
 

 

Investigation of Diazapyrones in the Context of Bioorthogonal Chemistry  

 

 

Kaitlyn Morrill 

 

 

A thesis submitted in partial fulfillment of the requirements for the Masters  degree in Chemistry 

and Biomolecular Sciences 

 

 

Department of Chemistry and Biomolecular Sciences 

Faculty of Science 

University of Ottawa 

 

 © Kaitlyn Morrill, Ottawa, Canada, 2023 

 

 

 



 

ii 
 

Abstract 

The field of bioorthogonal chemistry uses click chemistry as a tool to further understand cellular 

function. The tools of bioorthogonal chemistry include cell and metabolic probes, fluorescent 

probes with varying bioorthogonal handles that can be used for cell labelling, and gauging 

metabolic function. This is done by using non-toxic, orthogonal, and selective chemical probes 

that do not interfere with the complex environment of the cell (termed bioorthogonal). An example 

of a bioorthogonal reaction is the tetrazine ligation, which occurs via an Inverse Electron Demand 

Diels Alder (IEDDA) reaction with the 4π and 2π orbitals of a tetrazine and an alkyne/alkene, 

respectively. This reaction is considered bioorthogonal due to the reagents’ high selectivity, quick 

kinetic rates of reaction, and the reaction’s high yield, all of which do not disturb the native cellular 

environment. The key advantage of this reaction is its extremely fast rate, with second-order rate 

constants ranging from 103 to 106 M-1s-1 with the exergonic release of N2 (g) as the sole by-product 

which causes the reaction to be irreversible. However, tetrazines are easily hydrolyzed and are 

redox-sensitive. 

In this work, we describe herein an alternative bioorthogonal reagent to tetrazine in an IEDDA 

reaction with cyclooctynes or trans-cyclooctene (TCO). Currently, the tetrazine ligation, with an 

alkene/alkyne is the fastest bioorthogonal reaction known. Based on this, we investigated the 

synthesis of diazapyrones as an alternative heterocycle to tetrazine. We also investigated the 

synthesis of trans-cyclooctenes using a photochemical flow reactor developed by Dr. Fox et al. 

From this we aimed to develop two cycloaddition reactions, the first one using bicyclononyne 

(BCN) and the second using strained trans-cyclooctenes (sTCO). Both of these reagents act as the 

dienophiles. Evaluation of reactions between diazapyrones, cyclooctynes, and trans-cyclooctenes 

was done through kinetic studies using UV-Vis spectroscopy under pseudo-first-order conditions. 
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Different diazapyrones were tested accordingly with BCN and sTCO dienophiles. The effects of 

varying substituents on the diazapyrones were also studied. From the results, it was determined 

that electron-poor diazapyrones react the fastest with BCN and sTCO. Kinetic studies also 

indicated that diazapyrones are unstable in aqueous environments and are prone to hydrolysis. 

However, this primarily poses issues for electron poor diazapyrone. The reactions between 

diazapyrones and cyclooctynes or trans-cyclooctenes are slower than the established tetrazine 

ligation (k2 ~ 1 – 104 M-1s-1). The k2 values are 10-2 M-1s-1 and 10 M-1s-1 respectively.  However, 

reaction rates are comparable to other established bioorthogonal reactions such as SPACC (k~ 10-

2 – 10 M-1s-1) or SPANC (k~ 10 – 60 M-1s-1). Thus, this reaction is a useful addition to the 

bioorthogonal toolbox and can be applied in cell labelling experiments. 
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Chapter 1 – Introduction 

1.1 Bioorthogonal Chemistry 

 

It is an understatement to say that the biology of cells and organisms are complex.  Cells contain 

an exorbitantly large number of functional groups and have several parts working in tandem with 

one another. For instance, cells contain macromolecules such as lipids, proteins, and sugars all 

with important and complex cellular roles, which makes studying these difficult. This is 

particularly evident when trying to study a system without damaging or interfering with its native 

function. A vital tool to overcome these problems is the use of the bioorthogonal chemistry 

toolbox, which aims to solve biological problems through the use of chemical tools.  

Bioorthogonal chemistry is a set of chemical reactions that can occur within a cell without 

interfering with its native function or environment. This allows for the inner workings of a cell to 

be studied by modifying particular cellular components in real-time.1 This is generally done using 

small-molecule probes such as cycloalkenes and cycloalkynes, often referred to as minitags.2 

These probes can selectively bind to a target protein via an amino acid to monitor or modify its 

function, allowing us to gain a deeper understanding of biochemical pathways and processes 

occurring within the cell. To be considered bioorthogonal, a stringent set of criteria need to be met, 

resulting in very few reactions being classified as such. These criteria are split amongst the starting 

materials (1), the reaction (2), and the product (3) of a given chemical reaction. (1) The starting 

materials for these reactions must be stable and cannot interact with the native chemicals of the 

cell (i.e. orthogonal). (2) The reaction must also be metabolically stable while simultaneously 

being non-toxic.3 Furthermore, the reaction should proceed in a high yield while being 

spontaneous, irreversible, and specific, with little to no side products.4,5 (3) The final products 
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must also be stable under physiological conditions. Historically, the first reaction to   

fit these criteria was the Staudinger ligation. 

1.2 Click chemistry -Staudinger Ligation 

 

 

Scheme 1.1 The Staudinger ligation. 

 

The first bioorthogonal click reaction was the Traceless Staudinger ligation which was discovered 

by Bertozzi and Raines in 2000,6,7 based on the Staudinger reaction discovered in 1919 by 

Hermann Staudinger.8 In the Staudinger reaction (Scheme 1.1a), a phosphane and azide react 

together to form an iminophosphorane intermediate which can react with a carboxylic acid 

derivative to form an amide bond. This reaction is a good basis for bioorthogonal chemistry due 

to the molecule’s small size and the fact that it is not naturally occurring in cells and cannot cross-

react with any functionalities found in the cell. In 2000, Bertozzi and Raines discovered the 

traceless Staudinger ligation (Scheme 1.1b)6,7. This reaction was deemed “traceless” due to the 

loss of the phosphane-containing by-product. An azide and acylated phosphane react together via 

a nucleophilic attack to form the iminophosphorane intermediate. This intermediate contains an 
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electron trap where the carbonyl group from the acylated phosphane pulls the electron density 

away from the N atom thereby “trapping” it.6 The imnophosphorane is then easily hydrolyzed in 

an aqueous environment forming an amide bond. This is significant because amides are a key 

functional group found within the cellular environments and are involved in the formation of 

peptide bonds which opens the door to modifying biomolecules in a living system.9 The benefits 

of this reaction over the Staudinger reaction are that it combines bioorthogonality while being non-

toxic, selective, fast, and high yielding.  

1.3 Copper-Catalyzed Azide Alkyne Cycloaddition (CuAAC) 

 

 

Scheme 1.2 Cycloaddition between a terminal alkyne and azide via a. the 1,3-dipolar cycloaddition 

and b. CuAAC. 

 

The copper-catalyzed Azide-Alkyne Cycloaddition (CuAAC) is an expansion of the Huisgen 1,3-

dipolar cycloaddition discovered by Meldal and Sharpless, which is a Cu(I) catalyzed reaction 

between an azide and a terminal alkyne (Scheme. 1.2).10,11,12 The addition of the Cu(I) catalyst 

allows the reaction to have k2 values between 10-200 M-1s-1.13 This means that the CuAAC reaction 

is approximately 5 times faster than the Staudinger ligation and approximately 10-100 times faster 

than the copper-free azide-alkyne cycloaddition.14,15 Besides increasing the rate of the reaction 

through the  Cu(I) catalyst, using CuAAC allows us to decrease the temperature of this 
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bioorthogonal reaction as well as being regioselective. This makes the reaction more applicable to 

bioorthogonal chemistry compared to the 1,3-dipolar cycloadditions. However, at high 

concentrations, the Cu(I) catalyst is toxic to cells. This is because the Cu(I) catalyst gets oxidized 

in the presence of O2 or H2O2 into Cu(II) via Fenton chemistry (Scheme 1.3),16 which form 

superoxides and hydroxyl radicals, respectively, causing oxidative stress and damage to the 

biological system. Despite this, CuAAC is still one of the most used click reactions due to its 

versatility for labelling and capturing native bio-functionalities.17 

 

Scheme 1.3 Copper catalyzed development of reactive oxygen species.18 

1.4 Strain Promoted Azide Alkyne Cycloaddition (SPAAC) 

 

Scheme 1.4 Cycloaddition reaction between a cyclooctyne and azide via the SPAAC reaction. 

The Strain Promoted Azide Alkyne Cycloaddition (SPAAC) (Scheme 1.4) takes the basis of the 

CuAAC reaction and eliminates the need for a Cu(I) catalyst. This is accomplished by using a 

strained alkyne, typically a cyclooctyne, the smallest cycloalkyne that can accommodate a triple 

bond. Ideally, the bond angles for alkynes are 180o; however, the cyclic nature of a cyclooctyne 

causes the bond angle to be 163o.19 This decrease in the bond angle provides ~18 kcal/mol of 

energy of ring strain and drives the reaction forward.3 The overall second-order rate for the SPAAC 
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reaction is ~ 10-2 – 1 M-1s-1. While CuAAC is ~100 times faster than SPAAC, the lack of a Cu(I) 

eliminates cellular toxicity and allows for SPAAC to be used in vivo for live-cell imaging of 

glycoproteins tagged with azides.20 The most effective way to increase the rate of the SPAAC 

reaction is to change the structure of the cyclooctyne by either manipulating the electronics or its 

hybridization. By making the cyclooctyne electron-deficient, the HOMO-LUMO gap decreases 

through reduction in the LUMO energy level.9 This increases the rate of reaction 60-fold compared 

to the reaction between an azide with an unsubstituted cyclooctyne (OCT) and with a difluorinated 

cyclooctyne (DIBO, Figure 1.1).21 Another way to increase the rate of reaction is to use 

benzoannulated cyclooctynes. This increases the rate of reaction by adding strain through the sp2 

hybridized carbons from the phenyl rings.19,22 The more sp2 hybridized orbitals present in a 

cyclooctyne, the more strained the molecule becomes. This is because the sp2 orbitals force the 

cyclooctyne to be planar in two directions and consequently, increases the rate of the reaction by 

introducing additional strain to the system (Figure 1.1). In the case of BARAC, DIBAC or DIBO, 

the forced planar conformation of the molecule causes one of the sp2 orbitals to be aligned with 

one of the conjugated phenyl rings which further increases the ring strain. Overall, this results in 

the diphenyl cyclooctynes having faster rates than the OCT or DIFO. 
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Figure 1.1 Respective second-order rate constants (M-1s-1) of different cyclooctynes reacting 

with azides. 

1.5 Strain Promoted Alkyne Nitrone Cycloaddition (SPANC) 

 

Scheme 1.5 SPANC reaction between a generic cyclooctyne and an acyclic and cyclic nitrone. 

The Strain Promoted Alkyne Nitrone Cycloaddition (SPANC) reaction takes the SPAAC reaction 

and replaces the azide with a nitrone which reacts via a [3+2] cycloaddition. A nitrone is a 1,3-

dipole between N and O atoms.23 Nitrones have the added benefit of increasing reaction tunability 

through modification of the molecules' electronics, strain and sterics via its three modification 

sites, compared to their azide counterparts.24 In addition, nitrones can be acyclic or cyclic, 

increasing the scope of this type of reaction in bioorthogonal chemistry. However, acyclic nitrones 
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are not very stable in an aqueous environment.25 When in the presence of an acid or base, the 

acyclic nitrone will hydrolyze into an aldehyde and a hydroxylamine, making their use in biology 

difficult.26 Cyclic nitrones tend to be preferred as they are stable in aqueous environments while 

being more reactive than their acyclic counterparts. This is because the cycloaddition reaction is 

driven by the strain from both the cycloalkynes and the cyclic nitrone. In fact, the reaction between 

DIBO and a cyclic nitrone has a second-order rate constant that is 25 times larger than the same 

reaction between DIBO and a phenyl azide.27 Another way to enhance the rate is to fuse a 

cyclopropene ring to the cyclooctyne to further add strain to the molecule. An example of this 

would be bicyclo[6.1.0]nonyne (BCN). A reaction using a cyclic nitrone has a second-order rate 

constant that is ~11 times larger than the reaction with an azide.28 The large range in reactivity and 

tunability of this reaction makes it ideal for a variety of biological applications such as 

incorporation into N-based biomolecules for cell labelling. Nitrones are also key starting materials 

for synthesizing β-lactams and isoxazolidines.29 Overall, the diverse reactivity makes this reaction 

ideal for bioorthogonal chemistry. 

Table 1.1 Second-order rate constant comparison between SPAAC and SPANC reactions.26,14,28 
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1.6 Tetrazine Ligation 

 

Scheme 1.6 Mechanism of the tetrazine ligation reaction. 

The tetrazine ligation, the reaction between a strained alkene/alkyne and a tetrazine, was first 

applied to bioorthogonal chemistry in 2008 by Fox and Weissleder.18 In this reaction, tetrazine 

(diene) and an alkene (dienophile) react via a [4+2] cycloaddition followed by a retro [4+2] 

cycloaddition to afford a dihydropyridine (1.1) or pyridazine (1.2) product (Scheme 1.6). This 

reaction occurs via an inverse electron demand Diels-Alder, where the diene is electron-poor and 

the dienophile is electron-rich. This is the opposite of a typical Diels-Alder reaction where the 

diene is electron-rich and the dienophile is electron-poor.  
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Table 1.2 Second-order rate constants of the reaction between tetrazine and various dienophiles. 

Dienophile Second-order rate constant 

(M-1s-1) 

Reference 

 

104-106 30 

 

103-104 31 

 

1-101 32 

 
10-1-101 33 

 

10-2-101 34,35 

 

10-1 36 

 

This reaction meets the bioorthogonal criteria better than other established bioorthogonal reactions 

such as CuAAC, SPAAC and SPANC. Firstly, the tetrazine ligation does not require a catalyst 

which eliminates the toxicity issues of the CuAAC reaction. Since the reaction does not involve 

metal and occurs at a physiological pH, the reaction does not affect the function of the cell. The 

tetrazine ligation is also selective and only produces one by-product, nitrogen gas, making the 

reaction irreversible. Also, the tetrazine ligation surpasses the rates of all other bioorthogonal 

reactions ensuring a concentration of reactant comparable to those of physiological components 
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(e.g., proteins) present in the cell. Since the tetrazine ligation is an exceptional bioorthogonal 

reaction, it has been the subject of great interest over the past 10 years in the field of bioorthogonal 

chemistry and has been studied with a number of reaction partners (Table 1.3). This allowed the 

tetrazine ligation to be optimized for bioorthogonal chemistry by enhancing the reagent’s cell 

permeability, stability, and reaction kinetics.37 Ultimately, this allows the reaction to be used for a 

variety of applications or as an alternative to other bioorthogonal reactions.   

 

Figure 1.2 Frontier molecular orbital theory diagram describing the interaction between the diene 

and dienophile for the three types of Diels-Alder cycloaddition. Figure was adapted from 

Sustmann.24 

 

The reaction dynamics of the tetrazine ligation are governed by the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) gap which is described by 

frontier molecular orbital theory (FMOT). According to FMOT, having a smaller HOMO-LUMO 

energy gap increases the reactivity.38 Electron-donating groups add electron density into the rest 

of the molecule, ideally the reaction center. While electron withdrawing groups do the opposite. 

When electron density is added into a molecule, the enhanced repulsion increases the HOMO 

molecular energy level.  

 This brings the energy level of the diene’s HOMO closer to that of the dienophile’s LUMO.39 
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Therefore, the reactivity can be tuned through the manipulation of the electronics of both the diene 

and dienophile. This will allow for the energy gap between the HOMOdiene and LUMOdienophile to 

be decreased. The FMOT of Diels-Alder cycloadditions can be described in three ways (Figure 

1.2). The first type of cycloaddition is termed “normal” where the diene is electron-rich, and the 

dienophile is electron-poor.24 In terms of FMOT, increasing the rate of the reaction is then 

determined by the HOMOdiene-LUMOdienophile. In this case, the HOMOdiene needs to be electron-

rich and the LUMOdienophile needs to be electron-poor. Type II cycloadditions are dependent on 

both the HOMO and LUMO.24 However, in this case, the change of electronics of either reagent 

will affect both the HOMO and LUMO. The third type of cycloaddition is the inverse electron 

demand Diels-Alder (IEDDA) where to increase the rate of reaction, either the HOMOdienophile 

needs to be electron-rich, or the LUMOdiene needs to be electron-poor.40 The increase in reactivity, 

when the previous conditions are met, is what qualifies this as the third type of cycloaddition.41,42   

1.6.1 Tetrazine 

 

Figure 1.3 Isomers of tetrazine.  

Tetrazines are aromatic heterocycles containing four nitrogens in a six-membered ring. There are 

three isomers of tetrazine (Figure 1.3) which are dictated by the position of the nitrogen atoms in 

the molecule. The first isomer is 1,2,3,4-tetrazine (v-tetrazine), the second is 1,2,3,5-tetrazine (as-

tetrazine), and the third is 1,2,4,5-tetrazine (s-tetrazine).43 S-tetrazine is the most commonly used 

isomer in bioorthogonal chemistry due to its symmetry and comparatively simple synthesis 

(Scheme 1.7). Tetrazines are typically synthesized via the condensation of nitriles or Pinner salts 



 

12 
 

using a thiol, sulfur-based catalyst, or a Lewis acid.44,45,46 Tetrazines can also be synthesized using 

organometallic chemistry through the use of a Pd, Zn, or Ni catalyst which couples to aryl halides 

or boronic acids to form the desired tetrazine.47,48  

 

Scheme 1.7 Synthesis of tetrazine. 

1.6.2 Trans-cyclooctene 

 

Figure 1.4 Structure of trans-cyclooctene (TCO) and strained trans-cyclooctene (sTCO) and their 

relative second-order rate constants.49,50,30 

 

There is a great interest in the tetrazine ligation involving trans-cyclooctenes (TCO), specifically, 

strained trans-cyclooctene (s-TCO, Figure 1.4).51 This is because the fused cyclopropene ring on 

s-TCO causes the rate of reaction to increase 50-fold compared to the reaction using TCO.52,53 

TCOs are easily made using a photochemical flow reactor developed by Fox et al. (Figure 1.5).54 

In the past, TCO was synthesized via a Hoffman elimination of trimethylcyclooctyl ammonium 

iodide for cis-cyclooctene.49 However, this synthesis could not prepare other TCOs derivatives, 

which limits the potential of this reagent in chemical applications. The reactor converts the cis-
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isomer to the trans via UV light and a photosynthesizer, methyl benzoate. The set up of the reactor 

and how it works are described in chapter 2. 

 

Figure 1.5 Photochemical flow reactor developed by Fox et al. The figure was obtained from 

Pegga et al, 2020 and reproduced with permission.54 

1.7 Outline of Work 

The purpose of the work demonstrated here is to develop an alternative bioorthogonal reaction 

based on the tetrazine ligation. The tetrazine ligation, known to be the fastest bioorthogonal 

reaction occurs via and Inverse Electron Demand Diels Alder. The tetrazine ligation exhibits 

extremely fast rates when tetrazines are reacted with strained dienophiles, such as trans-

cyclooctenes and cyclooctynes. Our “new” bioorthogonal reaction is achieved by replacing 

tetrazine with diazapyrones, which are an analog of tetrazine. This reaction will be studied under 

pseudo first-order conditions to determine the second-order rate constants of the reaction. Which 

is achieved by reacting diazapyrones with cyclooctynes an trans-cyclooctenes. The cyclooctyne 

used in this reaction are synthesized with known procedures. While trans-cyclooctenes are 

synthesized using the photochemical reaction developed by Fox et al.   
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Chapter 2 - Chemical synthesis of diazapyrones and trans-cyclooctenes 

 

2.1 Introduction 

With recent advancements in bioorthogonal chemistry, many reagents have been developed for 

use in biological systems; however, further optimization is required. Ideally, for bioorthogonal 

chemistry to reduce its interference with cells, k2 is required to be larger than 1 M-1s-1 1 to ensure 

bioorthogonal reagents are used at low concentrations. An issue with this requirement is that some 

reactions with large k2 values are not selective and can react with the native components of the 

cellular environment. In addition, obtaining reliable diagnostic data is difficult without the 

simultaneous labelling of multiple functionalities within a cell.2 We aim to develop alternative 

bioorthogonal reagents to expand the field of bioorthogonal chemistry and resolve these 

limitations. 

2.1.1 Trans-Cyclooctenes 

 

Figure 2.1 Comparison of the structure of cyclooctene and TCO/sTCO. 

 

Trans-cyclooctenes are significantly less stable compared to the cis-configuration. This is in part 

due to the larger strain energy associated with the trans-conformers (16.7 kcal/mol), ~2 fold larger 

than the cis strain contribution of 7.4 kcal/mol (Figure 2.1).3 To synthesize trans-cyclooctene 

derivatives, a method utilizing a photochemical flow reactor developed by the Fox group was 
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used.4 The reactor works by using UV light to excite the photosynthesizer molecule which then 

transfers energy into cyclooctene to convert the cis-isomer into trans. The setup of the reactor is 

described in detail in Section 2.3.2. In which the cis-isomer is transformed into the trans-isomer 

using a UV-lamp and a FMI laboratory pump to create a continuous flow. The trans-isomer is 

“trapped” on a column filled with silver-impregnated silica via chelation. In terms of bioorthogonal 

chemistry, the use of TCO/s-TCO in reaction with tetrazine opened the door to the fastest known 

bioorthogonal reaction, the tetrazine ligation (with k2 ~ 104 – 106 M-1s-1).5 The benefit of using 

TCO in this reaction is that the added strain provided by the molecule drives the reaction forward. 

This is further amplified when using s-TCO, which contains a fused cyclopropane ring (Figure 

2.1). The added cyclopropene induces what is known as the double-strained effect which increases 

the k2 160-fold compared to TCO.6 The benefit of using TCO is that it is very easily modified, 

particularly when looking at trans-cycloct-4-enone (Figure 2.1). Trans-cycloct-4-enone can easily 

be modified at the carbonyl side into a multitude of functional groups, making it versatile for 

several different applications such as cellular incorporation. One major downfall of TCO is its high 

lipophilicity, which can cause issues when used in cells. The lipophilicity of TCO causes the 

biological environment to be disturbed when incorporated into the cell.1 

2.1.2 Diazapyrones 

 

Figure 2.2 Comparison of the structure of tetrazine and diazapyrone. 
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Diazapyrones are a heterocycle, similar in structure to tetrazine, in which one of the N2 groups has 

been replaced by a CO2 group (Figure 2.2). The synthesis of diazapyrones occurs in two steps.7 

(1) The first step involves the condensation reaction between a glyoxylic acid and a hydrazine 

derivative followed by a second reaction (2) involving the cyclization of a hydrazone using 

EDC/HCl. However, diazapyrones have similar stability issues to tetrazine. In an aqueous 

environment, electron-deficient tetrazine and diazapyrones tend to hydrolyze which poses a 

significant issue for bioorthogonal applications.  

2.2 Objective 

Inspired by the synthesis of diazapyrones by Garg, we aimed to prepare various diazapyrones as 

an alternative diene to tetrazine. This was done by expanding on Garg’s work with the development 

of new diazapyrones. We also aimed to prepare trans-cyclooctene reagents to be used for 

bioorthogonal chemistry based on Fox’s work on the tetrazine ligation. These reagents were used 

later for the development of a new bioorthogonal reaction, as described in chapter 3. 

2.3 Results and Discussion 

2.3.1 Synthesis of Diazapyrones 

General procedure of the synthesis of Diazapyrones 

  

 

Scheme 2.1 Synthesis of a 2,5-Diphenyl-6H-1,3,4-oxadiazin-6-one (2.4). 13 
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Diazapyrones are synthesized in two steps (Scheme 2.1). The first step of this synthesis involves 

a reaction between a phenylhydrazine (2.1) and a phenyl glyoxylic acid (2.2). These molecules 

react through a condensation reaction over two hours at 60 oC to form a hydrazone intermediate 

(2.3). This hydrazone intermediate is a white powder and was obtained in a 70-90% yield. Before 

proceeding to the next reaction, the hydrazone must be very dry. This is accomplished by placing 

the hydrazone under reduced pressure using a high vac in a water bath at ~50 oC. The hydrazone 

intermediate (2.3) is then placed in a dry round bottom flask (RBF) with dry tetrahydrofuran (THF) 

and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC HCl). A cyclization 

reaction occurs in which EDC HCl is used to turn hydrazone (2.3) into a diazapyrone (2.4). The 

diazapyrone was obtained in a ~40-95 % yield (Table 2.1). The wide range of yields obtained for 

the diazapyrone is due to the purification process which involved recrystallization in acetone. This 

causes for a significant amount of product to be lost likely due to much solvent being used to 

dissolve the product. In some situations, where the cyclization reaction did not work, N,N′-

dicyclohexylcarbodiimide (DCC) was used instead. In this case, the DCC hydrates to form 

dicyclourea. However, dicyclourea is difficult to remove from the diazapyrones as it is insoluble 

in aqueous solvents and barely soluble in organic solvents. To remove dicyclourea, the solution 

was concentrated under reduced pressure and filtered immediately as the dicyclourea crashes out. 

While this method worked, there is often still urea present in NMR making EDC HCl a better 

cyclization reagent. 
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Table 2.1 Synthetic results for diazapyrone synthesis. Diazapyrone 2.28 was synthesized using 

DDC HCl instead of EDC HCl. (The * represents the diazapyrones that were synthesized with 

DDC HCl) 

Diazapyrone Structure % Yield 

2.4 

 

78 

2.8 

 

75 

2.12 

 

64 

2.16 

 

42 

2.20 

 

70 

2.24 

 

95 

2.28* 
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2.3.2 Synthesis of trans-cyclooctenes 

General procedure B - Synthesis of trans-cyclooctene 

Photochemistry is an elegant way to obtain cis and trans isomers. Through the use of a 

photochemical flow reactor developed by Fox et al, the trans isomer is photoisomerized from its 

cis counterpart and then trapped inside a silver impregnated silica column. Continuous cycling of 

the cis isomer through the reactor can fully convert all equivalents into the trans isomer.  
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Photochemical flow reactor 

An FMI RP-QD lab pump was fitted with an end of tubing adapter and connected to PFTE tubing 

that was attached to a Biotage FSK0-1107 column (100 g) using a male Luer (1/4-28). The column 

was filled with ~10 cm of silica and then filled to the top with silver nitrate-impregnated silica. 

The column was attached to PFTE tubing using a female Luer (1/4-28) and the other end of the 

PFTE tubing was placed in one end of a Claisen adaptor and into a 500 mL quartz flask. Another 

PFTE tube was placed into the 21 flask leading back to the FMI lab pump.  A Honeywell RUV 

Lamp 1/C UV air treatment system was used as the UV light source and was equipped with a RUV 

bulb 1/C. A photograph of the apparatus setup is presented in Figure 2.3. Once the reactor is set 

up, the reactor is flushed with 400 mL hexanes and diethyl ether and a reactor flask is attached 

containing the cis-isomer of cyclooctene, methyl benzoate, and 1% diethyl ether in hexanes. The 

FMI pump was set to 100 mL/min and the reactor was allowed to run for 12 hours for full 

conversion of cis to trans. The reaction flask was then removed, and the system was flushed with 

200 mL of 1% diethyl ether in hexanes to flush out any remaining methyl benzoate and cis isomer.  
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Figure 2.3 Photochemical flow reactor used to synthesize TCO where (i.) is the fluid pump, (ii.) 

is the column, (iii.) is the reaction flask, and (iv.) is the UV lamp. 

 

 

Scheme 2.2 Synthesis of TCO.14 

 

Trans-cyclooctene is synthesized in one step (Scheme 2.2) using a photochemical flow reactor 

(Figure 2.3). To convert cyclooctene (2.29) into trans-cyclooctene (2.30) a photosynthesizer, 

methyl benzoate was placed in a quartz flask. Methyl benzoate absorbs UV light from the UV 

lamp which brings the molecule into the excited state. There is then an excited state transfer of 
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energy into the olefin of cyclooctene from the triplet excited state of methyl benzoate. The excited 

triplet state of cyclooctene is a diradical that breaks the double bond and allows frees rotation to 

be established. This transfer of energy causes the diradical bond of cyclooctene to twist 90 o. when 

the molecule relaxes to the ground state there is a probability for the molecule to become cis or 

trans. Therefore, once the trans-isomer is trapped on the column, the cis-isomer can continuously 

cycle through the reactor until it is fully converted into the trans-isomer. The silver nitrate acts as 

a coordinating reagent that exclusively chelates the trans-conformation, thereby isolating the trans-

conformation. To separate the trans-conformation from the column, the column is first flushed 

excessively with the mobile phase. The column was then dried, and the silica was stirred with 200 

mL ammonium hydroxide and 200 mL DCM for 10 minutes. The ammonium hydroxide releases 

the trans-conformation from the silica by displacement. The slurry was then filtered, and the 

resulting solution was extracted with 200 mL DCM x 3 and with 100 mL water x 2. The organic 

phase was then dried and concentrated under reduced pressure to isolate trans-cyclooctene. 

In the end, trans-cyclooctene (2.30) was obtained in a 63% yield. There was a loss in the product 

due to stopping the flow reactor before the full conversion of the E isomers and due to leaks. To 

check if full conversion had been reached, a TLC was performed on the reaction flask to determine 

if any cis-cyclooctene remained. When the flow reactor was run for 8hrs very little cis-isomer 

remain according to TLC. When left overnight no cis-isomer remained. However, the reactor 

would leak. As well, during the workup phase, the column and filter were not flushed enough to 

ensure all the trans-isomer had eluted. A comparison between the 1H NMR of the cis and trans-

isomer can be seen in Figure 2.4 previously. The key peak in Figure 2.4 that indicates the 

conversion from cis to trans is the peak in the alkyl H region from 0-2.6 ppm. In the cis-

conformation, there is one peak at ~1.4 ppm. The other peaks represent impurities such as water.  
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While in the trans-isomer, there are many peaks in the alkyl region representing that the chemical 

environment around the hydrogens are no longer uniform. 

 

 

Figure 2.4 Comparison of the 1H NMR of the conversion of cis-cyclooctene to trans-

cyclooctene. 

 

Scheme 2.3 Synthesis of TCO-OH. 14,15 
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(Z)-cyclooctene-4-enol (2.34) was synthesized in three steps (Scheme 2.3). In the first step, 1,5-

cyclooctadiene reacts with meta-chloroperoxybenzoic acid (mCPBA) via a Prilezhaev reaction 

resulting in the formation of 9-oxabicyclo[6.1.0]non-4-ene (2.32). The Prilezhaev reaction is an 

epoxidation reaction where an alkene reacts with mCPBA in dichloromethane (DCM) to form an 

epoxide. 2.32 was obtained in 51% yield which is lower than expected mainly due to the formation 

of the double epoxidation product The next reaction involves the reduction of 2.32 using lithium 

aluminum hydride (LiAlH4). This reaction is done via a nucleophilic attack on the α-carbon which 

opens the ring and allows for the O- to be protonated into an OH. The cyclooct-4-enol (2.33) 

intermediate was obtained in 66% yield. This reaction was also attempted with diisobutyl 

aluminum hydride (DIBAL-H), another strong reducing agent; however, the reaction was not as 

effective. The yield obtained for the DiBAL-H reaction was 13%. The final step of the synthesis 

is the conversion of 2.33 into (E)-cyclooct-4-enol (2.34) which was accomplished using the 

photochemical reactor (Figure 2.3) using methyl benzoate as the photosynthesizer and a 1:1 

mixture of Et2O:Hexane. The major product (2.34) was obtained in a 23% yield. These low yields 

are due to a leak in the photochemical reactor as the silicone seal at the top of the Biotage column 

expands over time when exposed to a high concentration of diethyl ether. To combat this, a new 

seal was placed in the column every time and the reactor was monitored every hour and stopped if 

a leak was observed. A comparison between the 1H NMR of the cis and trans-isomer of 

cyclooctene-4-enol can be seen in Figure 2.5. The key peak in Figure 2.5 that indicates the 

conversion from cis to trans is the peak at ~5.5 ppm. In the cis-isomer, there is one peak while in 

the trans-isomer there are two distinct peaks. 
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Figure 2.5 Comparison of the 1H NMR of cis-4-cyclooctenol and trans-4-cyclooctenol. 

 

 

Scheme 2.4 Synthesis of s-TCO-OH. 6 

 

(rel-1R,8S,9R,4E)-bicyclo[6.1.0]non-4-ene-9-ylmethanol (2.38) was synthesized in three steps 

(Scheme 2.4). The first step involved reacting 1,5-cyclooctadiene with ethyl diazoacetate and 

Rh(II) acetate which allows for cyclopropanation to occur via the decomposition of ethyl 

diazoacetate to form the intermediate rel-(1R,8S,9S,Z)-ethyl bicyclo[6.1.0]non-4-ene-9-
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carboxylate (2.36). Two isomers were obtained, the endo and exo, which had a 38% and 49% 

yield, respectively. Ester 2.36 was then reduced with DIBAL-H to obtain ((1R,8S,9S, Z)-

Bicyclo[6.1.0]non-4-en-9-yl)methanol (2.37) and was obtained in a 94% yield. Alcohol 2.37 was 

then converted into (rel-1R,8S,9R,4E)-bicyclo[6.1.0]non-4-ene-9-ylmethanol (2.38) which was 

accomplished using the photochemical reactor (Figure 2.3), methyl benzoate as the 

photosynthesizer and a 1:10 mixture of Et2O:Hexane. The yield obtained for the final product was 

13% which was due to the leak in the reactor mentioned previously. In later attempts, the leaks 

were fixed by changing the silicon “O” ring before each run and by ensuring all the joints were 

wrapped in Teflon tape. Not only that, but by monitoring the reactor closely, very few leaks 

occurred. This increased the yield to 52%. A comparison between the 1H NMR of the cis and trans-

configurations of sTCO can be seen in Figure 2.6 and all synthesized final products are shown in 

Table 2.2. The key peaks in Figure 2.6 are the peaks at ~5.0-6.0 ppm which indicate the 

conversion from cis to trans. In the cis-isomer, the peak at ~5.5 ppm is 1 peak. However, in the 

trans-isomer, the peak at 5.5 splits into 2 peaks at ~ 6.0 ppm and 5.2 ppm.  

 

about:blank
about:blank
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Figure 2.6 Comparison of the 1H NMR of cis-4-cyclooctenol and trans-4-cyclooctenol. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

35 
 

Table 2.2 Synthetic results for TCO synthesis 

Cyclooctene Structure % Yield 

2.17 

 

63 

2.34 

 

23 

2.38 

 

13/52 

 

2.4 Conclusion 

Overall, we have synthesized two classes of chemicals that can be applied to bioorthogonal 

chemistry. Diazapyrones (DAPs) are an alternative heterocycle to tetrazine and have been obtained 

with a yield ranging from 40-90%. We have also replicated the photochemical flow reactor 

developed by Fox et al and have shown that it works to turn cis-cyclooctenes into trans-

cyclooctenes when irradiated with 254 nm light. The TCO molecules were obtained with a large 

span of yields ranging from 63% for TCO, 23% for TCO-OH, and 13% for s-TCO-OH. The loss 

of product was primarily due to the leak in the column of the reactor, and are fixed by replacing 

the column seal. These DAP and TCO molecules will be used in chapter 3 to study the kinetics of 

the reaction between DAP, BCN, and TCO for bioorthogonal reaction development.  
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Scheme 2.5 Synthesis of trans-cyclooct-4-enone. 

In future work, more TCO molecules will be synthesized, particularly trans-cyclooct-4-enone 

(Scheme 2.5) due to the easy addition of other substituents to the carbonyl. This allows for further 

analysis of the reactivity of reactions between DAP and TCO.  

2.5 Materials and Methods 

All commercially available reagents were purchased from Alfa Aesar and Sigma Aldrich and were 

used without further purification. Strained-trans cyclooctene rel-((1R,8S,9S, Z)-

bicyclo[6.1.0]non-4-ene)-9-carboxylic acid) was received from the Fox group (Department of 

Chemistry at the University of Delaware, USA). All deuterated solvents were purchased from 

Cambridge Isotopes and were used as received, except for deuterated chloroform that was 

neutralized by passing through a pad of basic alumina (such treated CDCl3 are indicated by an 

asterisk, i.e. ‘CDCl3*’). Thin-layer chromatography (TLC) was performed on Analtech Uniplate® 

silica gel (60 A F254, layer thickness 250 μm). The TLC plates were visualized using a UV lamp 

and potassium permanganate. Flash chromatography was performed using silica gel (60 A, particle 

size 40-63 m). Mass spectra were obtained using the John L. Holmes Mass Spectrometry facility 

at the University of Ottawa. A Waters Synapt High Definition Mass Spectrophotometer with 

TriWave which uses quadrupole time-of-flight mass spectrometry was used with positive 
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electrospray ionization (ESI+). The samples were prepared from a 4 mM stock solution in LCMS 

Optima grade ACN. 

All 1H and 13C NMR spectra were obtained using 300 MHz, 400 MHz, and 600 MHz Bruker NMR 

spectrometers and processed using MestReNova iNMR 4.2.0 software. The units of the NMR 

spectra peaks are ppm and referenced against the residual solvent peak. Multiplicity of peaks are 

recorded as abbreviated: s = singlet, d = doublet, t = triplet, m = multiplet or unresolved, br = broad 

and J = coupling constants in Hz. 

Experimental procedures 

2.5.1 Synthesis of Diazapyrones  

General Procedure A – Synthesis of Diazapyrones 

 

2-(2-phenylhydrazinylidene)-benzeneacetic acid (2.3) was synthesized by adding benzoic acid 

hydrazide (136 mg, 1 mmol) in 10 mL ddH2O to an RBF under Ar(g) at 60 oC. Using a syringe 

pump, 150 mg of benzoylformic acid (1 mmol) was added to the RBF in 10 mL of water over 2 

hours. The mixture was then stirred for an additional hour and placed in the 4 oC overnight to 

crystalize. The product was then filtered and dried to obtain a white solid in 48% yield. 1H‐NMR 

(300 MHz; CDCl3): δ 8.36–8.32 (m, 2H), 8.32–8.27 (m, 2H), 7.68–7.62 (m, 1H), 7.60–7.49 (m, 

5H). 
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2,5-diphenyl-6H-1,3,4-oxadiazin-6-one (2.4) was synthesized by placing an RBF under Ar(g) and 

adding the hydrazone (300 mg, 1.11 mmol) from step A and EDC HCl (235 mg, 1.2 mmol, 1.1 eq) 

in 5 mL THF and allowing the mixture to stir overnight. The mixture was then extracted using 30 

mL Et2O three times and 30 mL H2O twice. The solution was then filtered using NaSO4 and 

concentrated. The resulting solid was then purified by crystallization with acetone to obtain a 

yellow crystal in 78% yield.13 1H‐NMR (600 MHz, CDCl3): δ 8.36 – 8.31 (m, 2H), 8.31 – 8.25 

(m, 2H), 7.68 – 7.61 (m, 1H), 7.61 – 7.48 (m, 5H). 13C‐NMR (150 MHz, CDCl3): δ 157.6, 152.8, 

148.2, 133.7, 132.1, 131.0, 129.1, 129.0, 128.7, 128.2, 127.5. 

 

2-(2-phenylhydrazinylidene)-4-methoxy-benzeneacetic acid (2.7) was synthesized using a 

previously developed procedure described in general procedure A. The product was obtained in 

76% yield. 1H‐NMR (300 MHz, DMSO-d6) δ 7.85 – 7.76 (m, 2H), 7.64 (dd, J = 6.6, 3.0 Hz, 2H), 

7.44 – 7.35 (m, 3H), 7.08 (d, J = 8.9 Hz, 2H), 3.81 (s, 3H). Spectral data are as reported in 

literature.13  

5-(4-Methoxyphenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.8) was synthesized using a 

previously developed procedure described in general procedure A.13 The product was obtained in 

75% yield. 1H‐NMR (600 MHz, CDCl3): δ 8.34 – 8.29 (m, 2H), 8.27 – 8.23 (m, 2H), 7.58 – 7.50 

(m, 3H), 7.07 – 7.02 (m, 2H), 3.92 (s, 3H). 13C‐NMR (150 MHz, CDCl3): δ 164.2, 157.7, 151.8, 

148.4, 131.8, 131.3, 130.4, 128.9, 128.6, 119.6, 114.6, 55.6. 
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2-(2-phenylhydrazinylidene)-4-methyl-benzeneacetic acid (2.11) was synthesized using a 

previously developed procedure described in general procedure A7. The product was obtained in 

64% yield.  1H‐NMR (300 MHz, DMSO-d6) δ 7.73 (d, J = 8.2 Hz, 2H), 7.64 (dd, J = 6.6, 3.1 Hz, 

2H), 7.44 – 7.37 (m, 2H), 7.35 (d, J = 8.0 Hz, 2H), 2.36 (s, 3H).  

 2-(4-methyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.12) was synthesized using a previously 

developed procedure described in general procedure A.13 The product was obtained in 64% yield.  

1H‐NMR (600 MHz, CDCl3): δ 8.26 – 8.21 (m, 2H), 8.08 (d, 2H), 7.43 (dt, 3H), 7.25 (d, J = 8.1 

Hz, 2H), 2.36 (s, 3H). 13C‐NMR (150 MHz, CDCl3): δ 157.9, 152.4, 148.3, 144.8, 131.9, 131.1, 

129.9, 128.9, 128.6, 128.2, 124.7, 21.9. 

 

2-[2-(4-pyridinyl)hydrazinylidene]-benzeneacetic acid (2.15) was synthesized using a 

previously developed procedure described in general procedure A. The product was obtained in 

75% yield.  1H-NMR (400 MHz, DMSO-d6 ) δ 12.94 (br, 1H), 8.82 (d, J = 5.1 Hz, 2H), 7.77 (dd, 

J = 5.1 Hz, 3H), 7.45 (s, 4H). Spectral data are as reported in the literature.13  
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5-phenyl-2-(4-pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.16) was synthesized using a previously 

developed procedure described in general procedure A.13 the product was obtained in 42% yield. 

1H‐NMR (600 MHz, CDCl3): δ 8.86 (d, 2H), 8.33 (d, 2H), 8.08 (dt, J = 4.5, 1.5 Hz, 2H), 7.55 (dt, 

3H). 13C-NMR (150 MHz, CDCl3): δ 155.8, 154.2, 151.0, 147.39, 135.2, 132.7, 130.5, 129.3, 

128.8, 121.1. 

 

2-(p-bromophenylhydrazinylidene)-benzeneacetic acid (2.19) was synthesized using a 

previously developed procedure described in general procedure A. The product was obtained in 

79% yield. 1H‐NMR (400 MHz, DMSO-d6) δ 12.85 (s, 1H), 7.75 (s, 4H), 7.68 – 7.56 (m, 2H), 

7.45 – 7.37 (m, 3H). Spectral data are as reported in literature.13  

2-(4-bromophenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.20) was synthesized using a 

previously developed procedure described in general procedure A.13 The product was obtained in 

70% yield.  1H‐NMR (600 MHz; CDCl3): δ 8.28 – 8.23 (m, 2H), 8.11 – 8.05 (m, 2H), 7.66 – 7.60 

(m, 2H), 7.53 – 7.43 (m, 3H). 13C-NMR (150 MHz, CDCl3): δ 157.0, 153.0, 147.9, 132.56, 132.2, 

130.9, 129.6, 129.1 (d, J = 2.6 Hz), 128.7, 126.5. 



 

41 
 

 

2-(p-trifluoromethylphenylhydrazinylidene)-benzeneacetic acid (2.23) was synthesized using 

a previously developed procedure described in general procedure A. The product was obtained in 

69% yield. 1H‐NMR (400 MHz, CD3OD) δ 8.09 (dd, J = 8.0 Hz, 2H), 7.89 – 7.73 (m, 4H), 7.59 – 

7.37 (m, 3H). Spectral data are as reported in literature.13   

2-(4-trifluoromethylphenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.24) was synthesized using 

a previously developed procedure described in general procedure A.13 The product was obtained 

in 95% yield. 1H-NMR (600 MHz, CDCl3): δ 8.33 (dd, J = 8.0, 0.8 Hz, 2H), 8.28 – 8.25 (m, 2H), 

7.76 – 7.72 (m, 2H), 7.54 – 7.50 (m, 1H), 7.47 – 7.43 (m, 2H). 13C-NMR (150 MHz, CDCl3): δ 

156.3, 153.5, 147.7, 132.5, 130.9, 130.7, 129.4, 129.2, 128.8, 128.5, 126.1, 126.0, 124.4, 122.6. 

 

2-[2-(4-nitrophenyl)hydrazinylidene]-benzeneacetic acid (2.27) was synthesized using a 

previously developed procedure described in general procedure A. The product was obtained in 

64% yield. 1H‐NMR (400 MHz, DMSO-d6) δ 12.93 (s, 1H), 8.35 (d, J = 9.0 Hz, 2H), 8.09 – 8.01 

(m, 2H), 7.66 (s, 2H), 7.42 (s, 3H). Spectral data are as reported in literature.13  
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5-(4-nitrophenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.28) was synthesized using a 

previously developed procedure described in general procedure A.13 The product was obtained in 

38% yield. 1H-NMR (600 MHz, CDCl3): δ 8.44 – 8.38 (m, 2H), 8.36 – 8.31 (m, 2H), 8.31 – 8.26 

(m, 2H), 7.58 – 7.52 (m, 1H), 7.50 – 7.44 (m, 2H). 13C-NMR (150 MHz, CDCl3): δ 155.7, 153.7, 

150.7, 147.4, 133.2, 132.7, 130.5, 129.3, 129.2, 128.8, 124.2. 

2.5.2 Synthesis of Cyclooctenes 

2.5.2.1 Synthesis of TCO 

 

 

Trans-cyclooctene (2.30) Cis-cyclooctene (1.0 g, 9.1 mmol), methyl benzoate (3.3 g, 24.0 mmol), 

and 400 mL of a 1% mixture of Et2O:Hexane were added to a 500 mL quartz flask and placed on 

the photochemical flow reactor described in general procedure B outlined in chapter 2.14 The 

product was obtained in 63% yield. 1H-NMR (300 MHz, CDCl3) δ 5.57 – 5.50 (m, 2H), 2.40 (dd, 

J = 11.4, 5.4 Hz, 2H), 2.08 – 1.78 (m, 6H), 1.56 – 1.33 (m, 2H), 0.92 – 0.74 (m, 2H). 13C-NMR 

(100 MHz, CDCl3) δ 133.9, 35.8, 35.6, 29.2. 

2.5.2.2 Synthesis of TCO-OH 

 

  

9-Oxabicyclo[6.1.0]non-4-ene (2.32) was synthesized by following a literature protocol.15 The 

product was obtained in 51% yield. 1H-NMR (300 MHz, CDCl3) δ 5.61 (tdd, J = 4.2, 1.9, 0.9 Hz, 

2H), 3.07 (qd, J = 3.8, 2.4 Hz, 2H), 2.56 – 2.37 (m, 2H), 2.28 – 2.00 (m, 6H). 
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Cyclooct-4-enol (2.33) was synthesized by following a literature protocol.15 The product was 

obtained in 66% yield. 1H-NMR (300 MHz, CDCl3) δ 5.77 – 5.52 (m, 2H), 3.82 (dddd, J = 9.4, 

8.3, 4.4, 1.1 Hz, 1H), 2.39 – 1.20 (m, 11H). 

 

(E)-cyclooct-4-enol (3.34) cyclooct-4-enol (1 g, 7.92 mmol), methyl benzoate (1.07 g, 7.92 mmol) 

and 400 mL of a 1:10 mixture of Hex:EtO2 ) were added to a 500 mL quartz flask and placed on 

the photochemical flow reactor described in general procedure B.14 The major product was 

obtained in 23% yield. 1H-NMR (300 MHz, CDCl3) δ 5.61 (ddd, J = 15.1, 10.2, 4.5 Hz, 1H), 5.42 

(ddd, J = 16.0, 10.8, 3.6 Hz, 1H), 3.58 – 3.41 (m, 1H), 2.44 – 2.22 (m, 5H), 2.10 – 1.87 (m, 5H), 

1.80 – 1.50 (m, 5H). 13C-NMR (100 MHz, CDCl3) δ 135.1, 132.8, 77.8, 44.6, 41.1, 34.3, 32.7, 

31.2. 

2.5.2.3 Synthesis of s-TCO-OH 

 

  

(1R,8S,9R,Z)-ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (2.35) was synthesized as reported 

in literature and match the reported 1H NMR spectra.6 The endo product was obtained in 38% 
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yield. 1H-NMR (300 MHz, CDCl3) δ 5.69 – 5.53 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.59 – 2.43 

(m, 2H), 2.30 – 1.97 (m, 3H), 1.91 – 1.76 (m, 2H), 1.71 (t, 1H), 1.45 – 1.34 (m, 2H), 1.27 (t, J = 

7.1 Hz, 3H). 

  

(1R,8S,9S, Z)-ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (2.36) was synthesized as reported 

in literature and match the reported 1H NMR spectra.6  The exo product was obtained in 49% yield. 

1H-NMR (300 MHz, CDCl3) δ 5.72 – 5.53 (m, 2H), 4.11 (q, J = 7.1, 4.9 Hz, 2H).  

 

((1R,8S,9S,Z)-Bicyclo[6.1.0]non-4-en-9-yl)methanol (3.37) was synthesized as reported in  

literature and matched the reported 1H NMR spectra.6 The product was obtained in 94% yield. 1H-

NMR (300 MHz, CDCl3) δ 5.72 – 5.53 (m, 2H), 3.47 (d, J = 6.9 Hz, 2H), 2.38 – 1.98 (m, 4H), 

1.41 (m, 4H), 1.31 – 1.20 (m, 1H), 0.83 – 0.58 (m, 3H). 
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(rel-1R,8S,9R,4E)-bicyclo[6.1.0]non-4-ene-9-ylmethanol (3.38)  was synthesized as reported 

according to literature with minor adjustments.6 The 1H NMR matches that reported in the 

literature.6 ((1R,8S,9S,Z)-Bicyclo[6.1.0]non-4-en-9-yl)methanol (400 mg, 2.06 mmol), methyl 

benzoate (358 mg, 2.6 mmol) and 400mL of a 1:1 mixture of Hex:EtO2 ) were added to a 500 mL 

quartz flask and placed on the photochemical flow reactor described in general procedure B found 

in chapter 2.6 The AgNO3 impregnated column was excessively flushed with Hexanes and Et2O 

~600 mL in place of the stated amount of 200 mL. The product was obtained in 13% yield. 1H-

NMR (300 MHz, CDCl3) δ 5.97 – 5.80 (m, 1H), 5.25 – 5.05 (m, 1H), 3.67 – 3.41 (m, 2H), 2.43 – 

1.82 (m, 5H), 1.46 – 0.69 (m, 3H), 0.68 – 0.30 (m, 2H). 
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Chapter 3 - Reactivity of the cycloaddition between diazapyrones and BCN 

and s-TCO 

 

3.1 Introduction 

It is difficult for chemical reactions to occur within a cellular environment while still maintaining 

the stability of the living system. Because of this, there is an inherent need to expand the 

bioorthogonal toolbox. A bioorthogonal reaction needs to occur with a high yield and fast enough 

rate to ensure that the concentration of the reagents are minimal, thus lowering its toxicity and 

preventing extensive interference with the living system.1,2 Currently, the fastest known 

bioorthogonal reaction exhibiting high versatility is the tetrazine ligation with second-order rate 

constants ranging from 101 to 106 M-1s-1.3 That being said, the tetrazine is easily hydrolyzed in 

aqueous environments and is redox-sensitive. This drives the need for a similar molecule to 

tetrazine or an alternative reaction with similar rates that are more stable in a cellular environment.  

3.1.1 IEDDA – The Tetrazine Ligation 

 

 

 

Scheme 3.8 The reaction between tetrazine and a cycloalkene via an inverse electron demand Diels 

alder reaction. 

 The tetrazine ligation is ideal for bioorthogonal chemistry due to its fast rates that allow for easy 

cell labelling at low concentrations and is not intrusive to the cell. The reaction also doesn’t utilize 

metals and works at physiological pH, eliminating the cytotoxicity issue that other bioorthogonal 
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reactions such as CuAAC possess.4 Mechanistically, the tetrazine ligation is a reaction that occurs 

between the 4π orbitals of tetrazine (diene) and the 2π orbitals of an alkene or alkyne (dienophile) 

through an IEDDA (Scheme 3.1).5 The IEDDA reaction uses an electron-poor diene and an 

electron-rich dienophile, as opposed to the reverse case seen in typical Diels Alder cycloaddition 

reactions. This reaction is governed by the HOMOdieneophile and LUMOdiene gap, where the smaller 

the gap, the faster the reaction will be.6 One of the easiest ways to manipulate the HOMO-LUMO 

gap is with the electronics of tetrazine, which is controlled by adding electron-donating or 

withdrawing substituents on the molecule. For an IEDDA reaction, the diene is electron-poor 

therefore adding electron-withdrawing groups to the tetrazine will lower the HOMO-LUMO gap 

(Figure 3.1). 
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Figure 3.1 Electronic effect of electron-donating (EDG) and electron-withdrawing groups (EWG) 

on the HOMO and LUMO of the diene and dienophile of cycloaddition reactions.5 Where A) is 

the reaction between the HOMO of the Diene and LUMO of the Dienophile and B) is the reaction 

between the HOMO of the dienophile and the LUMO of the Diene.  

 

Another way the HOMO-LUMO gap can be manipulated is by using a dienophile that contains 

ring strain. The added ring strain increases the energy of the HOMO, therefore, decreasing the 

HOMO-LUMO gap. An example of this is cyclooctyne which is the smallest ring that can 

accommodate the triple bond and has ~18 kcal/mol of ring strain.7 Another example is trans-

cyclooctene (TCO) developed by the Fox group and others.8 Compared to the cis-conformer of 

cyclooctene (CCO), TCO has second-order rate constants that are 7-fold larger. This is further 

increased with strained trans-cyclooctene (s-TCO) which have second-order rate constants that are 

160 times faster than the reaction with TCO.9,10 The increase in reactivity when comparing TCO 

and sTCO is due to the pseudo-chair conformation of the molecules (Figure 3.2). TCO can adopt 

either the “crown” or “half chair” conformation and then react with a dienophile. The half-chair 
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conformation has an addition of 5.6 kcal/mol of energy, due to strain, compared to the “crown” 

conformation. sTCO on the other hand can only adopt the “half-chair” conformation due to the 

fused cyclopropane ring. This destabilizes the ground state of the molecule and forces sTCO to be 

in a conformation more similar to the transition state.11 This allows reactions with sTCO to have 

faster rates than reactions with TCO. Overall, the strain provided by the diene (cyclooctynes, TCO, 

s-TCO) pre-distorts the diene allowing for less distortion energy to be used to reach the transition 

state which subsequently allows for a faster reaction that is ideal for bioorthogonal chemistry.2 

 

 

Figure 3.2 The strain effect on the conformation of trans-cyclooctenes. From left to right the 

molecules are trans-cyclooctene (where the molecule can adopt the crown or half-chair 

conformations) and strained trans-cyclooctene (where the half-chair is the only available 

conformation). 

The tetrazine ligation can also be manipulated by sterics. The premise of this is that the less steric 

hindrance present in the reaction, the faster the reaction will be. For example, Devaraj discovered 

that an IEEDA reaction with a monosubstituted tetrazine is 30 times faster than a disubstituted 

tetrazine.12 This is due to the added steric bulk from the disubstituted tetrazine. This is further 

proven when comparing a methylated tetrazine to an unsubstituted tetrazine. The methylated 

tetrazine adds 6 kcal/mol of distortion energy to the reaction causing a slower rate compared to the 

unsubstituted tetrazine.13 
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Finally, the tetrazine ligation can be manipulated by solvent effects. Protic solvents increase the 

rate of the tetrazine ligation by increasing the hydrophobic interactions between the reactants and 

stabilizing the interaction between the reaction and water.14 In terms of the HOMO-LUMO gap, 

the protic solvent allows for H-bonding between the tetrazine complex and water. This increases 

the polarity and, in turn, decreases the HOMO-LUMO gap which then increases the overall rate 

of reaction.14, 15 

3.1.2 Alternatives to Tetrazine  

 

 

Figure 3.3 The structure of tetrazine and its alternatives triazine and diazapyrones. 

Due to tetrazine redox sensitivity and hybridizability, an alternative to tetrazine is the key to the 

expansion of the bioorthogonal chemistry toolbox. This particularly becomes a problem with the 

more electron-withdrawing tetrazines that are more reactive due to the decreased energy of the 

LUMO of the diene but also their increased susceptibility to hydrolysis and redox reactions.16 To 

combat this issue, tetrazines had been modified with thiols. However, this increases the size of the 

molecule to a point where it is no longer ideal for bioorthogonal chemistry.17,18 One of the key 

alternatives for tetrazine has been triazines which have three nitrogen in their heterocyclic core 

rather than four (Figure 3.3).19 This stabilizes the molecule and is less likely to hydrolyze in an 

aqueous environment. While this reaction has similar second-order rate constants to other 

bioorthogonal reactions, with a k2 ~ 10-2 M-1s-1, it is much slower than the tetrazine ligation.20 

Furthermore, triazine can only react with trans-cyclooctene molecules, limiting its versatility in 
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the application of biorthogonal chemistry. Another alternative to tetrazines are diazapyrones which 

are structurally similar to tetrazines, except two of the nitrogen in the heterocyclic core of tetrazine 

have been replaced by an ester group (Figure 3.3). This allows for either N2 or CO2 gas to be lost 

in the IEDDA reaction while maintaining the irreversibility of the tetrazine ligation. The addition 

of the carbonyl ester site adds the ability for modification to stabilize the molecule and form an 

ortho-ester without compromising the size of the molecule. The reaction between diazapyrones 

and benzyne and some cyclooctynes has been reported.21 However, even with the evolution of the 

tetrazine ligation and the investigation of alternative dienes, tetrazine is still one of the most widely 

used molecules in bioorthogonal chemistry. 

3.2 Objective 

Based on Garg’s work on the cycloaddition between diazapyrones and cyclohexenes, we aimed to 

find an alternative bioorthogonal reaction comparable to the fastest known bioorthogonal reaction, 

the tetrazine ligation. This was accomplished by studying reaction rates of various para-substituted 

diazapyrones, a similar adduct to tetrazine, with two different cycloadducts, BCN and s-TCO. 

3.3 Results and Discussion 

3.3.1 Kinetic Studies and Methodology – BCN 

Kinetic studies procedure  

The second-order rate constants (k2) for the cycloaddition between various diazapyrones, BCN, 

and s-TCO were followed by using UV-Vis spectroscopy. These compounds were synthesized in 

Chapter 2. The reaction was studied under pseudo-first-order conditions where the cyclooctyne, 

BCN, was in a 10-50 fold excess (BCN). Each kinetic run was performed simultaneously in 

duplicate in acetonitrile at 25 ± 0.1 °C (n=2). The reaction was monitored by tracking the decrease 

of the diazapyrone peak specified in Table 3.7. 
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General procedure for the kinetic studies 

To perform UV-Vis kinetics, a 4 mM stock solution of reach reagent was made. The excess reagent 

BCN was then serially diluted with ACN to a specified concentration (Table 3.7). The excess 

reagent was then added to a clean cuvette followed by a calculated amount of diazapyrone. The 

cuvette was then capped, thoroughly mixed by inversion 5 times, and inserted into the UV-Vis 

spectrophotometer. Measurements were immediately obtained and collected every 60 seconds over 

3 half-lives. The reaction was monitored by tracking the decrease of the diazapyrone peak stated 

in Table 3.1. The products were characterized using NMR and EI-MS. 
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Table 3.1 Reaction parameter of the cycloaddition reaction between BCN and various 

diazapyrones and the wavelength absorption (nm) of the corresponding decaying diazapyrone 

peak. 

 

 Diazapyrone Wavelength (nm) 

2.2 R = H 344 

2.4 R = OMe 372 

2.6 R = Me 352 

2.8 R = Py 333 

2.10 R = Br 347 

2.12 R = CF3 340 

2.14 R = NO2 291 

 

Data analysis of pseudo-first-order UV-Vis kinetic experiments. The UV-Vis data were 

analyzed by taking the natural log of the absorbance values of each diazapyrone and plotting them 

against time, for each excess concentration of BCN. The linear portion of these plots are used to 

obtain a negative slope that represents the kobs values. The kobs values for each duplicate run were 

averaged and used to determine k2. To determine k2, the positive average of kobs values are plotted 

against each respective BCN concentration and analyzed using linear regression. The slope of the 
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linear regression is the k2 rate constant. An example of this analysis can be seen in Tables 3.2 and 

3.4, Figures 3.4 and 3.5, and Appendix B. 

Table 3.2 Observed rate constants for the cycloaddition reaction between 5-methyl-2-phenyl-6H-

1,3,4-oxadiazin-6-one (2.6) at 25 µM and endo BCN, with various concentrations of BCN in ACN 

at 25 ± 0.1 °C. 

 

Diazapyrone [BCN] (10-4 M) kobs (10-7 s-1) 

 

0.25 30.0 ± 2.00 

0.50 61.9 ± 1.00 

0.75 89.4 ± 0.200 

1.00 122 ± 5.00 

1.25 154 ± 4.00 
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Figure 3.4 Pseudo first-order rate constant of the cycloaddition reaction between 5-methyl-2-

phenyl-6H-1,3,4-oxadiazin-6-one (2.6) at 25 µM and endo BCN plotted against varying 

concentrations of BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 

 

3.3.2 Kinetic Studies and Methodology – s-TCO-CO2H 

Kinetic studies procedure  

The second-order rate constant (k2) for the cycloaddition between various diazapyrones and s-

TCO-CO2H were determined by using UV-Vis spectroscopy. The reaction was studied under 

pseudo-first-order conditions where the cyclooctene, s-TCO, was in a 10-60 fold excess. Each 

kinetic run was performed in performed simultaneously in duplicate in ACN at 25 ± 0.1 °C (n=2). 

The reaction was monitored by tracking the decrease of the diazapyrone peak specified in Table 

3.3. 

To perform UV-Vis kinetics, a 4 mM stock solution of each reagent was made. The excess reagent 

s-TCO was then serially diluted with ACN to a specified concentration (Table 3.7). The excess 

reagent was then added to a clean cuvette followed by a calculated amount of diazapyrone. The 

cuvette was then capped, thoroughly mixed by inversion 5 times, and inserted into the UV-Vis 

spectrophotometer. Measurements were immediately obtained and collected every 10 seconds. 
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The reaction was monitored by tracking the decrease of the diazapyrone peak stated in Table 3.3. 

The products were characterized using NMR and EI-MS. 

Table 3.3 Reaction scheme of the cycloaddition reaction between sTCO and various diazapyrones 

and the wavelength absorption (nm) of the corresponding decaying diazapyrone peak. 

 

 Diazapyrone Wavelength (nm) 

2.2 R = Ph 350 

2.4 R = OMe 371 

2.6 R = Me 350 

2.8 R = Py 340 

2.10 R = Br 350 

2.12 R = CF3 345 

2.14 R = NO2 350 
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Data analysis of pseudo-first-order UV-Visible kinetic experiments. 

Table 3.4 Observed rate constants for the cycloaddition reaction between 2,5-diphenyl-6H-1,3,4-

oxadiazin-6-one (2.2) and s-TCO, with various concentrations of s-TCO in ACN at 25 ± 0.1 °C. 

 

Diazapyrone [s-TCO] (10-4 M) kobs (10-5 s-1) 

 

0.45 163 ± 0.10 

0.90 321 ± 0.08 

1.35 468 ± 3.00 

1.80 588 ± 0.30 

2.25 710 ± 9.00 
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Figure 3.5 Pseudo first-order rate constant of the cycloaddition reaction between 2,5-diphenyl-

6H-1,3,4-oxadiazin-6-one (2.2) and s-TCO plotted against varying concentrations of BCN. These 

reactions were performed in ACN at 25 ± 0.1 °C. The error bars represent SD (n=2).  
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3.3.3 Cycloadditions of BCN and s-TCO with Diazapyrones 

  

Table 3.5 Kinetic results of the cycloaddition between BCN and various Diazapyrones studied 

under pseudo-first-order conditions. 

 

 Diazapyrone k2 (10-3 M-1s-1) 

2.2 R = H 12 ± 0.80 

2.4 R = OMe 14 ± 0.70 

2.6 R = Me 12 ± 0.30 

2.8 R = Py 22 ± 2.0 

2.10 R = Br 19 ± 0.60 

2.12 R = CF3 28 ± 2.0 

2.14 R = NO2 18 ± 4.0 
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Table 3.6 Kinetic results of the cycloaddition between s-TCO and a variety of diazapyrones under 

pseudo-first-order conditions. 

 

 Diazapyrone k2 (10-1 M-1s-1) 

2.2 R = H 30 ± 0.70 

2.4 R = OMe 16 ± 0.20 

2.6 R = Me 24 ± 0.4 

2.8 R = Py 95 ± 9.0 

2.10 R = Br 40 ± 1.0 

2.12 R = CF3 40 ± 2.0 

2.14 R = NO2 83 ± 2.0 

 

The para-substituted effect of various diazapyrones was studied by reacting diazapyrones (2.2-

2.14) with BCN and s-TCO under pseudo-first-order conditions. The diazapyrones studied vary in 

electronics from being electron-rich to electron-poor. The rate of reaction increases as the 

diazapyrone becomes more electron-poor. Diels Alder cycloadditions occur best when the LUMO 

of the diene is electron-rich and the HOMO of the dienophile is electron-poor. However, this is 

not the case for this reaction. The diazapyrone (diene) is electron-poor while the BCN or s-TCO 

(dienophile) is electron-rich. This indicates that the reaction occurs more like an IEDDA, similar 

to the tetrazine ligation. The electron-withdrawing groups on the diazapyrones lower the energy 
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LUMO which decreases the gap between the HOMO and LUMO and increases the rate of the 

reaction. 

When comparing these two reactions, the reaction between s-TCO and DAPs is 3 times faster than 

the BCN reaction. This is because the s-TCO molecules add the double strain effect to the reaction 

via the fused cyclopropane ring which causes an increase in strain. This makes it more favourable 

for the s-TCO molecule to react and release the strain. 

3.3.4 Structure-Activity Relationships  
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Figure 3.6 Hammett plot of the cycloaddition reaction between BCN and diazapyrones (2.4-2.12) 

evaluating the para-substituent effect of the rate of the reaction R2 = 0.9. The red line represents 

the slope of the line where ρ = 0.1 when the NO2 data point is taken into account (R2=0.1). 
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Figure 3.7 Hammett plot of the cycloaddition reaction between s-TCO and diazapyrones (2.4-

2.14) evaluating the para-substituent effect of the rate of the reaction. R2 = 0.9. 

 

To further investigate the para-substituent effects, electron-donating and withdrawing substituents 

were added to the DAP. Two Hammett plots were constructed (Figures 3.6 and 3.7) to provide 

greater insight into how EWG and EDG affect the transition state or intermediates of the reaction. 

The resonance effect of the EWG and EDG can be seen in Scheme 3.3. The two Hammett plots 

represent the linear regression of the k2 rate constants of diazapyrones (2.4-2.14) vs. the para-

substituted sigma values (σ) which corresponds to the R group of each diazapyrone and are derived 
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from the pKa of acids. When the σ value is positive, the R group is more EWG and a stronger acid. 

The opposite is true for negative σ values where the R group is EDG and a weaker acid.  

 

Scheme 3.9 Resonance effect of the para effect of a diazapyrone with (A) an electron-donating 

group and (B) an electron-withdrawing group.  

 

The slope of the linear regression represents the ρ value. The ρ value indicates the reactions 

sensitivity and gives great insight into the rds. When the ρ value is larger and positive (i.e., 5 or 

higher) a negative charge is built up and electrons are delocalized. When the ρ values are between 

2-4, there is a negative charge build up and electrons flow through the transition state. When the ρ 

values are -2 to -4, electrons flow out of the transition states and a positive charge is generated. 

When the ρ values are -5 and smaller, a positive charge is built up and delocalized. Finally, when 
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the ρ values are small (between -1 and 1) there are three possible scenarios. The first scenario is 

when the aromatic ring, where electrons are delocalized, is too far away to affect the ρ value.  The 

second is when there are two ρ values that cancel each other out. An example of this is a hydrolysis 

of ethyl benzoates in acid, where the ρ value for the hydrolysis of the ester is +2.5 while the ρ 

value for the equilibrium protonation is -2.5.12 The third is when the reaction is not dependent on 

electronics. This is the case for Diel-Alder reactions and for the shown IEDDA reactions with 

BCN and s-TCO, which display a ρ value of 0.4 ± 0.9 and 0.8 ± 0.9, respectively. It means the 

addition of EWD and EDG to the diazapyrone has little to no effect on the reaction. That being 

said, the positive values indicate a very small and negligible amount of negative charge is formed. 

The other significance of the ρ values obtained in Figures 3.6 and 3.7 is that these values are small. 

This indicates that it is unlikely that the ester is hydrolyzing during the reaction and that the 

diazapyrone remained stable in the ACN environment. This is because the ρ value of an ester 

hydrolysis is ~ 2-3, involving a nucleophilic attack on the carbonyl at the rds, where excess electron 

delocalizes around the ring. 

In terms of Figure 3.6, the ρ value is 0.4 ± 0.9 indicating that little negative charge buildup is 

occurring and that substituent affect does not have an appreciable effect on this reaction. This 

indicates that the reaction is occurring similarly to the reaction between sTCO and DAP. However, 

when the k2 value for 5-(4-nitrophenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.28) is taken into 

account, the k2 value for DAP (2.28) is  0.0178 ± 0.004 M-1s-1, which lies outside the trend and is 

much lower than expected. This results in the ρ value being 0.1 ± 0.1. This indicates that the rates 

are insensitive to substituents. The low rate is likely due to the stability of  DAP (2.14). When 

there is more EWG character in the DAP, the DAP is more reactive but also less stable. In this 

case, it is likely that the DAP is hydrolyzing in water. Despite the DAP stock being made fresh 
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prior to every kinetic run, ACN is used as the solvent and happens to be hygroscopic. It is likely 

the ACN solution used to prepare the 4 mM DAP stock was “old” and has accumulated enough 

water from the atmosphere to reduce the rate for the IEDDA reaction between the DAP and BCN. 

This is because most of the DAP would have already reacted via hydrolysis leaving less DAP to 

react with BCN. Another possibility is that the wrong wavelength was monitored or that a second 

product is forming. As the DAP peak decays, if there isa formation of another peak around the 

same wavelength that interferes with the monitoring of the decay the reaction will appear slower 

and an accurate rate would be difficult to obtain. An alternative method would be to use fresh ACN 

in conjunction with an instrument capable of monitoring the reaction chamber prior to the reagents 

being injected. This would ensure that the maximum amount of DAP would be left to react via a 

cycloaddition. Alternatively, the DAP can be modified with substituents to shift the UV-absorption 

wavelength. Therefore, if the additional peak is forming, there will be no interference.  
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Table 3.7 Rate parameter (ρ) obtained from the Hammett plots in Figures 3.6 and 3.7 for the 

cycloaddition reaction between BCN and s-TCO and various diazapyrones. 

Cycloaddition reaction Rate parameter 

(ρ) 

 

0.4 ± 0.9 

 

0.8 ± 0.9 
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Scheme 3.10 Reaction between diazapyrone and (A) BCN or (B) s-TCO with transition state based 

on the Hammett plot with rate parameter ρ = 0.4 and 0.8, respectively.  

 

From the Hammett plot, information about the reaction mechanism of the IEDDA reaction can be 

obtained. As stated previously, when the magnitude of the ρ value is large, there is a larger 

accumulation of charge. This indicates the reaction occurs via a reaction intermediate and that the 

reaction is step-wise. On the other hand, values of ρ with smaller magnitudes have a very small or 

negligible amount of charge build up and the reaction is concerted. Based on the ρ values obtained 

from Figure 3.6 and 3.7 (ρ = 0.4 ± 0.9 and 0.8 ± 0.9, respectively) the reaction is likely concerted. 

From this information, the transition state for both these reactions can be determined (Scheme 3.4). 

However, to confirm this, quantum calculations would be required to study the transition state of 

the reaction. Quantum mechanics would also give insight into the synchronicity of the reaction 

(i.e., synchronous or asynchronous). A synchronous reaction occurs when the changes in the 

molecule, typically bonds forming and breaking, occur at the same rate to get to the transition state. 
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An asynchronous reaction on the other hand involves the formation and breaking of bonds 

independent of each other.  

Based on this information, we proposed the following mechanism (Scheme 3.11) which results in 

the formation of three products. In the first step, BCN and a diazapyrone react via a [4+2] 

cycloaddition reaction. To reestablish stability in the molecule, a retro [4+2] cycloaddition occurs 

to either lose N2 (3.1) or CO2 gas (3.2). This gives two different products (3.1 and 3.2). Through 

mass spectrometry analysis, only the product containing carbon dioxide (3.2) was observed. From 

there, a double conjugation can occur. This is done by reacting the molecule obtained via the first 

cycloaddition reaction with another molecule of BCN via a [4+2] cycloaddition which will result 

in the loss of carbon dioxide. The doubly conjugated product (3.3) was also observed by mass 

spectrometry. 
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Scheme 3.11 Proposed reaction mechanism of a generic diazapyrone reacting with BCN. In the 

first step, BCN and a diazapyrone react via a [4+2] cycloaddition reaction. To reestablish stability 

in the molecule, a retro [4+2] cycloaddition could occur to either lose N2 (3.1) or CO2 gas (3.2). 

the two different pathways can give products 3.1 and 3.2. Through mass spectrometry analysis, 

only the product containing carbon dioxide (3.2) was observed. From there, a double conjugation 

can occur. This is done by reacting the molecule obtained via the first cycloaddition reaction with 

another molecule of BCN via a [4+2] cycloaddition which will result in the loss of carbon dioxide. 

The doubly conjugated product (3.3) was also observed by mass spectrometry. 

 

3.4 Conclusion 

In summary, we studied the reactivity of diazapyrones in the context of bioorthogonal chemistry. 

We have demonstrated the reactivity between DAP, BCN, and s-TCO as an alternative to tetrazine 

thereby expanding upon the current bioorthogonal toolbox. The cycloaddition reactions of DAP 
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have a k2 ranging from 10-3 – 101 M-1s-1, and is comparable to those in the tetrazine ligation with 

cyclopropenes. 

3.5 Materials and Methods 

All commercially available reagents were purchased from Alfa Aesar and Sigma Aldrich and were 

used without further purification. Strained-trans cyclooctene ((1R,8S,9S, E)-bicyclo[6.1.0]non-4-

ene-9-carboxylic acid) was received from the Fox group (Department of Chemistry at the 

University of Delaware, USA). All deuterated solvents were purchased from Cambridge Isotopes 

and were used as received, except for deuterated chloroform which was neutralized by passing 

through a pad of basic alumina. Thin-layer chromatography (TLC) was performed on Analtech 

Uniplate® silica gel (60 A F254, layer thickness 250 μm). The TLC plates were visualized using 

a UV lamp and potassium permanganate. Flash chromatography was performed using silica gel 

(60 A, particle size 40-63 m). Mass spectra were obtained using the John L. Holmes Mass 

Spectrometry facility at the University of Ottawa. A Waters Synapt High-Definition Mass 

Spectrophotometer with TriWave using a quadrupole time-of-flight mass spectrometer was used 

with positive electrospray ionization (ESI+). The samples were prepared from a 4 mM stock 

solution in LCMS Optima grade ACN. 

All 1H and 13C NMR spectra were obtained using 300 MHz, 400 MHz, and 600 MHz Bruker NMR 

spectrometers and processed using MestReNova NMR 4.2.0 software. The units of the NMR 

spectra peaks are ppm and referenced against the residual solvent peak. Multiplicity of peaks are 

recorded as abbreviated: s = singlet, d = doublet, t = triplet, m = multiplet or unresolved, br = broad 

and J = coupling constants in Hz. 
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3.5.1 Synthesis 

General polycyclic aromatic ring synthesis 

 

A RBF was dried and flushed with argon gas. BCN (70 mg, 0.47 mmol), 2,5-diphenyl-6H-1,3,4-

oxadiazin-6-one (117 mg, 0.47 mmol) and 1.5 mL of ACN were then added and allowed to stir 

overnight. The reaction mixture was then filtered using a pasture pipette filled with ~4.0 cm of 

celite and flushed with 10 mL of EtOAc. The resulting mixture was then concentrated under 

reduced pressure.  FCC 3:1 Hex:EtOAc to 1:1 Hex:EtOAc. The final product was obtained in 62% 

yield. 1H-NMR (600 MHz, CDCl3) δ 7.45 (dt, J = 12.7, 4.1 Hz, 2H), 7.42 – 7.30 (m, 5H), 7.30 (s, 

1H), 7.24 – 7.20 (m, 1H), 3.73 – 3.59 (m, 2H), 2.78 (t, J = 12.4 Hz, 1H), 2.73 – 2.59 (m, 1H), 2.59 

– 2.53 (m, 1H), 2.30 (q, J = 11.1 Hz, 2H), 2.15 – 1.82 (m, 2H), 1.55 (s, 1H), 1.30 – 1.04 (m, 4H), 

1.02 – 0.87 (m, 1H). 13C-NMR (151 MHz, CDCl3) δ 162.3, 135.2, 135.0, 133.3, 133.2, 129.8, 

129.7, 129.6,129.5, 129.0, 128.6, 128.4, 128.3, 128.0, 59.6, 31.4, 29.3, 28.1, 27.6, 25.9, 25.2, 24.6, 

23.1, 21.9, 21.7, 21.3, 20.9, 20.6, 17.1, 16.2. MS (EI) m/z calculated for (C25H24O3): 373.17 

[M+1]+, found 373.15, 395.17 [M+Na]+, found 395.16. 
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A RBF was dried and flushed with argon gas. 27.7 mg (0.16 mmol) of sTCO-CO2H and 54.5 mg 

(0.16 mmol) of 2-(4-bromophenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one and 1.5 mL of ACN were 

then added and allowed to stir for 5 minutes. The reaction mixture was then concentrated under 

reduced pressure.  FCC 3:1 Hex:EtOAc to 1:1 Hex:EtOAc. The final product was obtained in 71% 

yield. 1H-NMR (600 MHz, CDCl3) δ 7.57-7.49 (dd, J = 13.0, 4.5 Hz, 2H), 7.37 – 7.32 (m, 3H), 

7.30 (s, 1H), 7.23 – 7.17 (m, 4H), 2.10-1.94 (t, J =13.0 Hz, 4H), 1.85-1.76 (m, 2H), 1.71 (t, 1H), 

1.20-1.07 (m, 4H). MS (EI) m/z calculated for (C25H21BrO4): 465.06 [M+1]+, found 465.51, 

491.05 [M+Na]+, found 491.11. 

3.5.2 Kinetic procedures 

Kinetic studies procedure  

The second-order rate constant (k2) for the cycloaddition between various diazapyrones and two 

different cycloadducts, s-TCO and BCN were determined by using UV-Vis spectroscopy. The 

reaction was studied under pseudo-first-order conditions where the cycloadduct reactant is in a 10-

60 fold excess (s-TCO) and a 10-50 excess (BCN). Each kinetic run was performed in duplicate 

in acetonitrile at 25 ± 0.1 °C. The reaction was monitored by tracking the decrease of the 

diazapyrone peak specified in Tables 3.1 and 3.3. 
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4 mM Stock solutions of s-TCO/BCN and diazapyrone were prepared in screw cap vials in HPLC 

LCMS Optima grade ACN. Fresh stocks of diazapyrones were prepared and a serial dilution of s-

TCO/BCN was prepared before each experiment. The cuvettes used were 1.5 mL quartz cuvettes 

with stoppers (10 mm pathlength). Before adding the prepared solutions to the cuvette, the UV-

Vis cuvettes were cleaned with acetone 2 times and left to dry for 20 minutes. The cuvettes were 

then wiped with Kimwipes before reading to remove any residue on the outer surface. Before 

reactions, the UV-Vis spectrophotometer was blanked with 1 mL of acetonitrile and the 

spectrometer was set to scan the samples every 15 seconds (s-TCO) and every minute (BCN). 

Next, 1 mL of s-TCO/BCN from the serial dilution was added to the cuvette then followed by the 

quick addition of the diazapyrone. The cuvettes were then inverted three times to mix the reagents 

and inserted into the Cray spectrophotometer for absorbance readings. To choose a wavelength for 

product monitoring (Table 3.1 and 3.3), the spectra were obtained from 200 nm to 600 nm 

throughout the reaction.   
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Table 3.8 Sample preparation for the reaction between BCN, s-TCO and DAP using serial dilution. 

Reaction Dilution 

(dil) # 

Volume and 

source of BCN 

(µL) 

Vol. of 

ACN (µL) 

Total Volume 

of serial 

dilution (µL) 

Total 

Reaction 

volume (µL) 

25 µM 

pyrone 1250 

µM BCN 

1 2625 µL of 4 mM 

stock BCN 

4375 2000 1000 

25 µM 

pyrone 1250 

µM BCN 

2 

 

5000 µL of 1 1000 2000 1000 

25 µM 

pyrone 1000 

µM BCN 

3 4000 µL of 2 1000 2000 1000 

25 µM 

pyrone 750 

µM BCN 

4 3000 µL of 3 1000 2000 1000 

25 µM 

pyrone 500 

µM BCN 

5 2000 µL of 4 1000 2000 1000 

25 µM 

pyrone 250 

µM BCN 

6 1000 µL of 6 1000 2000 1000 

Reaction Dilution 

(dil) # 

Volume and 

source of s-TCO 

(µL) 

Vol. of 

ACN (µL) 

Total Volume 

of serial 

dilution (µL) 

Total 

Reaction 

volume (µL) 

45 µM 

pyrone 2700 

µM s-TCO 

1 4860 of 4 mM stock 

s-TCO 

2340 2000 1000 

45 µM 

pyrone 2250 

µM s-TCO 

2 5000 1000 2000 1000 

45 µM 

pyrone 1800 

µM s-TCO 

3 4000 1000 2000 1000 

45 µM 

pyrone 1350 

µM s-TCO 

4 3000 1000 2000 1000 

45 µM 

pyrone 900 

µM s-TCO 

5 2000 1000 2000 1000 

45 µM 

pyrone 450 

µM s-TCO 

6 1000 1000 2000 1000 
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Chapter 4 – Future Directions 
 

 

 Figure 4.1 Comparison of Diazapyrone (right) and Orthoester structure of a diazapyrone (left). 

 

In the future, these cycloaddition reactions will need further characterization which includes high-

resolution mass spectrometry, and 15N NMR to confirm if N2 gas is lost during the reaction. In 

addition to that, quantum mechanics reaction simulation can be used to model the reaction which 

will give greater insight into the transition states of the reaction and can point towards a possible 

reaction mechanism. This can be done by doing density functional theory calculations using 

gaussian 16. For this reaction to be utilized in the field of click chemistry, the diazapyrones need 

to be modified to be more stable in water. This can be done by converting the carbonyl in the ester 

group of the diazapyrones into an ortho-ester (Figure 4.1). The ortho-ester will act as a protecting 

group which will stabilize the molecule and prevent hydrolysis. If required, the ortho-ester can be 

easily converted back into a carbonyl via an acid catalyst. Another modification that can be done 

to the diazapyrone would be to change the O atom on the ester into a S atom. This can be 

accomplished by using the diazapyrone synthesis but replacing the hydrazine hydrate starting 

material with thiobenzhydrazide (Scheme 4.1). This will allow for sulfhydryl biotinylation 

(Scheme 4.2) which can be used for downstream biotin-streptavidin applications so that the 
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diazapyrone can act as a chemical tool to understand biology. This reaction could also potentially 

be used for other bioorthogonal applications such as cell labelling, identifying new targets, and 

peptide synthesis. 

 

 

Scheme 4.6 Synthesis of 2,5-diphenyl-6H-1,3,4-thiasiazin-6-one. 
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Appendix A - NMR Spectra 

 

1H NMR of Hydrazone intermediates 

 

Figure A1. 
1H NMR of 2-(2-phenylhydrazinylidene)-4-methy1 benzeneacetic acid (2.7). 
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Figure A2. 
1H NMR of 2-(2-phenylhydrazinylidene)-4-methoxy benzeneacetic acid (2.10). 
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Figure A3. 
1H NMR of 2-[2-(4-pyridinyl)hydrazinylidene] benzeneacetic acid (2.15). 
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Figure A4. 
1H NMR of 2-(p-bromophenylhydrazinylidene) benzeneacetic acid (2.19). 
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Figure A5. 
1H NMR of 2-(p-trifluoromethylphenylhydrazinylidene) benzeneacetic acid (2.23). 
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Figure A6. 
1H NMR of 2-[2(4-nitrophenyl)hydrazinylidene) benzeneacetic acid (2.27). 
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1H and 13C NMR of Diazapyrones 

 

Figure A7. 
1H NMR of 2,5-diphenyl-6H-1,3,4-oxadiazin-6-one (2.4). 
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Figure A8. 
13C NMR of 2,5-diphenyl-6H-1,3,4-oxadiazin-6-one (2.4). 
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Figure A9. 
1H NMR of 2-(4-methyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.8). 
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Figure A10. 
13C NMR of 2-(4-methyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.8). 
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Figure A11. 
1H NMR of 5-(4-methoxyphenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.12). 
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Figure A12. 
13C NMR of 5-(4-methoxyphenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.12). 
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Figure A13. 
1H NMR of 5-phenyl-2(4-pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.16). 
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Figure A14. 
13C NMR of 5-phenyl-2(4-pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.15). 
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Figure A15. 1H NMR of 2-(4-bromophenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.20). 
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Figure A16. 13C NMR of 2-(4-bromophenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.20). 
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Figure A17. 1H NMR of 2-(4-trifluoromethylphenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.24). 
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Figure A18. 13C NMR of 2-(4-trifluoromethylphenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one 

(2.24). 
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Figure A19. 1H NMR of 5-(4-nitrophenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.28). 
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Figure A20. 13C NMR of 5-(4-nitrophenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.28). 
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1H and 13C of TCO

 

Figure A21. 1H NMR of Trans-cyclooctene (2.30). 
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Figure A22. 13C NMR of Trans-cyclooctene (2.30). 
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Figure A23. 1H NMR of 9-oxabicyclo[6.1.0]non-4-ene (2.32). 
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Figure A24. 1H NMR of cyclooct-4-enol (2.33). 
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Figure A25. 1H NMR of (E)-cyclooct-4-enol (2.34). 
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Figure A26. 13C NMR of (E)-cyclooct-4-enol (2.15). 
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1H of s-TCO 

 

Figure A27. 1H NMR of (1R, 8S,9R, Z) ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (2.35). 
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Figure A28. 1H NMR of (1R,8S, 9R, Z) ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (2.36). 
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Figure A29. 1H NMR of (1R, 8S, 9R, Z)-bicyclo[6.1.0]non-4-ene-9-yl)methanol (2.37). 
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Figure A30. 1H NMR of (rel-1R, 8S, 9R, E)-bicyclo[6.1.0]non-4-ene-9-yl)methanol (2.38). 
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Appendix B - Kinetic Analysis for Chapter 3 
 

UV-Vis pseudo first-order kinetic analysis 

Table B1. Observed rate constants for the cycloaddition reaction between 5-methyl-2-phenyl-6H-

1,3,4-oxadiazin-6-one (2.2) and endo BCN, with various concentrations of BCN in ACN at 25 ± 

0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-5 s-1) 

 0.25 1.06 ± 0.00 

 

0.50 1.42 ± 0.05 

0.75 1.74 ± 0.07 

 1.00 1.94 ± 0.00 
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Figure B1. Pseudo first-order rate constant of the cycloaddition reaction between 5-methyl-2-

phenyl-6H-1,3,4-oxadiazin-6-one (2.2) and endo BCN plotted against varying concentrations of 

BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars represent SD (n=2). 

Table B2. Observed rate constants for the cycloaddition reaction between 5-(4-Methoxyphenyl)-

2-phenyl-6H-1,3,4-oxadiazin-6-one (2.4) and endo BCN, with various concentrations of BCN in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-6 s-1) 

 

0.50 5.46 ± 0.00 

0.75 9.26 ± 0.12 

1.00 12.5 ± 0.08 

1.25 16.1 ± 0.00   

1.50 19.4 ± 0.05 
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Figure B2. Pseudo first-order rate constant of the cycloaddition reaction between 5-(4-

Methoxyphenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.4) and endo BCN plotted against varying 
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concentrations of BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 

 

Table B3. Observed rate constants for the cycloaddition reaction between 5-phenyl-2-(4-

pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.8) and endo BCN, with various concentrations of BCN in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-5 s-1) 

 1 1.25 ± 0.10 

 

1.5 1.99 ± 0.02 

2 2.86 ± 0.60 

2.5 3.79 ± 0.17 
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Figure B3. Pseudo first-order rate constant of the cycloaddition reaction between 5-phenyl-2-(4-

pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.8) and endo BCN plotted against varying concentrations 
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of BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars represent SD 

(n=2). 

Table B4. Observed rate constants for the cycloaddition reaction between 2-(4-bromophenyl)-5-

phenyl-6H-1,3,4-oxadiazin-6-one (2.10) and endo BCN, with various concentrations of BCN in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-6 s-1) 

 0.50 8.90 ± 0.00 

 

0.75 13.7 ± 0.00 

1.00 18.9 ± 0.00 

1.25 23.3 ± 0.07 
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Figure B4. Pseudo first-order rate constant of the cycloaddition reaction between 2-(4-

bromophenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.10) and endo BCN plotted against varying 

concentrations of BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 
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Table B5. Observed rate constants for the cycloaddition reaction between 5-(4-triflouromethyl)-

2-phenyl-6H-1,3,4-oxadiazin-6-one (2.12) and endo BCN, with various concentrations of BCN 

in ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-5 s-1) 

 0.25 1.25 ± 0.00 

 

0.50 2.19 ± 0.13 

0.75 2.83 ± 0.00 

1.00 3.35 ± 0.07 
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Figure B5. Pseudo first-order rate constant of the cycloaddition reaction between 5-(4-

triflouromethyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.12) and endo BCN plotted against varying 

concentrations of BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 
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Table B6. Observed rate constants for the cycloaddition reaction between 5-(4-nitrophenyl)-2-

phenyl-6H-1,3,4-oxadiazin-6-one (2.14) and endo BCN, with various concentrations of BCN in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-6 s-1) 

 0.25 4.40 ± 2.26 

 

0.50 8.27 ± 1.46 

0.75 13.3 ± 1.39 
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Figure B6. Pseudo first-order rate constant of the cycloaddition reaction between 5-(4-

nitrophenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.14) and endo BCN plotted against varying 

concentrations of BCN. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 

Table B7. Observed rate constants for the cycloaddition reaction between 5-(4-Methoxyphenyl)-

2-phenyl-6H-1,3,4-oxadiazin-6-one (2.4) and s-TCO, with various concentrations of s-TCO in 

ACN at 25 ± 0.1 °C. 
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Pyrone Concentration of BCN (10-4 M) kobs  (10-4 s-1) 

 

 

 

0.45 4.50 ± 0.00 

0.90 9.00 ± 0.00 

1.35 13.5 ± 0.00 

1.80 18.0 ± 0.00   

2.25 22.5 ± 0.00 
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Figure B7. Pseudo first-order rate constant of the cycloaddition reaction between 5-(4-

Methoxyphenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.4) and s-TCO plotted against varying 

concentrations of s-TCO. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 

Table B8. Observed rate constants for the cycloaddition reaction between 5-methyl-2-phenyl-6H-

1,3,4-oxadiazin-6-one (2.6) and endo s-TCO, with various concentrations of s-TCO in ACN at 25 

± 0.1 °C. 
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Pyrone Concentration of BCN (10-4 M) kobs  (10-3 s-1) 

 0.45 1.24 ± 0.00 

 

0.90 2.46 ± 0.00 

1.8 4.63 ± 0.00 

 2.25 5.57 ± 0.00 
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Figure B8. Pseudo first-order rate constant of the cycloaddition reaction between 5-methyl-2-

phenyl-6H-1,3,4-oxadiazin-6-one (2.6) and s-TCO plotted against varying concentrations of s-

TCO. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars represent SD (n=2). 

Table S9. Observed rate constants for the cycloaddition reaction between 5-phenyl-2-(4-

pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.8) and s-TCO, with various concentrations of s-TCO in 

ACN at 25 ± 0.1 °C. 
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Pyrone Concentration of BCN (10-4 M) kobs  (10-3 s-1) 

 0.45 6.67 ± 0.00 

 

0.90 12.4 ± 0.00 

1.35 15.2 ± 0.03 
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Figure B9. Pseudo first-order rate constant of the cycloaddition reaction between 5-phenyl-2-(4-

pyridinyl)-6H-1,3,4-oxadiazin-6-one (2.8) and s-TCO plotted against varying concentrations of s-

TCO. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars represent SD (n=2). 
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Table B10. Observed rate constants for the cycloaddition reaction between 2-(4-bromophenyl)-

5-phenyl-6H-1,3,4-oxadiazin-6-one (2.10) and s-TCO, with various concentrations of s-TCO in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-3 s-1) 

 0.45 2.10 ± 0.00 

 

0.9 4.15 ± 0.00 

1.35 6.08 ± 0.00 

1.80 7.64 ± 0.17 

2.25 9.34 ± 0.00 

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

0.000

0.002

0.004

0.006

0.008

0.010

[s-TCO] (M)

k
o

b
s
 (

s
-1

)

y = 3.99x + 4.70e-4

R2 = 0.99

 

Figure B10. Pseudo first-order rate constant of the cycloaddition reaction between 2-(4-

bromophenyl)-5-phenyl-6H-1,3,4-oxadiazin-6-one (2.10) and s-TCO plotted against varying 

concentrations of s-TCO. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 
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Table B11. Observed rate constants for the cycloaddition reaction between 5-(4-triflouromethyl)-

2-phenyl-6H-1,3,4-oxadiazin-6-one (2.12) and s-TCO, with various concentrations of s-TCO in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-3 s-1) 

 0.45 3.72 ± 0.00 

 

0.90 7.00 ± 0.00 

1.35 10.1 ± 0.00 
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Figure B11. Pseudo first-order rate constant of the cycloaddition reaction between 5-(4-

triflouromethyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.12) and s-TCO plotted against varying 

concentrations of s-TCO. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 
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Table B12. Observed rate constants for the cycloaddition reaction between 5-(4-nitrophenyl)-2-

phenyl-6H-1,3,4-oxadiazin-6-one (2.14) and s-TCO, with various concentrations of s-TCO in 

ACN at 25 ± 0.1 °C. 

Pyrone Concentration of BCN (10-4 M) kobs  (10-3 s-1) 

 0.90 8.06 ± 0.00 

 

1.35 11.6 ± 0.00 

1.80 15.5 ± 0.00 
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Figure B12. Pseudo first-order rate constant of the cycloaddition reaction between 5-(4-

nitrophenyl)-2-phenyl-6H-1,3,4-oxadiazin-6-one (2.14) and s-TCO plotted against varying 

concentrations of s-TCO. These reactions were performed in ACN at 25 ± 0.1 °C. The error bars 

represent SD (n=2). 

 


