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Abstract 

 

An investigation of de-caging reactions of biologically relevant molecules with 

tetrazines by inverse electron demand Diels-Alder chemistry was conducted. Caging 

groups suppress the activity of biologically relevant molecules. Dienophile caging 

group was proposed to undergo de-caging with tetrazines via inverse electron 

demand Diels-Alder reaction. A designed model molecule (caged aniline) and a 

designed biologically relevant molecule (caged coumarin) were investigated with a 

series of tetrazines in this project. The de-caging reaction was proven to be 

successful for both the caged aniline and the caged coumarin with promising yields. 

However, highly active tetrazines are needed for de-caging reactions at physiological 

temperature.  
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M   molar 

[M]+.   molecular radical cation 
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[M+Na]+  quasi-molecular cation 
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mp   melting point 

MS   mass spectroscopy 

MW   microwave 

m/z   mass to charge ratio 

NMR   nuclear magnetic resonance spectroscopy 

Ph   phenyl 

ppm   parts per million 

q   quartet 

Rf   retention factor 

rt   ambient temperature 

s   singlet 

s    symmetrical 
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sec   seconds 

SNAr   nucleophilic aromatic substitution 

t   triplet 

t   tertiary 

TLC   thin-layer chromatography 

tR   retention time 

UV    ultraviolet 
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1. Introduction 

 

Biomacromolecules, ions, metabolites and the interactions among them drive a series 

of complex cellular processes and make up living systems. Generally these 

biomolecules cannot be observed directly in vivo and in vitro where they need to be 

monitored (i.e. visuallising enzyme roles within cellular processes). Therefore, the 

ability to monitor biomolecules in natural environments is required. Recently a novel 

strategy of biomolecule labelling utilising bioorthogonal click chemistry has been 

investigated.1 

 

1.1  Bioorthogonal Click Reactions 

 

Bioorthogonal reactions are processes in which a target molecule (enzymes, proteins 

etc.) are integrated with a chemical reporter through cell metabolism or chemical 

modification. A bioorthogonal chemical reporter is defined as "non-native, non-

perturbing chemical handle that can be modified in living systems through highly 

selective reactions with exogenously delivered probes" by developers Bertozzi et al.1 

Bioorthogonal chemical reporters possess distinct reactivity and do not interact with 

undesired biological molecules. Examples of chemical reporters based upon natural 

substrates are monosaccharides for polysaccharide labelling; nucleotides for DNA 

labelling; amino acids for protein labelling; and fatty acid for lipid labelling. These 

chemical reporters are designed to intergrate selectively with the target biomolecule 

by possessing functional groups which selectively target each other, thus the reporter 

does not integrate with non-target molecules (Figure 1.1). This strategy of 



2 

bioorthogonal chemical reporter makes the biological fucntional molecules visiable 

in living systems.  

 

 

Figure 1.1 Selective ‘tagging’ of biomolecule with chemical reporter
1
 

 

The two-step bioorthogonal chemical reporter strategy integrates a particular 

functional group into a target molecule, followed by selectively binding to a small 

molecule probe. In the ideal case, the bioorthogonal chemical reporter in this strategy 

should be structural non-perturbing, that means the substrate of chemical reporter 

should be utilized by cell metabolism. Therefore, small molecules are more suitable 

for this strategy, whereas large molecules could affect the enzymatic transformations 

because of their relatively large size. Once the chemical reporter is integrated into the 

target molecule, it should be covalently bonded to the target. In conclusion, 

bioorthogonal chemical reporters and probes should possess properties including: 

functional groups which do not interact with other biomolecules, react under 

physiological conditions (37ºC, pH 6-8), high reaction rate, stereospecificity, non-

toxicity of products, no or as few by-products as possible, and easy to get to starting 

materials.1 
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However, only a few chemical reactions can satisfy the requirements mentioned 

above. The majority of reactions such as the combination between thiols and 

maleimide (Figure 1.2a) or between amines and carboxylic acids (Figure 1.2b) 

cannot be applied in selective biomolecule labelling of complex living organisms, 

because those molecules could react with nucleophilic or electrophilic groups on 

proteins, nucleic acids or other macromolecules. Historically, the primary 

bioorthogonal reaction is between ketones/aldehydes and amines (such as hydrazide) 

(Figure 1.2c).2 However, the optimal pH for this kind of reaction is pH 5-6 (whereas 

physiological is pH 6-8) and the combination is reversible. Moreover, most cells 

contain numerous endogenous ketones and aldehydes. Hence the application of 

ketones and aldehydes in biomolecule labelling in living organism is limited. 

 

 

Figure 1.2 Classical chemical ligation reactions 

 

In 2000 there was a breakthrough that introduced an azide as the functional scaffold 

for bioorthogonal reactions.3 Different from ketones and aldehydes, azides possess 

the properties of bioorthogonality, it does not exist in the living organism and is inert 

to functional groups present in natural biomoelcules as well. It is kinetically stable, 
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energy-rich, electrophilic and reactive as a 1,3-dipole.4 Over the subsequent years, 

most of the studies have been focused upon the development of chemical reactions 

involving azides, and the application of selective biomolecule labelling both in vitro 

and in vivo as.5 Other typical click reactions include Staudinger ligation,6-8 azide-

alkyne cycloaddition9-13 and copper-free azide-alkyne cycloaddition.14-18   

 

1.2  Inverse Electron Demand Diels-Alder Reaction 

 

In recent years, researchers have also focused upon the study of inverse electron 

demand Diels-Alder (iDA) reactions, especially the cycloaddition between trans-

cyclooctyne (1) with tetrazine (2) (Figure 1.3). The irreversible reaction could be 

preformed in both aqueous solution or cell supernatant, and possess properties such 

as fast reaction rate, catalyst-free and non-toxicity. The product of the reaction is a 

dihydropyridizine (3) and the only byproduct is N2, which is easy to removed from 

the system.19, 20 Possessing many advantages, this reaction has aroused great 

attention of researchers. 

 

 

Figure 1.3 Reaction between transcyclooctyne and tetrazine 
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1.2.1  1,2,4,5-tetrazines 

 

Tetrazines are a six-membered ring containing four nitrogen atoms (Figure 1.4). 

Theoretically, there are three isomers: 1,2,3,4-tetrazine (4), 1,2,3,5-tetrazine (5) and 

1,2,4,5-tetrazine (6) also known as s-tetrazine (Figure 1.4). Up until now, there are 

numerous examples in the literature regarding reactions of 1,2,3,4-tetrazines, 

whereas very few about 1,2,3,5-tetrazines. This is because of their high reactivity as 

dienes in cycloaddition reactions. Therefore, the synthesis and theoretical studies of 

1,2,4,5-tetrazines are what chemists are most interested in. With regards to structure, 

the substituents on both sides of the 1,2,4,5-tetrazine ring can be the same 

(symmetrical tetrazines), or can be different (unsymmetrical tetrazines). Common 

substituents include alkyl, alkynyl, aryl, heteroaryl, alkoxy and other heteroatoms. 

 

 

Figure 1.4 Isomers of tetrazines 

 

1.2.2  Synthesis of 1,2,4,5-tetrazines 

 

The Pinner synthesis (Figure 1.5) is the most common way to synthetise the 

dihydro-s-tetrazines, which can be oxidised to give s-tetrazines. The Pinner synthesis 

is the reaction between hydrazine and the imido ester of an aromatic nitrile. The 

reaction can proceed well in ammonium hydroxide or potassium hydroxide to form 

dihydro-s-tetrazine (7). The corresponding tetrazine (2) was obtained by the 
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oxidation of dihydro-s-tetrazine. The oxidants can include H2O2, FeCl3, isoamyl 

nitrite and so on.21-23 

 

 

Figure 1.5 Mechanism of the Pinner synthesis 

 

The general strategy to prepare substituted tetrazines is by aromatic nucleophilic 

substitution (SNAr).24-27 The pyrazolyl group of bis(dimethylpyrazolyl)-1,2,4,5-

tetrazine, the basic starting material, is a soft leaving group. Hiskey et al firstly 

prepared 3,6-diamino-1,2,4,5-tetrazine (9) by treating bis(dimethylpyrazolyl)-

1,2,4,5-tetrazine (8) with ammonia as a nucleophile to introduce the amino group 

onto the tetrazine ring (Figure 1.6).24  

 

 

Figure 1.6 Substitution of bis(dimethylpyrazolyl)-1,2,4,5-tetrazine with ammonia 
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1.2.3  Inverse Electron Demand Diels-Alder Reaction 

 

1,2,4,5-tetrazines commonly undergo the iDA reactions (Figure 1.7); therefore 

substituents are chosen to make the tetrazine as electron-deficient as possible. 

1,2,4,5-Tetrazine based cycloadditions are considered an efficient method for the 

preparation of substituted pyridazines, and the building of heterocyclic rings in 

synthetic chemistry. Moreover, it can be used in biomolecular labelling by the click 

reactions between 1,2,4,5-tetrazines and alkenes. 

 

 

Figure 1.7 Inverse elctron demand Diels-Alder reaction of tetrazines with trans-cyclooctene 

 

The report about the [4+2]-cycloaddition of symmetrical perfluoroalkyl 1,2,4,5-

tetrazine with alkenes in 1959 is considered as the first report of the iDA reaction.28 

A large number of dienophiles are able to perform the iDA reaction with electron-

deficient 1,2,4,5-tetrazines. Dienophiles can include alkenes, alkynes, dienes, enol 

ethers, acetates, enamines, alkynylamines, ketenediacetals, enolate arynes which are 

electron-rich, electroneutral or electron-deficient. 

 

Dating back to 1928, German chemist Diels and his assistant Alder first reported the 

cycloaddition between cyclopentadiene (12) and maleic anhydride (13) to form six-

membered ring (14) (Figure 1.8). This reaction was named after the two inventors 
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and is known as the Diels-Alder reaction. The reaction consists of two components, a 

conjugated diene to provide the conjugated 4 electron system and a dienophile to 

provide the 2 electron system. Both electron withdrawing substituents on the 

dienophile (such as carbonyl, cyano, nitro, carboxyl etc.) and electron donating 

substituents on the conjugated diene accelerate the reaction. The reaction mechanism 

is generally suggested that: at the beginning of the reaction, two reactants are close to 

each other with mutual influence which forms a cyclic transition state, then gradually 

transforms into the products. The reaction is a one-step concerted reaction with only 

one transition state and no reaction intermediates. Under general conditions, the 

highest occupied molecular orbital (HOMO) of diene and the lowest unoccupied 

molecular orbital (LUMO) of dienophile interact to from the bonds. Since this 

concerted reaction does not involve any ion, it can not be affected by Brønsted acids 

and bases (or solvent). However, some Lewis acids (such as AlCl3, BF3, SnCl4, and 

TiCl4) are able to catalyse the reaction by affecting the energy level of LUMO 

through complexation.  

 

 

Figure 1.8 Diels-Alder reaction between cyclopentadiene and maleic anhydride 

 

According to the frontier molecular orbital relationship of the diene and the 

dienophile, this reaction is divided into two types: normal Diels-Alder reactions and 

inverse electron demand Diels-Alder reactions. In normal Diels-Alder reaction, the 
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energy difference between the HOMO of the diene and the LUMO of the dienophile 

is less than the energy difference between the LUMO of the diene and the HOMO of 

the dienophile (Figure 1.9a).29 The HOMO of the diene and the LUMO of the 

dienophile are critical factors in this reaction. Dienes containing electron donating 

substituents or dienophile containing electron withdrawing substituents will 

accelerate this kind of reaction. On the other hand, in the iDA reaction, the energy 

difference between the LUMO of the diene and the HOMO of the dienophile is less 

than the energy difference between the HOMO of the diene and the LUMO of the 

dienophile (Figure 1.9b).29 The LUMO of the diene and the HOMO of the 

dienophile are critical factors in this reaction. Dienes containing electron 

withdrawing substituents or dienophiles containing electron donating substituents 

will accelerate this kind of reaction.30  

 

 

Figure 1.9 Molecular orbital relationship of Nomal/Inverse electron demand Diels-Alder reactions 

 

The Diels-Alder reaction meets all the criteria to be classed as a click reaction. 

However normal electron demand Diels-Alder reactions normally have very slow 
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reaction rates at room temperature. Other disadvantages of the normal Diels-Alder 

reaction are not only its reversibility, but also the Diels-Alder products. Exo- and 

endo-products can be generated, but the endo-product is kinetically easier to produce.  

 

The iDA reaction, first reported in 1959, overcomes some disadvantages of the 

normal Diels-Alder reaction. Reaction rates are normally much quicker and the 

reactions can be preformed at room temperature (or below). One molecule of 

nitrogen is released, therefore the reaction is irreversible. The iDA reaction has being 

studied by many chemists since 1960. Aslo natural products have been successfully 

synthesized based on this reaction. In normal Diels-Alder reaction, electrons flow 

from the diene which is electron-rich to the electron-deficient dienophile. While the 

iDA reaction has the opposite distribution of electrons, and the electrons flow from 

the dienophile which is electron-rich to the diene which is electronic-deficient.  

 

1.2.4  Reactivity of Tetrazines   

 

The reactivity of tetrazines is related to the electron affinity of the substituents on the 

tetrazine ring. Electron donating groups on tetrazine ring increase both LUMO and 

HOMO of the tetrazine. On contrary, electron withdrawing groups decrease both 

LUMO and HOMO of the tetrazine. For the iDA reaction, tetrazines with electron 

withdrawing groups are more reactive than those with electron donating groups. In 

other words, the stronger electron withdrawing groups the tetrazine contains, the 

more reactive it is. Boger et al ordered the reactivity of a series of tetrazines (15-19) 

for the iDA reaction (Figure 1.10).31  
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Figure 1.10 The order of reactivity of tetrazines for the iDA reaction 

 

1.2.5  Advances in Tetrazine Research 

 

There has been many reports about the iDA reactions with the participation of 

1,2,4,5-tetrazines. Nowadays, the iDA reaction is still one of the hot topics, lots of 

molecules with heterocyclic structures, including natural products, have been 

synthesized based on this reaction. 

 

Wijnen et al reported that 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine (20) and substituted 

styrenes (21) can easily react both in aqueous solution and in organic solvent (Figure 

1.11).32 

 

 

Figure 1.11 Reaction between 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine and substituted styrenes 
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Wan et al used the cycloaddition of 2-substituted imidazoles (22) as dienophiles with 

1,2,4,5-tetrazine-3,6-dicarboxylate (23) to produce imidazo[4,5-d]-pyridazine (24) 

(Figure 1.12).33  

 

 

Figure 1.12 Reaction between 1,2,4,5-tetrazine-3,6-dicarboxylate and 2-substituted imidazoles 

 

Özer et al reported the synthesis of dihydrodiol containing the 1,4-dihydropyridazine 

ring (27) by using electron-deficient 1,2,4,5-tetrazine (26) and benzen cis-diol (25), 

which is a very useful anticancer compound (Figure 1.13).34  

 

Figure 1.13 Reaction between 1,2,4,5-tetrazine and benzene cis-diol 

 

A novel microwave-assisted the iDA reaction was demostrated in 2006. The reaction 

of 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine (20) and acetylenes (28) could be accelerated 

utilising a microwave, resulting in a reduction of the reaction time from days to hours 

(Figure 1.14). Also the unwanted reaction between 3,6-di(pyridin-2-yl)-1,2,4,5-
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tetrazine and numerous enol tautomers of ketones and aldehydes which release one 

molecule of nitrogen and water could be avoid.35  

 

 

Figure 1.14 Reaction between 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine and acetylenes 

 

Hamasaki et al reported the reactivity of two unsymmetrical 1,2,4,5-tetrazines (29, 

30) with electron-rich dienophiles (31) based on the iDA reaction, but both of them 

produced unexpected regioselective products (Figure 1.15).36  

 

Figure 1.15 Reaction between unsymmetrical 1,2,4,5-tetrazines with electron-rich dienophiles  

 



14 

Fox research group reported a fast ligation between 3,6-di-(2-pyridyl)-1,2,4,5- 

tetrazine (20) and strained trans-cyclooctene (32) which could be proceed at low 

concentrations in aqueous solution, cell supernatant and cell lysis solution with an 

outstanding reaction rate (103 M-1s-1) and high selectivity (Figure 1.16).19  

 

 

Figure 1.16 Reaction between 3,6-di-(2-pyridyl)-1,2,4,5- tetrazine and strained trans-cyclooctene 

 

Devaraj et al also demonstrated a reaction between 3-(4-benzylamino)-1,2,4,5- 

tetrazine (33) and strained dienophile norbornene (34). The 3-(4-benzylamino)- 

1,2,4,5-tetrazine is very stable in cell supernatant and only 15% degradation could be 

found after 15 h at 20ºC in serum (Figure 1.17). They also used fluorogenic 

tetrazines and A norbornene modified monoclonal antibody to carry out live cell 

imaging.37 Soon afterwards, they found the second order reaction rate of 

cycloaddition between 3-(4-benzylamino)-1,2,4,5-tetrazine (33) with trans- 

cyclooctene (35) could reach 6000±200 M-1s-1 (Figure 1.18).20  
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Figure 1.17 Reaction between 3-(4-benzylamino)-1,2,4,5-tetrazine and strained dienophile 

norbornene 

 

 

Figure 1.18 Reaction between 3-(4-benzylamino)-1,2,4,5-tetrazine with trans-cyclooctene  

 

In 2010, it was reported that the fluorescence of the succinimidyl esters of visible-

light-emitting borondipyrromethene (BODIPY) dyes significantly decreased after 

binding to 3-(4-benzylamino)-1,2,4,5-tetrazine (tetrazine-BODIPY, 36). But it 

recovers after the reaction of the fluorogenic tetrazine and the strained dienophile 

trans-cyclooctenol (37) (Figure 1.19), and the fluorescence increased by 20 times.38  
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Figure 1.19 Reaction between tetrazine-BODIPY and trans-cyclooctenol 

 

In the same year, a reaction between 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine (20) and 18F-

labelled trans-cyclooctene (38) was reported for the rapid construction of 18F-labeled 

probes (39) (Figure 1.20).39 And Rossin et al first carried out the bioorthogonal 

chemical reaction in living mice by using two exogenous moieties- electron-deficient 

tetrazine (tetrazine-DOTA, 40) and strained trans-cyclooctene (trans-cyclooctene-

NHS, 41) (Figure 1.21).40 

 

 

Figure 1.20 Reaction between 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine and 18F-labelled trans-cyclooctene 



17 

 

Figure 1.21 Structure of tetrazine-DOTA and trans-cyclooctene-NHS 

 

In 2011, Selvaraj et al found that the 18F-labeled RGD peptide could be synthesized 

rapidly (<5min) by the cycloaddition of trace quantities of tetrazine-RGD conjugate 

and 18F-trans-cyclooctene with high yield (90%). That means it is an efficient way to 

construct positron emission tomography (PET) probe by this tetrazine ligation.41 

 

1.3  Coumarin 

 

Coumarins (Figure 1.22, 42) are natural products with the 1-benzopyran-2-one 

chromophore fragment, which can be found in a variety of plants. Coumarins are 

widely used as fluorescent dyes in biochemical assays. Coumarins with different 

substituents at different positions result in different fluorescence properties.42 
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Figure 1.22 Structure of coumarin 

 

The main strategy for the synthesis of coumarins is the Pechmann condensation.43,44 

It requires harsh conditions to prepare coumarins from simple phenols and β-

ketoesters by a condensation reaction (Figure 1.23). After transesterification, the 

conjugated ring attacks the β-carbonyl group to generate a new ring. The 

intermediate (43) then undergoes a dehydration reaction to give coumarins. 

 

Figure 1.23 Pechmann condensation of coumarins 

 

However, the conditions can be much milder when highly activated phenols are used 

as starting materials.45 
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2. Aims 

 

The overall aim of this project was to investigate the feasibility of the de-caging 

reaction of biologically relevant molecules with tetrazines using an the iDA reaction. 

 

Many cancer drugs work by being cytotoxic towards cancer cells, the drugs target 

fast growing cells. Unfortunately, certain healthy cells also multiply quickly, such as 

blood cells in bone marrow and cells within the digestive tract, this can lead to severe 

side effects to healthy tissues and organs. To circumvent these side effects, one 

effective strategy may be to cage a cytotoxic drug with a caging group which 

suppresses the cytotoxicity of the drug. The caged drug could then be selectively de-

caged (activated) at the target tissues.  

 

We propose to utilize the iDA reaction between tetrazine and vinyl carbamates as a 

suitable de-caging route (Figure 2.1). By considering the mechanism for this 

reaction (Figure 2.2), the iDA reaction would proceed as normal to afford the 

dihydropyridazine (46). At this point we believe that 46 would undergo an 

elimination reaction to form the aromatic pyridazine (45) and carbamic acid (47). 

The carbamic acid would then simply decarboxylate to generate the desired de-caged 

product. 
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Figure 2.1 Proposed iDA reaction with de-caging 

 

 

Figure 2.2 Proposed mechanism of designed de-caging reaction  
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3. Results and Discussion 

 

3.1  Model De-caging System 

 

3.1.1  Preparation of Ethenyl N-(3-hydroxyphenyl)carbamate (48).42  

 

In order to make sure the de-caging reaction works, a model system would be 

initially investigated (Figure 3.1). It was planned to use ethenyl N-(3-

hydroxyphenyl)carbamate (48) as the starting point for these studies, upon de-caging 

with a tetrazine, 3-aminophenol (49) would be liberated. This aniline was chosen as 

it is electronically similar to coumarin and is non volatile, therefore should be 

detectable when monitoring the reaction. 

 

 

Figure 3.1 Model system to investigate de-caging reactions. 

 

Modifying a protocol reported by Atkins et al,42 ethenyl N-(3-

hydroxyphenyl)carbamate (48) was successfully synthesized (Figure 3.2). Excess 3-

aminophenol was treated with vinyl chloroformate in ethyl acetate under reflux 

conditions. A white precipitate formed immediately once the solution of vinyl 

chloroformate was added. The reaction was monitored by TLC which indicated 
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completion after one hour. After filtration to remove the solid (the HCl salt of the 

excess aniline used) and evaporation of the filtrate, the trituration with hexane led to 

precipitation of the desired product as a white solid in 46% yield. 1H-NMR and 

HPLC analysis confirmed the product was pure and no further purification needed. 

 

 

Figure 3.2 Prepararion of 3ethenyl N-(3-hydroxyphenyl). Reagents and Conditions: i) EtOAc, reflux, 

1 h, 46%. 

 

3.1.2  Preparation of Bis(ethylsulfanyl)-1,2,4,5-tetrazine (51).  

 

Boger et al46 reported the use of bis(alkylsulfanyl)-1,2,4,5-tetrazine tetrazines in the 

iDA reactions, therefore we decided to utilize these tetrazines in our intial studies. 

Diethylsulfanyl tetrazine (51) was prepared by treating dipyrazol tetrazine (50) with 

ethanethiol in the presence of triethylamine (Figure 3.3).47 The reaction is performed 

at 100ºC in a microwave and the desired product is isolated as a red solid (51%) 

without the need for further purifications. The dipyrazol used for this reaction was 

kindly donated by Iain Harwood.  
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Figure 3.3 Prepararion of Bis(ethylsulfanyl)-1,2,4,5-tetrazine. Reagents and Conditions: i) 

Ethanethiol, triethylamine, anhydrous acetonitrile, 100ºC, W, 1h, 51%. 

 

3.1.3 Model De-caging Reactions 

 

 

Figure 3.4 Test de-caging reaction of ethenyl N-(3-hydroxyphenyl)carbamate with Bis(ethylsulfanyl)-

1,2,4,5-tetrazine. Reagents and Conditions: i) DMF, 160ºC, 24 h, 24%. 

 

Based upon the general procotol reported by Boger et al47 for the iDA reactions of 

3,6-disubstituted-1,2,4,5-tetrazine with dienophiles, 1 eq of tetrazine (51) was 

dissolved in 0.3 mL DMF under nitrogen and treated with the solution of 2 eq of 

caged aniline (48) in 0.3 mL DMF (Figure 3.4). The solution was stirred at room 

temperature for 24 hours, no product was observed by TLC. The temperature was 
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then increase to 45ºC, then increased to 80ºC for 24 hours at each temperature. Again 

no product formation was observed on TLC analysis. Eventually, bis(ethylsulfanyl)-

pyridazine (52) was observed when the reaction temperature was increased to 160ºC 

for 24 hours. After purification by flash column chromatography, the 

bis(ethylsulfanyl)-pyridazine (52) was obtained in 36% yield.  

 

This reaction illustrated that the caged aniline (48) was de-caged successfully by 

bis(ethylsulfanyl)-1,2,4,5-tetrazine (51). However, this reaction requires a high 

temperature (160ºC) which can not be used in any biological system. Therefore, to 

lower the reaction temperature, more reactive tetrazines are needed. 

 

3.1.4  Investigation of Tetrazine Reactivity on De-caging  

 

It was hoped that by modifying the reactivity of the tetrazines that it would be 

possible to decrease the reaction temperature required to access more biologically 

relevant temperatures (i.e. 37ºC). The de-caging reaction proceeds via an iDA 

reaction, which involves the interaction of the HOMO of the dienophile with the 

LUMO of the diene (Figure 3.5a). The smaller the energy gap between these 

respective molecular orbitals, the faster the reaction ought to be. Therefore, 

stabilizing the LUMO of the diene would result in a smaller energy gap. Our initial 

tetrazine (51) possesses electron donating sulfanyl substituents, therefore the LUMO 

is destabilized. By replacing these substituents with either electron withdrawing or 

extra conjugated groups, the energy of the dienes LUMO will decrease (Figure 3.5b) 
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therefore leading to a smaller engery gap between LUMOdiene and HOMOdienophile and 

thus increasing the reaction rate. 

 

 

Figure 3.5 a) Inverse electron demand Diels Alder reaction molecular orbital diagram and b) relative 

energies of dienes LUMO with substituents. 

 

Diphenyl tetrazine 

We first investigated replacing the electron rich tetrazine (51) with the extra 

conjugated diphenyl tetrazine (53, Figure 3.6). As before the de-caging reaction was 

performed using the same solvent, concentration and equivalents of reagents as 

reported in section 3.1.3. The reaction solution was initially stirred at 40ºC overnight 

and no product observed by TLC. However upon stirring for 24 hours at 80ºC, the 

diphenyl pyridazine was observed by TLC. The reaction was deemed to have run to 

completion after 72 hours. The reaction mixture was filtered to obtain the diphenyl 

pyridazine (54) as purple solid at 64% yield and no further purification needed. The 

diphenyl tetrazine was kindly donated by Iain Harwood. 
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Figure 3.6 De-caging reaction of ethenyl N-(3-hydroxyphenyl)carbamate with 3,6-diphenyl-1,2,4,5-

tetrazine. Reagents and Conditions: i) DMF, 80ºC, 72 h, 64%. 

 

The temperature required for the de-caging reaction was decreased when the caged 

aniline was treated with an extra conjugated tetrazine. However, 80ºC is still not 

suitable for biological systems, and the reaction rate is too slow. In other words a 

more reactive tetrazine was required.  

 

Diester tetrazine 

The next tetrazine to be studied was 3,6-dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate 

(55) which possesses strong electron withdrawing group. Again the de-caging 

reaction was performed using the same solvent, concentration and equivalents of 

reagents as reported in section 3.1.3. It was found that the de-caging reaction was 

complete after stirring at 40ºC for 18 hours (Figure 3.7). After purification by flash 

chromatography, the 3,6-dimethyl 1,2,4,5-pyridazine-3,6-dicarboxylate (56) was 

obtained in 36% yield. The diester tetrazine was kindly donated by Iain Harwood. 
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Figure 3.7 Test de-caging reaction of ethenyl N-(3-hydroxyphenyl)carbamate with 3,6-dimethyl 

1,2,4,5-tetrazine-3,6-dicarboxylate. Reagents and Conditions: i) DMF, 40ºC, 18 h, 36%. 

 

The de-caging reaction of our model system (caged aniline (48)) has been proven to 

be successful at physiological temperature with a highly active tetrazine. The result 

suggests highly active tetrazines are needed for de-caging. 

 

3.2  Biologically Relevant De-caging System 

 

3.2.1  Caged Coumarin 

 

Having successfully identified a tetrazine which would allow de-caging to occur at 

physiological temperature, we next investigated the de-caging of a biologically 

relevant molecule. For this study we decided to focus upon a fluorescent molecule. It 

was hoped that by caging a fluorophore would result in suppression of fluorescence, 

and de-caging the fluorophore would switch the fluorescence back on. This would be 

useful as it would allow us to monitor de-caging in cells, and give us an indication if 

our de-caging system would work intracellularly. Therefore it was decided to focus 

upon 7-amino-4-methylcoumarin (57) as our fluorophore, with the vinyl carbamate 

protected coumarin (58) as our target caged fluorophore. 
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Figure 3.8 Structure of 7-amino-4-methylcoumarin and it’s caged version 

 

The reterosynthetic analysis of our target molecule ethenyl N-(4-methyl-2-oxo-2H-

chromen-7-yl)carbamate (58) is shown below (Figure 3.9). The forward synthesis 

would involve protection of the amino group of 3-aminophenol (49) with vinyl 

chloroformate to generate carbamate (48), then cyclisation with ethyl acetoacetate to 

generate the desired caged coumarin (58). 

 

 

Figure 3.9 Retro synthetic analysis of ethenyl N-(4-methyl-2-oxo-2H-chromen-7-yl)carbamate 
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3.2.2 Initial Attempt at the Synthesis of Ethenyl N-(4-methyl-2-oxo-2H-

chromen-7-yl)-carbamate (58)  

 

As previously outlined in section 3.1.1, the treatment of 3-aminophenol with vinyl 

chloroformate generated the desired cabamate (48) in 46% yield (Figure 3.10). The 

next step of the synthetic sequence requires cyclisation of 48 with ethyl acetoacetate 

to obtain the desired molecule ethenyl N-(4-methyl-2-oxo-2H-chromen-7-

yl)carbamate (58). Following a modified procedure reported by Atkins et al,42 this 

was performed under strong acidic conditions (cH2SO4). However these conditions 

did not generate the desired product, but instead lead to the isolation of 3-

aminophenol (49). The acid conditions resulted in deprotection of our vinyl 

carbamate group. 

  

Figure 3.10 Attempted synthesis of ethenyl N-(4-methyl-2-oxo-2H-chromen-7-yl)carbamate. 

Reagents and Conditions: i) EtOAc, reflux, 1 h, 46%; ii) Ethyl acetoacetate, H2SO4, 4 h 
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3.2.3  Preparation of Ethenyl N-(4-methyl-2-oxo-2H-chromen-7-yl)-

carbamate (58) 

 

Having failed to synthesis the caged coumarin (58) via the route outlined above 

(Figure 3.10), it was decided to redesign the synthetic route. Utilising the protocol 

developed by Atkins et al,42 7-amino-4-methyl coumarin was synthesized via the 

route outlined below (Figure 3.11). Initially 3-aminophenol was treated with ethyl 

chloroformate in EtOAc under reflux. After 1 hour, the mixture was filtered, the 

filtrate reduced and triturated with hexane to give the ethyl carbamate (59) in 90% 

yield, which required no further purification. This was then cyclised with ethyl 

acetoacetate in cH2SO4 for 4 hours. Upon adding the reaction mixture to ice/water 

and precipitate formed which was recrystallised from ethanol to generate the 

protected coumarin (60) in 71% yield. Deprotection of the ethyl carbamate was 

possible via reflux in H2SO4/AcOH for four hours. After adjusting the pH of the 

reaction mixture to ~pH 9, a precipitate formed which was recrystallised from 

ethanol. 7-Amino-4-methyl coumarin (57) was isolated in 78% yield. Finally 

treatment of 57 with vinyl chloroformate in refluxing EtOAc for 1.5 hours, then 

trituration of the reduced filtrate with hexane led to the isolation of our caged 

coumarin (58) in 81% yield. 
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Figure 3.11 Synthesis of ethenyl N-(4-methyl-2-oxo-2H-chromen-7-yl)carbamate. Reagents and 

Conditions i) Ethyl chloroformate, EtOAc, reflux, 1 h, 90%; ii) Ethyl acetoacetate, H2SO4, 4 h, 71%; 

iii) H2SO4, AcOH, reflux, 4 h, 78%; iv) vinyl chloroformate, EtOAc, reflux, 1.5 h, 81% 

 

3.2.4   Fluorescent Properties of 7-Amino-4-methyl Coumarin (55) and 

the Caged Coumarin (56) 

 

The fluorescence of both free coumarin (57) (1×10-7 mol/L) and caged coumarin (58) 

(1×10-7 mol/L) were measured by Fluomax (Figure 3.12, 3.13). The maximum 

excitation wavelength for the free coumarin is 370 nm and the emission wavelength 

is 425 nm. For the caged coumarin fluorescence was also observed at 425 nm, 

however the fluorescence intensity is significantly reduced. Although a non-

fluorescent caged compound was desired, the fact that the difference in intensities is 

so great would allow us to measure a ‘turning up’ of fluorescence. Therefore it was 
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decided to proceed with determining if it is possible to de-cage coumarin with our 

active tetrazine (55). 

 

 

Figure 3.12 The fluorescence of free coumarin (57). 

  

Figure 3.13 The fluorescence of caged coumarin (58).  

I/a.u. 

I/a.u. 

/nm 

/nm 
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3.2.5 De-caging of Coumarin 

 

The de-caging reaction was successful by treating the caged coumarin (58) with 3,6-

dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate (55). The reaction was set as 1:2 

equivalent of tetrazine: caged coumarin to make sure the tetrazine completely 

reacted. Due to solubility issues with the caged coumarin in DMF, the reaction 

solvent was changed to DMSO-d6, this also allowed us to monitor the reaction by 1H-

NMR. The de-caging reaction occurred at 40ºC and was complete after stirring for 1 

hour. Due to time constraints and the issue of using DMSO it was not possible to 

isolate the reaction products. However 1H-NMR shows the ratio of unreacted caged 

coumarin (58): pyridazine (56): de-caged coumarin (57) as ~ 1:1:1, this suggested 

that the reaction is quantitive. 

 

 

Figure 3.14 De-caging reaction of ethenyl N-(3-hydroxyphenyl)carbamate with Bis(ethylsulfanyl)-

1,2,4,5-tetrazine. Reagents and Conditions: i) DMF, 40ºC, 1 h. 
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4. Conclusions and Future Work 

 

4.1 Conclusions 

 

To confirm that the de-caging reaction works as the proposed mechanism, a caged 

aniline (48) was prepared as a model molecule. The de-caging reaction was proven to 

be successful for the caged aniline by treating with a series of tetrazines. The de-

caging reaction with an electron rich tetrazine (51) required high temperature 

(160ºC). When an extra conjugated tetrazine (53) was used, the reaction proceeded at 

80ºC, however this temperature was still too high for biological systems. Finally the 

reaction of an electron deficient tetrazine (55) led to the reaction proceeding at 40ºC, 

which is ideal for performing reactions at physiological temperature.  

 

Having identified a suitable tetrazine to use, the focus switched towards more 

biologically relevant molecules; A caged coumarin (58), a suitable caged fluorescent 

dye, was successfully prepared. Although quenching of fluorescence was desired, the 

difference in intensities between caged and free coumarin was sufficiently large 

enough to allow us to progress. Upon treatment with the electron deficient tetrazine 

(55), a successful de-caging occurred at 40ºC. Analysis of the 1H NMR suggested 

that this reaction was quantitive. 
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4.2 Future Work 

 

Future work is required upon optimising the reaction conditions. Ideally for the 

reaction to work in biological systems the reaction should be tested in aqueous 

media. Also further optimisation is required upon the number of equivalents of 

tetrazine/caged compound used. The 1:2 ratio used in this study was selected to 

ensure reaction, ideally 1:1 ratio would be used. 

 

Once optimised in vitro reactions should be attempted. The coumarin would allow 

monitoring of the reaction in cells by analysising the increase in fluorescence 

intensity as the de-caging occurred. Other fluorophores such as rhodamine could also 

be tested. In addition, future work could be carried out upon the intracellular 

decaging of cytotoxic drugs.  

 

Finally further investigation upon the reactivity of the tetrazines is also 

recommended. This would allow the selection of suitable tetrazines with appropriate 

reaction rate for various biological applications.  

 



36 
 

5. Experimental 

 

5.1  Materials and Methods 

 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded at ambient 

temperature on an Automated Bruker Avance III 400 MHz Spectrometer fitted with a 

Broadband BBFO+ATMA Probe, or an Automated Bruker Avance I 400 MHz 

Spectrometer fitted with an Inverse Broadband 1H Detected BBI Probe. Carbon 

nuclear magnetic resonance (13C NMR) spectra were recorded at ambient 

temperature on an Automated Bruker Avance III 400 MHz Spectrometer fitted with a 

Broadband BBFO+ATMA Probe. The chemical shifts of both 1H and 13C NMR were 

reported in parts per million (ppm) relative to residual non-deuterated solvent.  

 

Infrared (IR) spectra were recorded on a Bruker Tensor 27 Fourier Transform 

Infrared Spectrometer fitted with a Specac Single Reflection Diamond ATR Golden 

Gate attachment with a scan range of 4500-500 cm-1 using 32 scans at 4 cm-1 

resolution and 16 background scans.  

 

Melting points (mp) were recorded in open capillary tubes on a Gallenkamp Melting 

Point Apparatus.  

 

Thin layer chromatography (TLC) was conducted with Merck TLC Silica Gel 60 F254 

plates and visualized under short wave UV light (254 nm), or by eye. 
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High performance liquid chromatography (HPLC) were recorded on a Agilent 1100 

HPLC modular system coupled to a UV absorption detector with detection at 220, 

254, 260, 282 and 495 nm; and a Polymer Lab 100 ES Evaporative Light Scattering 

Detector with a flow rate of 1 mL min-1. Column: Agilent Poroshell 120, SB-C18 2.7 

μm, 4.6 x 50 mm. Method A: Gradient 5.0 to 95% (10 min); isocratic (4 min); 

gradient 95 to 5.0% (5 sec); then isocratic (55 sec) using HPLC grade methanol with 

0.10% formic acid in HPLC grade water with 0.10% formic acid; Method B: 

Gradient 5.0 to 95% (10 min); isocratic (4 min); gradient 95 to 5.0% (5 sec); then 

isocratic (55 sec) using HPLC grade acetonitrile with 0.10% formic acid in HPLC 

grade water with 0.10% formic acid. 

 

Mass spectra (m/z) were recorded on a Agilent 1100 HPLC modular system coupled 

to an Agilent Technologies LC/MSD Series 1100 Quadrupole Mass Spectrometer 

(QMS) under electrospray ionisation (ESI) conditions. High-resolution mass spectra 

(HRMS) were recorded on a Thermo Finnigan MAT 900 XLP Mass Spectrometer 

under electron ionisation (EI) conditions. 

 

All solvents and reagents were used as received from commercial suppliers. 
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5.2  Organic Synthesis 

 

Ethenyl N-(3-hydroxyphenyl)carbamate (48). 

 

  

 

3-Aminophenol (1.64 g, 15.0 mmol, 1.6 eq) was dissolved in ethyl acetate (100 mL) 

and heated at 55ºC for ten minutes. Vinyl chloroformate (1.17 mL, 9.39 mmol, 1 eq) 

in ethyl acetate (14 mL) was added dropwise over thirty minutes. The solution was 

then stirred at reflux for one hour. The solution was filtered and the solid washed 

with ethyl acetate (3 x 10 mL) and hexane (3 x 10 mL). The combined filtrates were 

evaporated in vacuo to give crude product which was triturated with hexane (14 mL), 

filtered and washed with hexane (2 x 5 mL) to give ethenyl N-(3-

hydroxyphenyl)carbamate as a colourless solid (0.774 g, 46%). Rf 0.75 

EtOAc:hexane 1:1; mp 57-59ºC; IR (neat) νmax/cm-1 3260 (OH), 1704 (C=O); 1H 

NMR (400 MHz, DMSO) δH/ppm 9.95 (1H, s, NH), 9.42 (1H, s, OH), 7.21 (1H, dd, 

J 14 and 6.3 Hz, CH2CHOR), 7.06 (1H, t, J 8.1 Hz, HAr), 7.01 (1H, s, HAr), 6.87 (1H, 

d, J 8.0 Hz, HAr), 6.44 (1H, t, J 2.3, HAr), 4.81 (1H, dd, J 14 and 1.5 Hz, RCH2), 4.56 

(1H, dd, J 6.3 and 1.5 Hz, RCH2); 13C NMR (125 MHz, DMSO) δC/ppm 158.2 

(RCO2NH), 150.9 (CAr), 142.3 (CAr), 139.7 (CHAr), 130.0 (CH2CHOR), 110.7 

(CHAr), 109.8 (CHAr), 106.2 (CHAr), 96.2 (CH2); m/z (ESI, MeOH) 202.0 ([M+Na]+, 

381.2 ([2M+Na]+); HRMS [M]+. found 180.0654 (C9H10N1O3 requires 180.0655); 

HPLC (ELSD, Method B) tR 4.63 min. 
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Bis(ethylsulfanyl)-1,2,4,5-tetrazine (51).  

 

 

 

Ethanethiol (27.4 μl, 0.370 mmol, 2 eq) and triethylamine (51.6 μl, 0.370 mmol, 2 

eq) were added to a stirring solution of 3,6-bis-(3,5-dimethyl-1H-pyrazol-1-yl)-

1,2,4,5-tetrazine (50.0 mg, 0.185 mmol, 1 eq) in anhydrous acetonitrile (2 mL) under 

nitrogen. The reaction mixture was irradiated with MW radiation to 100ºC for 1 hour 

before the solvent was removed under reduced pressure to give bis(ethylsulfanyl)-

1,2,4,5-tetrazine as red solid (18.9 mg, 51%). Rf 0.89 DCM; mp 49-51ºC, lit 49-

50ºC; IR (neat) νmax/cm-1 no reportable peaks observed; 1H NMR (400 MHz, CDCl3) 

δH/ppm 3.28 (4H, q, J 7.4 Hz, CH2), 1.45 (6H, t, J 7.4 Hz, CH3); 13C NMR (125 

MHz, CDCl3) δC/ppm 172.6 (N2CS), 25.0 (CH2), 14.0 (CH3); m/z (ESI, MeOH) 

203.0 ([M+H]+), 225.2 ([M+Na]+); HRMS [M]+. found 203.0419 (C6H11N4S2 

requires 203.0420); HPLC (ELSD, MeCN) tR 7.76 min. 
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Bis(ethylsulfanyl)-pyridazine (52). 

 

 

 

Ethenyl N-(3-hydroxyphenyl)carbamate (90 mg, 0.5 mmol, 2 eq) was dissolved in 

DMF (0.3 mL) and added into solution of bis(ethylsulfanyl)-1,2,4,5-tetrazine (50 mg, 

0.25 mmol, 1 eq) in DMF (0.3 mL). The solution was stirred at 160ºC for 24 hours. 

The solution was evaporated in vacuo to give crude product. The crude product was 

purified by flash column chromatography to yield bis(ethylsulfanyl)-pyridazine (12.1 

mg, 24%). 1H NMR (400 MHz, DMSO) δH/ppm 7.42 (2H, s, HAr), 3.22 (4H, q, J 8.0 

Hz, CH2), 1.32 (6H, t, J 8.0 Hz, CH3); 13C NMR (125 MHz, DMSO) δC/ppm 159.0 

(CAr), 126.4 (CHAr), 24.3 (CH2), 14.8 (CH3); m/z (ESI, MeCN) 201.2 ([M+H]+), 

423.2 ([2M+Na]+); HPLC (ELSD, MeCN) tR 7.06 min. 

 

3,6-Diphenyl pyridazine (54). 
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Ethenyl N-(3-hydroxyphenyl)carbamate (90 mg, 0.5 mmol, 2 eq) was dissolved in 

DMF (0.3 mL) and added into solution of 3,6-diphenyl 1,2,4,5-tetrazine (58 mg, 0.25 

mmol, 1 eq) in DMF (0.3 mL). The solution was stirred at 80ºC for 72 hours. The 

precipitate was  filtered to give 3,6-diphenyl pyridazine as light purple solid (36.8 

mg, 64%). Rf 0.74 EtOAc:Hexane 1:1; mp 222-226ºC; IR (neat) νmax/cm-1 no 

reportable peaks observed; 1H NMR (400 MHz, DMSO) δH/ppm 8.34 (2H, s, HAr), 

8.24 (4H, d, J 8.0 Hz, HAr), 1.32 (6H, t, J 8.0 Hz, HAr); 13C NMR (125 MHz, 

DMSO) δC/ppm 157.6 (CAr), 136.3 (CAr), 130.6 (CHAr), 129.6 (CHAr), 127.3 (CHAr), 

125.3 (CHAr); m/z (ESI, MeCN) 233.2 ([M+H]+), 487.3 ([2M+Na]+); HRMS [M]+. 

found 232.0993 (C16H12N2 requires 232.0995); HPLC (ELSD, MeCN) tR 6.28 min. 

 

3,6-Dimethyl pyridazine-3,6-dicarboxylate (56). 

 

 

 

Ethenyl N-(3-hydroxyphenyl)carbamate (90 mg, 0.5 mmol, 2 eq) was dissolved in 

DMF (0.3 mL) and added into solution of 3,6-dimethyl 1,2,4,5-tetrazine-3,6-

dicarboxylate (50 mg, 0.25 mmol, 1 eq) in DMF (0.3 mL). The solution was stirred 

at 40ºC for 18 hours. The solution was evaporated in vacuo to give crude product. 

The crude product was purified by flash column chromatography to yield 3,6-

dimethyl pyridazine-3,6-dicarboxylate as brown solid (18 mg, 36%). Rf 38 
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EtOAc:Hexane 7:3; mp 195-203ºC; IR (neat) νmax/cm-1 1745 (C=O), 1204 (C-O); 1H 

NMR (400 MHz, DMSO) δH/ppm 8.39 (2H, s, HAr), 4.00 (6H, s, CH3); 13C NMR 

(125 MHz, DMSO) δC/ppm 207.0 (C=O); 164.1 (CAr), 129.4 (CHAr), 31.2 (CH3); m/z 

(ESI, MeCN) 197.2 ([M+H]+), 415.0 ([2M+Na]+); HRMS [M]+. found 196.0476 

(C8H8N2O4 requires 196.0479) ; HPLC (ELSD, MeCN) tR 0.832 min.  

 

3-Hydroxyphenylurethane (59).42  

 

 

 

3-Aminophenol (5.00 g, 46.0 mmol, 1.6 eq) was dissolved in ethyl acetate (300 mL) 

and was heated at 55ºC for ten minutes. Ethyl chloroformate (3.75 mL, 28.0 mmol, 1 

eq) in ethyl acetate (40 mL) was added drop-wise over thirty minutes. The solution 

was then stirred at reflux for one hour. The solution was filtered and washed with 

ethyl acetate (3 x 30 mL) and hexane (3 x 30 mL). The filtrate was evaporated in 

vacuo to give crude product which was triturated with hexane (40 mL), filtered and 

washed with hexane (2 x 10 mL) to give 3-hydroxyphenylurethane as green solid 

(4.64 g, 90%). Rf 0.65 EtOAc:hexane 1:1; mp 92-94ºC, lit 94-95ºC;42 IR (neat) 

νmax/cm-1 3295 (OH/NH), 1685 (C=O); 1H NMR (400 MHz, CDCl3) δH/ppm 7.37 

(1H, s, NH), 7.11 (1H, t, J 8.1 Hz, HAr), 6.73 (1H, s, HAr), 6.64-6.56 (2H, m, HAr), 

4.23 (2H, q, J 7.1 Hz, CH2), 1.31 (3H, t, J 7.1 Hz, CH3); 13C NMR (125 MHz, 

CDCl3) δC/ppm 157.0 (C=O), 154.1 (CAr), 138.9 (CAr), 130.0 (CHAr), 110.7 (CHAr), 
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110.4 (CHAr), 106.0 (CHAr), 61.7 (CH2), 14.5 (CH3); m/z (ESI, MeOH) 182.2 

([M+H]+), 204.1 ([M+Na]+); HPLC (ELSD, Method A) tR 5.57 min.  

 

7-Carbethoxyamino-4-methylcoumarin (60).42 

 

 

 

3-Hydroxyphenylurethane (2.63 g, 14.5 mmol, 1 eq) was dissolved in H2SO4 (45 mL, 

70% aq), to which ethyl acetoacetate (2.3 mL, 18.1 mmol, 1.25 eq) was added and 

the solution stirred at room temperature for four hours. The solution was poured into 

ice water (265 mL), upon contact precipitate was formed. The precipitate was filtered 

and washed with cold water (3 x 10 mL) then recrystallised with ethanol to give 7-

carbethoxyamino-4-methylcoumarin as colourless solid (2.56 g, 71%). Rf 0.44 

EtOAc:hexane 1:1; mp 189-191ºC, lit 186-188ºC;42 IR (neat) νmax/cm-1 3331 (NH), 

1684 (C=O), 1572 (C=O); Fluorescence non-fluorescent ; 1H NMR (400 MHz, 

DMSO) δH/ppm 10.1 (1H, s, R2NH), 7.68 (1H, d, J 8.7 Hz, HAr), 7.55 (1H, d, J 2.0 

Hz, HAr), 7.40 (1H, dd, J 8.7 and 2.0 Hz, HAr), 6.23 (1H, d, J 1.2 Hz, COCHR), 4.17 

(2H, q, J 7.1 Hz, CH2), 2.39 (3H, d, J 1.2 Hz, CH3), 1.27 (3H, t, J 7.1 Hz, CH2CH3); 

13C NMR (125 MHz, DMSO) δC/ppm 160.5 (C=O), 154.3 (C=O), 153.8 (CAr), 153.7 

(CAr), 143.3 (CAr), 126.4 (CAr), 114.7 (CHAr), 114.6 (CHAr), 112.3 (CHAr), 104.8 

(CHAr), 61.2 (CH2), 18.5 (CH3), 14.9 (CH3); m/z (ESI, MeOH) 270.2 ([M+Na]+), 

517.2 ([2M+Na]+); HPLC (ELSD, Method A) tR 8.36 min.  
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7-Amino-4-methylcoumarin (57).42  

 

 

 

7-carbethoxyamino-4-methylcoumarin (4.61 g, 18.6 mmol) was dissolved in H2SO4 

(9.0 mL, 95% aq) and acetic acid (15.5 mL). The solution was left stirring under 

reflux for four hours. Once cooled, the solution was poured into ice water (55 mL) 

and left to stand for one hour. Sodium hydroxide (50% aq) was added until the 

solution was slightly basic (pH~9), the precipitate was filtered and washed with 

water, and was recrystallised in ethanol (~100 mL) to give 7-amino-4-

methylcoumarin as yellow solid (2.57g, 78%). Rf 0.53 EtOAc:hexane 1:1; mp 222-

227ºC, lit 220-224ºC;42 IR (neat) νmax/cm-1 3350 (NH), 1681 (C=O); Fluorescence 

λexcitation = 370nm, λemission = 425nm; 1H NMR (400 MHz, DMSO) δH/ppm 7.40 (1H, 

d, J 8.7 Hz, HAr), 6.55 (1H, dd, J 8.7 and 2.2 Hz, HAr), 6.40 (1H, d, J 2.2 Hz, HAr), 

6.10 (2H, s, NH), 5.89 (1H, d, J 1.1 Hz, HAr), 2.30 (3H, d, J 1.1 Hz, CH3); 13C NMR 

(125 MHz, DMSO) δC/ppm 161.2 (C=O), 155.9 (CAr), 154.2 (CAr), 153.6 (CAr), 

126.7 (CAr), 111.6 (CHAr), 109.3 (CHAr), 107.9 (CHAr), 99.0 (CHAr), 18.5 (CH3); m/z 

(ESI, MeCN) 176.2 ([M+H]+), 198.0 ([M+Na]+), 373.2 ([2M+Na]+); HPLC (ELSD, 

MeCN) tR 4.19 min. The spectroscopic data is in agreement with the literature.42 
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Ethenyl N-(4-methyl-2-oxo-2H-chromen-7-yl)carbamate (58). 

 

 

 

7-Amino-4-methylcoumarin (2.57 g, 14.7 mmol, 1 eq) was dissolved in ethyl acetate 

(96 mL) and was heated at 55ºC for ten minutes. Vinyl chloroformate (2.2 mL, 17.6 

mmol, 1.2 eq) in ethyl acetate (25 mL) was added dropwise. The solution was then 

stirred at reflux for 1.5 hours. The precipitate was filtered and washed with ethyl 

acetate and hexane to give ethenyl N-(4-methyl-2-oxo-2H-chromen-7-yl)carbamate 

as yellow solid (2.91 g, 81%). Rf 0.40 EtOAc:hexane 1:1; mp 240-243ºC; IR (neat) 

νmax/cm-1 3043 (NH), 1746 (C=O), 1690 (C=O); Fluorescence λexcitation = 370nm, 

λemission = 425nm; 1H NMR (400 MHz, DMSO) δH/ppm 10.58 (1H, s, NH), 7.73 (1H, 

d, J 8.0 Hz, HAr), 7.54 (1H, d, J 2.1 Hz, HAr), 7.42 (1H, dd, J 8.0, 2.1 Hz, HAr), 7.24 

(1H, dd, J 14, 6.3 Hz, CHalkene), 6.26 (1H, d, J 1.1 Hz, HAr), 4.88 (1H, dd, J 14, 1.7 

Hz, CHalkene), 4.64 (1H, dd, J 6.3, 1.7 Hz, CHalkene), 2.39 (3H, d, J 1.1 Hz, CH3); 13C 

NMR (125 MHz, DMSO) δC/ppm 160.4 (C=O), 154.2 (C=O), 153.6 (CAr), 150.9 

(CAr), 142.3 (CAr), 142.2 (CH2CHOR), 126.6 (CAr), 115.4 (CHAr), 115.1 (CHAr), 

112.8 (CHAr), 105.5 (CHAr), 97.2 (CH2), 18.5 (CH3); m/z (ESI, MeCN) 268.0 

([M+Na]+), 513.2 ([2M+Na]+); HRMS [M]+. found 246.0761 (C13H12N1O4 requires 

246.0761); HPLC (ELSD, MeCN) tR 6.04 min. 
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