longer exists due 

to the fused six and five membered rings. This is evidently seen in the 2D-HMQC 

analysis where the 2-iminothioimidate (III-8v) has a cross peak which is directly 

correlated to a carbon at 146 ppm (Figure 3.9) whereas tetrahydroindole (III-27a) does 

not have any cross peaks in the 2D-HMQC spectrum suggesting that the hydrogen is no 

longer attached to the carbon (Figure 3.10). Furthermore, the inset of the Figure 3.9 

shows evidence for the characteristic isomerization process of the 2-iminothioimidate  

III-8v for the vinyl hydrogen signal in the 1H NMR at very low temperature in CDCl3. 
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Figure 3.9. 2D-HMQC analysis of 2-iminothioimidate III-8v. 

 

Figure 3.10. 2D-HMQC analysis of tetrahydroindole III-27a.  
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Additionally, the same scenario of the formation of 2-iminothioimidate was 

proved with an additional cyclohexenyl thio-alkyne substrate bearing an S-Ethyl group as 

well as with an azodicarboxylate substrate; di-isopropyl azodicarboxylate (DIAD). These 

results further confirm the substrate dependency and the temperature dependency of this 

tetrahydroindole synthesis with cyclohexenyl sulfides and acyclic azodicarboxylates. 

 

3.2.4. Mechanism of the tetrahydroindole synthesis 

Based on our initial understanding of this [2+2] cycloaddition reaction1,3,9,11 and 

the experimental evidence, we proposed a mechanism for the synthesis of 

tetrahydroindoles which is outlined in Scheme 3.9. First, the alkyl cyclohexenyl sulfide 

can perform the [2+2] cycloaddition with the bis(2,2,2-trichloroethyl) azodicarboxylate 

(TCEAD) to form the monocyclic diazacyclobutene intermediate. As we described 

earlier, this diazacyclobutene intermediate is rather unstable and forms the corresponding 

2-iminothioimidate via facile cycloreversion. Now this particular 2-iminothioimidate 

generated from the enyne sulfide and TCEAD will have two distinct electronic regions in 

the same molecule which have been color coded in red and green in Scheme 3.9.  

α,β–unsaturated imine portion of the molecule which is indicated in red is more 

electrophilic and could act as a Michael acceptor whereas the imidate portion of the 

molecule highlighted in green could act as a Michael donor. Due to the two distinct 

electronic environments, this 2-iminothioimidate might undergo intramolecular aza-

Michael addition to form intermediate III-28, followed by hydrogen transfer and 

aromatization to form the final tetrahydroindole product.   



319 
 

 

Scheme 3.9. Plausible mechanism of the tetrahydroindole synthesis.  
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It is interesting to note that the trichloroethyl groups in the TCEAD (III-6d) 

appear to provide sufficient electron withdrawing properties to the Michael acceptor 

portion of the molecule to facilitate the cyclization whereas DEAD (III-6a) evidently 

does not promote the cyclization to the tetrahydoindole. Intriguingly, according to 

Baldwin rules of cyclization, this particular transformation of intra-molecular  

aza-Michael addition to form the fused tetrahydroindole motif can be categorized under 

the 5-endo-trig cyclization which is well documented as a disfavored ring closure.59–64 

However, we believe that the 5-membered aromatic pyrrole ring that forms at the end of 

the transformation is governing this reaction to a thermodynamic sink which tips the 

balance in favor of tetrahydroindole formation. 

 

We performed radical scavenger experiments in the presence of styrene or  

1,1-diphenylethylene while running the same experiment for the tetrahydroindole 

synthesis and analyzed the GC-MS data in order to find any evidence of whether or not 

this reaction proceeds via radical intermediate.65 However, these experiments failed to 

provide any evidence of radical intermediate during the reaction. Nevertheless, the 

precise mechanism of the 5-endo-trig cyclization is still vague and yet to be fully 

understood. Further experiments to understand this mechanism are currently 

underway.66,67 

  



321 
 

3.2.5. Biological importance and previous studies of the tetrahydroindoles. 

In addition to the mechanistic interest, we are delighted about the synthesis of 

tetrahydroindoles due to their biological importance. A few examples highlighting the 

biological importance of the tetrahydroindoles and related motifs known as 

tetrahydrocyclopenta[b]pyrroles are highlighted in Figure 3.11.  

 

 

Figure 3.11. Biological importance of the tetrahydroindoles and 

tetrahydrocyclopenta[b]pyrroles.  
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These motifs are found in pharmacophores that serve as anti-inflammatory 

agents,68 therapeutic agents of Alzheimer’s disease,69–71 dopaminergic drugs,72 or 

inhibitors for cyclooxygenase 2,73 D-amino oxidase74 and Src tyrosine kinase.75 

 

There are multiple different synthetic strategies that have been developed to 

synthesize tetrahydroindole derivatives in the past.73,76–91 These reactions often involve 

pyrolysis,76 olefin metathesis,88 catalytic hydrogenation and dehydrogenation 

strategies,82,83,90 cascade reactions77,81,84–87 with substitution, addition and rearrangements. 

Some of the recent and frequently used strategies are outlined in the Scheme 3.10. One of 

the common approaches used to produce tetrahydroindoles is converting cyclic mono or 

di-ketones to the corresponding tetrahydroindole derivative via cyclic oximes or 

enamines.77,78,81,84–87,91 This approach has been recently utilized in a one-pot synthetic 

operation to obtain 44% of the tetrahydroindole (III-31) via cyclohexanone (III-30) 

(Scheme 3.10 Eq. 1).87 

 

Another divergent method has been used to synthesize tetrahydroindole 

derivatives via the catalytic ring expansion of propargylic aziridines (III-33) (Scheme 

3.10 Eq. 2).79 However this method required multiple steps to produce the propargylic 

aziridine precursor prior to the synthesis of tetrahydroindoles. A majority of protocols 

have employed catalytic and thermal 5-endo-dig cyclizations to form the tetrahydroindole 

motif. For example amino propargylic alcohols such as III-35 are often used as the key 

starting material to produce tetrahydroindoles (Scheme 3.10 Eq. 3).80 
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Recently, a [2+2+1] annulation reaction has been developed by Malone et al. with 

cyclic α-hydroxy silylenol ethers (eg:III-37) by reacting that with silylenol ethers (eg: 

III-38) and primary amine nucleophiles to obtain a diverse array of tetrahydroindole and 

tetrahydrocyclopenta[b]pyrroles derivatives in moderate to excellent yields (Scheme 3.10 

Eq. 4).73 
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Scheme 3.10. Recent examples of the synthesis of tetrahydroindoles. 
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3.2.6. Optimization and the scope of tetrahydroindoles. 

Regardless of the previous attempts on synthesizing tetrahydroindoles, we believe 

that the methodology that is described here is a unique strategy to form highly substituted 

tetehydroindoles with an interesting and unprecedented 5-endo-trig cyclization 

mechanism. Furthermore, it is interesting to note that in literature studies, highly 

substituted tetrahydroindoles (eg: III-27a in Scheme 3.8) are scarce. 

 

Thus, we set out experiments to optimize the reaction conditions for the 

tetrahydroindole synthesis with methyl cyclohexenyl sulfide (III-26a) and bis(2,2,2-

trichloroethyl) azodicarboxylate (III-6d) (Table 3.2). We first used our previously 

optimized conditions (i.e., MeCN reflux for 24 h and 1:1.3 equiv of TCEAD: thio-

alkyne) to provide the corresponding tetrahydroindole III-27a (entry 1,Table 3.2). We 

found that even after isolation via flash silica gel chromatography, there was some 

remaining 2-iminothioimidate (III-8x) left over in the product. This is presumably due to 

the similar polarities of both 2-iminothioimidate (III-8x) and the tetrahydroindole (III-

27a), causing them to elute at the same time. Since both compounds (III-8x and III-27a) 

have the same molecular weight, we determined that 12% of the tetrahydroindole product 

III-27a was formed based on the weight of the isolated crude product and the 1H NMR 

integration ratio analysis.  

 

Because both 2-iminothioimidate III-8v and the tetrahydroindole III-27a have a 

tendency to elute at the same time and because the 1H NMR signals for the vinyl 
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hydrogen of III-8v and the hydrogen for the NH group of III-27a both appear at the same 

ppm, all of the optimization experiments were further confirmed with 2D-HMQC 

analysis and 13C NMR in order to distinguish these two compounds. Thus, the acetonitrile 

reflux time of the reaction was lengthened to 72 h and 21% yield of the tetrahydroindole 

product III-27a was isolated (entry 2, Table 3.2). Next, the reaction was refluxed with 

toluene for 24, 48 and 72 h and these attempts provided the tetrahydroindole product in 

52%, 80% and 77% yields, respectively (entry 3-5).  

 

Later, it was found that the results of the 48 h attempt had minor impurities of the  

2-iminothioimidate (III-8x). However, isolation of the tetrahydroindole III-27a after 72 h 

resulted in a clean product presumably due to the longer reaction time provided for a 

thermal clean-up of the remaining 2-iminothioimidate intermediate by converting it to the 

final product. 

 

In order to see whether the reaction time could be shortened with a catalyst, the 

reaction was refluxed in toluene for a shorter period of time such as for 24 h in the 

presence of a Lewis acid such as 10 mol% MgCl2, which resulted 64% of the III-27a 

(entry 6). The selection of the MgCl2 as a catalyst was decided after performing this 

reaction with a variety of different potential catalysts which will be described later in this 

discussion. Then the gradual decrease of the equivalence of the methyl cyclohexenyl 

sulfide III-26a resulted in significant drop in yield from 80% to about 40% yield (entry 

7-9). It is important to note that optimization efforts under reflux conditions with higher 
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boiling solvents such as DMSO and DMF did not show any evidence of the 

tetrahydroindole product. 
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Table 3.2. Optimization of the tetrahydroindole synthesis. 

 

 

 

 

 

 

 

 

 

 

a = 

Isolated yields, b = isolation and NMR integration ratio, c = 10 mol% MgCl2 was used. 

Entry  Solvent  Reflux 
time (h) 

Equiv. of the 
Thio-alkyne  Yield%a 

1  MeCN 24  1.3   12b 

2  MeCN 72  1.3  21  

3  Toluene  24  1.3  52  

4  Toluene  48  1.3   80b 

5  Toluene  72  1.3  77  

6c Toluene  24  1.3  64  

7  Toluene  72  1.2  72  

8  Toluene  72  1.1  32  

9  Toluene  72  1.0  45  
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Next, we screened this reaction with different additives and catalysts at room 

temperature and reflux conditions with lower boiling solvents, in order to see the 

possibility of performing this reaction at milder conditions than the vigorous thermal 

conditions for a longer period. In all of these screening attempts, the crude mixture was 

carefully analyzed by 1H NMR and 2D-HMQC to verify the evidence of the 

tetrahydroindole product prior to the purification step in order to facilitate a rapid 

catalytic screening. 

 

We initially tested additives such as weak bases and Lewis bases (eg.. K2CO3, 

triphenylphosphine, and triethylamine) and found that these bases inhibit the reaction by 

quickly reacting with the azodicarboxylate (III-6d, TCEAD). Then we tested a series of 

Lewis acid catalysts such as alkali earth metal (Mg(II)),92 metalloids (BF3•Et2O), 

transition metals (Sc(III),93,94 Ti(IV), Cu(II),95 Zn(II), Ag(I)), post-transition metals  

(Al (III), Sn(IV),96 In (III)),97 and none of them provided the tetrahydroindole product. 

 

Furthermore, since the 5-endo-trig cyclization from the 2-iminothioimidate to 

tetrahydroindole (see Scheme 3.9) is similar to Nazarov cyclization, we employed 

several Nazarov reaction conditions to see this approach facilitated the reaction. 

However, the Nazarov reaction conditions with catalytic amounts of para-toluenesulfonic 

acid, triflic acid, and camphor sulfonic acid were unable to produce any evidence of the 

tetrahydroindole product.98–104 Interestingly, 10 mol% of MgCl2 in DCM for 72 h at room 

temperature resulted 41% of the clean 2-iminothioimidate product. In recent catalytic 
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combination studies, for instance Mg(II) coupled with Cu(II) was able to produce trace 

evidence of the tetrahydroindole product. These results gave us optimism to further 

explore a new catalytic system to synthesize tetrahydroindoles in a more convenient 

fashion. Further catalytic attempts are an active area of study in our laboratory. 

 

Nevertheless, based on all these observations so far, we settled on the conditions 

in entry 5 (highlighted in bold in Table 3.2) as our current optimized reaction conditions 

to explore the substrate scope limits of the tetrahydroindole synthesis. To begin, we first 

synthesized a standard series of enyne sulfides (III-26) by changing the R2 group 

(Scheme 3.11). We used the same n-butyl lithium protocols to perform this synthesis 

which was described earlier (in Chapter 2, Section 2.2, Tables 2.1 and 2.2).105–107 Using 

this established protocol, a set of alkyl cyclohexenyl sulfides bearing shorter and longer 

alkyl chains or aryl groups (eg: benzyl group) at the R2 position were synthesized in 

moderate to excellent yields (III-26a-g, Scheme 3.11). In addition, by changing the 

chalcogen atom from sulfur to selenium; two cyclohexenyne selenides (III-26h and III-

26i) were also synthesized in excellent yields (i.e., 93% and 94% yield, respectively). 

Moreover, methanebis(cyclohexenynlsulfane) III-26j was also synthesized which consist 

of two cyclohexenynl units bridged by sulfur-methelene-sulfur linkage in rather low yield 

(i.e., 24%). 

 

Furthermore, with the hope synthesizing the corresponding pyrroles by utilizing 

the same 5-endo-trig cyclization reaction with acyclic enyne sulfides, two additional 
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analogues of the enyne sulfide III-29a-b were prepared from 3-buten-1-yne by applying 

the established n-butyl lithium protocols (Scheme 3.11). However, these acyclic enyne 

sulfides III-29a-b were used as crude products due to their high volatility. Due to the 

volatility of III-29a-b; another enyne sulfide III-29c was synthesized which consist of an 

S-benzyl group in 71% yield. 

 

We then employed the optimized conditions (i.e., refluxing toluene, 72 h) to 

synthesize our first series of tetrahydroindoles bearing different S-alkyl or aryl groups 

(Scheme 3.12). Cyclohexenyl sulfides bearing shorter S-alkyl chains such as methyl, 

ethyl, n-propyl, and n-butyl were successfully converted into their corresponding 

tetrahydroindoles III-27a-d in 72-79% yields. Substrates bearing long S-alkyl chains  

(i.e., n-pentyl, n-octyl) afforded tetrahydroindoles III-27e-f in 77% and 83% yields, 

respectively. 
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Scheme 3.11. Enyne sulfide synthesis. 
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In contrast, the S-benzyl analogue of the tetrahydroindole derivative III-27g was 

formed in a rather poor yield (29%). This lower yield resulted presumably due to the less 

tolerance of the S-benzyl group bearing cyclohexenyl sulfide III-26g to a longer reflux 

time in toluene at very high temperature (ca. 110˚C). This was evident by TLC analysis 

that indicated the absence of the cyclohexenyl sulfide after the reaction was completed. 

Also, by performing the reaction with the cyclohexenyl selenides the analogous selenium 

derivative of the tetrahydroindole III-27i was formed in lower yield (31%). However, the 

tetrahydroindole resulted from the methyl cyclohexenyl selenide (III-26h) showed some 

minor evidence of the 2-iminothioimidate intermediate in the NMR even after the 

purification due to the co-elution of the tetrahydroindole and the 2-iminothioimidate 

intermediate. Moreover, a gram scale preparation of III-27a was able to provide 1.01 g 

(64%) of the tetrahydroindole under the thermally optimized conditions. 

 

On the other hand, the volatile enyne sulfides (III-29a-b) and the S-benzyl analog  

III-29c synthesized from 3-buten-1-yne were failed to provide the corresponding pyrrole 

product presumably due to the less tolerance to the 72 hrs toluene reflux conditions. This 

reaction failure was also reflected in the reaction with methanebis(cyclohexenynlsulfane) 

III-26j. We believe that the sulfur-methelene-sulfur linkage of III-26j is less tolerance to 

the toluene reflux conditions. Synthesizing more derivatives of these tetrahydroindole 

compounds is currently underway.  
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Scheme 3.12. Scope of the tetrahydroindoles. 
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3.2.7. Ongoing and future work of the tetrahydroindole synthesis 

We then turned towards synthesizing different tetrahydroindoles starting with 

cyclic ketones which could allow us to change the cyclohexene side of the final product. 

However, changing the cyclohexene side of the molecule is not trivial compared to 

changing the R group at the chalcogen atom. One of the convenient strategies that we can 

follow is to start from a cyclic ketone such as III-33 and form the corresponding 

tetrahydroindole in 5 synthetic steps (Scheme 3.13). First we can convert the cyclic 

ketone such as III-33 into the corresponding vinyl triflate III-34 and then synthesize the 

silyl protected alkyne III-35 via Sonagashira coupling. Then by deprotection of the silyl 

group of III-35 to obtain III-36 followed by applying the n-butyl lithium chemistry to 

synthesize the corresponding cyclohexenyl sulfide III-37 will allow us to perform the 

tetrahydroindole synthesis with TCEAD under the optimized conditions (Scheme 

3.13).79,108–111 

 

A similar strategy can be utilized to synthesize the corresponding pyrroles by 

starting from commercially available acyclic ketones which is illustrated in Scheme 

3.14.109,112–114 
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Scheme 3.13. Synthesis of the tetrahydroindoles using cyclic ketones. 

 

 

Scheme 3.14. Synthesis of pyrroles using acyclic ketones.  
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3.2.8. Conclusions 

The analysis of the products from the competition between the Ene reaction and 

the initially developed [2+2] cycloaddition resulted an unprecedented reaction pathway to 

produce novel compounds known as tetrahydroindoles. We successfully designed a 

model reaction with alkyl cyclohexenyl sulfide and azodicarboxylates under thermal 

conditions to analyze the competition between the Ene reaction and the [2+2] 

cycloaddition. 

 

This tetrahydroindole synthesis reaction deserves a special mention about the 

remarkable dependency of the reaction route based upon the nature of the 

azodicarboxylates that are employed. If the cyclohexenyl sulfide reacts with diethyl 

azodicarboxylate (DEAD), it will only form the 2-iminothioimidate whereas when the 

bis(2,2,2-trichloroethyl) azodicarboxylate (TCEAD) was used, it performs an extra step 

to form the tetrahydroindole product via 5-endo-trig cyclization. 

 

Intriguingly, this 5-endo-trig cyclization is an anti-Baldwin pathway and little can 

be said at present about the actual reaction pathway. However, based on the initial radical 

scavenging experiments and the temperature dependency of the reaction, we believe that 

this reaction presumably going via an ionic intermediate similar to the Nazarov type 

intermediate and the aromatic pyrrole ring in the final product is facilitating the reaction 

to go through a thermodynamic sink to produce the most stable tetrahydroindole product. 
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Nevertheless, further mechanistic investigations are needed in order to elucidate the 

transition states and the driving force of this interesting anti-Baldwin cyclization. 

 

We successfully synthesized the first series of the tetrahydroindole derivatives 

using different alkyl cyclohexenyl sulfides and the bis(2,2,2-trichloroethyl) 

azodicarboxylate (TCEAD) by applying the newly optimized thermal conditions  

(i.e., refluxing toluene reflux for 72 h with 1.3 equiv. of the cyclohexenyl sulfide). 

Interestingly, the same synthetic approach can be applied to the synthesis of the pyrroles 

from acyclic alkenyl sulfides. Attempts to synthesize more derivatives of the 

tetrahydroindoles and pyrroles from acyclic and cyclic ketones are currently underway. 

With the inspiration from the initial catalytic screening studies, further work is also 

directed towards developing a one-pot tetrahydroindole and pyrrole synthesis at milder 

conditions under catalytic environment and these extensive catalytic screenings are 

currently underway in our laboratory.  
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3.3 Divergent reactivity in the presence of catalysts: Synthesis of six-membered 

1,3,4-oxadiazin-2-ones. 

As a result of extensive exploration of the chemistry between electron-rich 

alkynes and azodicarboxylates; we were able to uncover another novel reaction to 

synthesize a 6-membered N-heterocycle known as 1,3,4-oxadiazin-2-one with divergent 

reactivity of azodicarboxylates. When we treated a less reactive azodicarboxylate such as 

di-tert-butylazodicarboxylate (DTBAD, III-6e) with the phenylacetylene sulfide (III-

15b), in the presence of 10 mol% of the AgOTf, a 6-membered 1,3,4-oxadiazin-2-one 

derivative III-43 was isolated in 27% yield (See Scheme 3.15).115 This interesting new 

class of oxadiazinone compound brought our attention to optimize and explore the scope 

limits of this synthesis. 

 

 

Scheme 3.15. Synthesis of 1,3,4-oxadiazin-2-one.  



340 
 

3.3.1. Oxadiazinones 

 

Figure 3.12.Various types of oxadiazinones. 
 

Oxadiazinones are 6-membered heterocycles which contain oxygen, two 

nitrogens and carbonyl functionality. Depending on the position of these functionalities, 

the compounds are named differently (See Figure 3.12). Taken together, the 

oxadiazinones represent a highly useful scaffold because of a broad range of bioactivity 

such as antibacterial, antiviral, antiparasatic, antiflammatory, antifungal, etc.116 
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In 1977 Berkowitz et. al. examined a series of 1,2,4-oxadiazin-3-ones (III-44) 

and most of them showed evidence of antimicrobial and antifungal activity (Figure 

3.13).117 Dekeyser and co-workers reported biphenyl substituted 1,3,4-oxadiazin-5-ones 

(III-45) which showed good anti-parasatic activities such as miticidal and nematocidal 

properties.118 

 

In addition, the Khan group synthesized 1,3,4-oxadiazin-5-one derivatives (III-

46) bearing substituted phenyl and nitrile functionality. These structures have exhibited 

antibacterial and monamine oxidase inhibition.119 In 2010, Sun and co-workers evaluated 

the insecticidal activity of 1,3,4-oxadiazin-5-ones (III-47) which were derivatized from 

cinnamic acid. These compounds have shown significant insecticidal activity and caused 

mortality of the Culex pipiens mosquito which is a vector of Japanese encephalitis 

disease.120 

 

As a result of versatile pharmaceutical activity of this oxadiazinone moiety, most 

of the medicinal chemistry researchers have focused on investigating new synthetic 

protocols to access different derivatives of oxadiazinones and discover new biological 

activities related to these molecules.  
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Figure 3.13. Examples of the versatile bioactivity of oxadiazinone derivatives. 
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3.3.2. Mechanistic investigations of the 1,3,4-oxadiazin-2-one synthesis 

In order to understand the anomalous behavior of the di-tert-

butylazodicarboxylate (DTBAD, III-6e) with the phenylacetylene sulfide (III-15b) in the 

presence of AgOTf, we started to perform mechanistic investigations. We hypothesized 

that this reaction could proceed via 2 possible pathways (path a and path b, Scheme 

3.16). It is possible to envision that the Lewis acid, Ag(I), first interact with the DTBAD 

(III-6e) to form an ionic intermediate III-48 which is comprised of a thioketene and 

silver carboxylate functionality. This intermediate III-48 can then undergo 6-exo-dig 

cyclization, followed by elimination of Ag(I) ion to form an unstable anti-aromatic 

intermediate III-49. Finally, this anti-aromatic intermediate III-49, could cleave off a 

tert-butyl group to produce the stable 1,3,4-oxadiazin-2-one III-43. This mechanistic 

route was assigned as path a in Scheme 3.16.  

 

In order to assess the possibility of path a, DTBAD (III-6e) was treated with 

different amounts of catalyst (i.e., AgOTf (0 mol%, 20 mol%, and 100 mol%) in CDCl3 

and, we acquired stacked 1H NMR spectra (Figure 3.14). This evidently showed that 

upon increasing the loading of AgOTf, an extra shoulder of signal for the tert-butyl 

methyl protons started to appear and gradually increased its intensity upon increasing the 

amount of catalyst.  
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Scheme 3.16. Possible mechanism of the 1,3,4-oxadiazin-2-one III-43 synthesis. 
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Figure 3.14. 1H NMR stacked spectra of the tert-butyl methyl proton signal of di-tert-

butyl azodicarboxylate (DTBAD, III-6e) under the different amounts of AgOTf in CDCl3 

at room temperature. 
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These results show the ability of the Lewis acid catalyst to interact with the 

DTBAD. Taking together the possibility of the formation of a thioketene dipole 

intermediate during the previously discussed [2+2] cycloaddition and the interaction of 

the Lewis acid, we can now assume that this reaction might first form a dipole 

intermediate III-48 via the attack from the alkynyl sulfide onto the azo bond of the 

DTBAD and the simultaneous interaction of the Lewis acid.  

 

The next key steps in this path a are the 6-exo-dig cyclization which is a Baldwin-

allowed transformation to form the anti-aromatic III-49, followed by cleaving off the 

tert-butyl group to form the final product. Even though the tert-butyl scavenging 

experiments to follow the tert-butyl cleavage step did not produce any evidence, we were 

able to find an indirect XRD evidence of a tert-butyl cleaved product III-52 while 

performing the same reaction under reflux in toluene (Scheme 3.17). This product III-52 

is an N-tert-butyl substituted molecule of DTBAD, which indirectly proves the possibility 

of the tert-butyl cleaving step in path a.121,122  

 

Scheme 3.17. Evidence of the tert-butyl cleaved product.  
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In addition, the final product: 1,3,4-oxadiazin-2-one III-43 was further 

characterized by X-ray crystallography and returned consistent NMR data with the 

proposed, isolated product (Scheme 3.16). 

 

On the other hand we are equally interested in path b, where the first step is the 

formation of previously known [2+2] cycloadduct III-7y followed by the interaction of 

III-7y with the Lewis acid to perform a ring expansion. This ring expansion pathway will 

form the intermediate III-48, which will consequently follow the consecutive steps in the 

same manner as path a. Compared to path a and path b, we can directly eliminate path c, 

which is the formation of the final product via 2-iminothioimidate III-8y due to the 

already cleaved N-N bond in the 2-iminothioimidate. 

 

During the byproduct analysis of the Ag (I) catalyzed 1,3,4-oxadiazin-2-one 

synthesis reaction; we were able to isolate diazacyclobutene III-7y in very poor yield 

(<6%) which was readily identified by its fingerprint 13C NMR peak at around 140 ppm. 

In contrast to the Ag(I) catalyzed reaction; we did not observe any of III-7y and III-8y 

under our previously optimized thermal conditions (i.e., refluxing acetonitrile, 24 h), 

presumably due to the steric hindrance arising from the tert-butyl group which could 

inhibit the direct [2+2] cycloaddition under thermal conditions. In addition, since the 

half-life of the cycloreversion of the diazacyclobutene III-7y to 2-iminothioimidate  

III-8y is about 46 hrs; we can hypothesize that Ag (I) have enough time to perform a ring 

expansion reaction to activate the path b (Scheme 3.16). These observations suggest that 
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Ag (I) catalyzed [2+2] cycloaddition is also operative in this reaction and the validity of 

investigating the possibility of the ring expansion pathway (path b, Scheme 3.16). 

Attempting to obtain the 1,3,4-oxadiazin-2-one via slightly higher reflux temperatures 

than room temperature (ca. 40˚C) in the presence of the silver catalyst also failed to result 

in any improvements. This indirect evidence suggests that we were unable to favor path b 

under thermal conditions. We believe that path a and path b both are viable routes to 

form the final 1,3,4-oxadiazin-2-one product. However, further experimental and 

computational studies are underway in order to extract more information of this 

interesting reaction mechanism. 

 

3.3.3. Optimization of the reaction conditions for 1,3,4-oxadiazin-2-one synthesis 

In order to achieve synthetically useful yields of the 1,3,4-oxadiazin-2-one  

(III-43) product and to identify the optimum azodicarboxylate for this silver catalyzed 

reaction, we initially screened an electron-rich alkylacetylenesulfide such as ethyl 

phenylacetylene sulfide (II-15b) against a panel of common, commercially available 

azodicarboxylates such as diethyl azodicarboxylates (DEAD), di-iso-propyl 

azodicarboxylates (DIAD), di-tert-butyl azodicarboxylates (DTBAD), and dibenzyl 

azodicarboxylate (DBnAD) in the presence of 10 mol% of AgOTf catalyst.115 As 

mentioned earlier, our initial screening of these experiments revealed that this reaction is 

also highly substrate dependent and DTBAD is required for this 1,3,4-oxadiazin-2-one 

synthesis. 

 



349 
 

Then we screened a series of Lewis acid catalysts that we identified from our 

previous catalytic studies for the reaction of ethyl phenylacetylene sulfide (II-15b) with 

DTBAD. We found that the experiments with Mg(II), Sn(IV), Ti(IV) did not show any 

evidence of the 1,3,4-oxadiazin-2-one product, however, Cu(II), Zn(II), Sc(III) and Ag(I) 

showed evidence of product III-43. The reaction of ethyl phenylacetylene sulfide with 

DTBAD in the presence of 10 mol% of the Sc(OTf)3 provided 7% of the 1,3,4-oxadiazin-

2-one  III-43 (entry 1, Table 3.3). Attempting to remove the catalyst by performing a 

work up step with saturated aqueous sodium bicarbonate and NH4Cl resulted no evidence 

of the 1,3,4-oxadiazin-2-one product on TLC in the Cu(OTf)2 trials. It was found that the 

isolated yields from Cu (II) and Zn (II) were also very poor (i.e., <6% yield; entry 2 and 

3, Table 3.3). It has been found that the reaction seems to be facilitated by silver triflate 

(AgOTf) compared to the other catalysts that were screened.  

 

Next, we increased the AgOTf catalyst loading and found that above 25 mol% 

catalyst loading, the formation of the 1,3,4-oxadiazin-2-one is inhibited. Furthermore, the 

reaction with 10 mol% of AgOTf and 1.0 equivalence of the DTBAD (III-6e) at room 

temperature for 18 h resulted in a 16% yield of the 1,3,4-oxadiazin-2-one III-43 (entry 4, 

Table 3.3). Attempts to perform this reaction over a longer period of time (i.e., 48 h) 

resulted in an enhanced yield of 27% (entry 5). Since the byproduct of this reaction, the 

tert-butyl cleaved product III-52, was evident in the TLC analysis and crude NMR 

spectrum, we decided to keep the equivalence of the DTBAD to a higher value (i.e., 1.5 

equiv) with the hope of improving the product yield. However, this reaction provided 
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27% of the 1,3,4-oxadiazin-2-one without any improvement of the yield, but within a 

shorter reaction time of 24 h (entry 6). Since the tert-butyl cleaving step is decreasing the 

effective amount of DTBAD in the reaction; the reaction was next performed with  

tert-butyl scavenging agents such as methanol and anisole to see whether this approach 

enhanced the product yield. The reaction with methanol did not show any evidence of the 

product. However, conducting the reaction in the presence of 1 equivalence of anisole 

provided a slightly higher 34% yield of the product (entry 7). It is also important to note 

that this tert-butyl cleaving step could also occur via intra-molecular retro-ene 

rearrangement similar to the rearrangements commonly known in literature for the  

tert-butyl ethers.122 The inability for enhancing the product yields significantly by the 

tert-butyl scavenging agents could be explained by this intra-molecular retro-ene 

rearrangement phenomenon. 
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Table 3.3. Optimization of the 1,3,4-oxadiazin-2-one  III-43 synthesis. 

Note: RT = room temperature, a = Isolated yields 

  

Entry 
Equivalence 

of DTBAD 
Catalyst Additive Temperature  

Time

(h) 
Yielda 

1 1.0 Sc(OTf)3 - RT 24 7 

2 1.5 Cu(OTf)2 - RT 24 <6 

3 1.5 Zn(OTf)2 - RT 24 <6 

4 1.0 AgOTf - RT 18 16 

5 1.0 AgOTf - RT 48 27 

6 1.5 AgOTf - RT 24 27 

7 1.5 AgOTf 
Anisole  

(1 equiv.) 
RT 24 34 

8 1.5 AgOTf 
Anisole  

(1 equiv.) 
40°C 45 29 

9 1.5 AgNO3 - RT 137 <3 

10 1.5 AgOTs - RT 137 9 
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In order to investigate whether this reaction can be forced to proceed via path b 

(Scheme 3.16) which was described earlier, the same reaction was performed in refluxing 

DCM (ca. 40°C) with 10 mol% AgOTf and 1 equivalence of anisole which provided 29% 

of the product III-43 (entry 8,Table 3.3). This indirectly suggests that path b is less likely 

to be forced by thermal conditions. Also, further attempts to perform this reaction at 

higher temperatures (i.e., refluxing toluene, 24 h) provided the tert-butyl cleaved product 

III-52, which suggests that higher temperatures are less favorable for this reaction.121 

 

Further optimization of the reaction was carried out with different silver catalysts 

(10 mol %) bearing different organic and inorganic ligands such as AgNO3, Ag2O, 

Ag2SO4 and AgOTs with 1.5 equivalence of the DTBAD (III-6e) and 1.0 equivalence of 

the thio-alkyne II-15b for about 5-6 days at room temperature. Even though, AgNO3 and 

AgOTs showed the evidence of the oxadiazinone product on TLC; attempting to isolate 

the product yielded very poor yields (i.e., <3% and 9% respectively; entry 9 and 10, 

Table 3.3). It is important to note that the isolation of the product from the reaction with 

AgOTs was co-eluted diazacyclobutene III-7y and di-tert-butyl azodicarboxylate (III-

6e). Later, it was found that the diazacyclobutene III-7y has produced in AgOTs reaction 

for about 19% yield based on the isolated amount and the NMR integration analysis. 

These results also suggest the possibility of regio-divergence reactivity of this 

oxadiazinone synthesis reaction where the triflate ligand (i.e., OTf) promote the  

1,3,4-oxadiazinone synthesis and on the other hand other ligands such as bulky tosylate 

(OTs) ligand facilitate the [2+2] cycloaddition to form the diazacyclobutene. For future 
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studies; use of other Ag (I) triflates such as AgNTf2, combination of Lewis acids coupled 

with Ag (I), or with different tert-butyl scavenging agents will be performed. More 

experimental and computational work towards studying the mechanism of this reaction to 

understand the feasibility of path a or path b are also expected to carry out in near future. 

After the final optimization trials are completed, we are planning on synthesizing a 

library of these compounds to understand the scope and limitations of this reaction. 

Further transformation of III-43 by possible alkylation and acylation of the NH group is 

another potential future work which could allow for the incorporation of a more 

functional handle of this molecule.123 Lastly, the testing of these 1,3,4-oxadiazin-2-one 

derivatives for their antimicrobial and anti-parasitic activity are also in progress. 
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3.4 Overall conclusions 

The most remarkable feature of the observed reactivity between electron-rich 

alkynes and the azodicarboxylates was the diverse outcomes arising from exploring 

different azodicarboxylates under different conditions Scheme 3.18 Eq. 1-2 and Scheme 

3.19 Eq. 3-4). 

 

Scheme 3.18. Diverse reactivity patterns of azodicarboxylates with alkylacetylene 
sulfides.  
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As we mentioned earlier in the Chapter III, Section 3.1 and 3.2, the reaction of 

electron-rich alkynes with a cyclic azodicarboxylate such as PTAD forms the 

diazacyclobutenes whereas an acyclic azodicarboxylate, such as diethylazodicarboxylate 

(DEAD), provides the corresponding 2-iminothioimidate via an analogous, monocyclic 

diazacyclobutene intermediate (Scheme 3.18 Eq. 1 and Eq. 2). Further, it was found that 

the second fused ring is required to make a stable diazacyclobutene ring. The bicyclic 

diazacyclobutenes that were synthesized in this project were found to be non-aromatic 

and conformationally fluxional at room temperature via double nitrogen inversion. 

Extensive variable temperature NMR studies suggest that the 2-iminothioimidates are 

also rapidly isomerizing (Z/E) at room temperature, most likely via in-plane (with respect 

to the C=N bond plane) sp2-sp-sp2 nitrogen inversion. 

 

Interestingly, the cyclohexenyl sulfide with a more electron-deficient, acyclic 

azodicarboxylate such as bis(2,2,2-trichloroethyl) azodicarboxylate (TCEAD) provided 

novel tetrahydroindoles (Scheme 3.19 Eq. 3). Apparently, the tetrahydroindole ring was 

formed via an unprecedented 5-endo-trig cyclization at reflux temperatures. We also 

confirmed the substrate and temperature dependency of the tetrahydroindole synthesis via 

2D-HMQC and low temperature NMR. 
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Scheme 3.19. Diverse reactivity patterns of azodicarboxylates with alkylacetylene 
sulfides.  
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In contrast to reactions described above, the less reactive di-tert-butyl 

azodicarboxylates and alkynyl sulfides showed a divergent reactivity in the presence of 

catalytic silver to provide 1,3,4-oxadiazin-2-ones (Scheme 3.19 Eq. 4). 

 

This chemistry has opened up multiple avenues of synthetic organic and 

medicinal chemistry. We believe that this chemistry has a huge potential for further 

expansion. Further work is underway in order to further evaluate the chemistry between 

electron-rich alkynes and azodicarboxylates to synthesize novel and biologically relevant  

N-heterocycles such as pyrroles, indoles.  
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3.5 Experimental section 

3.5.1. General information 

All reagents were purchased from commercially available sources and used 

without further purification. THF and acetonitrile were dried before use by distillation 

over sodium/benzophenone and phosphorous pentoxide, respectively. 1H and 13C NMR 

spectra were collected using Bruker 300 MHz, 500 MHz NMR spectrometers using 

deuterated solvents (CDCl3, CD3CN). NMR chemical shifts are reported in parts per 

million (ppm). NMR spectra are calibrated based on residual solvent peaks. Infrared 

spectroscopy data were collected using IRAffinity-1S instrument (with MIRacle 10 single 

reflection ATR accessory). Flash chromatography was performed using silica gel (40-63 

μm). All known compounds were characterized by 1H and 13C NMR and are in complete 

agreement with samples reported elsewhere. All new compounds were characterized by 

1H and 13C NMR, ATR-FTIR, HRMS, XRD, and melting point (where appropriate).  

 

3.5.2 General Procedure for the synthesis of N,N-dicarbamoyl 2-iminothioimidates 

A flame dried round bottom flask (RBF) was charged with a stir bar, a solution of 

azodicarboxylates (1 mmol/1 equiv) and 5 mL of dry acetonitrile. To this stirring solution 

was added a solution of alkynyl sulfide (1.3mmol, 1.3 equiv) in 5 mL of dry acetonitrile 

in a dropwise fashion.  The RBF was then equipped with a water-cooled condenser and 

refluxed for 24 h. The resultant crude mixture was concentrated by rotary evaporation 

and purified via flash silica gel chromatography with hexane/ethyl acetate as eluent (0 to 

20% ethyl acetate) to afford the corresponding α-imidothioimidate derivative. 
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3.5.3 Characterization data for alkynyl sulfides and selenides 

 

 

Light yellow liquid; Yield: 84% (4.46 g); 1H-NMR (300 MHz, CDCl3) δ = 7.6-7.28 (m, 

10H), 4.16 (s, 2H); 13C NMR (75 MHz, CDCl3) δ = 137.4, 131.35, 129.0, 128.5, 128.2, 

128.1, 127.5, 123.4, 101.2, 71.0, 33.0. 

 

3.5.4 Characterization data for N,N-dicarbamoyl 2-iminothioimidates 

Methyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate  
(III-8a) 
Colorless liquid; Yield: 74% (239 mg); IR (neat): 2981 (w), 2931 (w), 1716 (s), 1627 

(m), 1577 (m), 1446 (m), 1365 (m), 1207 (s), 1091 (m), 1033 (m), 864 (w), 690 (m) cm-1; 

1H-NMR (300 MHz, CDCl3) δ = 7.83 (d, J = 6.6 Hz, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.42 

(t, J = 7.3 Hz, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.08 (q, J = 6.8 Hz, 2H), 2.47 (s, 3H), 1.30 

(t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.6, 166.2, 

160.8, 159.2, 133.0, 132.4, 128.7, 128.7, 63.0 (2C, see 2D-HMQC), 14.3, 14.1, 14.0; 

HRMS (ESI+): Calcd for C15H19N2O4S, [M+H]+ 323.1066 Found m/z 323.1087. 
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Ethyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate (III-8b) 

Colorless liquid; Yield: ≥99% (334 mg); ; IR (neat): 2981 (w), 2931 (w), 2870 (w), 1716 

(s), 1627 (m), 1577 (m), 1446 (m), 1365 (m), 1207 (s), 1091 (m), 1033 (m), 864 (m), 690 

(m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.76 (d, J = 6.5 Hz, 2H), 7.44 (t, J = 7.3 Hz, 

1H), 7.34 (t, J = 7.4 Hz, 2H), 4.19 (q, J = 7.1 Hz, 2H), 3.99 (q, J = 6.9 Hz, 2H), 3.02 (q, J 

= 7.3 Hz, 2H), 1.23 (t, J = 7.3 Hz, 6H, see 2D HMQC), 1.05 (t, J = 7.1 Hz, 3H); 13C 

NMR (75 MHz, CDCl3) δ = 174.6, 166.0, 160.4, 158.8, 132.7, 132.1, 128.5, 128.4, 62.6 

(2C), 25.6, 13.8, 13.5, 12.9; HRMS (ESI+): Calcd for C16H21N2O4S, [M+H]+ 337.1222 

Found m/z 337.1242. 

 

Propyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate  

(III-8c) 

Colorless liquid; Yield: 73% (256 mg); ; IR (neat): 2970 (w), 2931 (w), 1716 (s), 1627 

(m), 1577(m), 1446 (w), 1365 (m), 1284 (w), 1207 (s), 1091 (m), 1033 (m), 864 (w), 729 

(m), 690 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.82 (d, J = 7.1 Hz, 2H), 7.52 (t, J = 

7.3 Hz, 1H), 7.42 (t, J = 7.3 Hz, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.06 (q, J = 7.1 Hz, 2H), 

3.07 (q, J = 7.2 Hz, 2H), 1.69 (sextet, J = 7.3 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H), 1.13 (t, J 

= 7.1 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.0, 166.5, 

160.7, 159.1, 132.9, 132.5, 128.8, 128.6, 62.9 (2C), 33.3, 21.5, 14.1, 13.8, 13.2; HRMS 

(ESI+): Calcd for C17H23N2O4S, [M+H]+ 351.1379 Found m/z 351.1398. 
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Butyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate (III-8d) 

Colorless liquid; Yield: 83% (303 mg); IR (neat) : 2958 (w), 2931 (w), 2870 (w), 1716 

(s), 1627 (m), 1577 (m), 1446 (m), 1365 (m), 1207 (s), 1091 (m), 1033 (m), 864 (w), 783 

(m), 729 (m), 690 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.79 (d, J = 7.2 Hz, 2H), 

7.48 (t, J = 7.3 Hz, 1H), 7.38 (t, J = 7.5 Hz, 2H), 4.24 (q, J = 7.1 Hz, 2H), 4.03 (q, J = 7.1 

Hz, 2H), 3.06 (t, J = 7.3 Hz, 2H), 1.60 (p, J = 7.3 Hz, 2H), 1.5-1.2 (m, 5H), 1.10 (t, J = 

7.1 Hz, 3H), 0.86 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 174.7, 166.3, 

160.6, 159.0, 132.8, 132.5, 128.7, 128.5, 62.8 (2C), 31.1, 29.9, 21.7, 14.0, 13.7, 13.2; 

HRMS (ESI+): Calcd for C18H25N2O4S, [M+H]+ 365.1535 Found m/z 365.1556. 

 

Pentyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate  

(III-8e) 

Colorless liquid; Yield: 80% (303 mg); IR (neat): 2954 (w), 2931 (w), 2858 (w), 1720 

(s), 1627 (m), 1577 (m), 1446 (m), 1365 (m), 1280 (w), 1207 (s), 1091 (m), 1033 (m), 

783 (m), 729 (m), 690 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.76 (d, J = 6.54 Hz, 

2H), 7.44 (t, J = 7.3 Hz, 1H), 7.34 (t, J = 7.5 Hz, 2H), 4.20 (q, J = 7.1 Hz, 2H), 4.00 (q, J 

= 6.90 Hz, 2H), 3.02 (t, J = 7.2 Hz, 2H), 1.58 (p, J = 7.0 Hz, 2H), 1.4-1.15(m, 7H), 1.05 

(t, J = 7.1 Hz, 3H), 0.79 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 174.6, 166.1, 

160.4, 158.8, 132.7, 132.2, 128.5, 128.3, 62.6 (2C), 31.1, 30.4, 27.4, 21.7, 13.8, 13.5, 

13.4; HRMS (ESI+): Calcd for C19H27N2O4S, [M+H]+ 379.1692 Found m/z 379.1710. 
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Octyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate (III-8f) 

Light yellow liquid; Yield: 73% (307 mg); IR (neat): 2924 (m), 2854 (w), 1720 (s), 1627 

(m), 1577 (m), 1446 (m), 1365 (m), 1207 (s), 1091 (m), 1033 (m), 910 (m), 783 (m), 729 

(m), 688 (m) cm-1;  1H-NMR (300 MHz, CDCl3) δ = 7.77 (d, J = 6.63 Hz, 2H), 7.45 (t, J 

= 7.3 Hz, 1H), 7.36 (t, J = 7.4 Hz, 2H), 4.21 (q, J = 7.1 Hz, 2H), 4.00 (q, J = 7.0 Hz, 2H), 

3.03 (t, J = 7.2 Hz, 2H), 1.59 (p, J = 7.1 Hz, 2H), 1.4-1.12 (m, 13H), 1.07 (t, J = 7.1 Hz, 

3H), 0.79 (t, J = 6.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.0, 166.4, 160.7, 159.1, 

132.9, 132.5, 128.8, 128.6, 62.9, 62.8, 31.6, 31.5, 28.9, 28.8, 28.6, 27.9, 22.4, 14.1, 13.9, 

13.8; HRMS (ESI+): Calcd for C22H33N2O4S, [M+H]+ 421.2161 Found m/z 421.2161. 

 

Phenyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate  

(III-8g) 

Light yellow solid; Yield: 77% (296 mg); Mp: 70-71 °C; IR (neat) : 2981 (w), 1724 (s), 

1712 (s), 1631 (m), 1612 (m), 1577 (w), 1477 (m), 1442 (m), 1207 (s), 1095 (w), 1022 

(m), 968 (m), 860 (w), 752 (s), 686 (s) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.54 (d, J = 

7.4 Hz, 2H), 7.50-7.20 (m, 6H), 7.15 (t, J = 7.5 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 4.28 

(broad q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H), 1.35 (t, J = 7.1 Hz, 3H); 13C NMR 

(125 MHz, CDCl3) δ = 173.9, 165.5, 161.3, 159.6, 135.8, 133.2, 132.5, 130.3, 129.0, 

128.4, 128.2, 126.1, 63.23, 63.16, 14.2, 14.1; HRMS (ESI+): Calcd for C20H21N2O4S, 

[M+H]+ 385.1222 Found m/z 385.1240. 
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Benzyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidothioate  

(III-8h) 

Colorless liquid; Yield: 83% (330 mg); IR (neat): 2978 (w), 1716 (s), 1627 (w), 1577 

(m), 1492 (w), 1450 (w), 1207 (s), 1087 (m), 1026 (m), 910 (w), 729 (w), 690 (w) cm-1; 

1H-NMR (300 MHz, CDCl3) δ = 7.81 (d, J = 6.2 Hz, 2H), 7.51 (t, J = 7.0 Hz, 1H), 7.40 

(t, J = 7.7 Hz, 2H), 7.35-7.16 (m, 5H), 4.34 (s, 2H), 4.23 (q, J = 7.1 Hz, 2H), 4.10 (q, J = 

7.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, 

CDCl3) δ = 174.2, 165.9, 160.6, 158.9, 134.6, 132.9, 132.3, 130.4, 129.1, 128.7, 128.5, 

127.7, 62.88, 62.86, 35.8, 14.0, 13.7; HRMS (ESI+): Calcd for C21H23N2O4S, [M+H]+ 

399.1379 Found m/z 399.1391. 

 

Methyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-(p-tolyl)ethanimidothioate  

(III-8i) 

Colorless liquid; Yield: 88% (296 mg); IR (neat): 2978 (w), 2927 (w), 1716 (s), 1627 

(m), 1600 (m), 1462 (w), 1446 (w), 1411 (w), 1388 (w), 1365 (m), 1292 (m), 1207 (s), 

1180 (m), 1091 (s), 1033 (s), 914 (m), 821 (w), 775 (w), 729 (s) cm-1; 1H-NMR (300 

MHz, CDCl3) δ = 7.71 (d, J = 7.26 Hz, 2H), 7.21 (d, J = 7.9 Hz, 2H), 4.24 (q, J = 7.1 Hz, 

2H), 4.07 (q, J = 6.74 Hz, 2H), 2.44 (s, 3H), 2.35 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H), 1.14 (t, 

J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.7, 166.0, 160.8, 159.1, 144.0, 

129.6, 129.3, 128.7, 62.79, 62.77, 21.5, 14.2, 14.0, 13.7; HRMS (ESI+): Calcd for 

C16H21N2O4S, [M+H]+ 337.1222 Found m/z 337.1241.  
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Methyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-(4-

methoxyphenyl)ethanimidothioate (III-8j) 

Colorless liquid; Yield: 95% (335 mg); IR (neat): 2978 (w), 2931 (w), 2839 (w), 1716 

(s), 1593 (s), 1570 (w), 1508 (m), 1462 (w), 1442 (w), 1207 (s), 1168 (s), 1091 (m), 1026 

(s), 910 (m), 840 (m), 729 (s) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.77 (d, J = 8.4 Hz, 

2H), 6.87 (d, J = 8.9 Hz, 2H), 4.22 (q, J = 7.1 Hz, 2H), 4.06 (q, J = 7.0 Hz, 2H), 3.79 (s, 

3H), 2.42 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz, 

CDCl3) δ = 175.6, 165.3, 163.6, 160.9, 159.1, 130.9, 124.7, 114.0, 62.8, 62.7, 55.3, 14.1, 

14.0, 13.7; HRMS (ESI+): Calcd for C16H21N2O5S, [M+H]+ 353.1171 Found m/z 

353.1185. 

 

Methyl 2-(4-Chlorophenyl)-N-(ethoxycarbonyl)-2-

((ethoxycarbonyl)imino)ethanimidothioate (III-8k) 

Colorless liquid; Yield: 47% (168 mg); IR (neat): 2978 (w), 2927 (w), 1716 (s), 1627 

(m), 1589 (m), 1400 (w), 1365 (w), 1207 (s), 1087 (s), 1029 (s), 864 (w), 783 (w), 725 

(m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.77 (d, J = 8.0 Hz, 2H), 7.40 (d, J = 8.6 Hz, 

2H), 4.26 (q, J = 7.1 Hz, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.47 (s, 3H), 1.30 (t, J = 7.1 Hz, 

3H), 1.17 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.4, 165.4, 160.6, 159.0, 

139.5, 130.9, 130.0, 129.0, 63.1 (2C), 14.3, 14.1, 13.8; HRMS (ESI+): Calcd for 

C15H18ClN2O4S, [M+H]+ 357.0676 Found m/z 357.0686. 
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Methyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-(4-
(trifluoromethyl)phenyl)ethanimidothioate (III-8l) 

Colorless liquid; Yield: 69% (270 mg); IR (neat): 2981 (w), 1724 (s), 1631 (w), 1577 

(w), 1411 (w), 1323 (s), 1211 (s), 1168 (m), 1126 (m), 1064 (s), 1033 (w), 1014 (w), 848 

(m), 771 (w), 748 (w) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.95 (d, J = 7.4 Hz, 2H), 

7.68 (d, J = 8.4 Hz, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.09 (q, J = 6.9 Hz, 2H), 2.49 (s, 3H), 

1.30 (t, J = 7.1 Hz, 3H), 1.16 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.5, 

165.5, 160.4, 159.1, 135.8, 134.3 (q, 2JCF = 32.8 Hz, 1C), 129.1, 125.7 (q, 3JCF = 3.7 Hz, 

1C), 123.5 (q, 1JCF = 272.7 Hz), 63.33, 63.25, 14.3, 14.1, 13.9; HRMS (ESI+): Calcd for 

C16H18F3N2O4S, [M+H]+ 391.0939 Found m/z 391.0963. 

 

Methyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)hexanimidothioate (III-8m) 

Light yellow liquid; Yield: 40% (121 mg) ; IR (neat): 2958 (w), 2931 (w), 1716 (s), 1662 

(w), 1608 (w), 1500 (w), 1465 (w), 1365 (w), 1215 (s), 1095 (w), 1033 (m), 948 (w), 914 

(w), 732 (m)  cm-1; 1H-NMR (300 MHz, CDCl3) δ = 4.4-4.1 (m, 4H), 2.48 (t, J = 7.8 Hz, 

2H), 2.41 (s, 3H), 1.56 (p, J = 7.6 Hz, 2H), 1.40-1.23 (m, 8H), 0.86 (t, J = 7.3 Hz, 3H); 

13C NMR (75 MHz, CDCl3) δ = 171.2, 161.7, 160.6, 159.7, 62.9, 62.8, 27.8, 23.3, 15.1, 

14.1, 14.0, 13.7, 13.5; HRMS (ESI+): Calcd for C13H22N2O4SNa, [M+Na]+ 325.1198 

Found m/z 325.1210. 
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Butyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)hexanimidothioate (III-8n) 

Light yellow liquid; Yield: 45% (155 mg); IR (neat): 2958 (w), 2931 (w), 2870 (w), 1724 

(s), 1662 (w), 1604 (m), 1462 (w), 1365 (w), 1215 (s), 1095 (w), 1037 (m), 948 (w), 914 

(w), 779 (w), 732 (w) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 4.19 (m, 4H), 2.99 (t, J = 

7.3 Hz, 2H), 2.47 (t, J = 7.6 Hz, 2H), 1.7-1.48 (m, 4H), 1.48-1.22 (m, 10H), 1.00-0.80 

(m, 6H); 13C NMR (75 MHz, CDCl3) δ = 171.4, 161.0, 160.5, 159.8, 62.8, 62.7, 30.6, 

30.0, 29.5, 27.7, 22.3, 21.8, 14.1, 14.0, 13.4, 13.3; HRMS (ESI+): Calcd for 

C16H29N2O4S, [M+H]+ 345.1848 Found m/z 345.1862. 

 

Methyl 2-Cyclopropyl-N-(ethoxycarbonyl)-2-((ethoxycarbonyl)imino)ethanimidothioate 

(III-8o) 

Colorless liquid; Yield: 99% (361 mg); IR (neat): 2978 (w), 2931 (w), 2873 (w), 1716 

(s), 1627 (w), 1577 (m), 1450 (w), 1373 (w), 1215 (s), 1180 (w), 1145 (w), 1099 (s), 983 

(m), 937 (w), 786 (w), 729 (m), 686 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.82 (d, J 

= 5.6 Hz, 2H), 7.55-7.44 (m, 1H), 7.44-7.33 (m, 2H), 5.03 (septet, J = 6.2 Hz, 1H), 4.89-

466 (bm, 1H), 3.06 (q, J = 7.1 Hz, 2H), 1.41-1.17 (bm, 9H), 1.08 (d, J = 5.64 Hz, 6H); 

13C NMR (75 MHz, CDCl3) δ = 173.8, 165.6, 160.2, 158.5, 132.8, 132.5, 128.7, 128.5, 

70.9, 70.8, 25.8, 21.6, 21.3, 13.1; HRMS (ESI+): Calcd for C18H25N2O4S, [M+H]+ 

365.1535 Found m/z 365.1548. 
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Ethyl N-(Isopropoxycarbonyl)-2-((isopropoxycarbonyl)imino)-2-phenylethanimidothioate 
(III-8p) 
Colorless liquid; Yield: 79% (364 mg); IR (neat): 2962 (w), 2927 (w), 1716 (s), 1627 

(w), 1577 (m), 1450 (m), 1373 (m), 1195 (s), 1095 (m), 1002 (w), 910 (w), 732 (w), 694 

(m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.82 (d, J = 5.6 Hz, 2H), 7.60-7.48 (m, 1H), 

7.48-7.20 (m, 12H), 5.26 (s, 2H), 5.03 (s, 2H), 3.04 (q, J = 7.4 Hz, 2H), 1.27 (t, J = 7.4 

Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 175.1, 166.4, 160.5, 158.9, 135.0, 134.9, 133.0, 

132.2, 132.1, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 68.6, 68.5, 25.8, 13.0; 

HRMS (ESI+): Calcd for C26H25N2O4S, [M+H]+ 461.1535 Found m/z 461.1545. 

 

Ethyl N-((Benzyloxy)carbonyl)-2-(((benzyloxy)carbonyl)imino)-2-

phenylethanimidothioate (III-8q) 

Colorless liquid; Yield: 86% (455 mg); IR (neat): 2954 (w), 1732 (s), 1627 (w), 1593 

(w), 1577 (w), 1369 (m), 1276 (w), 1176 (s), 1033 (m), 906 (m), 806 (m), 721 (s), 686 

(m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.86 (d, J = 8.0 Hz, 2H), 7.56 (t, J = 7.4 Hz, 

1H), 7.45 (t, J = 7.5 Hz, 2H), 4.84 (s, 2H), 4.66 (s, 2H), 2.53 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ = 178.0, 167.2, 158.9, 157.3, 133.8, 131.6, 129.0, 128.9, 94.14, 94.07, 75.9, 

75.7, 14.7; HRMS (ESI+): Calcd for C15H13N2O4SCl6, [M+H]+ 526.8727 Found m/z 

526.8739.
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Methyl 2-Phenyl-N-((2,2,2-trichloroethoxy)carbonyl)-2-(((2,2,2-

trichloroethoxy)carbonyl)imino)ethanimidothioate (III-8r) 

Colorless liquid; Yield: 77% (220 mg); IR (neat): 2981 (w), 2931 (w), 1716 (s), 1651 

(m), 1583 (m), 1444 (w), 1382 (w), 1365 (m), 1219 (s), 1193 (s), 1028 (s), 995 (m), 862 

(m), 775 (m) 731 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 4.25 (q, J = 7.1 Hz, 2H), 

4.21 (q, J = 7.1 Hz, 2H), 2.45 (s, 3H), 2.10-1.70 (m, 1H), 1.33 (t, J = 6.3 Hz, 3H), 1.28 (t, 

J = 6.3 Hz, 3H) 1.26-1.05 (m, 4H); 13C NMR (75 MHz, CDCl3) δ = 176.1, 175.0, 160.6, 

159.3, 63.0, 62.7, 17.2, 13.9, 12.4. 

 

Methyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidoselenoate  

(III-8s) 

Light yellow liquid; Yield: 76% (280 mg); IR (neat): 2981 (w), 2935 (w), 1716 (s), 1597 

(s), 1573 (w), 1446 (w), 1369 (w), 1330 (w), 1292 (w), 1211 (s), 1095 (w), 1026 (m), 898 

(w), 864 (w), 771 (w), 732 (w), 690 (m), 528 (w) cm-1; 1H-NMR (300 MHz, CDCl3) δ = 

7.88 (d, J = 7.4 Hz, 2H), 7.60-7.47 (m, 1H), 7.47-7.30 (m, 2H), 4.23 (q, J = 6.9 Hz, 2H), 

2.19 (s, 3H), 1.45 (m, 6H); 13C NMR (75 MHz, CDCl3) δ = 179.9, 165.0, 160.8, 160.4, 

133.1, 132.3, 128.7, 128.5, 63.1, 62.8, 14.0, 13.9, 8.3; HRMS (ESI+): Calcd for 

C15H19N2O4Se, [M+H]+ 371.0510 Found m/z 371.0528. 
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Benzyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-2-phenylethanimidoselenoate  
(III-8t) 
Light yellow liquid; Yield: 81% (361 mg); IR (neat): 2981 (w), 2931 (w), 1716 (s), 1689 

(m), 1627 (m), 1577 (w), 1554 (w), 1494 (m), 1448 (m) 1365 (m), 1207 (s), 1180 (s), 

1093 (m), 1024 (s), 970 (w), 904 (m), 732 (m), 694 (s) cm-1; 1H-NMR (300 MHz, CDCl3) 

δ =  7.96 (d, J = 6.6 Hz, 2H), 7.70-7.00 (m, 8H), 4.32 (q, J = 7.1 Hz, 2H), 4.27-4.15 (m, 

4H), 1.33 (t, J = 7.1 Hz, 3H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 

179.0, 165.3, 161.0, 160.2, 135.1, 133.1, 132.1, 129.0, 128.7, 128.6, 128.5, 127.3, 63.2, 

62.9, 32.3, 14.0, 13.8. 

 

Diethyl 3-(Ethylthio)-4-phenyl-1,2-diazete-1,2-dicarboxylate (III-7b) 

Colorless liquid; Isolated by Prep TLC (2 mg); IR (in CHCl3): 2927 (w), 2849 (w), 1721 

(s), 1561 (w), 1463 (s), 1382 (m), 1222 (s), 1095 (m), 1029 (w), 567 (m) cm-1; 1H-NMR 

(500 MHz, CDCl3) δ = 7.85-7.70 (m, 2H), 7.40-7.27 (m, 3H), 4.35 (q, J = 7.1 Hz, 2H), 

4.24 (q, J = 7.1 Hz, 2H), 2.93 (q, J = 7.4 Hz, 2H), 1.42-1.34 (m, 6H), 1.26 (t, J = 7.1 Hz, 

3H); 13C NMR (125 MHz, CDCl3) δ = 154.54, 154.45, 143.7, 128.8, 128.0, 127.0, 124.4, 

63.4, 63.1, 29.8, 29.7, 14.9, 14.4, 14.1 
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Di-tert-butyl 3-(Ethylthio)-4-phenyl-1,2-diazete-1,2-dicarboxylate (III-7y) 
White sticky paste; Yield: 6% (24 mg); IR (in CHCl3): 2981 (w), 2935 (w), 1782 (s), 

1539 (s), 1477 (m), 1450 (w), 1369 (m), 1253 (m), 1157 (s), 1126 (m), 1059 (w), 968 (m) 

cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.70 (d, J = 8.1 Hz, 2H), 7.50-7.00 (m, 3H), 2.93 

(q, J = 7.4 Hz, 2H), 1.58 (s, 9 H), 1.46 (s, 9H), 1.38 (t, J = 7.4 Hz, 3H); 13C NMR (75 

MHz, CDCl3) δ = 153.0, 143.3, 128.4, 127.8, 127.2, 123.8, 83.6, 83.2, 29.7, 28.1, 27.9, 

14.8. 

 

Methyl 2-Cyclohexenyl-N-(ethoxycarbonyl)-2-((ethoxycarbonyl)imino)ethanimidothioate 

(III-8v) 

Colorless liquid; Yield: 66% (217 mg); 1H-NMR (500 MHz, CDCl3) δ = 6.65 (s), 4.25-

4.10 (m, 4H), 2.43 (s, 3H), 2.34-2.20 (bm, 4H), 1.70-1.55 (m, 4H), 1.27 (q, J = 7.3 Hz, 

6H); 13C NMR (125 MHz, CDCl3) δ = 175.8, 167.2, 161.5, 159.4, 144.9, 134.9, 62.9, 

62.8, 26.7, 23.3, 21.8, 21.5, 14.5, 14.2, 14.2. see 2D-HMQC for more details. 
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Ethyl 2-Cyclohexenyl-N-(ethoxycarbonyl)-2-((ethoxycarbonyl)imino)ethanimidothioate 

(III-8w) 

Colorless liquid; Yield: 68% (1041 mg); 1H-NMR (300 MHz, CDCl3) δ = 6.55 (s, 1H), 

4.09 (sextet, J = 7.3 Hz, 4H), 2.95 (q, J = 7.4 Hz, 2H), 2.30-2.00 (bm, 4H), 1.65-1.40 

(bm, 4H), 1.25-1.10 (m, 9H); 13C NMR (75 MHz, CDCl3) δ = 174.4, 167.0, 161.0, 158.9, 

144.4, 134.5, 62.4, 62.3, 26.3, 25.5, 23.0, 21.4, 21.1, 13.84, 13.79, 12.9. 

 

Methyl 2-Cyclohexenyl-N-((2,2,2-trichloroethoxy)carbonyl)-2-(((2,2,2-

trichloroethoxy)carbonyl)imino)ethanimidothioate (III-8x) 

Colorless liquid; Yield: 41% (61 mg); 1H-NMR (500 MHz, CDCl3) δ = 6.78 (s, 1H, 2D-

HMQC cross spot at 146 ppm), 4.81 (s, 2H), 4.77 (s, 2H), 2.51 (s, 3H), 2.40-2.12 (bm, 

4H), 1.80-1.50 (bm, 4H), ; 13C NMR (125 MHz, CDCl3) δ = 178.5, 168.0, 159.6, 157.5, 

146.8, 135.0, 94.42, 94.39, 76.0, 75.8, 26.9, 23.3, 21.6, 21.3, 14.8. 
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3.5.5 General React IR Procedure 

The react IR experiments were performed in order to obtain mechanistic insights 

of the reaction between azodicarboxylates and alkynyl sulfides and to obtain any further 

evidence of the possible intermediates during the reaction. 

 

In situ IR data was collected on a Mettler-Toledo IC 10 React IR instrument with 

a silicon ATR probe. A flame dried, three-neck 250 mL round bottom flask (RBF) was 

charged with a stir bar and equipped with a water cooled reflux condenser. Under the 

nitrogen atmosphere, the silicon probe was inserted into the RBF and the background IR 

spectrum of the air was collected for the empty flask and followed by a solvent 

background after the addition of dichloromethane (10 mL). Dichloromethane was 

selected as the solvent due to the less overlap from the solvent IR peaks on the observing 

IR range. Next, the corresponding azodicarboxylate (1.0 mmol) was added via syringe at 

room temperature. Then the background of the azodicarboxylate in dichloromethane was 

also collected. The IR instrument parameters were adjusted to scan every 5 seconds for a 

total of 2 hours per experiment. Then the IR data collection was initiated at t=0 time point 

and after 2 minutes of data collection, the alkynyl sulfide (1.3 mmol) was quickly added 

via syringe to start the reaction. The reaction mixture was either kept at room temperature 

throughout the reaction or kept under reflux conditions depending on specific substrate 

conditions. The formations of the products were further monitored via TLC during these 

experiments. In order to find absorbance plots showing the formation and depletion of 

species; the dichloromethane or azodicarboxylate in dichloromethane background 
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spectrum was subtracted from the each experimental spectrum by using Mettler-Toledo’s 

ConcIRT software over the course of the reaction. The spectral region from  

1300-2000 cm-1 was then analyzed to find any evidence of the intermediate species. 

 

3.5.6 Reaction conditions for alkynyl sulfide and diethyl azodicarboxylate (DEAD). 

To a flame dried 250 mL round bottom flask was added a stir bar, 10 mL of 

dichloromethane and 0.436 g of diethyl azodicarboxylate (DEAD) (1 mmol). The in situ 

IR data collection was started and 0.211 g of alkynyl sulfide (1.3 mmol) was added. The 

reaction temperature was then gradually increased to the reflux temperature and the in 

situ IR experiment scans were collected for about 2 h. IR data was processed by 

subtracting the dichloromethane background and analyzed in the range of  

1377-1985 cm-1.41 (Note: The in-situ IR experiments of the 4-phenyltriazoline-3,5-dione 

(PTAD) was performed in the similar fashion as above, however instead of reflux 

condition, the data was collected at room temperature since the reaction rate is much 

faster than the reaction with DEAD). 
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3.5.7 General procedure for the variable temperature NMR study 

First, a reaction between alkynyl sulfide and diethyl azodicarboxylate (DEAD) 

according to the general procedure described earlier in section 3.5.2 was initiated using 

DCM as the solvent instead of acetonitrile and the reaction was performed for 2 h at 

reflux conditions. Less reaction time was used in order to produce enough of the 

intermediate monocyclic diazacyclobutene III-7b.After the reaction, diazacyclobutene 

III-7b was isolated by means of preparative TLC. Variable-temperature1H NMR spectra 

for diazacyclobutene III-7b were collected using Bruker 300 MHz with CD3CN in the 

temperature range of −35°C to 64°C.  

 

Low temperature NMR experiment 

First, the NMR dewar was filled with about 24 L of liquid nitrogen (about 80%). 

Then the white teflon cap from the N2 evaporator was removed and the evaporator was 

gently inserted into the dewar. Then the evaporator was clamped to the dewar and the 

pressure in the dewar was allowed to drop. Next, the glass ball joint of the N2 evaporator 

transfer probe (located at the other end of the N2 evaporator) was lubricated. Then the 

regular air transfer line was removed from the NMR instrument and replaced with the 

N2evaporator transfer probe. Then the teflon cap of the N2 evaporator was replaced in 

order to allow cold nitrogen to flow to the NMR probe in the NMR instrument. The 

temperature control was started by entering “edte” command in the XWIN-NMR 

command line of the Topspin software version 2.1. Then the cooling function was turned 

on and the cooling power was increased gradually (10% at each time) in order to reach a 



375 
 

certain temperature. After changing the cooling power, we waited for several minutes and 

changed it again if the temperature did not reach the targeted temperature. The target 

temperature was set based on the low temperature calibration curve for the NMR 

instrument (temperature calibration was performed prior to the actual experiment). 

Temperature change was performed in small increments in order to avoid substantial 

thermal gradient which could led to the damage of the instrument. Therefore after 

reaching to a certain temperature, the machine was kept there for at least 15-20 min 

before going to the next temperature. Once the temperature was stabilized; the sample 

was allowed to equilibrate for 5 min before collecting the1H NMR spectrum. After the 

experiment is completed, the temperature of the NMR machine was gradually brought to 

room temperature. Then, the cooling function was turned off. The teflon cap was 

removed from the N2 evaporator and we gently disconnected the N2 evaporator transfer 

probe from the cold N2 transfer joint and replaced it with the regular air line. Then the N2 

evaporator was removed from the dewar and the dewar was capped. Lastly, the N2 

evaporator was allowed to warm up to room temperature. 
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High temperature NMR experiment 

In this experiment, the temperature of the spectrometer was changed using same 

procedure described above. However, the regular air line was not removed and the NMR 

probe heater was used to increase the temperature. The heater function in the “edte” 

command box was turned on and the air flow was adjusted between 400-700 L/h. The 

target temperature was set based on the high temperature calibration curve for the NMR 

instrument. The target temperature was reached by adjusting the heating power with a 

method similar to that described earlier. Once the temperature was stabilized; the sample 

was allowed to equilibrate for 5 min before the 1H NMR spectrum was collected. After 

the experiment is completed, the temperature of the NMR machine was gradually brought 

to the room temperature. Then the heating function was turned off. 
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3.5.8 Reaction order determination and activation energy barrier calculation for the ring 

opening of III-7b to III-8b using half-life and Arrhenius equations 

First, the monocyclic diazacyclobutene intermediate III-7b was isolated through 

preparative TLC and dissolved in 0.5 mL of CD3CN. Then, the 1H NMR spectra was 

taken at different time intervals at two different temperatures (298 K and 337 K). 

Integration of the sulfur methylene protons of the diazacyclobutene intermediate and the 

2-iminothioimidate product were normalized with an internal standard. Acetonitrile 

(CD3CN) residual peak integration was unchanged during the experiment and was taken 

as the internal standard in these experiments for normalizing the other integrations. The 

half-life (t1/2) of the ring opening reaction was extracted from the graph of the normalized 

integration of the S-methylene protons of the diazacyclobutene intermediate vs time.  

 

Theoretically, the half-life of a first order reaction is constant (i.e., ln 2/k, where k 

is the reaction rate constant) where as for a zero order reaction, the half-life is dependent 

on the initial concentration. The reaction rate constants were then calculated based on the 

half-life values at each temperature. Finally, the energy barrier for the ring opening 

process was calculated from the Arrhenius equation. A stepwise guide for the energy 

barrier calculation is given below. 
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Reaction Order Determination for the Ring Opening of III-7b to III-8b Using Half-life 

and Arrhenius Equations 

 

 

 

At 373K (64°C) integration analysis of III-7b over time (Spectra recorded in Bruker-300 

MHz NMR Instrument at 337K in CD3CN) 

 

  

t = 0 

t = 8 mins 
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Table 3.4. Normalized integration of the 2.9 ppm quartet of III-7b over time at 337 K 

Time (min) Integration of III-7b 
0 100 
8 70 
16 49 
20 41 
25 34 
30 28 
35 23 

 

Figure 3.15. Rate of the consumption (normalized integration of the 2.9 ppm quartet) of 

III-7b over time at 373 K 
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Table 3.5. Approximately estimated half-lives of III-7b from the above graph at 373 K 

Half-life Time (min) 

1st t1/2 16 min 

2nd t1/2 17 min 

 

The non-linear behavior of the plot in Figure 3.15 and the similarity of the two 

consecutive half-lives suggest that the electrocyclic ring opening of III-7b is following 

first order kinetics. Hence, the average t1/2 at 337 K is 16.5 min (990 s), and by applying 

the first order kinetics (t1/2 = ln 2 / k), the rate constant, k is found to be 7.0 x 10-4 sec-

1.These data were more formally fitted to an exponential decay function using Excel and 

more accurate rate constant value was found to be 7.3(1) x 10-4 sec-1 for this 337 K 

temperature data.  

 

The rate of the ring opening at ambient temperature was similarly obtained from 

NMR spectra obtained over two days (shown below) and the rate constant is found to be 

3(1) x 10-6 sec-1. The large uncertainty in this rate constant was caused by the uncertain 

values of measurement times and room temperature fluctuations. Finally, by applying 

higher temperature and room temperature rate constants into a two-point Arrhenius 

analysis (see below for calculations), the energy barrier of the ring opening reaction, Ea 

was roughly estimated to be 28 ± 4 kcal/mol.  
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At 298 K integration analysis of III-7b over time (Spectra recorded in NEO-500 MHz 

Avance NMR Instrument in CDCl3) 

Approximate half-life is 46 hours (165600 s) at 298 K. 

 

  

t = 0 s 

~t = 22hrs 

~t = 46hrs 
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Activation energy barrier calculation for the ring opening of III-7b to III-8b using half-

life and Arrhenius equations 

Using the half-life at different temperatures of III-7b and first order kinetics; 

푡 / =
푙푛 2
푘                                (푒푞. 1) 

In which 푡 /  and 푘 are half-life of the reaction and rate constants respectively. Thus, 

from eq. 1, rate constants at 298 and 337 K can be calculated shown as  

 

푘 = .
,

푠 , 푘 = . 푠  

Using rate constants at two temperatures, theactivation energy can be calculated via the 

Arrhenius equation: 

푘 = 퐴 × 푒                         (푒푞. 2) 

In which 푘,퐴,퐸 ,푅, and푇 are rate constant, pre-exponential factor, activation energy, 

universal gas constant, and temperature, respectively. 

ln
푘
푘 = 5.5 =

퐸
푅

1
298−

1
337 ,푅 = 0.001987

푐푎푙
푚표푙퐾 → 푬풂 = ퟐퟖ.ퟏ풌풄풂풍/풎풐풍 

 

So, the activation energy barrier (Ea) for the ring opening of III-7b to III-8b is 

approximately 28 kcal/mol.  
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3.5.9. X-ray crystallography data Phenyl N-(Ethoxycarbonyl)-2-((ethoxycarbonyl)imino)-

2-phenylethanimidothioate (III-8g) 

Single crystal X-ray diffraction data were accumulated using Bruker D8 Venture 

and Bruker D8 Quest diffractometers with Mo Kα radiation (λ = 0.07107 Å) and a 

Photon 100 detector.  Data were acquired using phi and omega scans with the oscillations 

of 0.5°. Bruker Apex3 software package was used for the instrument control, data 

processing (SAINT), and data scaling (SADABS).124 Space group were determined by 

the systematic absences, and intrinsic phasing (SHELXT) was used to solve the 

structures, subsequently refined on F2 from full matrix least squares techniques 

(SHELXL).125 Anisotropic refinements were used for non-hydrogen atoms. Appropriate 

riding models were used to place the hydrogen atoms in geometrically optimized 

positions. The location of the hydrogen atom attached to the nitrogen atom N2 of III-8g 

was able to confirm by the difference electron density map. The crystallographic data for 

III-8g has provided in Table 3.6. 
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Table 3.6. Crystallographic data. 

 III-8g 

Empirical formula C20H20N2O4S 

Formula weight (g/mol) 384.44 

Crystal system monoclinic 

Space group, Z P21/c, 4 

Temperature (K) 140 

Crystal size (mm) 0.09 x 0.15 x 0.24 

a, Å 9.6872(9) 

b, Å 12.2430(12) 

c, Å 16.6225(15) 

β, ° 102.063(3) 

volume (Å3) 1927.9(3) 

Dcalc (g/cm3) 1.324 

Abs. Coeff. (mm-1) 0.196 

F(000) 808 

Tmax, Tmin 1.0000, 0.9635 

Θ range for data (°) 3.56-26.50 

Reflections collected 37901 

Data/restraints/parameters 3982 / 0 / 244 

R(int) 0.0328 

Final R [I> 2σ(I)] R1, wr2 0.0331, 0.0763 

Final R (all data) R1, wr2 0.0395, 0.0800 

Goodness-of-fit on F2 1.080 

Larg. Diff. Peak, hole, eå-3 0.275, -0.267 
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The molecular structure and packing arrangement of compound III-8g is shown 

in Figure 3.16. The C1-N1 and C2-N2 bond lengths are of imine bonds, while the 

remaining bonds to C1 and C2 (C1-C9, C1-C2, C2-S1) are consistent with typical single 

bonds. The packing of molecules seems to be mainly governed by H···pi interactions 

between the phenyl rings of neighboring molecules (H12···Cg = 2.974 Å), while weak C-

H···N and C-H···O interactions (H···A = 2.43-2.68 Å; D···A = 3.243(2)-3.596(2) Å; D-

H···A = 135.6-156.3°) are providing an additional support.   

 

Figure 3:16. Molecular structure (left) and molecular packing (center, right) of III-8g. 
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3.5.10 Characterization data for the enyne sulfides and the compounds related to enyne 

synthesis. 

 

 

 

 

Light yellow liquid; Yield: 75% (571 mg), 84% (10 mmol, 1.278 g); 1H-NMR (300 MHz, 

CDCl3) δ =6.00 (pentet, J = 2.0 Hz, 1H), 2.31 (s, 3H), 2.20-1.90 (m, 4H), 1.70-1.40 (m, 

4H); 13C NMR (75 MHz, CDCl3) δ =134.5, 120.6, 93.4, 77.3, 28.9, 25.4, 22.1, 21.2, 19.2. 

 

 

 

 

 

Light yellow liquid; Yield: 91% (756 mg); 1H-NMR (300 MHz, CDCl3) δ =6.04 (pentet, 

J = 2.0 Hz, 1H), 2.69 (q, J = 7.3 Hz, 2H), 2.20-2.00 (m, 4H), 1.70-1.45 (m, 4H), 1.35 (t, J 

= 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ =134.4, 120.8, 95.2, 75.5, 29.8, 29.1, 25.5, 

22.2, 21.4, 14.5. 

  

S
Me

III-26a

S
Et

III-26b
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Light yellow liquid; Yield: 77% (694 mg); 1H-NMR (500 MHz, CDCl3) δ =6.02 (bs, 1H), 

2.64 (t, J = 7.1 Hz, 2H), 2.20-2.00 (m. 4H), 1.73 (sextet, J = 7.1 Hz, 2H), 1.65-1.45 (m, 

4H), 0.98 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ =134.2, 120.9, 94.5, 75.9, 

37.6, 29.1, 25.5, 22.4, 22.2, 21.4, 12.8. 

 

 

 

 

Light yellow liquid; Yield: 57% (554 mg); 1H-NMR (300 MHz, CDCl3) δ =6.04 (pentet, 

J = 2.0 Hz, 1H), 2.68 (t, J = 7.3 Hz, 2H), Hz, .20-2.00 (m, 4H), 1.69 (pentet, J = 7.4 Hz, 

2H), 1.64-1.50 (m, 4H), 1.42 (sextet, J = 7.4 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H); 13C NMR 

(75 MHz, CDCl3) δ =134.3, 120.9, 94.6, 76.1, 35.4, 31.2, 29.1, 25.6, 22.2, 21.4, 21.3, 

13.5. 

  

S
n-Pr

III-26c

S
n-Bu

III-26d
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Light yellow liquid; Yield: 90% (938 mg); 1H-NMR (500 MHz, CDCl3) δ =6.10-6.00 (m, 

1H), 2.70 (t, J = 7.3 Hz, 2H), 2.20-2.00 (m, 4H), 1.73 (pentet, J = 7.3 Hz, 2H), 1.65-1.50 

(m, 4H), 1.45-1.28 (m, 4H), 2.70 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 

=134.4, 121.0, 94.7, 76.1, 35.8, 30.4, 29.2, 28.9, 25.6, 22.3, 22.2, 21.4, 13.9. 

 

 

 

 

 

Light yellow liquid; Yield: 82% (1027 mg); 1H-NMR (300 MHz, CDCl3) δ =6.07 (pentet, 

J = 2.0 Hz, 1H), 2.70 (t, J = 7.3 Hz, 2H), 2.20-2.00 (m, 4H), 1.72 (pentet, J = 7.3 Hz, 

2H), 1.67-1.50 (m, 4 H), 1.47-1.20 (m, 10H), 0.88 (t, J = 6.6 Hz, 3H); 13C NMR (75 

MHz, CDCl3) δ =134.5, 121.0, 94.7, 76.1, 35.8, 31.8, 29.21, 29.18, 29.13, 29.1, 28.2, 

25.6, 22.6, 22.3, 21.5, 14.1. 

  

S
n-C 5H11

III-26e

S
n-C 8H17

III-26f
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Light yellow liquid; Yield: 89% (1016 mg); 1H-NMR (300 MHz, CDCl3) δ =7.50-7.30 

(m, 5H), 6.08 (pentet, J = 2.0 Hz, 1H), 3.96 (s, 2H), 2.20-2.05 (m, 4H), 1.75-1.50 (m, 

4H); 13C NMR (75 MHz, CDCl3) δ =136.6, 134.4, 128.9, 128.3, 127.4, 120.7, 96.4, 75.7, 

40.3, 28.9, 25.5, 22.1, 21.3. 

 

 

 

Light yellow liquid; Yield: 93% (908 mg); 1H-NMR (500 MHz, CDCl3) δ = 6.20-6.00 

(m, 1H), 2.28 (s, 3H), 2.20-2.00 (m, 4H), 1.70-1.50 (m, 4H); 13C NMR (75 MHz, CDCl3) 

δ = 135.0, 121.0, 100.1, 67.7, 29.2, 25.7, 22.3, 21.5, 9.8. 

 

 

Light yellow liquid; Yield: 94% (1000 mg); 1H-NMR (300 MHz, CDCl3) δ = 6.07 

(pentet, J = 2.0 Hz, 1H), 2.77 (q, J = 7.4 Hz, 2H), 2.20-2.00 (m, 4H), 1.70-1.57 (m, 4H), 

1.53 (t, J = 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ = 134.5, 121.0, 101.8, 66.3, 29.1, 

25.5, 22.8, 22.2, 21.4, 15.5.  

S
Bn

III-26g
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Light yellow liquid; Yield: 24% (346 mg); 1H-NMR (500 MHz, CDCl3) δ = 6.15 (heptet, 

J = 1.87 Hz, 2H), 4.00 (s, 2H), 2.20-2.00 (m, 8H), 1.70-1.50 (m, 8H); 13C NMR (125 

MHz, CDCl3) δ = 136.1, 120.7, 97.7, 73.9, 43.4, 29.0, 25.7, 22.2, 21.4. 

 

 

 

 

 

Light yellow liquid; Yield: 71% (401 mg); 1H-NMR (300 MHz, CDCl3) δ = 7.42-7.26 

(m, 5H), 5.22-5.17 (m, 1H), 5.17-5.11 (m, 1H), 3.95 (s, 2H), 1.90-1.80 (m, 3H); 13C 

NMR (75 MHz, CDCl3) δ = 136.6, 129.1, 128.6, 127.8, 126.7, 120.5, 96.4, 78.3, 40.4, 

23.2.  
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3.5.11 General procedure for the synthesis of tetrahydroindoles (III-27) 

To a flame dried round bottom flask (RBF), was added a stir bar, bis(2,2,2-

trichlorethyl) azodicarboxylate (1 mmol, 1 equiv.) and 5 mL of dry toluene. To this 

reaction mixture, the corresponding alkynyl sulfide (1.3 mmol, 1.3 equiv.) in a solution of 

dry toluene (5 mL) was added in dropwise fashion. Then the RBF was equipped with a 

water cooled condenser and refluxed for 72 h under a nitrogen atmosphere while 

maintaining the volume of toluene throughout the experiment (Note: in order to maintain 

the same reaction volume; 5-6 mL of fresh toluene was added into the reaction mixture in 

between every 24 hrs as needed). Next, the crude reaction mixture was concentrated by 

rotary evaporation and purified via flash silica gel chromatography with hexane/ethyl 

acetate (0 to 20% ethyl acetate) to provide the corresponding tetrahydroindole III-27. 
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3.5.12. Characterization data for tetrahydroindoles (III-27) 

 

 

 

 

 

 

 

Light yellow solid; Yield: 77% (373 mg), 64% (1.01 g);Mp: 130.4-131.4°C; IR(neat): 

3298 (m), 2951 (m), 2927 (m), 2854 (m), 1720 (s), 1612 (m), 1550 (m), 1471 (m), 1438 

(w), 1377 (s), 1342 (w), 1319 (s), 1280 (m), 1222 (m), 1203 (m), 1180 (s), 111 (s), 1068 

(w), 1041 (w), 1026 (m), 709 (s), 570 (s) cm-1; 1H-NMR (300 MHz, CDCl3) δ =6.74 (bs, 

1H), 5.00 (s, 2H), 4.83 (s, 2H), 2.89 (t, J = 6.1 Hz, 2H), 2.45 (t, J = 5.9 Hz, 2H), 2.34 (s, 

3H), 1.90-1.75 (m, 2H), 1.75-1.65 (m, 2H); 13C NMR (75 MHz, CDCl3) δ = 152.7, 149.1, 

133.7, 130.7, 119.6, 116.5, 95.4, 94.1, 76.0, 74.7, 25.9, 23.1, 22.0 (2C, see 2D HMQC 

analysis), 20.7. 

  

S
Me

NH

N

O

O O

O
Cl3CH2C

CH2CCl3
III-27a
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Light yellow solid; Yield: 91% (498 mg); Mp: 114.6-115.6°C; IR (neat):3259 (bm), 2924 

(m), 2854 (m), 1751 (s), 1712 (s), 1616 (s), 1558 (s), 1492 (s), 1442 (s), 1384 (s), 1357 

(w), 1338 (w), 1315 (s), 1261 (w), 1238 (m), 1203 (m), 1180 (s), 1118 (s), 1064 (m), 

1026 (s), 810 (s), 709 (s), 567 (m) cm-1; 1H-NMR (300 MHz, CDCl3) δ =6.80 (bs, 1H), 

4.99 (s, 2H), 4.82 (s, 2H), 2.89 (t, J = 6.2 Hz, 2H), 2.77 (q, J = 7.4 Hz, 2H), 2.45 (t, J = 

6.0 Hz, 2H), 1.90-1.76 (m, 2H), 1.76-1.60 (m, 2H), 1.18 (t, J = 7.4 Hz, 3H); 13C NMR 

(75 MHz, CDCl3) δ =152.7, 149.2, 134.0, 132.2, 119.6, 113.9, 95.4, 94.1, 76.0, 74.7, 

31.0, 26.0, 23.1, 22.2, 22.1, 14.6. 

 

 

  

S
Et

NH

N

O

O O

O
Cl3CH2C

CH2CCl3

III-27b
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Light yellow solid; Yield: 72% (404 mg); Mp: 110.4-111.4°C; IR (neat):3259 (m), 2962 

(w), 2939 (m), 2854 (w), 1751 (s), 1712 (s), 1612 (s), 1558 (s), 1492 (s), 1442 (s), 1381 

(s), 1338 (w), 1257 (m), 1234 (m), 1203 (m), 1180 (s), 1120 (s), 1056 (m), 1029 (s), 995 

(w), 871 (w), 840 (s), 810 (s), 708 (s), 563 (s) cm-1; 1H-NMR (500 MHz, CDCl3) δ =6.79 

(bs, 1H), 5.00 (s, 2H), 4.82 (s, 2H), 2.89 (t, J = 6.3 Hz, 2H), 2.71 (t, J = 7.4 Hz, 2H), 2.47 

(t, J = 6.1 Hz, 2H),1.90-1.76 (m, 2H), 1.76-1.64 (m, 2H), 1.54 (sextet, J = 7.4 Hz, 2H), 

0.96 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ =152.6, 149.2, 133.9, 131.9, 

119.5, 114.2, 95.4, 94.1, 76.0, 74.7, 39.1, 26.0, 23.1, 22.8, 22.2, 22.1, 13.3. 

 

  

S
n-Pr

NH

N

O

O O

O
Cl3CH2C

CH2CCl3

III-27c
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Light yellow solid; Yield: 79% (454 mg); Mp: 120.6-121.6°C; IR (neat): 3255 (bm), 

2931 (m), 2850 (w), 1743 (s), 1708 (s), 1612 (s), 1550 (s), 1485 (s), 1442 (s), 1381 (s), 

1315 (s), 1238 (s), 1207 (w), 1180 (s), 1114 (s), 1064 (w), 1049 (w), 1029 (s), 995 (w), 

740 (m), 709 (s), 567 (s)cm-1; 1H-NMR (500 MHz, CDCl3) δ =6.79 (bs, 1H), 5.00 (s, 

2H), 4.82 (s, 2H), 2.89 (t, J = 6.1 Hz, 2H), 2.74 (t, J = 7.5 Hz, 2H), 2.47 (t, J = 5.9 Hz, 

2H), 1.90-1.76 (m, 2H), 1.76-1.60 (m, 2H), 1.50 (pentet, J = 7.4 Hz, 2H), 1.38 (sextet, J = 

7.4 Hz, 2H), 0.87 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ =152.6, 149.2, 

133.9, 131.9, 119.5, 114.3, 95.4, 94.1, 76.0, 74.7, 36.8, 31.5, 26.0, 23.1, 22.2, 22.1, 21.9, 

13.7. 
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Light yellow solid; Yield: 77% (453 mg); Mp: 112.7-113.7°C; IR (neat):3259 (bm), 2924 

(m), 2854 (w), 1747 (s), 1708 (s), 1612 (s), 1550 (s), 1485 (s), 1442 (s), 1381 (s), 1315 

(s), 1238 (s), 1176 (s), 1114 (s), 1053 (w), 1026 (s), 790 (m), 713 (s), 567 (s) cm-1; 1H-

NMR (500 MHz, CDCl3) δ =6.78 (bs, 1H), 4.99 (s, 2H), 4.81 (s, 2H), 2.89 (t, J = 6.3 Hz, 

2H), 2.74 (t, J = 7.5 Hz, 2H), 2.46 (t, J = 6.1 Hz, 2H), 1.90-1.75 (m, 2H), 1.75-1.65 (m, 

2H), 1.53 (pentet, J = 7.4 Hz, 2H), 1.40-1.20 (m, 4H), 0.87 (t, J = 7.2 Hz, 3H); 13C NMR 

(125 MHz, CDCl3) δ =152.6, 149.1, 133.9, 131.9, 119.5, 114.4, 95.4, 94.1, 76.0, 74.7, 

37.1, 30.9, 29.1, 26.0, 23.1, 22.3, 22.2, 22.1, 14.0. 
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Light yellow solid; Yield: 83% (524 mg); Mp: 53.3-54.3°C; IR (neat):3325 (m), 2927 (s), 

2854 (m), 1755 (s), 1728 (s), 1608 (s), 1550 (s), 1477 (m), 1446 (m), 1392 (s), 1319 (s), 

1273 (w), 1211 (s), 1176 (s), 1111 (s), 1064 (w), 1049 (w), 1026 (s), 960 (m), 837 (m), 

798 (s), 725 (s), 570 (s) cm-1; 1H-NMR (300 MHz, CDCl3) δ =6.78 (bs, 1H), 4.99 (s, 2H), 

4.81 (s, 2H), 2.89 (t, J = 6.0 Hz, 2H), 2.73 (t, J = 7.5 Hz, 2H), 2.46 (t, J = 5.8 Hz, 2H), 

1.90-1.76 (m, 2H), 1.76-1.60 (m, 2H), 1.60-1.44 (m, 2H), 1.40-1.15 (m, 10H), 0.87 (t, J = 

6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ =152.6, 149.1, 133.8, 131.8, 119.5, 114.4, 

95.4, 94.1, 76.0, 74.7, 37.1, 31.8, 29.5, 29.2 (2C, see 2D-HMQC), 28.8, 26.0, 23.1, 22.6, 

22.2, 22.1, 14.1. 
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Light yellow solid; Yield: 29% (177 mg); Mp: 89.6-90.7°C; IR (neat): 3298 (bm), 2927 

(m), 2850 (w), 1751 (s), 1716 (s), 1608 (s), 1550 (s), 1481 (s), 1442 (s), 1381 (s), 1315 

(s), 1234 (s), 1176 (s), 1114 (m), 1095 (m), 1064 (w), 1049 (w), 1026 (s), 906 (w), 802 

(s), 709 (s), 659 (m), 563 (w) cm-1; 1H-NMR (500 MHz, CDCl3) δ =7.40-7.22 (m, 3H), 

7.20-7.10 (m, 2H), 5.93 (bs, 1H), 5.02 (s, 2H), 4.69 (s, 2H), 3.91 (s, 2H), 2.90 (t, J = 6.3 

Hz, 2H), 2.36 (t, J = 6.1 Hz, 2H), 1.90-1.75 (m, 2H), 1.75-1.60 (m, 2H); 13C NMR (125 

MHz, CDCl3) δ =152.2, 149.2, 138.5, 134.3, 133.1, 128.9, 128.6, 127.2, 119.4, 113.0, 

95.4, 94.1, 76.1, 74.6, 41.7, 25.9, 23.0, 22.0 (2C, see 2D-HMQC). 
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Light yellow solid; Yield: 31% (172 mg); Mp: 92.0-93.0°C; IR (neat): 3317 (s), 3012 

(w), 2939(s), 2854 (w), 1743 (s), 1712 (s), 1612 (s), 1554 (s), 1485 (m), 1435 (s), 1388 

(s), 1323 (s), 1219 (s), 1199 (s), 1180 (s), 1107 (s), 1064 (m), 1022 (s), 906 (s), 798 (m), 

759 (m), 709 (s), 567 (s) cm-1; 1H-NMR (500 MHz, CDCl3) δ =6.74 (bs, 1H), 4.99 (s, 

2H), 4.82 (s, 2H), 2.90 (t, J = 6.3 Hz, 2H), 2.80 (q, J = 7.4 Hz, 2H), 2.46 (t, J = 6.0 Hz, 

2H), 1.90-1.75 (m, 2H), 1.75-1.60 (m, 2H), 1.32 (t, J = 7.5 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ =152.8, 149.4, 134.2, 132.1, 120.1, 108.0, 95.4, 94.1, 76.0, 74.7, 26.0, 24.1, 

23.1, 22.10, 22.06, 15.4. 
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3.5.13. XRD data for tetrahydroindoles (III-27) 

 

Figure 3.17. XRD structure (top) and the packing diagram (bottom) of the 

tetrahydroindole (III-27a).  
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Table 3.7 Sample and crystal data for III-27a.  

Identification code Q_1325_CN_IV_147_89 

Chemical formula C15H16Cl6N2O4S 

Formula weight 533.06 g/mol 

Temperature 173(2) K 

Wavelength 0.71073 Å 

Crystal size 0.145 x 0.152 x 0.214 mm 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 12.3731(8) Å α = 95.196(2)° 

 b = 13.8691(9) Å β = 112.586(2)° 

 c = 14.4046(9) Å γ = 108.206(2)° 

Volume 2104.6(2) Å3  
Z 4 

Density (calculated) 1.682 g/cm3 

Absorption coefficient 0.941 mm-1 

F(000) 1080 
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Table 3.8. Data collection and structure refinement for III-27a.  

Theta range for data 
collection 3.19 to 26.50° 

Index ranges -15<=h<=15, -17<=k<=17, -18<=l<=18 

Reflections collected 37523 
Independent 
reflections 8541 [R(int) = 0.0396] 

Max. and min. 
transmission 1.0000 and 0.9053 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2016/6 (Sheldrick, 2016) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 8541 / 0 / 507 

Goodness-of-fit on F2 1.035 

Δ/σmax 0.001 

Final R indices 6407 data; 
I>2σ(I) 

R1 = 0.0391, wR2 = 
0.0849 

 all data R1 = 0.0607, wR2 = 
0.0940 

Weighting scheme w=1/[σ2(Fo
2)+(0.0369P)2+1.7101P] 

where P=(Fo
2+2Fc

2)/3 
Largest diff. peak and 

hole 0.789 and -0.640 eÅ-3 

R.M.S. deviation 
from mean 0.068 eÅ-3 

 



405 
 

  

 

Figure 3.18. XRD structure (top) and the packing diagram (bottom) of the 

tetrahydroindole (III-27b).  
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Identification code Q_0752_CN_IV_160_58 

Chemical formula C16H18Cl6N2O4S 

Formula weight 547.08 g/mol 

Temperature 140(2) K 

Wavelength 0.71073 Å 

Crystal size 0.059 x 0.087 x 0.214 mm 

Crystal system monoclinic 

Space group P  c 

Unit cell dimensions a = 12.5120(17) Å α = 90° 

 b = 19.393(3) Å β = 96.051(4)° 

 c = 9.6223(13) Å γ = 90° 

Volume 2321.8(5) Å3  
Z 4 

Density (calculated) 1.565 g/cm3 

Absorption coefficient 0.855 mm-1 

F(000) 1112 
 

  

Table 3.9 Sample and crystal data for III-27b.  
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Theta range for data 
collection 3.30 to 25.25° 

Index ranges -15<=h<=15, -23<=k<=23, -11<=l<=11 

Reflections collected 20840 
Independent 
reflections 8056 [R(int) = 0.0476] 

Max. and min. 
transmission 1.0000 and 0.8421 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2016/6 (Sheldrick, 2016) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 8056 / 20 / 524 

Goodness-of-fit on F2 1.107 

Final R indices 6876 data; 
I>2σ(I) 

R1 = 0.0866, wR2 = 
0.2180 

 all data R1 = 0.0991, wR2 = 
0.2263 

Weighting scheme w=1/[σ2(Fo
2)+(0.1065P)2+14.4015P] 

where P=(Fo
2+2Fc

2)/3 
Absolute structure 

parameter 0.14(18) 

Largest diff. peak 
and hole 1.448 and -0.627 eÅ-3 

R.M.S. deviation 
from mean 0.150 eÅ-3 

 

  

Table 3.10 Data collection and structure refinement for III-27b. 
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Figure 3.19. XRD structure (top) and the packing diagram (bottom) of the 

tetrahydroindole (III-27c).  
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Identification code D8_3847_CN_III_32_16 

Chemical formula C17H20Cl6N2O4S 

Formula weight 561.11 g/mol 

Temperature 298(2) K 

Wavelength 0.71073 Å 

Crystal size 0.024 x 0.024 x 0.187 mm 

Crystal system orthorhombic 

Space group P c a 21 

Unit cell dimensions a = 20.017(2) Å α = 90° 

 b = 12.8682(15) Å β = 90° 

 c = 9.6796(10) Å γ = 90° 

Volume 2493.3(5) Å3  
Z 4 

Density (calculated) 1.495 g/cm3 

Absorption coefficient 0.798 mm-1 

F(000) 1144 
 

  

Table 3.11. Sample and crystal data for III-27c. 
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Theta range for data 
collection 2.82 to 25.25° 

Index ranges -24<=h<=24, -15<=k<=15, -11<=l<=10 

Reflections collected 16616 
Independent 
reflections 4339 [R(int) = 0.0785] 

Max. and min. 
transmission 1.0000 and 0.8395 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2016/6 (Sheldrick, 2016) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 4339 / 1 / 272 

Goodness-of-fit on F2 1.045 

Final R indices 2801 data; 
I>2σ(I) 

R1 = 0.0605, wR2 = 
0.1045 

 all data R1 = 0.1023, wR2 = 
0.1179 

Weighting scheme w=1/[σ2(Fo
2)+(0.0383P)2+1.1424P] 

where P=(Fo
2+2Fc

2)/3 
Absolute structure 

parameter 0.00(5) 

Largest diff. peak and 
hole 0.217 and -0.203 eÅ-3 

R.M.S. deviation 
from mean 0.046 eÅ-3 

 

  

Table 3.12. Data collection and structure refinement for III-27c  
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Figure 3.20. XRD structure (top) and the packing diagram (bottom) of the 

tetrahydroindole (III-27d).  
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Identification code D8_3851_CN_III_61_40 

Chemical formula C18H22Cl6N2O4S 

Formula weight 575.13 g/mol 

Temperature 298(2) K 

Wavelength 0.71073 Å 

Crystal size 0.036 x 0.041 x 0.210 mm 

Crystal system orthorhombic 

Space group P n a 21 

Unit cell dimensions a = 21.206(5) Å α = 90° 

 b = 24.547(5) Å β = 90° 

 c = 9.891(2) Å γ = 90° 

Volume 5148.7(19) Å3  
Z 8 

Density (calculated) 1.484 g/cm3 

Absorption coefficient 0.775 mm-1 

F(000) 2352 
 

 

  

Table 3.13. Sample and crystal data for III-27d 
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Theta range for data 
collection 2.22 to 25.25° 

Index ranges -25<=h<=25, -29<=k<=29, -11<=l<=11 

Reflections collected 56004 
Independent 
reflections 9274 [R(int) = 0.1012] 

Max. and min. 
transmission 1.0000 and 0.7978 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2016/6 (Sheldrick, 2016) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 9274 / 50 / 608 

Goodness-of-fit on F2 1.071 

Final R indices 6724 data; 
I>2σ(I) 

R1 = 0.0746, wR2 = 
0.1653 

 all data R1 = 0.1037, wR2 = 
0.1802 

Weighting scheme w=1/[σ2(Fo
2)+(0.0782P)2+4.3833P] 

where P=(Fo
2+2Fc

2)/3 
Absolute structure 

parameter -0.02(4) 

Largest diff. peak and 
hole 0.601 and -0.355 eÅ-3 

R.M.S. deviation 
from mean 0.062 eÅ-3 

 

  

Table 3.14. Data collection and structure refinement for III-27d.  
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Figure 3.21. XRD structure (top) and the packing diagram (bottom) of the 

tetrahydroindole (III-27e).  
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Identification code D8_3846_CN_III_62_41 

Chemical formula C19H24Cl6N2O4S 

Formula weight 589.16 g/mol 

Temperature 298(2) K 

Wavelength 0.71073 Å 

Crystal size 0.033 x 0.037 x 0.212 mm 

Crystal system orthorhombic 

Space group P 21 21 21 

Unit cell dimensions a = 9.9256(4) Å α = 90° 

 b = 21.0135(10) Å β = 90° 

 c = 25.1872(12) Å γ = 90° 

Volume 5253.3(4) Å3  
Z 8 

Density (calculated) 1.490 g/cm3 

Absorption coefficient 0.762 mm-1 

F(000) 2416 
 

 

  

Table 3.15. Sample and crystal data for III-27e.  
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Theta range for data 
collection 2.10 to 25.36° 

Index ranges -11<=h<=11, -25<=k<=25, -30<=l<=30 

Reflections collected 67709 
Independent 
reflections 9585 [R(int) = 0.0766] 

Max. and min. 
transmission 1.0000 and 0.9338 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2016/6 (Sheldrick, 2016) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 9585 / 79 / 633 

Goodness-of-fit on F2 1.054 

Δ/σmax 0.001 

Final R indices 7507 data; 
I>2σ(I) 

R1 = 0.0547, wR2 = 
0.1045 

 all data R1 = 0.0751, wR2 = 
0.1125 

Weighting scheme w=1/[σ2(Fo
2)+(0.0382P)2+3.8484P] 

where P=(Fo
2+2Fc

2)/3 
Absolute structure 

parameter 0.03(2) 

Largest diff. peak and 
hole 0.314 and -0.286 eÅ-3 

R.M.S. deviation 
from mean 0.048 eÅ-3 

 

  

Table 3.16. Data collection and structure refinement for III-27e. 
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3.5.14 General procedure for the synthesis of 6-membered 1,3,4-oxadiazinone-3-one  

(III-43) 

To a flame dried round bottom flask equipped with a stir bar, were added 10 

mol% of silver triflate (AgOTf, 0.1 mmol), di-tert-butyl azodicarboxylate (DTBAD) (1.5 

mmol, 1.5 equiv.), and 5 mL of dry DCM. Then the corresponding alkynyl sulfide (1 

mmol, 1 equiv.) was added in 5 mL of DCM. Then the mixture was stirred under nitrogen 

atmosphere at room temperature for 24 h. The resultant mixture was concentrated under 

reduced pressure and purified via flash silica gel column chromatography with a gradient 

elution using hexane/ethyl acetate (0-20% ethyl acetate) to afford the corresponding 

1,3,4-oxadiazin-3-one (III-43). 
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3.5.15. Characterization data for Di-tert-butyl 3-(Ethylthio)-4-phenyl-1,2-diazete-1,2-

dicarboxylate (III-5u) and oxadiazinone-3-one (III-43) 

 

 

 

White sticky paste; Yield: 6% (24 mg); IR (in CHCl3): 2981 (w), 2935 (w), 1782 (s), 

1539 (s), 1477 (m), 1450 (w), 1369 (m), 1253 (m), 1157 (s), 1126 (m), 1059 (w), 968 (m) 

cm-1; 1H-NMR (300 MHz, CDCl3) δ = 7.70 (d, J = 8.1 Hz, 2H), 7.50-7.00 (m, 3H), 2.93 

(q, J = 7.4 Hz, 2H), 1.58 (s, 9 H), 1.46 (s, 9H), 1.38 (t, J = 7.4 Hz, 3H); 13C NMR (75 

MHz, CDCl3) δ = 153.0, 143.3, 128.4, 127.8, 127.2, 123.8, 83.6, 83.2, 29.7, 28.1, 27.9, 

14.8. 

 

 

Light yellow solid; Yield: 27% (90 mg); Mpt: 122.8-123.8°C; IR (neat): 3275 (bw), 2978 

(w), 2927 (w), 1766 (s), 1732 (s), 1670 (w), 1627 (w), 1597 (w), 1446 (m), 1365 (s), 

1292 (s), 1253 (s), 1149 (s), 1080 (s), 1056 (s), 999 (m), 968 (w), 929 (w), 891 (m), 856 

(s), 786 (m), 763 (s), 725 (s), 694 (s) cm-1; 1H-NMR (500 MHz, CDCl3) δ = 7.94 (s, 1H), 

7.50-7.30 (m, 5H), 2.85 (q, J = 7.4 Hz, 2H), 1.23 (t, J = 7.4 Hz, 3H), 1.14 (s, 9H) ; 13C 

NMR (125 MHz, CDCl3) δ = 152.9, 152.4, 138.9, 132.3, 128.64, 128.55, 128.2, 127.9, 

84.2, 27.5, 26.5, 14.6.   
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3.5.16 XRD data  of 6-membered oxadiazinone-3-one (III-43) 

Table 3.17. Crystallographic data. 

Empirical formula C16H20N2O4S 

Formula weight (g/mol) 336.40 

Crystal system monoclnic 

Space group, Z C2/c, 8 

Temperature (K) 100 

Crystal size (mm) 0.04 x 0.04 x 
0.20 

a, Å 28.733(3) 

b, Å 5.9310(5) 

c, Å 21.2717(19) 

β, ° 116.127(3) 

Volume (Å3) 3254.6(5) 

Dcalc (g/cm3) 1.373 

Abs. coeff. (mm-1) 0.221 

F(000) 1424 

Tmax, Tmin 1.0000, 0.9334 

Θ range for data (°) 2.93-25.25 

Reflections collected 23296 

Data/restraints/parameters 2732 / 0 / 208 

R(int) 0.0600 

Final R [I> 2σ(I)] R1, wR2 0.0455, 0.0994 

Final R (all data) R1, wR2 0.0585, 0.1062 

Goodness-of-fit on F2 1.122 

Larg. diff. peak, hole, eÅ-3 0.589, -0.319 
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The molecular structure and packing arrangement of compound III-43 is shown 

in Figure 3.22.  Here, the bond lengths from the X-ray structure indicate single bonds of 

N1-N2, N1-C12, N1-C3, N2-C1, C1-O1, C2-O1, C2-S1, and C3-C4.  The C2-C3 bond 

length (1.323(3) Å) is characteristic of a double bond within the ring, as is the C1-O2 

bond (1.200(3) Å)extending from the ring.  The N2 atom is protonated and participates in 

strong N-H···O hydrogen bonding between neighboring molecules along the b-axis 

(H2···O2 = 1.98 Å; N2···O2 = 2.811(3) Å; N2-H2···O2 = 156.7°).  Weaker C-H···O 

(H15B···O4 = 2.68 Å; C15···O4 = 3.594(3) Å; C15-H15B···O4 = 155.4°) and C-H···pi 

(H8···Cg = 2.753 Å; C-H···Cg = 127.6°) interactions may play an assisting role.  The 

N1-N2-C1-O1-C2-C3 ring takes on a slight twist-boat conformation. 

 

 

Figure 3.22. Molecular structure (left) and molecular packing (right) of III-43. 
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3.5.17. XRD data of the tBu group cleaved product III-52 from the di-tert-butyl 

azodicarboxylate (C14H28N2O4) 

Crystal Structure Report for (III-52) 

A specimen of C14H28N2O4, approximate dimensions 0.067 mm x 0.074 mm x 

0.288 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured.The integration of the data using an orthorhombic unit cell yielded a total 

of 14667 reflections to a maximum θ angle of 25.38° (0.83 Å resolution), of which 1671 

were independent (average redundancy 8.777, completeness = 99.7%, Rint = 5.05%, Rsig = 

2.57%) and 1505 (90.07%) were greater than 2σ(F2). The final cell constants of a = 

16.3046(13) Å, b = 10.5513(13) Å, c = 10.1600(8) Å, volume = 1747.9(3) Å3, are based 

upon the refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 0.8986 and 

1.0000. 

 

The structure was solved and refined using the Bruker SHELXTL Software 

Package, using the space group C m c 21, with Z = 4 for the formula unit, C14H28N2O4. 

The final anisotropic full-matrix least-squares refinement on F2 with 128 variables 

converged at R1 = 3.57%, for the observed data and wR2 = 8.63% for all data. The 

goodness-of-fit was 1.085. The largest peak in the final difference electron density 

synthesis was 0.127 e-/Å3 and the largest hole was -0.137 e-/Å3 with an RMS deviation of 

0.032 e-/Å3. On the basis of the final model, the calculated density was 1.096 g/cm3 and 

F(000), 632 e-.   



422 
 

 

 

 

Figure 3.23. XRD structure of tert-butyl cleaved product III-52. 
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Identification code D8_1602_CN_6C_118_83A 

Chemical formula C14H28N2O4 

Formula weight 288.38 g/mol 

Temperature 120(2) K 

Wavelength 0.71073 Å 

Crystal size 0.067 x 0.074 x 0.288 mm 

Crystal system orthorhombic 

Space group C m c 21 

Unit cell dimensions a = 16.3046(13) Å α = 90° 

 b = 10.5513(13) Å β = 90° 

 c = 10.1600(8) Å γ = 90° 

Volume 1747.9(3) Å3  
Z 4 

Density (calculated) 1.096 g/cm3 

Absorption coefficient 0.080 mm-1 

F(000) 632 
 

  

Table 3.18. Sample and crystal data for III-52  
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Theta range for data 
collection 2.30 to 25.38° 

Index ranges -19<=h<=19, -12<=k<=12, -12<=l<=12 

Reflections collected 14667 
Independent 
reflections 1671 [R(int) = 0.0505] 

Max. and min. 
transmission 1.0000 and 0.8986 

Structure solution 
technique direct methods 

Structure solution 
program SHELXT-2014 (Sheldrick 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014 (Sheldrick 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 
Data / restraints / 

parameters 1671 / 2 / 128 

Goodness-of-fit on F2 1.085 

Final R indices 1505 data; 
I>2σ(I) 

R1 = 0.0357, wR2 = 
0.0821 

 all data R1 = 0.0423, wR2 = 
0.0863 

Weighting scheme w=1/[σ2(Fo
2)+(0.0459P)2+0.3565P] 

where P=(Fo
2+2Fc

2)/3 
Absolute structure 

parameter -0.4(19) 

Largest diff. peak and 
hole 0.127 and -0.137 eÅ-3 

R.M.S. deviation 
from mean 0.032 eÅ-3 

 

  

Table 3.19. Data collection and structure refinement for III-52 
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3.5.18. 1H NMR spectra and 13C NMR spectra for alkynyl sulfides and selenides 
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3.5.19. 1H NMR and 13C NMR spectra for N,N-dicarbamoyl 2-iminothioimidates 
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2D-HMQC (F2 = 300 MHz, F1 = 75 MHz, CDCl3) analysis of 2-iminothioimidate III-

16a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carbamate methylene protons 1 and 2 share the same carbon signal. 
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Carbamate methylene protons share the same carbon signal. 

  

1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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2D-HMQC (F2 = 300 MHz, F1 = 75 MHz, CDCl3) analysis of 2-imidothioimidate III-

16b 
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This triplet for 6 protons correlates with 
two different methyl carbons suggesting 
accidental degeneracy for two triplets 
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Carbamate methylene protons share the same carbon signal. 
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Carbamate methylene protons share the same carbon signal. 
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Carbamate methylene protons share the same carbon signal. 
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1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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13C-NMR (75 MHz, CDCl3) 

1H-NMR (300 MHz, CDCl3) 
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1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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Carbamate methylene protons share the same carbon signal. 

  

1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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1H-NMR (300 MHz, CDCl3) 

13C-NMR (75 MHz, CDCl3) 
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13C-NMR (75 MHz, CDCl3) 



446 
 

2D-HMQC (F2 = 300 MHz, F1 = 75 MHz, CDCl3) analysis of 2-iminothioimidate III-
16r 
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3.5.20. 1H NMR and 13C NMR spectra for cyclohexenyl derivatives of N,N-dicarbamoyl 

2-iminothioimidates 
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2D-HMQC (F2 = 500 MHz, F1 = 125 MHz, CDCl3) analysis of 2-iminothioimidate III-
8v 
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2D-HMQC (F2 = 500 MHz, F1 = 125 MHz, CDCl3) analysis of tetrahydroindole III-8x 
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3.5.21. 1H and 13C NMR spectra for characterization data for enynes (III-26) 
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3.5.22. 1H and 13C NMR spectra for characterization data for tetrahydroindoles (III-27) 
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2D-HMQC (F2 = 300 MHz, F1 = 75 MHz, CDCl3) analysis of tetrahydroindole III-27a 

 

 

 

 

 

Accidental degeneracy of the 22 ppm 13C resonance with the 1H resonances of 2.45 ppm triplet 
and with the multiplet within the range of 1.90-1.75 ppm.  
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2D-HMQC (F2 = 300 MHz, F1 = 75 MHz, CDCl3) analysis of tetrahydroindole III-27f 
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accidental degeneracy of another  
13C resonance. 
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2D-HMQC (F2 = 500 MHz, F1 = 125 MHz, CDCl3) analysis of tetrahydroindole III-27g 
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3.5.23. 1H and 13C NMR spectra for Di-tert-butyl 3-(Ethylthio)-4-phenyl-1,2-diazete-1,2-

dicarboxylate (III-7y) and oxadiazinone-3-one (III-43) 
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CHAPTER FOUR 

POLYETHYLENIMINE (PEI) FUNCTIONALIZED CELLULOSE NANOCRYSTALS 

FOR USE IN ENVIRONMENTAL REMEDIATION 

4.1 Environmental remediation. 

The global deterioration of the environment with the rapid industrial development 

has caused air, soil, and water pollution in high intensity over the past decades.1 Common 

air pollutants consist of toxic gases (e.g. nitrogen oxides, sulfur oxides, carbon oxides, 

ozone, etc.), volatile organic compounds (VOCs), and suspended airborne particles.1 

Previous studies have shown that the employees working at livestock buildings,2 waste 

treatment plants,3 plants applying spraying processes,4 and rendering plant of poultry 

slaughterhouse5 have a potential health risk from exposure to the hazardous gas emissions 

beyond the acceptable limits. Consequently, many studies have been conducted in order 

to measure the quantity of the hazardous volatile gases in such areas and test efficient 

remediation technologies.2–12 

 

On the other hand, as a result of population growth and increasing food demand 

(e.g. milk, eggs, and meat), the crop production industry (e.g. grain, fruit, and vegetables) 

and animal meat industry have grown significantly.13 Therefore, the use of herbicides, 

pesticides, and insecticides has increased in order to yield a larger harvest. As a result of 

increased demand, water and soil are simultaneously contaminated with herbicides, 

pesticides, and insecticides.14,15 Apart from organic pollutants, heavy metals (e.g. lead, 

cadmium, arsenic, mercury, etc.) and microbial pathogens are also identified among the 
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soil and water contaminants.1,16 It has been shown that persistent organic pesticides can 

migrate through seasonal changes via soil-air exchange.17 Moreover, when these 

persistent pollutants get in contact with the soil through rain, irrigation water, or wind, 

subsequently they enter into the surface water and ground water via surface runoff and 

infiltration processes.18 These factors showed that all three natural resources: air, soil, and 

water can be simultaneously contaminated by the migration processes of pollutants. 

These issues have gained the attention of researchers to create efficient technologies for 

environmental remediation.1 In recent years, nanomaterial-based applications have 

emerged as effective treatments for air, water, and soil remediation due to their high 

surface-to-volume ratio and surface properties.1,19–28 

 

However, one obvious fact in the environmental remediation research arena is that 

due to the diverse remediation techniques available, some of techniques are more specific 

or less broadly applicable.29–36,36–43 In addition, some of techniques are not generated 

from bio-compatible, or biodegradable materials.20,21,27,44,45 Also, it has been noticed that 

some of the existing techniques for VOC remediation in industries have less efficiency. 

For instance, wet scrubber outlets have detected VOCs due to their low efficacies.46 Thus, 

materials exhibiting high efficiency, biodegradability, broad applicability, and 

renewability are still in demand.42,47–49 
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4.2 Use of cellulose nanocrystal materials in environmental remediation. 

In previous studies, cellulose based materials have proven to be effective for 

environmental remediation applications due to their biocompatibility, biodegradability, 

and the ability of further surface modification with reactive functional groups. Indeed, 

cellulose based materials have shown diverse applications such as: for the removal 

particulate matter in air filters,50 rapid removal of polyfluorinated compounds,51 VOC 

capture,52–54 removal of environmentally persistent drugs,55 removal of heavy metals and 

dyes,16,56–59 and pesticide remediation.23,24,60–62 In addition, among the aforementioned 

cellulose based studies, amine functionalized cellulose materials are the leading materials 

which have been used in diverse applications.16,51,52,52,56–61 

 

Previous studies in the Whitehead group have shown significant proficiency in the 

remediation of VOCs using mesoporous organo silica nanoparticles,63 kaolinite 

particles,64 amine functionalized cellulose nanocrystals (CNC)52 and amine 

functionalized co-polymeric nanoparticles.65,66 Recently, the Whitehead group has 

developed poly(ethylenimine) functionalized cellulose nanocrystals (PEI-f-CNC) to 

capture VOCs.52  

 

The objective of this chapter is to describe the recent modification and the follow 

up work that has been carried out relevant to the poly(ethylenimine) functionalized 

cellulose nanocrystals (PEI-f-CNC). This chapter describes the development of a protocol 

for the in-house synthesis of cellulose nanocrystals from bulk cotton, and the 
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optimization of the poly(ethylenimine) functionalization protocol to scale up the PEI-f-

CNC synthesis. This study served to investigate the possibility of reducing the cost of the 

PEI-f-CNC synthesis while maintaining the environmental remediation properties at the 

same efficiency. 
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4.3 In-house synthesis of cellulose nanocrystals (CNC) from bulk cotton. 

Cellulose is one of the most abundant materials on earth and is present in a wide 

range of living species, such as plants, algae, fungi, bacteria, and some sea 

animals.67Cellulose is a fibrous, tough, and water insoluble polysaccharide with β-1,4-

linked glucose units (Figure 4.1). Cellulose has characteristic properties such as 

hydrophilicity, chirality, and due to its hydroxyl groups. Bulk cellulose contains highly 

organized crystalline regions and disordered amorphous regions in different amounts 

depending on the source.67 The ability of the hydroxyl groups in cellulose to form strong 

hydrogen bonds is the main reason for these crystalline and amorphous regions. 

 

 

Figure 4.1. The chemical structure of cellulose: linear homopolymer made of glucose 

units connected with β-1,4-linkages.  
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Cellulose nanocrystals (CNCs) can be extracted from an appropriate combination 

of mechanical and chemical treatments. The most typical chemical treatment for the 

synthesis of cellulose nanocrystals (CNCs) is the acid hydrolysis to extract the most 

crystalline areas of cellulose. Strong acids such as sulfuric acid or hydrochloric acid can 

penetrate through the loosely organized amorphous regions of cellulose and hydrolyze 

those amorphous regions which ultimately leave the crystalline regions.67,68 

 

CNC materials consisting of particle sizes below 100 nm have shown good 

environmental remediation properties in our previous studies.52 Due to this reason, one of 

the main objectives of this CNC synthesis was to maintain the particle size of CNC below 

or around 100 nm in diameter. In order to develop an optimized protocol for the CNC 

synthesis in our laboratory, we conducted 1 gram scale acid hydrolysis experiments with 

different types of cotton (Table 4.1). During this study we used aqueous hydrochloric 

acid (HCl) and aqueous sulfuric acid (H2SO4), as the hydrolyzing agents. The particle 

size was measured using dynamic light scattering (DLS) in order to rapidly optimize the 

protocol. The cellulose microcrystals (CMC), store bought cotton (Cotton-A) and 

mechanically processed cotton (Cotton-B, which processed in a magic bullet mini blender 

with a cross blade for about 10 min) were hydrolyzed with 2.5 M aq. HCl for 0.5 h to 4 h 

and provided 93 nm, 560 nm and 1800 nm particles, respectively (entry 1-3, Table 4.1). 

Then, the mechanically processed cotton (Cotton-B) was treated with 50% aq. H2SO4 at 

room temperature and 45°C to provide 175 nm and 52 nm particles respectively (entry 4 

and 5).  
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Table 4.1. Optimization of the cellulose nanocrystal synthesis. 

 

        RT = room temperature, CMC (20µm) = cellulose microcrystals filtered through 

20µm pore size filter, Cotton-A = unprocessed store bought cotton, Cotton B = 

mechanically processed store bought cotton, a = 90° scattering detection used for small 

particles, b = forward scattering detection used for larger particles, c = after freeze drying 

Entry Source Acid 
Temperature 

(°C) 

Time 

(h) 

Hydrodynamic 

Diameter from 

DLS (nm)a 

1 CMC (20 µm) 2.5M HCl 100 0.5 93 

2 Cotton-A 2.5M HCl 100 0.5 560 

3 Cotton-B 2.5M HCl 100 4 1800b 

4 Cotton-B 50% H2SO4 RT 4 175 

5 Cotton-B 50% H2SO4 45 4 52 (375c) 

6 Cotton-B 25% H2SO4 45 4 9970 

7 Cotton-B 50% H2SO4 60 4 77 

8 CMC (20 µm) 64% H2SO4 45 1 432 

9 Cotton-A 64% H2SO4 45 1 91 

10 Cotton-B 64% H2SO4 45 1 416 
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However, we noticed that upon freeze drying of the slurry of the 52 nm particles, 

the resulting solid materials had a larger particle size (375 nm) on DLS, which suggests 

that the removal of the aqueous solution causes the agglomeration of the particles. 

Lowering the concentration of H2SO4to a 25% aqueous solution yielded much larger 

particles (i.e., 9970 nm, entry 6). Attempting to increase the temperature of the acid 

hydrolysis while maintaining the H2SO4 concentration at 50% in water resulted in slightly 

higher particle size (77 nm, entry 7). The CMC, Cotton-A, and Cotton-B were then 

treated with a slightly higher concentration of H2SO4 (i.e., 64% in water) at 45°C with the 

hope of shortening the hydrolysis time. However, the resultant cellulose slurries showed 

polydisperse particle sizes in the range of 90-430 nm (entry 8-10). Since, the 50% aq. 

H2SO4 at 45°C for 4 h afforded the smallest particle size of CNC (entry 5, highlighted in 

bold), it was selected as the optimized hydrolysis condition for larger scale CNC 

synthesis. 

 

During the optimization process of CNC synthesis, we noticed that the pH plays a 

significant role on agglomeration of the CNC particles. If the CNC slurry was freeze 

dried after the acid hydrolysis, the particles tended to agglomerate and form larger 

particles (i.e., >1000 nm at pH = 2.7), whereas if the CNC slurry was neutralized by the 

addition of aqueous sodium hydroxide after the acid hydrolysis, the particle size 

remained below 100 nm (i.e., 60 nm at pH = 6.9) even after the freeze-drying process. 

Next, we then turned towards the larger scale CNC synthesis.  
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The experimental set up and the key steps of the higher scale CNC synthesis are 

shown in Figure 4.2. A wide mouth brewer’s carboy (height = 20”, diameter = 4.5”) was 

used in these larger scale reactions (see experimental details for more information). The 

mixing of the reaction was performed using an overhead stirrer equipped with a glass stir 

rod which was designed to obtain maximum mixing rate. The glass stir rod was designed 

with a vertical glass rod (16.5 inches length), and several perpendicular glass paddles (4 

inches each) (see Figure 4.2.A).  

Figure 4.2. The key steps of the larger scale CNC synthesis: A = Apparatus set up, B = 

mechanically processed cotton, C = removing non-acid hydrolyzed portion of the cotton, 

D = appearance before (left) and after (right) the work-up  



 

500 
 

Several modifications such as premixing the 50% aq. H2SO4 solution and 

filtration of the hydrolyzed slurry through a fritted funnel (40-60 µm pore size) were also 

applied to the optimized protocol to avoid some of the experimental issues such as 

dehydration, degradation of the cotton with 50% aq. H2SO4, and to remove larger 

cellulose aggregates, respectively. Once the desired particle size was reached (<100 nm), 

the reaction mixture was subjected to several work-up steps including initial 

centrifugation (8000 rpm, in 500 mL centrifuge containers, for 20 min) to remove the 

excess strong acid, re-suspension in water, and filtering through a 40-60 µm fritted funnel 

to remove non-acid hydrolyzed particles. Then the resulted solution was neutralized with 

6 M aq. sodium hydroxide, re-centrifuged and freeze dried to obtain the final dried CNC 

powder. Figure 4.2.C clearly displays the acid-decomposed cotton and the non-acid 

hydrolyzed portion of the cotton. Furthermore, a clear difference in the appearance of the 

CNC slurry after the reaction is complete and after the work-up steps is shown in Figure 

4.2.D.  

 

The 100 g and the 500 g scale reactions were performed as shown in Figure 4.2. 

The final results of these different experimental scales are illustrated in Table 4.2. The 

experiment of the 100 g scale proceeded to give 60 nm CNC particles in 50% yield and 

the 500 g scale reaction provided CNCs with an average size of 177 nm in 65% yield 

(entry 2 and 3, Table 4.2). This shows the applicability of the optimized protocol in the 

larger scale synthesis of CNCs.  
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Table 4.2. Results of the different experimental scales of CNC synthesis. 

Entry Experimental scalea 

Average 

hydrodynamic 

diameter 

Yield 

1 1 g 52 nm 20% 

2 100 g 60 nm 50% 

3 500 g 177 nm 65% 

a = Cotton was mechanically processed before the acid hydrolysis. 

 

It is important to note that the 500 g scale reaction is a 3 week process due to the 

large reaction volume. Throughout the period, it was thoroughly monitored by DLS 

measurements. In this reaction, the CNC particle size varied from smaller to larger sizes 

over time until the smallest particle size was achieved. For instance, Table 4.3 illustrates 

the CNC particle size at the top layer of the reaction mixture over several days for the 

500 g scale reaction. Based on our observations and results, we understood that, first the 

mechanically processed CNC hydrolyses and provides smaller particles in the top layer of 

the solution. However, with time, the particle size becomes larger due to the moderately 

or weakly hydrolized particles which settle in the middle and the bottom layers of the 

container. Finally, upon further hydrolysis of those moderately larger particles, a more 

homogenous mixture with an appropriate particle size is reached at the top layer of the 

container.  
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Table 4.3. CNC particle size over time for the 500 g scale CNC synthesis. 

Days 

DLS average 

hydrodynamic diameter 

(nm)a 

1 1220 

2 378 

3 1540 

4 355 

5 978 

6 635 

7 534 

8 140 

 

a = DLS measurements were taken for the top layer of the container. 
 

Due to this stepwise hydrolysis event in 500 g scale reaction, the work-up process 

was also performed in step-wise manner while monitoring the top, middle and the bottom 

layer of the container by DLS. After the work-up steps described above, DLS 

measurements showed that the top layer, middle layer, and the bottom layer consisted of 

CNCs with diameters of 140, 170, and 220 nm, respectively. The CNC particle size of the 

500 g scale reaction is somewhat larger (177 nm) than the CNC obtained from the 1 g (52 

nm) and the 100 g scale (60 nm) reactions.  
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However we believe that further modifications of this larger scale CNC synthesis 

protocol can be made in order to obtain even smaller CNC particles.  The pertinent 

factors that may influence particle size include the reactor dimensions, mixing 

method/speed, stir rod or the propeller design, and filtering the CNC slurries with a lower 

pore size filter funnel. 

 

In addition, the slurries resulting from the CNC synthesis (e.g. 52 nm size 

particles from the 1 g scale experiment and 60 nm size particles from the100 g scale 

experiment) were further characterized by transmission electron microscopy (TEM) 

(Figure 4.3). The width of the cellulose nanorods captured in TEM images were in good 

agreement with the DLS data. Furthermore, it suggests that, both the in-house CNC that 

we synthesized and the commercial CNC (30 nm) have the same needle or rod like 

crystalline structures and they both are in comparable size range. 

 

As mentioned earlier, another objective of the CNC synthesis in our laboratory 

was to reduce the cost of the PEI-f-CNC synthesis. The cost of the commercial CNC is 

about $3/gram (Cellulose Lab).69 According to our improved yield (50%), and based on 

the cost of the materials for the 100 gram scale in-house CNC synthesis  

(i.e., concentrated sulfuric acid ($13.00) and a bag of cotton balls (~$2.0)), it will roughly 

cost about $0.30/gram. For the goal of a 1 kg synthesis of PEI-f-CNC, using our in-house 

protocol in lieu of a commercial source of CNC will save approximately $2,700. 
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Figure 4.3. TEM images of CNCs at different magnifications which represents the 

crystalline, needle-like structures. (a) commercial CNC, (b) in-house CNC from 1 g scale 

synthesis, (c,d) in-house CNC from 100 g scale synthesis.  
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In conclusion, we developed a reliable and inexpensive laboratory protocol to 

synthesize cellulose nanocrystals (CNC). This protocol was thoroughly monitored 

through dynamic light scattering (DLS) measurements and the CNC particles were 

characterized by DLS, powder X-ray diffraction (PXRD).and transmission electron 

microscopy (TEM). Moreover, this protocol was further developed to perform an even 

larger scale synthesis of CNC (i.e., up to 500 g) by designing a large scale reactor while 

achieving a reasonable size range (100-200 nm) of CNC particles in good yield. 

 

4.4 Optimization of the polyethyelenimine (PEI) functionalization of cellulose 

nanocrystals.  

Our next objective in this study was to optimize the previously developed 

protocol for the synthesis of the PEI-f-CNC. We first used our in-house synthesized CNC 

to perform the PEI functionalization protocol to see whether the PEI functionalized in-

house synthesized CNC can capture VOCs with similar efficiency as compared to our 

previously synthesized PEI-functionalized commercial CNC material. The typical 

protocol for this PEI functionalization is illustrated in Scheme 4.1. First, the alcohol 

functionality at the C6 carbon of the cellulose monomers (IV-1) is converted to the 

corresponding carboxylate group (IV-2) by means of a TEMPO mediated oxidation 

(Scheme 4.1).70,71   
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Scheme 4.1. Synthesis of the PEI-f-CNC (10 g scale). 

 

Then, the material IV-2 can be neutralized to the free carboxylic acid form, IV-3, 

followed by functionalization with PEI via amide bond formation using  

EDC (i.e., 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) to form the PEI-

functionalized CNC material (PEI-f-CNC, eg: IV-4). Finally these functionalized 

materials were purified via dialysis to remove the unreacted reagents and freeze-dried to 

obtain the powdered PEI-f-CNC material. These materials were then characterized using 

thermogravimetric analysis (TGA) and attenuated total reflection-Fourier transform 

infrared spectroscopy (ATR-FTIR). We also evaluated the in-house prepared PEI-f-CNC 

material for their VOC capturing capabilities.  



 

507 
 

A comparison of the TGA data arising from the PEI-functionalized materials of 

commercial CNC, in-house synthesized CNC, and related starting materials is shown in 

Figure 4.4.The commercial CNC showed a rapid thermal weight loss around at 265°C 

whereas the in-house synthesized CNC showed a gradual thermal weight loss from 

150°C. This different thermal property is presumably due to the difference in the amount 

of uronic acid and suphate ester groups at the surface of CNC during acid hydrolysis.72–74 

In addition, the slight difference in CNC particle size (i.e., 30 nm for commercial CNC 

vs. 50-60 nm for the in-house CNC) could also influence the thermal degradation profiles 

which is a manifestation of different amounts of crystallized regions of the corresponding 

cellulose source. However, the steady decrease of the weight percentage over temperature 

seen in PEI-f-CNC and PEI-f-in-house CNC clearly suggest that the materials are 

successfully functionalized. This amine functionalization was further confirmed by the 

NH-bending peak observed around 1500-1750 cm-1 region in the ATR-FTIR spectra of 

PEI-f-in-house CNC (Figure 4.5). 

 

After the confirmation of successful PEI functionalization from the in-house 

synthesized CNC, we then turned towards assessing its VOC vapor capture capabilities. 

Figure 4.6 depicts the hexanal vapor capture studies of the non-functionalized and PEI-

functionalized materials of commercial CNC and in-house synthesized CNC. 
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Figure 4.4. TGA curves of the non-functionalized and PEI-functionalized materials of 

commercial CNC and in-house synthesized CNC. 
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Figure 4.5. ATR-FTIR spectra of the non-functionalized and PEI-functionalized 

materials of commercial CNC and in-house synthesized CNC. 
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Figure 4.6. Hexanal vapor capture studies of the non-functionalized and PEI-

functionalized materials of commercial CNC and in-house synthesized CNC.  
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These VOC studies were conducted according to our previously published 

protocol by adding a small amount (i.e., 10 µL) of hexanal into a 1 mL gas 

chromatography vial, subsequently place the nanomaterial (50 mg) on a tissue paper 

towel (i.e., Chemwipe) in the headspace of the vial and capping with a rubber septa. The 

headspace of the vial was then analyzed via GC peak area studies (see Experimental 

section for more details). Thus, the in-house prepared PEI-f-CNC reduced volatile 

hexanal vapors by 98% whereas PEI-f-CNC generated from commercial CNCs reduced 

vapors by 86% (Figure 4.6). These VOC studies shows that the in-house generated PEI-f-

CNC materials are equally capable of capturing VOCs as compared to our previously 

developed PEI-f-CNC starting from commercially available CNCs. 

 

Furthermore, the pesticide remediation capabilities of the fully in-house prepared  

PEI-f-CNC were also evaluated. These studies were performed with the well-known 

pesticide malathion using GC peak area analysis. Malathion remediation experiments 

were set up by adding the modified materials directly into a solution of malathion in 

DCM followed by filtration and analysis of the amount of malathion present in the 

solution using GC after a certain period of time (see Experimental section for more 

details). The results of these studies shows that the malathion solutions treated with the 

fully in-house prepared PEI-f-CNC materials can reduce the concentration of pesticide in 

solution by 74% after 24 h, suggesting that the materials are efficient in pesticide 

remediation as well (Figure 4.7).  
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Figure 4.7. Pesticide remediation studies: Malathion degradation from the PEI-

functionalized CNC. 
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After the initial confirmation of the efficient VOC and pesticide remediation of 

the PEI-f-in-house CNC materials, the optimization of the PEI functionalization was 

carried out in order to reduce the extra cost of the synthesis. As described earlier, it has 

been showed that the in-house synthesized CNC materials are 10 times less expensive 

than the commercial CNC sources. In addition, in our early attempts we were also able to 

show that the solvent demand for the overall PEI-functionalization reaction can be 

reduced by 50%. 

 

Apart from the aforementioned factors, the other important factors that affect the 

cost of the synthesis are the materials and reagents involved in the key steps for the PEI 

functionalization such as TEMPO, NaBr, NaOCl (oxidation step) and EDC coupling 

reagent, and PEI (amine-functionalization step). In order to understand the optimum 

TEMPO and PEI amounts for this functionalization reaction while retaining the 

remediation activity, we then performed the same PEI functionalization reaction (as 

shown in Scheme 4.1) using commercial CNC with different weight equivalence of the 

TEMPO catalyst in the first step and PEI in the second step. Two functionalization 

protocols were conducted without TEMPO and by adding half the amount of TEMPO 

weight equivalence used in the original protocol. These PEI functionalized samples were 

denoted with the prefixes such as 0 wt. equiv. and 0.5 wt. equiv. TEMPO, respectively. 

On the other hand PEI amounts were changed to 2 or 4 weight equivalence compared to 

the original protocol (8 wt. equiv.) and these samples were denoted with the prefixes such 

as 2, 4, 8 wt. equiv. PEI, respectively. 
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In addition, we hypothesized that, CNC could have different types interactions 

with PEI such as covalent interactions due to the EDC coupling and non-covalent or ionic 

interactions due to adventitious surface coating since we are adding excess of PEI in 

these functionalization reactions. In order to understand the critical interaction types of 

PEI-f-CNC for VOC capture; 0.1 g of the functionalized samples prepared with different 

weight equivalence of TEMPO and PEI were subjected to sonication in 10 mL of water 

for 30 min. Then both sample types, before sonication (sample type A) and after 

sonication (sample type B) were characterized using TGA and ATR-FTIR, prior to 

performing VOC capture studies (see Experimental section for more details of the related 

spectra). 

 

TGA curves of the non-sonicated (A) and sonicated (B) PEI-f-CNC materials 

synthesized with different weight equivalence of TEMPO are shown in Figure 4.8. 

Interestingly, the sonicated PEI-f-CNC samples (both the 0 and 0.5 wt. equiv. TEMPO 

materials) showed about 5-6% of the weight loss in the char yield after sonication (Figure 

4.8). We believe that this could be mainly attributed to the amount of loosely bound PEI 

to the CNC surface such as non-covalently bound PEI (i.e., via hydrogen bonding and 

Van der Waals interactions). Since TEMPO is important to perform the catalytic 

oxidation of the hydroxymethylene groups in cellulose; less weight equivalence of 

TEMPO could potentially result in a fewer number of carboxylic groups on the surface of 

the CNC, and consequently less covalently bound PEI in the functionalization step. 
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Figure 4.8. Optimization work: TGA curves of the PEI-functionalized CNC materials 

synthesized with different weight equivalence of TEMPO. (A) - Before sonication, (B) - 

After sonication  
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In contrast, the TGA curves of the non-sonicated (A) and sonicated (B) PEI-f-

CNC materials synthesized with different weight equivalence of PEI shows that the mass 

loss in char yield is higher in the samples prepared with the 8 weight equivalence of PEI 

(i.e., about 10%) compared to the samples prepared with 2 weight equivalence of PEI 

(2% weight loss) (see Figure 4.9). These results show that the 2 weight equivalence of 

PEI is the optimal amount of PEI for the functionalization.  

 

Next, the VOC capture studies of these non-sonicated and sonicated PEI-f-CNC 

materials were performed (Figure 4.10). It is important to note that the changes in VOC 

activity along with the TGA char yield of the modified materials produced before and 

after sonication experiment were used as a key tool to decide the optimized protocol for 

the PEI functionalization of CNC. 

 

Surprisingly, the non-sonicated PEI-f-CNC materials showed excellent hexanal 

vapor reduction (i.e., >90%) regardless of the TEMPO or PEI weight equivalence used in 

the CNC modification (Figure 4.10). Sonication of the 0 weight equivalence TEMPO 

material showed a considerable drop in the VOC capture efficiency compared to the 

corresponding 0.5 weight equivalence TEMPO material. Since the absence of the 

TEMPO doesn’t provide carboxylic functionality to the CNC surface to form covalently 

bound PEI; we can now assume that some type of a loosely bound PEI or presumably 

non-covalently bound PEI has been lost during the sonication process which is important 

for the gas capture activity. Indeed, 5% mass loss in the char yield of PEI-f-CNC 
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materials prepared with 0 weight equivalence of TEMPO reconfirms that there could be 

non-covalently bound PEI on the CNC surface. 

 

In addition, the slightly higher mass loss in the char yield of PEI-f-CNC materials 

made with 0.5 weight equivalence of TEMPO (i.e., about 1.5% higher) compared to the 

materials prepared with the 0 weight equivalence of TEMPO; further support the 

argument that PEI can also have non-covalent or ionic interactions on the oxidized or 

non-oxidized CNC surface. 

 

Since the characterization of the samples after sonication still showed evidence of 

the active PEI, we can assume that the covalently bound PEI has not been removed 

during the sonication. Therefore, the TGA and VOC results both suggest that PEI-f-CNC 

samples prepared with excess PEI such as with 8 weight equivalence of PEI (similar to 

the previously published protocol), most probably have a combination of covalently 

bound PEI, non-covalently bound PEI or PEI bound with the ionic interactions with the 

carboxylic groups. 
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Figure 4.9. Optimization work: TGA curves of the PEI-functionalized CNC materials 

synthesized with different weight equivalence of PEI. (A) - Before sonication, (B) - After 

sonication  
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Figure 4.10. Hexanal vapor capture studies of PEI-functionalized CNC materials 

synthesized with different weight equivalence of TEMPO and PEI. (A: Before 

Sonication, B: After Sonication).  
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Furthermore, 2 weight equivalence of PEI and 8 weight equivalence of PEI 

materials showed similar efficiency in VOC capture before and after the sonication, 

>90% and about 50% respectively (Figure 4.10). These results suggest that the CNC 

functionalization with 2 weight equivalence of PEI is an optimum protocol to reduce the 

cost of the synthesis while retaining the remediation efficiency.  

 

Taken all of these TGA and VOC capture results together, we can envision that 

the PEI can have different types of interactions with CNC such as covalently bound PEI, 

non-covalently bound PEI and PEI bound with ionic interactions. These results also 

suggest that non-covalently bound PEI (via hydrogen bonding, Van der Waals 

interactions) PEI and the PEI bound with ionic interactions also play an equal role in 

volatile organic capture. Figure 4.11 depicts the plausible modes of CNC and PEI 

interactions at the interlayer based on the experimental evidences. However, the non-

covalent and ionic interactions on the CNC surface are needed to be further proved by 

more experimental studies such as X-ray photoelectron spectroscopy (XPS) to confirm 

different types of nitrogens on the CNC surface.  
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Figure 4.11. Plausible interactions of CNC and PEI at the interlayer. Note: Covalent 

interactions are shown in green color, hydrogen bonding or the non-covalent interactions 

are shown in blue color, and ionic interactions are shown in red color. 
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Furthermore, with the optimized PEI functionalization protocol (with 2 weight 

equivalence of PEI) in hand, we were successfully able to scale up the functionalization 

of CNC with PEI up to 100 g scale. Characterization of these modified materials by 

means of TGA and ATR showed successful modification of CNC. These modified 

materials were also showed the same hexanal remediation activity similar to the CNC-f-

PEI produce in 1 g scale (see experimental section for more details). 

 

In conclusion, we were able to perform in-house CNC synthesis in 1 g, 10 g, 100 

g and 500 g scales in our laboratory. We successfully optimized the PEI functionalization 

protocol of CNC to reduce the cost of the synthesis while retaining the efficiency of VOC 

and pesticide remediation. With this optimized protocol, we were able to perform the PEI 

functionalization protocol of CNC in 1 g, 10 g and 100 g scales. We further confirm these 

PEI functionalized CNC materials from the scale up synthesis have the same remediation 

efficiency as the lower scale synthesis. Furthermore, optimization studies indirectly 

revealed that the PEI can bind to the CNC surface via covalent interactions, non-covalent 

interactions, and ionic interactions. Moreover, it has been evident that all these 

interactions play a significant role in the remediation efficiency. 

 

In the future, this optimization study needs to be further tuned in order to obtain a 

crucial understanding about which synthetic protocols are best applied depending on the 

type of the desired application. For example if the materials are being applied in an 

aqueous environment; presumably the covalent PEI interactions would be more 
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important, whereas if the materials are applied for the capture of a volatile substance; all 

three types of interactions would be important. Further studies are underway in order to 

find alternative reagents for TEMPO since this catalyst is a corrosive reagent and 

somewhat difficult to handle in higher scale reactions. Similar studies also need to be 

done in order to find more cost effective amide coupling agent instead of EDC. 

Additionally, further characterization studies of the functionalized materials in X-ray 

photoelectron spectroscopy (XPS) could be performed in order to identify the different 

oxidation states of nitrogen to further confirms the different bonding patterns of PEI on 

the CNC surface. 
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4.5. Spray experiment to mimic a real-time on site remediation.  

In order to further illustrate the capability of hexanal vapor capture in more 

realistic environment, we set up a spray experiment of the PEI-f-CNC materials where the 

volatile organic material is spread in a larger volume. The objective of this study was to 

show that these materials can be applied via an aqueous spray to the location where the 

remediation is needed. Experiments were set up to mimic a real-time, on-site 

remediation. 

 

Figure 4.12 demonstrates the spray experiment set up. In this experiment, a 

nitrogen line was used to produce hexanal vapors after hexanal liquid is placed on the 

watch glass. An aqueous solution of the PEI-f-CNC materials was then delivered into the 

sealed box (dimensions: 7"H x 15.5" W x 22"L; 20 liter HDPE rectangular container) 

from the side while reading the ppm value corresponding to the hexanal vapors using an 

Aeroqual VOC probe (see Experimental section for more details). 

 

The results from this spray study showed that an aqueous solution of the PEI-f-

CNC materials (12.5 g/L and 25 g/L slurry) can reduce hexanal vapors ≥90% (Figure 

4.13). However, one of the drawbacks in this study was the effect of water in the 

remediation. The water by itself also showed 34% reduction of the hexanal vapors. In 

addition, 11% reduction was also observed for the untreated trial due to the experimental 

errors.  
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Figure 4.12. Spray experiment set up. A: Top view, B: Side view, C: Aeroqual probe 

view, 1: Nitrogen line to produce hexanal vapors, 2: PEI-f-CNC aqueous solution with a 

stir bar, 3: Stir plate, 4: Delivering of the PEI-f-CNC solution, 5: Aeroqual probe, 6: 

Hexanal liquid on the watch glass.  
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Figure 4.13. Hexanal remediation from the spray experiment. 
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Hexanal reduction over time from the spray experiment shows that 50% of the 

reduction occurs within the first minute of treatment and then it slows down gradually 

over a period of 8-10 minutes (Figure 4.14). 

 

Figure 4.14. Hexanal remediation over time from the spray experiment. 

 
Further studies on this spray experiments to show the effect of the unmodified 

CNC and other related materials are currently underway. 
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4.6 Halogenation of the PEI-functionalized cellulose nanocrystals (CNC-f-PEI).  

Halogenation of polymeric materials is a well-known surface modification 

technique used to improve adhesion properties and peel strength over the past.75–78 For 

instance chlorination of styrene-butadiene rubber has been used to improve the adhesion 

properties.The inherent non-polar nature arising for these polymers from their structural 

features, and also with the additives in the formulations can be overcome by such surface 

modifications.75,76 

 

On the other hand, the chlorination of the polymeric materials has been appeared 

as a successful method to prevent bacterial contamination via polymers. It has been 

shown that polymeric materials play a significant role in transmission of infectious 

diseases, especially in the locations where high risk is involved for cross-infections such 

as hospitals.79,80 In fact, previous studies have shown that some microbes can survive on 

polymer surfaces for 3 days.79,80As a response for these challenges; N-halamine 

precursors such as hydantoin-based polymer materials, coatings have emerged as a 

widely used approach to prevent microbial infections.81–85Furthermore, previous studiesof 

the antimicrobial materials such as cotton fibers,81 polyurethane biofilms,82 and wound 

dressings84 have shown good biocidal properties. 

 

These previous studies encouraged us to further modify the PEI-f-CNC materials 

for the use in antimicrobial applications. As a result of this, the PEI-f-CNC materials 

were treated with trichloroisocyanuric acid (TCCA) and 1,3-dibromo-5,5-
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dimethylhydantoin (DBH) and characterized using ATR-FTIR, TGA, SEM and EDX. 

Figure 4.15 displays the ATR-FTIR of the PEI-f-CNC material reacted with TCCA 

compared to the starting materials. Despite the fact that the characteristic N-Cl stretching 

of TCCA (i.e., 694, 796 cm-1 peaks)86 is obscured by the fingerprint IR region of the  

PEI-f-CNC material, the shift of the 1597 cm-1 (NH bending) peak of the PEI-f-CNC to 

1726 cm-1 is indicative of the successful modification of the material (Figure 4.15).The 

gradual weight loss in the thermal profile of the PEI-f-CNC material reacted with TCCA 

compared to the original PEI-f-CNC further confirms the alteration of the material 

(Figure 4.16). 

 

The materials modified with DBH also did not show any significant evidence of 

the N-Br stretching, however they showed two new peaks in the carbonyl IR region 

(1720 cm-1, 1737 cm-1) which indicates an alteration of the PEI-f-CNC material (Figure 

4.17). Also, higher thermal stability (ca. 229°C at 95% wt. for DBH treated material vs. 

129°C at 95% wt. for untreated) with the steady weight loss in the TGA profile of the 

PEI-f-CNC material treated with DBH further confirms the alteration of the material 

(Figure 4.18).  
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Figure 4.15. ATR-FTIR of the PEI-f-CNC material reacted with TCCA compared to the 

starting materials. 
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Figure 4.16. TGA curves of the PEI-f-CNC material reacted with TCCA compared to the 

starting materials.  
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Figure 4.17. ATR-FTIR curves of the PEI-f-CNC material reacted with DBH compared 

to the starting materials.  
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Figure 4.18. TGA curves of the PEI-f-CNC material reacted with DBH compared to the 

starting materials.  
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However, both TCCA and DBH treated PEI-f-CNC materials showed a 

considerable weight loss (about 20-25%) of the char yield in their thermal profiles. This 

is presumably due to the loss of non-covalently bound PEI and undesired degradation of 

the PEI. Figure 4.19 illustrates the surface topography of the untreated PEI-f-CNC, 

TCCA and DBH treated PEI-f-CNC materials. This shows the difference in the surface 

morphology of the TCCA- and DBH-treated materials suggesting the successful 

modifications of the PEI-f-CNC. 

 

Figure 4.19. SEM images (at different magnifications) of the untreated PEI-f-CNC (A, 

B), PEI-f-CNC material reacted with TCCA (C) and DBH (D).  
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Further characterization of the modified PEI-f-CNC materials by means of EDX 

revealed the presence of chlorine atoms (i.e., about 6 atoms %) in the TCCA treated PEI-

f-CNC materials, whereas DBH treated materials showed only a very little amount of 

bromine atoms (i.e., 0.1 atoms %) (Figure 4.20, 4.21). 

 

 

Figure 4.20. Energy dispersive X-ray (EDX) graphs of the PEI-f-CNC material reacted 

with TCCA (at sites A,B,C,D).  
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Figure 4.21. Energy dispersive X-ray (EDX) graphs of the PEI-f-CNC material reacted 

with DBH (at sites A,B,C,D). 

In conclusion, we were able to chlorinate the PEI-f-CNC materials with TCCA. 

EDX studies confirmed the presence of chlorine in the modified materials. Further 

studies to optimize the chlorination, evaluate the degree of active chlorine  

(i.e., chlorenium (Cl+) equivalent) using idometric titrations, and investigate the degree of 

chlorination with different amine functionalized materials such as ethylenediamine 

(EDA), tris(2-amino-ethyl)amine are underway.52 In addition, antimicrobial studies for 

the modified materials are in progress.  
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4.7. Experimental section 

4.7.1 General information and characterization techniques 

All commonly available reagents were obtained from commercially available 

sources and used without purification. The commercial cellulose nanocrystal (CNC) 

slurry (12.2 wt.% in H2O) was purchased from Cellulose Lab. Solution of PEI (50% wt. 

% in H2O, Mw ~ 1300), 10-15% sodium hypochlorite solution (NaClO), sodium 

hydroxide, 2,2,6,6-Tetramethylpiperidine 1-oxyl free radical (TEMPO), N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), and sodium bromide 

were purchased from Sigma-Aldrich and used without further purification. 

 

Attenuated Total Reflection-Fourier Transform Infrared spectroscopy (ATR-FTIR) 

Infrared spectroscopy data were collected using an ATR-FTIR instrument 

(Shimadzu IRAffinity-1S instrument with MIRacle 10 single reflection ATR accessory) 

and scanned over the range of 400 to 4000 cm-1. 

 

Thermo gravimetric analysis (TGA) 

TGA data were collected using TGA instrument SDT Q600 V20.9 Build 20 over 

the temperature range of 200 – 800 ˚C, with a ramp rate of 10˚C/min and under a nitrogen 

flow rate of 100mL/min.   
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Dynamic light scattering (DLS) measurements 

DLS measurements were performed in Brookhaven NanoBrook Omni instrument. 

Generally, the resultant CNC slurry from the synthesis was filtered through 40-60 µm 

pore size fritted funnel and centrifuged at 8000 rpm in 25 mL conical vials for 20 min 

followed by diluted with de-ionized water to obtain a homogeneous transparent solution 

prior to DLS measurements. Following parameters were used in the DLS measurements; 

Set duration: 180 seconds, Equilibration time: 180 seconds, Total measurements: 4, Time 

interval between measurements: 10 seconds, Dust cut off: 50.00, Cell type: Bi-SCP, 

Angle: 90 degree scattering for smaller particles and forward scattering for larger 

particles, Refractive index of particles: 1.59, Particle shape: uniform spheres, Baseline 

normalization: Auto, Size distribution: used CONTIN for broad unimodal distribution. 

Data correlation was monitored during the DLS measurements for the accuracy and the 

authenticity of the data. If the correlation graph is breaking in between; multiple 

measurements, re-preparation of the sample or changed the scattering angle was done 

accordingly.  

 

Mechanical processing 

Mechanical processing of cotton (equate Jumbo Cotton Balls) was performed in a 

magic bullet blender with a 6 cm × 4 cm cross blade.  
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Centrifugation 

Centrifugation was performed in eppendorf centrifuge 5804 R instrument with 25 

mL conical flasks and SORVALL RC 5C PLUS instrument with 500 mL nalgene bottle 

with a fiberlite screw top cap closure for larger scale experiments.  

 

Dialysis purification 

Dialysis was performed using Spectra/Por®2 Dialysis membrane standard RC 

tubing (MW: 12-14 kD, Flat width: 45 mm, Diameter: 29 mm).  

 

Mixing and agitation 

Mixing in 100 g scale CNC synthesis and 500 g scale PEI functionalization of 

CNC was performed in a wide mouth brewer’s glass carboy (height = 20”, diameter = 

4.5”, Volume :~ 25 L). The glass stir rod was designed with a vertical glass rod (16.5 

inches length), and several perpendicular glass paddles (4 inches each) (see Figure 

4.2.A). The glass rod propeller was set at 150-200 rpm during all the synthesis work. 

 

Sonication experiments 

Sonication experiments were performed in a 2510 Branson ultrasonic bath.   
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Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) images were photographed with a 

H7600 and HT7830 microscopes (Hitachi High-Tech, Tokyo, Japan) operated at 100 kV 

and 120.0kV voltage. 

 

Sample preparation for TEM study: 

Moderately diluted CNC slurry solution (moderately turbid) was prepared by 

dissolving approximately 50 mg of freeze dried CNC in 5-10 mL of deionized water. A 

small drop of this solution was placed on the TEM grid using a plastic dropper and kept it 

for 1-2 minutes. Then the TEM grid was carefully placed on a Kimwipe paper to remove 

the excess solution. Then the TEM grid was placed on a small piece of a parafilm and one 

drop of 3% uranyl acetate was carefully placed on the TEM grid. This was then kept for 

30 seconds at room temperature for staining. The excess uranyl acetate solution was then 

removed by using a Kimwipe paper. This TEM grid was dried in a desiccator with the 

TEM grid holder for 24 hrs prior to TEM analysis. For rapid analysis this TEM grid was 

placed on a piece of aluminum foil followed by kept on a hot plate at a mild heat (~40°C) 

for 0.5-1 hour and then placed in a desiccator with the TEM grid holder prior to TEM 

analysis. 
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Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) images were recorded in S3400 and 

SU6600 (Hitachi High-Tech, Tokyo, Japan) operated at 20.0kV voltage. 

 

Energy dispersive X-ray analysis (EDX) 

Elemental analysis was performed by means of energy dispersive X-ray analysis 

(EDX) with using SU6600 (Hitachi High-Tech, Tokyo, Japan) scanning electron 

microscope equipped with an X-Max detector. Data acquisition and manipulation was 

performed by Oxford Instruments' AZtec software suite. The samples were positioned on 

a carbon tape attached to a carbon disk and the disk was located inside the SEM chamber. 

An electron beam with an accelerating voltage of 20.0 kV was used. For each analysis 

scattered X-ray was collected for 30 seconds.  
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4.7.2 Synthesis of cellulose nanocrystals (100 g and 500 g scale) 

Aqueous solutions of the 50% H2SO4 were pre-made and kept chilled prior to the 

hydrolysis of the cellulose. Then 100 g of mechanically processed cotton (with the use of 

a magic bullet mini blender with a cross blade for about 10 min) was placed in the large 

reaction vessel (Figure 4.2). The large glass vessel was then placed in a secondary 

container and ice was added to the secondary container. The solution of 50% H2SO4 was 

then added drop-wise to the 100 g of processed cotton while stirring via an overhead 

stirrer with the help of specifically designed glass stir-rod with Teflon propellers (note: 

glass stir rod allows for stirring of the acidic solution without corrosion). Once the 

addition of the acidic solution is complete, the ice was replaced with warm water. Warm 

water was continually replenished in order to maintain the water batch at 45°C in the 

secondary container.  

 

The hydrolysis progress was continuously monitored via DLS measurements. 

DLS monitoring was done by first removing a certain volume from the cellulose slurry, 

filtering through a 40-60 µm pore size fritted funnel and centrifugation (8000 rpm, in 25 

mL conical vials for 20 min) to give a precipitate. The resulting precipitate was then used 

in the DLS experiment. Once the desired particle size was reached (i.e., 50-100 nm), the 

CNC slurry was centrifuged in 500 mL aliquots for 20 min at 8000 rpm speed to remove 

excess acid which helps to handle the material in the following steps. Once centrifuged, 

the solid was re-suspended in water and filtered through a 40-60 µm pore size fritted 

funnel. After filtration, the solution was neutralized via the addition of 6M aq. NaOH 
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(approximately about 300-400 mL of 6M aq. NaOH was used to neutralize 4 L of the 

slurry, note: neutralization allows access to the sodium form of the sulfonated ester 

groups on the CNC and prevents coagulation after freeze drying). The neutralized 

solution was then centrifuged and the wet precipitate was freeze-dried to obtain the 

cellulose nanocrystals (CNC).  
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4.7.3 Powder X-ray diffraction of commercial and in-house CNC. 

Powder X-ray diffraction was carried out using a Rigaku Ultima IV 

diffractometer with CuKα radiation (λ = 1.5406 Å) at 0.02° intervals at a rate of between 

0.2-1°/min from a 2θ range of 5°-65°. PXRD-PDXL software was used to analyze the 

composition and the purity of the product.87 Origin 8 software was used to plot the 

powder patterns. 

 

Figure 4.22. PXRD patterns of commercial and in-house CNC. 
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Commercial and in-house CNC both showed three main diffraction peaks 

corresponding to cellulose type I which are a sharp high peak at around 2θ = 22.5° and 

weaker peaks closer to 2θ = 14.8°, 16.3°. These diffraction peaks can be assigned to the 

200, 110, and 1 1 0 crystallographic planes of the monoclinic cellulose Iβ lattice, 

respectively.72,88 

 

Due to the more prominent crystalline peaks at 12.4 and 20.3 degrees in the 

commercial CNC; the crystallinity of the commercial CNC found to be slightly higher 

(i.e., 45.5%) than the in-house synthesized CNC (i.e., 37.1%). 
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4.7.4. General procedure for the synthesis of PEI-f-CNC (Optimized) 

TEMPO-mediated Oxidation (100 g scale) 

First, 1kg of the CNC slurry (10-12% wt in H2O) was suspended in 5 L of water 

in a large reaction vessel. To the resultant solution was added 10 g (63 mmol) of 

TEMPO, 1.25 g (12 mmol) of sodium bromide, and 240 g (387 mmol) of 12% NaClO 

solution (weight the solution on the scale and added portion-wise) in order to initiate the 

TEMPO-mediated oxidation. This reaction mixture was stirred at room temperature for 7-

10 days. After a couple of hours after the addition of the reagents for the oxidation step, 

the pH of the solution was checked and maintained at pH 10 by the addition of a 0.5M 

NaOH solution (approximately 5-10 mL every 24 hrs) throughout the course of the 

reaction. After 7-10 days, the pH of the resultant suspension was adjusted to 2.5 (by 

adding approximately 50-75 mL 0.1M HCl) in order to neutralize the sodium carboxylate 

functional groups formed during the oxidation. The neutralized suspension was left at rest 

for1-2 days while monitoring and maintaining the pH at 2.5. This resultant mixture was 

used for the next step without further purification. 

 

PEI-functionalization (100 g scale) 

To the above mixture was added 110 g (574 mmol) of EDC (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide) and 375 mL of PEI solution (50% wt. % in H2O, Mw 

~ 1300), and the resulting mixture was stirred at room temperature for 7-10 days. The 

resultant slurry was purified using dialysis membrane purification (by using 

Spectra/Por®2 dialysis membrane standard RC tubing (MW: 12-14 kD, flat width: 45 
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mm, diameter: 29 mm)). In this dialysis purification, any excess and unreacted reagents 

were removed while monitoring the pH and replenishing the distilled water frequently. 

The water was changed every 24 hrs until no significant pH change in the water was 

observed. (Note: The above protocol was successful in the functionalization of CNC with 

PEI in 1 g, 10 g and 100 g scales). 

 

4.7.5. VOC studies in Gas Chromatography Materials 

Hexanal used in VOC studies was purchased fromcommercial sources and used 

without further purification. Gas Chromatography (GC) studies were performed using a 

Shimadzu GC-2014 Gas Chromatograph equipped with a Shimadzu AOC-20iAuto 

Injector and a Flame Ionization Detector (FID). The GC was equipped with a 30 m x 

0.25mm x 0.25 μmZebron ZB-WAX Plus capillary GC column. The assays were 

conducted in Agilent Technologies GasChromatography vials with septum crimp-caps. 
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Gas Chromatography Analysis 

The VOC capture studies were conducted using the same method which is 

described in our previous studies.65,66 About 50 mg of the modified or unmodified CNC 

materials were placed in a tissue paper well, which was positioned inside the 2mL GC 

vials. The vials were then capped to hold the tissue paper and the materials and the extra 

tissue paper was trimmed. A 10 μL aliquot of the analyte (i.e., hexanal) was carefully 

injected into the bottom of the vial without disturbing the material. The vial was then kept 

at 25°C for 30 min before injection of the gaseous head space of the vial into the GC. 

Note:  When 1 μL aliquot of the analyte (i.e., hexanal) was used; about 10 mg of the 

modified or unmodified CNC materials were placed in a tissue paper well. 

 

4.7.6. Malathion remediation study 

In order to determine the GC peak area of a malathion standard, a solution of 165 

ppm Malathion in DCM was prepared. This solution was immediately added in 1 mL 

aliquots to 1.5 mL glass screw top GC vials and injected to GC and the peak area was 

analyzed. This area was taken as the untreated pesticide peak area at t = 0 h. This was 

done in triplicate before evaluating the remediation activity of the modified materials. 

Next, 50 mg of the PEI-f-CNC materials was placed in the GC vial and 1 mL of the same 

malathion stock solution was added. Then the GC vial was capped, and sealed with 

Teflon tape, followed parafilm to avoid unnecessary evaporation.  The vial was then 

maintained at 25°C for 24 hr on a tilting mixer. Then these vials were also analyzed by 

GC. Also, an untreated sample was also prepared in a similar fashion without adding any 
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nanomaterial and maintained for 24 hr as a control. These trials were conducted in 

triplicate. The percent remediation of all the trials was calculated by comparing the 

treated samples with the peak area of the untreated sample at t = 0 h, which was taken to 

be 100%. 
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4.7.7. ATR-FTIR spectra of the PEI-functionalized CNC materials synthesized with 

different weight equivalence of TEMPO and PEI 

 

Figure 4.23. Optimization work: ATR-FTIR spectra of the PEI-functionalized CNC 

materials synthesized with different weight equivalence of TEMPO. 
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Figure 4.24. Optimization work: ATR-FTIR spectra of the PEI-functionalized CNC 

materials synthesized with different weight equivalence of PEI. 
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4.7.8. ATR-FTIR spectra of the Sonicated samples of the PEI-functionalized CNC 

materials synthesized with different weight equivalence of TEMPO and PEI 

 

Figure 4.25. ATR-FTIR spectra of the sonicated samples of the PEI-functionalized CNC 

materials synthesized with different weight equivalence of TEMPO and PEI. 
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4.7.9. Comparison of the ATR-FTIR spectra of the PEI-functionalized CNC materials 

synthesized in 1g and 100 g scales 

 

Figure 4.26. ATR-FTIR spectra of the PEI-functionalized CNC materials synthesized in 

1g and 100 g scales. 

 

The NH-bending peak observed around 1500-1750 cm-1 region in the ATR-FTIR 

spectra of PEI-f-CNC synthesized in 1 g scale and 100 g scale both confirms the 

successful amine functionalization with PEI. For the extra clarity; this portion has 

highlighted in blue color square region.  
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4.7.10. Comparison of the TGA curves of the PEI-functionalized CNC materials 

synthesized in 1g and 100 g scales 

 

Figure 4.27. TGA curves of the PEI-functionalized CNC materials synthesized in 1g and 

100 g scales. 
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4.7.11. Comparison of the VOC capture studies of the PEI-functionalized CNC materials 

synthesized in 1g and 100 g scales 

 

Figure 4.28. VOC capture studies of the PEI-functionalized CNC materials synthesized 

in 1g and 100 g scales. A: 1µL of the analyte with 10 mg and 20 mg of the CNC-f-PEI 

(100 g scale), B: 1µL of the analyte with 20 mg of the CNC-f-PEI (1 g vs. 100 g scale). 
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4.7.12. General procedure for the spray experiment of the PEI-f-CNC materials. 

The equipment was set up as shown in Figure 4.11. The Aeroqual probe was 

attached inside the spray chamber (Dimensions: 7"H x 15.5" W x 22"L; 20 Liter HDPE 

rectangular container). Then the chamber was closed and allowed to equilibrate until the 

Aeroqual probe read a ppm value in between 0-0.50 ppm for VOCs. This value was taken 

as the baseline value in each spray experiment attempt. Once the VOC reading fell to 

within the above range; 0.6-0.8 mL of hexanal was introduced using a syringe from the 

top of the chamber onto the watch glass that was previously placed in the middle of the 

chamber. Then the chamber was provided a constant dry nitrogen flow (~200 cycles/min 

as measured using BELL-ART flow indicator (Cat No: 19935)) from the top of the watch 

glass. After the VOC ppm value reached 7-9 ppm under nitrogen flow and stabilized, the 

aqueous solution of the CNC-f-PEI was sprayed into the chamber (3 sprays = 2 mL in 

each spray experiment). Then the VOC ppm reading was recorded until the ppm value 

stabilized (typically about 8-10 min).All of these spray experiments were performed in 

triplicate. Due to the low solubility of CNC-f-PEI in water, the spray solution was stirred 

during the entire time of the experiment. Furthermore, similar experiments were 

conducted using water (i.e., without CNC-PEI).  Untreated control samples were 

measured to acquire the remediation% by water and Aeroqual probe error%, respectively. 
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4.7.13. General procedure for the halogenation of PEI-f-CNC 

A dried 20 mL vial was equipped with a stir bar, and 100 mg (1 weight equiv.) of 

the PEI-f-CNC, 20 mL of water and 100 mg (1 weight equiv.) of the halogenating reagent 

were added. The resultant suspension was stirred for 24 h and then purified via dialysis 

purification followed by freeze drying to obtain the dried powder of the halogenated PEI-

f-CNC materials. 
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