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General Introduction 

The quest for new original organic fluorophores is still active in the scientific 

community, because of the many applications of these compounds in the fields of light 

generation, sensors, biosensors, and so on1,2. Among new organic fluorophores, s-tetrazines 

play a special role because their fluorescence stems from a normally forbidden n-p*
 transition, 

localized on the s-tetrazine ring. Because of this, s-tetrazines are indeed the smallest organic 

fluorophores known to date. In addition, they have a strong electron withdrawing character, 

and consequently their excited state is a strong oxidant (E° in the +2V range) and their 

fluorescence is therefore quenched by a variety of electron donors, which opens the way to 

the realization of original fluorescent sensors. In addition, these molecules are fluorescent 

both in the liquid and solid state, which is a chemical rarity. In the former years, the team lead 

by Pr Audebert in the ENS Cachan has started to study extensively s-tetrazine derivatives, 

especially their fluorescence1 as well as the electrochemically triggered fluorescence 

switching (electrofluorochromism)3. And not the least, most s-tetrazine synthesis are 

relatively easy, starting from the classical dichloro-s-tetrazine, now routinely produced in the 

laboratory on several-grams scale. 

s-Tetrazines are also electroactive molecules, which can be reversibly transformed into 

a stable anion-radical, and whose fluorescence can be efficiently switched on and off by 

electrochemical conversion. They can be inserted into larger molecular assemblies in order to 

develop low bandgap polymers and related materials4. Due to all these outstanding properties, 

s-tetrazines are an extremely promising target in the field of synthetic and physical chemistry. 

Chapter 1 of this manuscript is devoted to the bibliographic analysis, describing the 

state of the knowledge in the field of s-tetrazines, replacing it in the larger domain of the 

fluorescent and electroactive organic fluorophores. 

The main body of work aimed at the synthesis and studies new s-tetrazines, in order to 

match different goals and to improve the efficiency of these molecules, especially in the field 

of fluorescence and chemical sensing. First of all, an interesting point to investigate was the 

possibility to prepare anion-sensing molecules, because some theoretical works have proposed 

that s-tetrazine5 should be able to form stable adducts with some anions, in particular halide 

anions. In addition, these adducts could be non-fluorescent, or at least have a quite different 

emission spectrum. Although initial findings from the ENS Cachan group had not permitted 
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to observe any favorable interaction between s-tetrazines and halides, only experiences in 

solution had been performed, where only random encounter between s-tetrazines and the 

substrate could occur, without trying to favor the proximity of the s-tetrazine ring with the 

anion that was supposed to interact. We wished therefore to develop supramolecular s-

tetrazines, where an ions pair would be forced to sit close to the s-tetrazine ring, in order to 

get an interaction between them. To achieve this goal, a straightforward path was to connect 

s-tetrazine with a cation binder. If a cation could be locked very close to the s-tetrazine, then 

in turn the counteranion would also be obliged to stay in the vicinity, therefore enhancing the 

possibility of an interaction between the two partners. Thus, we have introduced a 

polyethylene oxide chain substituted on both ends by s-tetrazine rings. We describe the 

synthesis of some of these compounds, as well as the analytical studies in the presence of 

various ions pairs. We have analyzed the complexation efficiency with various salts and more 

especially the influence of the anion, using NMR, UV-vis. absorption and fluorescence 

spectroscopies as tools. We have found that in the case of these particular s-tetrazines, the 

nature of the anion influenced the NMR and fluorescence data. We have also found that, in 

the presence of iodide or bromide, photoxidation took place. This is related in chapter 2. 

We have prepared s-tetrazines with bulky or electron withdrawing substituents in 

order to check if the fluorescence quantum yield could be improved. Indeed it is known that 

free rotation of substituents around the fluorophore in the excited state often causes the 

fluorescence intensity to decrease and bulky groups might counter this effect. Another point 

of concern was that the only efficiently fluorescent s-tetrazines known when our work was 

started were the chloroalkoxy-s-tetrazines. We have, during the course of the PhD, found a 

methodology to prepare new chloroalkyl and dialkyl s-tetrazines which are fluorescent, 

through simple aromatic nucleophilic substitution, although this reaction had been previously 

claimed not to work in the s-tetrazine series. This is related in chapter 3 

Finally, we aimed at fighting one the major drawbacks of s-tetrazines, their relatively 

low absorption coefficients (around 500 L.mol-1.cm-1 in the visible range and 1500 in the UV 

range). Actually, because the optical properties of s-tetrazines stem from a normally forbidden 

electronic transition, their absorption coefficient is unfortunately relatively low, compared to 

standard fluorophores (coumarins6 displays values in the 30000 L.mol-1.cm-1 range and 

fluorescein7, one of the best fluorophores, reaches 140000 L.mol-1.cm-1), but they perform 

much better than diacetyls, the only other class of fluorophores working after a n-p* transition, 
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which have an extremely low in the 10-15 L.mol-1.cm-1 range. This situation could be in 

principle solved by introducing �antennas� close to the s-tetrazine ring, consisting in another 

fluorophore able to absorb light with a much better efficiency and then transfer the energy 

onto the s-tetrazine, which can in turn emit fluorescence. However, the choice of the partner 

fluorophore is not trivial, since only efficient energy transfer has to occur, and detrimental 

processes have to be avoided, especially undesirable photoincuced electron transfer which 

leads on the other hand to fluorescence quenching, or non-radiative deactivation processes. 

This has been achieved by introducing electron-deficient fluorophores, and especially 

naphthalimides have proved to display excellent energy transfer with a high efficiency. Initial 

synthetic work is the final subject presented in chapter 3, and full spectroscopic studies results 

are given in chapter 4. 
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 Chapter I Introduction of 1,2,4,5-tetrazine: 

chemistry and applications 

 

1.1 Introduction of 1,2,4,5-tetrazine  

 

Tetrazine (Figure 1.1) is a benzene like molecule with four CH units replaced 

by nitrogen atoms. The first two isomers, 1,2,3,4- and 1,2,3,5-tetrazine, have been the 

subject of synthetic studies1,2. Unfortunately few unequivocal products have been 

demonstrated, while 1,2,4,5-tetrazine (or s-tetrazine) has been unambiguously 

characterized experimentally3,4,5. 

 

N

N N

N
N

N

N
N

N

N N

N

1,2,3,4-tetrazine 1,2,3,5-tetrazine 1,2,4,5-tetrazine  

Figure 1.1. Tetrazine isomers. 

 

The first report of s-tetrazine dates back to the end of the 19th century by 

Pinner6. He prepared several s-tetrazines, but did not go into many further 

investigations on their properties. Over the years, there have been more and more 

scientists interested in the s-tetrazines chemistry7,8. A lot of new s-tetrazines 

derivatives were synthesized by different ways9, including symmetrical tetrazines and 

unsymmetrical ones7 (Figure 1.2).  

 

 
 

Figure 1.2. 1,2,4,5-Tetrazine derivatives. 

 

As mentioned before, four CH groups are replaced by four more electronegative 

nitrogen atoms on the prototypical aromatic ring, which confer a high electron affinity 

to s-tetrazines. Hence they are the electron poorest C-N heterocycles, and can be 

reduced at high to very high potentials (-0.8~-0.4V vs Ag+/Ag). In addition, high 

nitrogen content makes s-tetrazines good candidates for energetic  materials10,11. 
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The other distinct character of s-tetrazines is their low-lying p* orbital (Figure 

1.3), resulting in an n-p* transition in the visible range. Thus, all s-tetrazines have a 

deep color ranging from purple to orange to red. 

 

 

Figure 1.3. Qualitative diagram illustrating the energy shifts of the frontier orbitals of benzene 

and s-tetrazine as a result of 1,2,4,5-tetraaza replacement and 3,6-disubstitution by electron 

donating groups R. 

 

The development of 1,2,4,5-tetrazine chemistry has been steady since 1996,  

not only owing to their structure and their reactivity, but also due to potential 

applications in various fields. The group of Professor Pierre Audebert and others 

payed more attention to the optical and electrochemical properties of new 1,2,4,5-

tetrazines compounds given their outstanding photophysical and electron accepting 

properties. 

        

1.2  Synthesis of s-tetrazines 

 

There is no direct synthesis of the s-tetrazine ring. It is always obtained by 

oxidation of its 1,2- or 1,4-dihydro (or even in very few cases its tetrahydro) 

counterpart (Scheme 1.1) by mild oxidizing agents, such as nitrites, bromine, air, 
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ferric chloride, hydrogen peroxide or chromic oxide9.  

 

 
Scheme 1.1. Oxidation of diphenyl-1,2-dihydro-s-tetrazine. 

 

Dihydro-s-tetrazine can be obtained by various methods. However, five main 

different ones are commonly used (Scheme 1.2)12. As the first reported method, the 

Pinner synthesis has been the object of several modifications as well as a number of 

special procedures. Most of the procedures presented have been shown to work for 

aromatic compounds. Only methods 1 and 4 can be used to prepare 3,6-dialkyl-1,2-

dihydro-s-tetrazines.    
 

 
Scheme 1.2. Main preparation of dihydro-s-tetrazine. 

 

1.2.1 Pinner synthesis 

 

Pinner synthesis6 plays a important role in the s-tetrazine chemistry. Original 

Pinner synthesis of dihydro-s-tetrazines has been shown in scheme 2(1): the aromatic 

nitrile is reacted with hydrazine in an aqueous solution of ammonium hydroxide, and 

the dihydro-s-tetrazines obtained is further oxidized into s-tetrazines. The mechanism 

of formation of s-tetrazines via Pinner synthesis is described in Scheme 1.3. 
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Scheme 1.3. Mechanism of formation of s-tetrazines via Pinner synthesis. 

 

This synthetic route is effective for most of the aromatic symmetrical s-

tetrazine where the nitrile is not sterically crowded. Wiley and co-workers13 have 

improved the syntheses by carrying out the reaction under anhydrous conditions in a 

mixture of methanol and triethylamine. Some 3,6-diaryl-1,2,4,5-tetrazines (1 and 2 in 

figure 1.4) and 3,6-di-p-biphenylyl-1,2,4,5-tetraines (3 in figure 1.4) were obtained in 

moderate yields. Using the same protocol, Soloducho14 and his colleagues have 

synthesized a series of novel linear tetrazines, bis(pyrrolyl)tetrazines (4 in figure 1.4) 

and bis(phenyl)tetrazines (5,6,7 in figure 1.4). At the same time, Audebert4 and his 

colleagues have synthesized some new original tetrazines substituted by heterocylclic 

rings (8,9 in figure 1.4) using a related protocol and submitted them to 

electropolymerization. 

 

 
Figure 1.4. Examples of symmetrical aromatic s-tetrazines obtained by the modified Pinner 

synthesis. 
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One of the most efficient modification of Pinner synthesis have been the discovery 

that the presence of sulfur in the reaction could lead to the formation of dihydro-s-

tetrazine from aromatic nitrile in good yield12. Audebert�s group8 has proposed a 

reasonable mechanism on the basis of phenomenon observed during the course of the 

reaction (Scheme 1.4): the color of the solution changed from colorless to light orange, 

and vigorous production of H2S was detected through out of the reaction. This 

suggests that the active nucleophile is the addition product of sulfur on hydrazine 

(H2N-NH-SH).    

 

 
 Scheme 1.4. Mechanism of formation of aromatic tetrazines proposed by Audebert et al. 

 

1.2.2 Modification of Pinner synthesis for aliphatic s-tetrazines 

 

Pinner synthesis is effective for most of the symmetrical aromatic s-tetrazines , 

but does not work or does work in very low yields for aliphatic ones7,15. No clear 

explanation has been proposed for this observation, but could be likely due to 

confusion between the intermediate 1,2-dihydro-s-tetrazines and isomeric 4-amino-

1,2,4-triazoles. In the case of aliphatic derivatives, the nitrile can be replaced by an 

aldehyde to give the hexahydro-s-tetrazine, which can be oxidized to s-tetrazine in 

two steps albeit in an overall low yield16,17 (Scheme 1.5). However, aliphatic s-

tetrazines are highly volatile, can easily sublimate (some at atmospheric pressure and 

room temperature), and are difficult to isolate. 

 

 
Scheme 1.5. Preparation of 3,6-dialkyl-1,2,4,5-tetrazines from the corresponding aldehyde. 
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Recently, Neal�s group18 reported the metal-catalyzed one-pot synthesis of s-

tetrazines directly from aliphatic nitriles and hydrazine. They used the reaction of 

benzyl cyanide with neat hydrazine to survey a range of Lewis acid catalysts at 

5mol% loading. Finally, the addition of 5mol% nickel triflate (Ni(OTf)2) led to near 

quantitative yield (95%) of 3,6-dibenzyl-s-tetrazine, and zinc triflate (Zn(OTf)2) gave 

good yields (70%). Then with these metal-catalysts, several s-tetrazines were 

synthesized directly from nitriles (Table 1.1). The scope of this method extends to 

asymmetric 3,6-disubstituted-s-terazines, which are among the most challenging s-

tetrazines to synthesize. Although one of them (entry 15) was obtained in lower yield 

(about 12%), most of them have been synthesized in good to excellent yields (30%-

70%).  

 

Table 1.1. Synthesis of s-tetrazines directly from nitriles catalyzed by Ni(OTf)2 and 

Zn(OTf)2. 

 

Entr
y 

R1 R2 
Ca
t 

Product 
Yiel

d 
[%]a 

1 
  

Ni 
 

95 

2   
Zn 

 
59 

3 
  

Zn 
 

24 

4   Zn 

 

32 

5b 
 

 
Ni 

 

58 

6 

 
 

Ni 

 

68 

7 
  Ni 

 
66 
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8 
  Ni 

 
41 

9 
  Zn 

 
43 

10 

O
HO

 
 Ni 

NN

N N
O

HO

 

70 

11 
  Zn 

 

40 

12c   Zn 
 

36 

13   Ni 
 

36 

14   Zn 
 

40 

15 
 

 
Zn 

 

12 

16b 
  

Zn 
 

30 

a. Yields reported after isolation by silica flash chromatography. b. The protective 

groups were lost during oxidative workup. c. Reaction required 36h. 

 

Additionally, they explored the effect of Ni (OTf)2 and Zn (OTf)2 on the 

synthesis of s-tetrazine from aromatic nitriles and formamidine salts (Table 1.2). The 

metal ions could promote the reaction and increase the yield of s-tetrazine, which was 

between 60%-74%.  

 

Table 1.2. Metal-catalyzed synthesis of s-tetrazines from aromatic nitriles and formamidine. 
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Entry R Cat. Product Yield [%]a 

1 
O

HO

 

Ni 

 

74 

2 
 

Ni 
 

64 

3b 
 

Zn 
 

70 

a. Yields reported after isolation by silica flash chromatography. 

b.  Required use of DMF as cosolvent and 36h of reaction. 

 

These modifications of Pinner�s synthesis of s-tetrazine are helpful to obtain 

new s-tetrazines. Especially, the metal-catalyzed one-pot synthesis of s-tetrazines 

broade the range of accessible substituted s-tetrazines. Consequently, it could benefit 

to many applications of s-tetrazines to various fields, such as, materials science, total 

synthesis and coordination chemistry. 

 

1.2.3 Synthesis of dichlorotetrazine 

 

Dichloro-s-tetrazine, is an important intermediate for my research, and deserves 

particular attention. The synthetic work of Hiskey�s19,20 group is of utmost importance 

for the development of new s-tetrazines. They introduced an easy and quasi-

quantitative procedure (Scheme 1.6) for the production of 3, 6-bis (3, 5-dimethyl-1H-

pyrazol-1-yl)-s-tetrazine (10), which is a major intermediate to prepare dichloro-s-

tetrazine.   
 

 
Scheme 1.6. Preparation of 3,6-bis (3,5-dimethyl-1H-pyrazol-1-yl)-s-tetrazine. 

 

Audebert and colleagues8 also contributed to this synthetic scheme by 

substituting the nitrous gas originally used in the oxidation step of the dihydro-s-

tetrazine by the less cumbersome sodium nitrite (Scheme 1.7).  
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Scheme 1.7. Oxidation of bis(dimethylpyrazolyl)-dihydro-s-tetrazine with sodium nitrite.. 

 

The pyrazolyl moieties of 11 act as soft leaving groups, allowing a large range 

of substituents to be introduced on the s-tetrazine ring, provided that the basic 

character of the entering nucleophile is not too strong and its hardness of medium 

strength21,19. This has been done with hydrazine to give compound 12(Scheme 1.8).   

 

 

Scheme 1.8. Substitution of bis(dimethylpyrazolyl)-s-tetrazine with hydrazine. 

 

Then, compound 12 can be used to prepared 3,6-dichloro-s-tetrazine in two 

steps with an overall yield ca. 80% and no tedious purification during the process (a 

very short chromatography is however required if very pure dichloro-s-tetrazine is 

needed). Hiskey22
 et al. investigated this reaction with chlorine gas (Scheme 1.9).   

 

 
Scheme 1.9. Preparation of dichloro-s-tetrazine with chlorine gas. 

 

Recently more convenient reaction conditions for this transformation were 

proposed by Harrity et al., who replaced chlorine gas by the less dangerous 

trichloroisocyanuric acid23 (Scheme 1.10).  
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N N

NN

HN NH
H2N

NH2

12
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N N

ClCl

13
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Scheme 1.10. Preparation of dichloro-s-tetrazine with trichloroisocyanuric acid. 

 

In conclusion, the original Pinner synthesis is the main method to obtain s-

tetrazines, especially for the aromatic substituted symmetrical derivatives. However, it 

can give aliphatic ones after modification. Based on the importance of dichloro-s-

tetrazine in our research, we introduced its recently developed improved synthesis.   

 

1.3 Reactivity of s-tetrazine 

1.3.1 Inverse  electron-demand Diels-Alder reaction 

 

Until now, one of the main purposes for the s-tetrazines� research was 

preparation of tailored molecules and their implication in inverse demand Diels-Alder 

cycloaddition reactions24,25 to make new pyridazines. The first observation was made 

by Carboni and Linsey26 in 1959, while studying the synthesis of s-tetrazines from 

fluoroolefins and hydrazine. They discovered that s-tetrazines reacted readily with a 

variety of unsaturated compounds releasing one mole of nitrogen and yielding either 

dihydropyradazines or pyradazines depending on the dienophile reactant. It has since 

been determined that s-tetrazines react through a formal [4+2] Dield-Alder 

cycloaddition with numerous dienophiles. For example, 3,6-dimethyl-1,2,4,5-tetrazine 

can react with dienophiles such as alkenes and alkynes, forming formal [4+2] Diels-

Alder adducts. These adducts instantly undergo a retro Diels-Alder step, releasing 

nitrogen. In the case of alkenes, after rearrangement, isomeric dihydropyradazines are 

typically formed. For example, the adduct (14, which has not been observed.) 

immediately undergoes an irreversible retro Diels-Alder step, which is responsible for 

the release of nitrogen to give 1,4-dihydro-pyridazine 15 27,28  (Scheme 1.11).  

 

Scheme 1.11. Example of a s-tetrazine Diels-Alder cycloaddition.  
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This application became the most developed to date, with large contributions 

from the groups of Sauer and Boger29,30,31,32. Tetrazines reaction with dienophiles can 

be followed spectroscopically by observing the disappearance of the visible 

absorption band usually found between 510 and 550nm. Sauer and co-workers 

performed extensive kinetic studies of the cycloaddition of various 3,6-substituted s-

tetrazines with numerous dienophiles with this technique. The [4+2] cycloadditions of 

1,2,4,5-tetrazine (16) with different dienophiles (alkynes, cyclic alkenes, ketene 

aminals and so on) have been the object of studies to improve the conditions, yields 

and obtain supplementary kinetic data(Scheme 1.12).  

Cycloadditions with electron-rich alkynes27 afforded the expected donor-

substituted pyridazines. All reactions proceed cleanly, side reactions are not observed 

and yields are generally high. 

 

Scheme 1.12. [4+2] Cycloadditions of 1,2,4,5-tetrazines with alkynes. 

   

The reactions with cyclic alkenes (Scheme 1.13) are somewhat more 

complicated, due to different subsequent reactions being possible29. The mode of 

these subsequent reactions depends on the structure of the dienophile, as well as onthe 

substituents in the 3- and 6- positions of the 1,2,4,5-tetrazine. 

 

Scheme 1.13. [4+2] Cycloadditions of 1,2,4,5-tetrazine with cyclic alkenes. 
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For open-chain alkenes (Scheme 1.14), the modes of subsequent reactions also 

depend on the substituents of the alkene. For example, when ethylene (17) is the 

dienophile, the initially formed 4,5-dihydropyridazine (18) undergoes immediate 

trimerization to a mixture of stereoisomers (19) with respect to the central 1,3,5-

triazane ring system. 

 

 

Scheme 1.14. [4+2] Cycloadditions of 1,2,4,5-tetrazine with ethylene. 

 

Boger and co-workers also reported the relative reactivity of tetrazines (20-24) 

toward N-vinyl pyrrolidinone33(Figure 1.5). The corresponding experiments indicated 

that the reactivity of s-tetreazine (20) is greater than that of the others. The 

experimental findings were consistent with Austin model 1 computational studies of a 

full range of substituted 1,2,4,5-tetrazines, where the LUMO of both 21 and 22 was at 

a higher energy than that of 3,6-dicarbomethoxy-1,2,4,5-tetrazine, but lower than 23 

and 24. 

 

 

Figure 1.5.  Order of reactivity of a series of s-tetrazines in inverse electron demand Diels-

Alder reactions with electron-rich dienophiles.  

 

They also found that the cycloaddition regioselectivity is consistent with the 

polarization of the diene and the ability of the methylthio group to stabilize a partial 

negative charge at C-3, and the N-acylamino group to stabilize a partial positive 

charge at C-6 (Scheme 1.15). 
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Scheme 1.15. The cycloaddition regioselectivity of  3-acylamino-6-methylthio-s-tetrazine 

in inverse electron demand D-A reaction. 

 

Recently, the Diels-Alder reactions of s-tetrazine have been widely used. For 

instance, Dove34 and co-workers used s-tetrazine-norbornene click reactions to 

functionalize degradable polymers derived from lactide (Scheme 1.16). This 

methodology, using the click reaction between s-tetrazine and norbornene, provides a 

versatile approach to widening the available pool of renewable polymeric materials.  

 

 
Scheme 1.16. Reaction of 3,6-di-2-pyridyl-s-tetrazine with norbornene end-functional poly(L-

lactide). 

 

Furthermore, Joseph�s group35,36 introduced the s-tetrazine-trans-cyclooctene 

ligation (Scheme 1.17), a new bioorthogonal reaction with unusually fast rates that is 

based on the cycloaddition of s-tetrazines and trans-cyclooctene37. The development 

of this bioorthogonal reaction was enabled by a photochemical flow-reaction for the 

efficient preparation of trans-cyclooctene37-38. The results showed that 3,6-diaryl-s-

tetrazines offer an excellent combination of fast reaction rates and stability for both 

the starting material and conjugation products.   
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 Scheme 1.17. Diels-Alder reaction of s-tetrazines with trans-cyclooctene. 

 

Joseph and co-workers35 designed a trans-cyclooctene derivative with enhanced 

reactivity in the s-tetrazine-trans-cyclotene ligation by computational methods. The 

strained trans-cyclooctene derivative not only displays better reactivity but also can be 

easily derivatized, and bioconjugation to the protein thioredoxin has been 

demonstrated. 

Today, the Diels-Alder reaction of s-tetrazine has gained more and more 

attention from researchers. This is due to the valuable applications in certain fields, 

particularly in biomedical application and total synthesis of natural compounds. On 

the other hand, heterocyclic aromatic rings can be synthesized by this kind of reaction. 

So it would be a potential subject of future development to obtain functional materials 

with the Diels-Alder reaction of s-tetrazine. 

 

1.3.2 Cross-coupling reactions with terminal alkynes 

 

The nonsymmetrically substituted s-tetrazines have been reported in limited 

number, because of their uneasy preparation. Until recently, the yield for their direct 

from the appropriate intermediates was low and the product difficult to purify from 

the symmetric ones always obtained as side products.  On the other hand, the 

frequently utilized nucleophilic substitution reactions (see next paragraph) have been 

mostly limited to amines and alcohols. Kotschy�s39 group prepared a series of 

substituted chloro-s-tetrazines, which were reacted with different terminal alkynes 

under Sonogashira or Nergishi coupling conditions (Scheme 1.18) to furnish alkynyl-

s-tetrazines in moderate to good yields. The electron-donating property of the 

substituent on the tetrazine core was found to have a significant influence on the 

success of the reaction. The results constitute the first example of cross-coupling 

reactions on s-tetrazines. 
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Scheme 1.18. Cross-Coupling of various chloro-s-tetrazines with alkynes (the structures of R 

and Q are given in table 1.3). 

 

Most aminotetrazines (28a-c) furnished the expected products (Table 1.3), but 

reaction with trimethylsilylacetylene (29d) was unsuccessful, as only decomposition 

was observed. Compounds bearing a secondary (28d) or primary amine (28e) scarcely 

reacted even after prolonged heating or changing the catalyst. More electron-deficient 

chloro-s-tetrazines (28f-h) were extremely sensitive and led only to decomposition 

products.  

 

Table 1.3. Sonogashira coupling of various chlorotetrazines with acetylene derivatives. 

entry Q R Yield(%)a 

1 Morpholinyl (28a) C(CH3)2OH (29a) 57 (30a) 

2  Ph (29b) 56 (30b) 

3  C4H9 (29c) 29 (30c) 
4  TMS (29d) decb 
5 Pyrrolidinyl (28b) 29a 52 (31a) 
6  29b 23 (31b) 
7  29c 56 (31c) 
8 Diethylamino (28c) 29a 30 (32a) 
9  29b 48 (32b) 

10  29c 65 (32c) 

11 Butylamino (28d) 29c traces 

12 Amino (28e) 29a-c starting 
materials 

13 Dimethylpyrazolyl (28f) 29a-c dec 
14 Methoxy (28g) 29a dec 
15 Chloro (28h) 29a dec 

    

a. Isolated yield of analytically pure product. 
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1.3.3 Aromatic nucleophilic substitution (SNAr reaction) 

 

Besides the formation of the s-tetrazine ring directly from Pinner synthesis, a 

very important route toward functional s-tetrazines relies on their functionalization 

through nucleophilic aromatic substitution (SNAr), starting from an adequate 

precursor. For this purpose, bis(thiomethyl)-s-tetrazine was initially the compound of 

choice because of its relatively easy synthesis40. 

Boger�s group33 reported three unsymmetrical s-tetrazines (20, 21 and 34) for 

regioselective Diels-Alder reactions studies, which were anticipated to be accessible 

through the selective displacement of one methylthio group of 3,6-bis-(methylthio)-

1,2,4,5-tetrazine (22) with the anions of tert-butyl carbamate, acetamide, or benzyl 

carbamate in one step procedure (Scheme 1.19). While this route proved successful, 

an alternative approach enlisting first the addition of ammonia and subsequent 

acylation of the resulting 6-amino-3-(methylthio)-1,2,4,5-tetrzine was also examined 

thus providing two methods for their preparation applicable to other unsymmetrically 

substituted tetrazines.    
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Scheme 1.19. Nucleophilic substitution on dimethylthio-s-tetrazine. 

 

Snyder�s group41 also did some research in this field. For getting various 

heterocyclic compounds, they prepared tryptamine-tethered s-tetrazines by the 

displacements of methylthiolate from s-tetrazines in excellent yields (Scheme 1.20 

and Table 1.4).   
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Scheme 1.20. Preparation of tryptamine-tethered s-tetrazines. 

 

Table 1.4. Tethering of 1,2,4,5-tetrazines to  tryptamine. 

item indole R1 R2 tetrazine R3 LG conditionsa Product/yield 

1 35a H H 36a SCH3 SCH3 A 37a/94% 
2 35b Bn H 36a SCH3 SCH3 A 37b/95% 

3 35c Bn Ac 36a SCH3 SCH3 B 37c/60% 

4 35a H H 36b H SCH3 A 37d/86% 

5 35b Bn H 36b H SCH3 A 37e/85% 
6 35b Bn H 36c CH3 SCH3 A 37f/85% 
7 35b Bn H 36d Cl Cl C 37g/83% 

a: A=reflux in MeOH; B= n-BuLi in THF, -30み; C= reflux in CH2Cl2 

 

In order to investigate the Diels-Alder reactions of the unsymmetrically 

disubstituted 3-methoxy-6-methylthio-1,2,4,5-tetrazine 23, Sakya�s group42 prepared 

it from 3,6-bis(methylthio)-1,2,4,5-tetrazine 22 and catalytic sodium methoxide in 

methanol (Scheme 1.21). Compared to the previously reported use of phosgene and 

diazomethane43, to synthesize s-tetrazine 24 from this method is technically more 

convenient (Table 1.5).  

 

 

Scheme 1.21. Substitution of dimethylthio-s-tetrazine with sodium methoxide. 

 

Table 1.5. Selective preparation of 23 and 24. 

NaOMe equiv. solvent temperatures time 23 24 
1.2 THF 0み 20min <5% 22% 

1.1 THF -78み, -30み 2h, 1h 60% 22% 

0.1 MeOH -15み, 0み 2h, 1h <5% 56% 
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0.1 MeOH -15み 3h 65% <5% 

0.1 MeOH -15み, 0み, RT 2h, 16h, 2h 7% 63% 

0.1 MeOH -78み, -30み 24h, 4h 72% 5% 

 

Besides dimethylthio-s-tetrazine 22, bis (dimethylpyrazolyl)-s-tetrazine 11 was 

another candidate for preparation of unsymmetrical s-tetraiznes through nucleophilic 

aromatic substitution. Since pyrazolyl moiety acts as a soft leaving group, a large 

range of substituents could be introduced on s-tetrazine 11. Audebert and colleagues44 

have prepared mono- and bis- N-pyrrolyl tetrazine 39 and 40 based on the SNAr 

reaction of 11 with the anion N-pyrrolate anion, and investigated their electrochemical 

and spectroscopic features (Scheme 1.22). 

 

 
Scheme 1.22. Synthesis of compounds 39 and 40. 

 

As mentioned, these reactions have been mostly limited to nitrogen45,46 and 

oxygen nucleophiles. There are only a few reports on the use of carbon nucleophile. 

Yamanaka and co-workers47 studied the reaction of methoxy-N-heteroaromatics with 

phenylacetonitrile or ethyl cyanoacetate under basic conditions. They obtained 

unsymmetrically disubstituted s-tetrazines 42 and 43 in tetrahydrofuran in the 

presence of sodium hydride. The respective yields are 77% and 59% (Scheme 1.23). 
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Scheme 1.23. The reaction of 6-methoxy-3-phenyl-s-tetrazine with phenylacetonitrile or ethyl 

cyanoacetate. 

 

Some of the intermediates formed through nucleophilic addition also require a 

subsequent oxidation to the aromatic product, which limits the number of substituents 

that are tolerated48. An optimal solution to this problem would be the use of s-

tetrazines bearing good leaving groups which on treatment with nucleophiles, could 

undergo sequential displacement. Kotschy�s group49 has explored the selectivity of 

nucleophilic substitutions on various s-tetrazines. The three symmetrical s-tetrazine 

derivatives selected for the reactions with a series of nucleophiles, included 3,6-

dichloro-s-tetrazine 13, 3,6-bis(3,5-dimethylpyrazol-1-yl)-s-tetrazine 11, and 3,6-

bis(4-bromo-3,5-dimethylpyrazol-1-yl)-s-tetrazine 44 (Scheme 1.24).  
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Scheme 1.24. Substitution of s-tetrazines by various nucleophiles. 

 

As expected, the chlorine atoms of 3,6-dichloro-s-tetrazine are both good 

leaving groups although the introduction of electron donating substituents led to a 

marked decrease of reactivity, which in turn allowed for the isolation of selectively 

mono substituted derivatives. Especially, s-etrazines showed a marked tendency for 

disubstitution, when methanol or isobutyl mercaptan were used as the nucleophiles 

(Table 1.6).   
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Table 1.6. Preparation of s-tetrazines by nucleophilic substitution. Isolated yields of the 

mono- and disubstituted s-tetrazines from the reaction of 13,11 and 44. 

s-tetrazine/LG NuH monosubstitution disubstitution 
 NH3 78%  
 MeOH 52% 39% 
 i-BuSH 5% 76% 

13/Chloro morpholine 83%  
 BuNH2 65%  
 Et2NH 89%  
 pyrrolidine 68%  
 NH3 96%  
 MeOH 80% 3% 
 i-BuSH 66% 12% 

11/3,5-dimethylpyrrazol-1-yl KOH 78%  
 N2H4 85%  
 morpholine 77%  
 BuNH2 91%  
 Et2NH 46%  
 pyrrolidine 74%  
 NH3 72%  
 MeOH 63% 8% 

44/4-bromo-3,5-dimethylpyrrazol-1-yl i-BuSH 23% 43% 
 KOH 81%  
 N2H4 67%  
 morpholine 83%  

 

After establishing the selective substitution on symmetrical s-tetrazines, the 

reactivity and selectivity of substitution on unsymmetrical ones towards nucleophiles 

was also examined (Scheme 1.25).    

 

 

Scheme 1.25. Substitution on unsymmetrically by various nucleophiles. 

 

The chloro-s-tetrazines gave only decomposition when reacted with soft 

hydrazine or hard potassium hydroxide. However, the other two s-tetrazines showed 

outstanding reactivity, and the course of the process depended both on the nature of 

the reagent and the leaving group. The reactivity of the leaving groups toward 
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hydrazine decreased in the order: methoxy > pyrazolyl > amino, while towards the 

potassium hydroxide, it is methoxy, amino > bromopyrazolyl > mercapto > pyrazolyl 

(Table 1.7).  

 

 

Table 1.7. Product distribution in the reaction of some selected s-tetrazine with different 

nucleophiles. (the yield were determined by NMR spectral investigation of the crude product). 

LG Nu Nu�H Normal 
substitution (50) 

Ipso substitution 
(51) 

 NH2  decomposition Decomposition 
 MeO N2H4 decomposition decomposition 

chloro i-BuS  Decomposition Decomposition 
 NH2  Decomposition Decomposition 
 MeO KOH Decomposition Decomposition 
 i-BuS  Decomposition Decomposition 
 NH2  100%  
 MeO N2H4  100% 

3,5-dimethyl i-BuS  100%  
Pyrazol-1-yl NH2   100% 

 MeO KOH  100% 
 i-BuS  34% 66% 
 NH2  100%  
 MeO N2H4  100% 

4-bromo- i-BuS  100%  
3,5-dimethyl NH2   100% 
Pyrazol-1-yl MeO KOH  100% 

 i-BuS  66% 34% 

 

Audebert�s group4,50 optimized the reaction conditions for the mono- and 

disubstitution of dichloro-s-tetrazine with alcohols (Scheme 1.26). Alcoholates proved 

to be too reactive as a lot of degradation took place and the desired products were 

obtained only in moderate yields. The reaction yield was improved by using the 

alcohol directly in a pressure tube. Addition of 2,4,6-collidine at room temperature 

gave the highest conversion to the monosubstituted derivative.  

Disubstitution with the same alcohol can be done in good yield when using a 

combination of 2,4,6-collidine and pressure tube51. Unsymmetrical s-tetrazines can 

also be prepared from the monoether, but an alcoholate must be used in this case 

again and, the yield is about 25%. 
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Scheme 1.26. Study of the SNAr reaction conditions for the monosubstitution of 13 with 

butane-1,4-diol. 

 

1.3.4 Azaphilic addition with carbanions 

 

When reactive carbon nucleophiles such as organolithium or Grignard 

reagents52 were used in an attempt to substitute 3,6-bis (methylthio)-s-tetrazine, the 

organic groups only added onto a ring nitrogen atom , giving �azaphilic addition� 

transformation, and not the SNAr reaction. This is quite unprecedented for nitrogen 

containing heterocycles, but had been reported previously for 3,6-diphenyl-s-tetrazine.  

Kotschy�s group53 has prepared different s-tetrazine derivatives and reacted 

them with a series of organometallic reagents (Scheme 1.27), Azaphilic addition (a), 

reduction (b) or nucleophilic displacement (c) were observed. They noticed that the 

more polar organometallic reagents, especially lithium, magnesium and zinc 

derivatives, showed a marked affinity towards the nitrogen atom of the s-tetrazine 

core, a behavior fairly unusual in heterocyclic chemistry. The oxidative rearrangement 

of the azaphilic adducts to alkoxy/aryloxy tetrazines was also observed in certain 

cases (Table 1.8).     
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Scheme 1.27. Product distribution in the azaphilic addition of orgaometallic carbanions to s-

tetrazines. 

 

Table 1.8. Results of azaphilic addition reactions of s-tetrazines with carbanions (yield %). 

Entry. tetrazine R-M a (%) b (%) c (%) d (%) 
1 11 BuLi 70    
2 11 PhLi 62    
3 11 PhMeCl 85    
4 11 BuCuLiI 60   40 
5 11 BuZnBr 85   15 
6 11 PhZnBr 90    
7 11 PhZnBr 45   35 
8 11 (C3H5)3In2Br3 60    
9 11 (C3H5)3In2Br3 50 50   

10 52 BuLi 13 32   
11 52 BuMgI 96    
12 52 PhLi 35 25   
13 52 PhMeCl 58    
14 53 BuLi 13  80  
15 53 BuMgI 43  56  
16 53 PhLi 85    
17 53 PhMeCl 90    
18 22 BuLi 90    
19 22 PhLi 80    
20 22 PhMeCl 94    
21 54 PhMeCl dec    

 

In conclusion, the study of reactivity of s-tetrazine mainly aimed at the 

synthesis of large variety of new compounds, such as, pyridazines or symmetrical and 

unsymmetrical s-tetrazines, SNAr reaction was widely used by us to obtain new s-

tetrazines derivatives scince they display original fluorescence and electrochemical 

properties.  
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1.4 Physical chemistry of s-tetrazine  

1.4.1 Electrochemistry of s-tetrazine 

1.4.1.1 Introduction to electrochemistry 

 

Electrochemistry is a branch of chemistry that studies chemical reactions which 

take place in a solution at the interface of an electron conductor (a metal or a 

semiconductor) and an ionic conductor (the electrolyte), and which involve electron 

transfer between the electrode and the electrolyte or species in solution54. 

Electroanalytical methods are a class of techniques in analytical chemistry 

which study an analyte by measuring the potential (volts) and current  (amperes) in an 

electrochemical cell55,56. These methods can be classified into several categories 

depending on which aspects of the cell are controlled and which are measured. The 

three main categories are: potentiometry, coulometry and voltammetry. Voltammetry 

applies a constant or varying potential at an electrode�s surface and measure the 

resulting current with a three electrodes system. This method can reveal the reduction 

or oxidation potential of an analyte and its electrochemical reactivity. This method in 

practical term is nondestructive since only a very small amount of the analyte is 

consumed at the two-dimensional surface of the working and auxiliary electrodes. 

Cyclic voltammetry56,57,58(CV) is a type of potentiodynamic electrochemical 

measurement. In a cyclic voltammetry experiment the working electrode potential is 

ramped linearly versus time as shown in figure 1.6. The ramping is known as the 

experiment�s scan rate (V/s). The potential is applied between the reference electrode 

and the working electrode while the current is measured between the working 

electrode and the counter electrode.  

 

 

Figure 1.6. Cyclic voltammetry potential waveform. 
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As the waveform shows, the forward scan produces a current peak for any 

analytes that can be reduced (or oxidized depending on the initial scan direction) 

through the range of the potential scanned. The current will increase as the potential 

reaches the reduction potential of the analyte, but then falls off as the concentration of 

the analyte is depleted close to the electrode surface. If the redox couple is reversible 

then when the applied potential is reversed, it will reach the potential that will 

reoxidize (re-reduce) the product formed in the first reduction (oxydation) reaction, 

and produces a current of reverse polarity from the forward scan. This backward peak 

will usually have a similar shape to the forward one. Figure 1.7 display a typical 

cyclic voltammogram where ipc and ipa show the peak cathodic and anodic current 

respectively for a reversible reaction. Cyclic Voltammetry is generally used to study 

the electrochemical properties of an analyte in solution. 

 

 

     

Figure 1.7. Example of cyclic voltammetry curve. 

 

1.4.1.2 Electrochemistry of s-tetrazines 

 

     The easy reduction of s-tetrazines (compared to other polyazines) was 

reported by Stone et al. as soon as 196359. Subsequently their electrochemical 

reversibility was mentioned several times60. Then a paper by Neugebauer et al. 

gathered newly recorded along with ancient data from his group and former works61. 

Notably, fundamental experiments of photoelectron spectroscopy (PE) of s-tetrazines 

due to Gleiter et al
62,63 , who studied a large number of donor or acceptor-substituted 
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s-tetrazines in order to find out the influence of p-electron donating and accepting 

groups on the ionization energies and the level ordering of s-tetrazines were included 

in the investigation. These PE measurements were combined with an electrochemical 

study (E1/2) and HAM/3 calculations to correlate PE bands and calculated the HAM/3 

electron affinities. It should be mentioned that this interesting and relatively complete 

work reports a measurement on the very interesting compound difluoro-s-tetrazine, 

the synthesis of which was never subsequently reported. The anion radicals of various 

s-tetrazines have also been studied by ESR spectroscopy.  

Aubedert�s group studied many s-tetrazine derivatives, to decipher the factors 

governing the electrochemical properties44,50,51. All s-tetrazines examined which are 

substituted by heteroatoms or aromatics can be reversibly reduced in organic solvents, 

because of their electron-deficient character, accepting one electron to give an anion 

radical, very stable in the absence of acids (Figure 1.8). The differences in E1/2 values 

for the reversible reduction to the corresponding anion radicals reflect the electronic 

influence of the substituents. Thus, the variation of the potential E0 can be easily 

correlated to the electron withdrawing or donating character of the substituent(Table 

1.9).  

 

Table 1.9. Half-wave reduction potential (V vs Fc/Fc+) of s-tetrazine in dichloromethane. 

No. Substituent X, Y E0 No. Substituent X, Y E0 
1 Phenyl,  

phenyl 
-1.21 18 Cl, 

Cl 
-0.68 

2 Pyrrol-2-yl,  
pyrrol-2-yl 

-1.31 19 Cl,  
OMe 

-0.99 

3 2-thienyl,  
2-thienyl  

-1.24 20 Cl, 
 naphthalene-1-yloxy 

-0.97 

4 2,2�-bithienyl-5-yl, 
2,2�-bithienyl-5-yl 

-1.25 21 Cl, 
 pyrrolidine-1-yl 

-1.35 

5 4-ferrocenylphenyl,  
4-ferrocenylpheny 

-1.32 22 Cl,  
2,3-diphenylaziridin-1-yl 

-1.04 

6 Cl, 
 borneol 

-0.74 23 OMe, 
OMe 

-1.25 

7 SMe,  
SMe 

-1.20 24 OMe, 
 SMe 

-1.23 

8 Cl,  
9H-fluoren-9-ylemthoxy 

-0.75 25 Cl,  
paracyclophan-4-ylmethoxy 

-0.82 

9 Cl,  
adamantan-2-yloxy 

-0.79 26 Cl, 
adamantan-1-ylmethoxy 

-0.85 

10 Cl,  
pentachlorophenoxy 

-0.54 27 Cl,  
N-phtalimidyl 

-0.51 

11 Adamantan-1-ylmethoxy, 
admantan-1-ylmethoxy 

-1.13 28 Pyrrolidin-1-yl, pyrrolidin-
1-yl 

-1.73 

12 3,5-dimethyl-1H-pyrazol-
1-yl, 
 OMe 

-0.89 29 3,5-dimethyl-1H-pyrazol-1-
yl,  

pyrrol-1-yl 

-0.97 

13 Pyrrol-1-yl, -1.07 30 ferrocenyl, -1.28 
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 pyrrol-1-yl ferrocenyl 
14 3,5-dimethyl-1H-pyrazol-

1-yl, 
3,5-dimethyl-1H-pyrazol-

1-yl, 

-0.96 31 s-tetrazine -1.16 

15 difluorotetrazine -0.56 32 dicyanotetrazine -0.31 
16 Bis(methylamino)tetrazine -1.51 33 Bis(dimethylamino)tetrazine -1.55 
17 dimethyltetrazine -1.32 34 Bis(aziridyl)tetrazine -1.25 

 

 

 

Figure 1.8. Cyclic voltammograms of bis-substituted tetrazines in dichloromethane (+0.1 

M TBAP) on a platinum electrod: bis(N-pyrrolyl)-tetrazine (solid line) and 

bis(thienyl)tetrazine (dashed line). 

 

Most of the tetrazine derivatives can also accept a second electron, despite the 

fact that this process is not electrochemically reversible in standard conditions. 

However, this latter process is chemically reversible (with the exception of dichloro-s-

tetrazine), as demonstrated by the cyclic voltammogram of compound 8 in figure 1.9. 

Despite the fact that the second electron transfer does not give a stable dianion (which 

is probably very basic and reacts with traces of water or protic impurities), a stable 

species is formed and is sluggishly reoxidized into the original anion radical, which is 

completely restored. It is probable that the reduced species formed is the known 

dihydrotetrazine, or more likely its monoanion. 
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Figure 1.9. Cyclic voltammograms of 9 showing the first and second reductions. 

 

1.4.2 Photophysical properties of s-tetrazines 

1.4.2.1 Introduction to photophysical chemistry 

  

 The aim of this part is to recall the basic principles of UV-visible absorption 

and fluorescence emission. 

(1) Absorption of UV-visible light 

An electronic transition consists in the promotion of an electron from an orbital 

of a molecule in its ground state to an unoccupied orbital by absorption of a photon. 

There are several kinds of molecular orbitals which can give different types of 

electronic transitions (Figure 1.10). 
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Figure 1.10. Energy levels of molecular orbitals in formaldehyde and possible electronic 

transition. 

 

The energy of these electronic transitions is generally as follow: 

n�p* < p�p* < n�s* < s�s*. In absorption and fluorescence spectroscopy, two 

important types of orbitals are considered: the Highest Occupied Molecular Orbitals 

(HOMO) and the Lowest Unoccupied Molecular Orbitals (LUMO). The energy 

difference between the HOMO and LUMO is termed the HOMO-LUMO gap, and the 

spectrum is decided by this gap. Both refer to the ground state of molecule. 

 The efficiency of light absorption is expressed by the molar absorption 

coefficient (e), which can be calculated by the Beer-Lambert Law (Equation 1.1). 

 

 

Equation 1.1. The Beer-Lambert Law. 

 

(2) Fluorescence  emission 

Once a molecule is excited by absorption of a photo, it returns to the ground 

state by various possible de-excitation pathways (Figure 1.11): emission of 

fluorescence, internal conversion (direct return to the ground state without emission of 

fluorescence), intersystem crossing (possibly followed by emission of 

phosphorescence), conformational changes. Interactions in the excited state with other 

molecules may also open other pathways: electron transfer, proton transfer, energy 

transfer, excimer or exciplex formation, intermolecular charge transfer64 which 

competes with intramolecular de-excitation processes. 
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Figure 1.11. De-excitation pathways for an excited molecule. 

 

Generally, emission of photons accompanying the S1�S0 relaxation is called 

fluorescence (Figure 1.12), and the fluorescence spectrum is located at higher 

wavelengths (lower energy) than the absorption spectrum because of the energy loss 

in the excited state due to vibrational relaxation.  
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Figure 1.12. The Perrin-Jablonski diagram (top) and illustration of the relative positions of 

absorption, fluorescence and phosphorescence spectra (botom). 

 

(3)  Lifetimes and quantum yields 

The lifetime is the average time during which the molecules stay in the excited 

state before emitting one photon. The fluorescence decays time ts,  is  one of the most 

important characteristics of a fluorescent molecule because it defines the time window 

of observation of dynamic phenomena. 

The fluorescence quantum yield FF is the fraction of excited molecules that 

return to the ground state S0 with emission of fluorescence photons. It is equal to the 

ratio of the number of emitted photons to the number of absorbed photons. It also can 

be written by using the radiative lifetime (Equation 1.2).  It gives the efficiency of the 

fluorescence process.  is the rate constant for radiative deactivation S1!S0 with 

emission of fluorescence;  is the rate constant for all the non-radiative (internal 

conversion S1!S0, intersystem crossing).  introduces the excited state lifetime of 

fluorophore.  is called radiative lifetime on the condition that the only way of de-

excitation S1!S0 was fluorescence emission.   
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Equation 1.2. Fluorescence quantum yield. 

 

In order to obtain this value, a comparative method is widely used. This method 

relies on the use of fluorescence standards with known fluorescence quantum yields 

and is really only applicable to solution phase measurements. So the experiment 

should be prepared under the same excited wavelength. Hence, it can be written as 

equation 1.3.  

 

 

Equation 1.3. Equation for estimation of fluorescence quantum yield. 

 

�X� represents the compound of interest while �S� is the standard compound. 

�F� is the integrated area under the corrected fluorescence spectrum. �A� is the 

absorbance of the solution, and it should not exceed 0.1 at any wavelength longer than 

the excitation wavelength. This recommendation is made so as to minimize any 

effects due to re-absorption of the fluorescence. �n� is the refractive indice of the 

solvent used for the two solutions. 

 

1.4.2.2 Photophysical properties of tetrazines 

 

Based on the structure of 1,2,4,5-tetrazine, this molecule not only has p* 

orbitals, but also non bonding n orbitals. So these orbitals contributes to two kinds of 

transition: n�p* transition and p�p* transition. This is another outstanding 

character of s-tetrazine. The vapor spectrum of s-tetrazine was first studied by 

Koenigsberger and Vogt, and later by Lin et al65. Glenn66,67 reported a series of 

researches that dealt with the infrared, visible, and ultraviolet spectra of s-tetrazine, 

and in particular, with the understanding of the energetic of the four lone pairs of 

nitrogen nonbonding electrons.  

From the early report68 of the absorption spectra, s-tetrazine vapor shows two 

main singlet absorption systems: a first is around 250nm which corresponds to the 

p�p* transition  analogue to benzene and a second system is around 500nm which is 

due to the n�p* transition. Mason has assigned the broad absorption in the region of 

350nm in solutions to an additional n�p* transition. These results are identical with 

the recent research.  
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In addition, Mason69 et al. pointed out, that the position of the absorption band 

corresponding to the n!p* transition is weakly influenced by the nature of the 

substituents and was shown not to be solvatochromic. The molar extinction 

coefficient associated with this transition is low, about 500-1000L"mol-1"cm-1. 

Contrary, the position of p!p* transition strongly depends on the substituents nature, 

it correlates linearly with their electron-donating or withdrawing character. Figure 

1.13 shows the absorption spectra8 of different s-tetrazines, 13 (green), 3-chloro-6-

methoxy-1,2,4,5-tetrazine 55 (blue), 24 (red), which clearly present this influence.  

 

 

Figure 1.13. Absorption spectra of compounds 13 (green), 55 (blue), 24 (red). 

 

The first report of fluorescence of s-tetrazines was from Mihir and Lionel70. 

Fluorescence of s-tetrazine and dimethyl-s-tetrazine were studied at different 

temperatures: 77K for s-tetrazine and room temperature for dimethyl-s-tetrazine. In 

fact, these two compounds are photochemically unstable; they decomposed to 

nitrogen and cyanuric acid or acetonitrile. Then the following studies showed that 

increasing the size of the substituents can improve the photostability. For instance, 

diphenyl-s-tetrazines is stable upon light irradiation. 

   A series of new substituted s-tetrazines were prepared by Audebert�s group 

(figure 1.14), and their photophysical properties were also observed. Generally, the 

color range of s-tetrazine is from purple to orange to red, but not all of them are 

fluorescent (Figure 1.15). 
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Figure 1.14. New s-tetrazines from Audebert�s group.  

 

 
Figure 1.15. Left: photograph under ambient light of selected tetrazines with their 

corresponding formulas. Right: same sample irradiated at 365nm. 

 

The lifetime of s-tetrazine is very dependent on the nature of the substituents 

(table 1.10). The longest one was reported for 3-chloro-6-methoxy-s-tetrazine (55) 

about 160ns, while the lifetime of dimethoxytetrazine (29) is just 49ns. Furthermore, 

the molecules with the longest lifetimes also have the highest quantum yields.  
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Table 1.10. Absorption and fluorescence maxima of tetrazines recorded in dichloromethane. 

tetrazine UV-vis absorption fluorescence 
l1 l2 l3 lmax

a fb t(ns)c 
1 544 295  602  <0.5 
11 524 383 278    
13 515 307  551,567 0.14 58 
24 524 345 275 575 0.11 49 
56 521 328 270 572 0.36 144 
57 522 391 273 576 0.025 12.8,6.3 
58 529 396 258 580 5x10-3 7.1, 1.93 
59 524 394 263 577 5x10-3 5.39d 
60 518 323 269 565 0.29 150 
61 528 397,349 257 585 6x10-3  
62 529 403 288 585 2x10-3  
63 522 330 269 570 0.126 59 
64 528.5 398, 348 259 575 6x10-3 10 
55 520 327 269 567 0.38 160 

s-tetrazine 542 320 252 575 6x10-4 1.5 
a. lex= l1, b. f±8%, c. t±2%, d. average of a multiexponential decline 

 

1.4.3 Computational chemistry on tetrazines 

 

 In order to understand the origin of the differences in fluorescence properties, 

systematic quantum chemical studies have been conducted4. It has been found that in 

many cases the HOMO of the s-tetrazine is a combination of the four nonbonding n 

electrons of the nitrogen atoms. However, a p orbital lies frequently very close to this 

n orbital, and according to the substituent nature their order can be exchanged. In 

other words, the p orbital becomes the HOMO of the molecule. Figure 1.16 shows the 

HOMO and HOMO-1 obtained by DFT calculations in the two antagonist cases of the 

pyrrolidine and the aziridine substituents. 
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Figure 1.16. Calculated structures of the HOMO and HOMO-1 of tetraziens. 

 

The results show in particular that fluorescence occurs when the HOMO orbital 

has a nonbonding n character, but is absent if the HOMO is a p orbital. Extension of 

this calculation to other derivatives confirms that trend (Figure 1.17). Hence, the 

occurrence of the fluorescence properties of s-tetrazine can be predicted through such 

theoretical approach.   
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Figure 1.17. Orbital energies of symmetric s-tetrazines with heteroatomic substituents. 
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 The calculations also allow a good estimation of the relative position of the 

reduction potentials of the tetrazines. It is directly linked to the relative LUMO 

position, as could be expected (Table 1.11) (Figure 1.18).  

 

Table 1.11. Values of differences between standard potentials and the differences between 

LUMO levels compared with tetrazine 18 as the standard. 

compound Measured DE0 [V] Measured DELUMO [eV] 
55 0.31 0.28 
65 0.67 0.70 
24 0.57 0.55 
40 1.05 1.27 

 

 

Figure 1.18. Correlation between the differences in the LUMO energies of s-tetrazines 

(55,65,24,40) relative to 18 and the differences of their standard potentials (R2=0.9904). 

 

1.5 Applications of s-tetrazines 

1.5.1 Energetic materials from tetrazines 

 

High-energy density materials (HEDMs) offer distinct advantages to 

conventional carbon-based energetic materials. Due to a large number of N-N and C-

N bonds, they possess large positive heats of formation71,72. Hence energetic high-

nitrogen organic compounds are promising candidates for HEDMs. The low 

percentage of carbon and hydrogen in these compounds has a double positive effect: 

enhancement of density73,11 and thermal stability74. Thanks to this special properties, 
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there are a lot of s-tetrazine derivatives which have been synthesized and 

characterized by Los Alamos National Laboratory75, Xiao�s group76 and Talawar�s 

group (Figure 1.19).        

       

 Figure 1.19. High nitrogen content s-tetrazine derivatives for energetic material applications. 

 

1.5.2 Pharmaceuticals from s-tetrazines 

 

 1,2,4,5-tetrazine derivatives or their n-hydro form have a high potential for 

biological activity, possessing a wide range of antiviral and antitumor properties. 

These derivatives have also been widely used in pesticides and herbicides. According 

to the literature, 1,2,4,5-tetramethyl-3,6-bis(phenylethynyl)-1,2,4,5-tetrazine has been 

suggested as an antitumor agent77,78,79; 3-amino-6-aryl-1,2,4,5-tetrazines showed 

modest antimalarial activity80 a series of tetrahydro-s-tetrazines have been evaluated 

for their antibacterial and antifungal activities81, and some hexahydro-s-tetrazines 

proved to have useful analgesic and antiflammatory activities. 

Recently, in addition to Hu�s and Werbel�s group doing more research on the 

biological activity of s-tetrazine derivatives, Devaral and his colleagues used the 

inverse demand Diels-Alder reactivity of s-tetrazine to label biomarkers on live 

cells82,28,83 (scheme 1.28). The main advantages of this reaction compared to 
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conventional bioorthogonal reactions are: (1) there is no requirement for a catalyst; (2) 

the bimolecular rate constants for reaction can be very high (>103 M-1.s-1) with 

appropriate choice of s-tetrazine and strained dienophile; (3) certain s-tetrazine 

chromophores are fluorogenic upon cycloaddition, thus improving signal-to-

background for fluorescence microscopy; (4) the reactants are straightforward to 

synthesize from commercial sources.    

 

  

Scheme 1.28. A: reaction of benzylamino-s-tetrazine with trans-cyclooctenol is extremely 

rapid and leads to dihydropyradazine adducts; B: live cell multistep labeling of A549 human 

lung carcinoma cells using tetrazine cycloadditions. 

 

 

1.5.3 Efficient solar cells 

 

Due to its high electro-attractor effect, s-tetrazines can be used in solar cells. 

Ding�s group84 reported a new s-tetrazine based low-bandgap semiconducting 

polymer, PCPDTTTz (Figure 1.20). This is the first solution-processable conjugated 

polymer with s-tetrazine in the main chain. This polymer shows good thermal stability 

and broad absorption covering 450-700 nm. The HOMO and LUMO energy levels 

were estimated to be -5.34 and -3.48 eV respectively, with an electrochemical 

bandgap of 1.86 eV. Simple polymer solar cells based on PCPDTTTz and PC71BM 

exhibit a calibrated power conversion efficiency of 5.4%. 
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Figure 1.20. Structure of PCPDTTTz. 

 

1.5.4 NLO-phore with tetrazine 

 

As the most electrodefficient aromatic heterocycle of the C-N family, s-

tetrazine derivatives have appeared as promising targets for the design of new 

optically and electroactive molecules. Their strong electron affinity should also 

enhances the charge transfer in related conjugated molecules leading to enhanced 

nonlinear optical (NLO) properties. The s-tetrazine moiety can either serve as the 

attractor for a classical dipolar push-pull molecule or more interestingly contribute to 

the formation of a linear octupole, as proposed by Zyss et al. some years ago. 

Moreover, the reversible electrochemical reduction displayed by most s-tetrazines 

might constitute a useful feature for the achievement of electroswitchable NLO 

devices. 

Even thought researchers toward such structures have not been reported up to now, 

Audebert�s group85 has prepared two donor-acceptor-donor s-tetrazines containing 

ferrocene group as a donor unit and phenyl group unit as a p-bridge units(Figure 1.21). 

They studied their third order NLO properties. Even thought researches toward such 

structures have not been reported today. From cyclic voltammetric study, the 

oxidation potential of ferrocene indicates that the separation of the charge in 77 is 

considerably greater than 78 in the ground state due to the presence of the phenyl 

linkage between the ferrocene and s-tetrazine moieties, which increases the electron 

density on the ferrocene units. On the other hand, UV-vis studies show an increase the 

charge transfer due to the phenyl linkage between the ferrocene and tetrazine. Both s-

tetrazines display reduction potentials in the same range, showing a much weaker 

influence of the ferrocene substituants on the s-tetrazines than the other way around. 

Their third-order NLO properties show that the ferrocenyl group does not play a 

highly positive role in the optimization of g values. However, it evidences the possible 

role of metal-to-ligand charge transfer on third-order hyperpolarizability values, 

confirming the counteractive effect of the charge transfer process already reported for 

quadratic nonlinear responses.  
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Figure 1.21. Third order NLO active tetrazine derivatives. 

 

The former applications are still active, and more and more researchers are 

done in the field of active polymers containing s-tetrazines86,14, supermolecular s-

tetrazines50,87,88, s-tetrazine-doped silica nanoparticles89, electrofluorescence 

switching of s-tetrazines90,91, good corrosion inhibitors 92,93. 

 

1.6 Conclusions 

Despite is quite ancient discovery s-tetrazine has been far less used than many 

other heterocycles in synthetic chemistry and development of molecular materials. 

However, the recent discovery of easy and efficient synthetic accesses to important 

intermediates such as dichloro-s-tetrazine has given the impulse for a renewed interest 

in this aromatic ring. From, the literature survey presented in this chapter, it can be 

seen that many derivatives have now been synthesized and studied. The synthesis, 

reactivity and physico-chemical properties of simple derivatives are now well 

established and understood. 

This body of knowledge opens up the possibility to design more elaborates 

s-tetrazine derivatives which will make good use of their outstanding photophysical 

and electrochemical properties for applications in various fields. 

During my PhD, I have developed three axis of research. The first one was the 

use of s-tetrazine to synthesize new receptors for anions and ions pair. Their working 

principle will be based on the use of anion electron deficient aromatic ring 

interactions since s-tetrazine has been recognized as �the most electron deficient N 

heterocylcle�. 

The second axis was to try to improve the intrinsic photophysical properties of 

s-tetrazines through specific substituents which had not been tested before. For 

example, bulky or electro attracting groups have been used. During the course of this 

work, an unexpected new reactivity of s-tetrazines was also discovered. 

Finally, the last part will deal with the synthesis and study of new original 

dyads containing s-tetrazine. Some of these molecules present an efficient 

intramolecular resonant energy transfer which confers a highly improved brightness to 
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s-tetrazine. One of these molecules has been the object of an original use in an 

electrofluorochromic cell. 
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Chapter 2 New s-tetrazines derivatives as the ion 

pair receptors 

 

2.1 Introduction  

2.1.1 Supramolecular chemistry and ion pair receptor  

 

 �Supramolecular chemistry� is defined as �the chemistry of the intermolecular 

bond, covering the structures and functions of the entities formed by the association of 

two or more chemical species� by Jean-Marie Lehn who obtain the 1987 Nobel Prize. 

The forces responsible for the structure include hydrogen bonding, metal coordination, 

hydrophobic forces, van der Waals forces, p- p interactions and electrostatic effects1,2.  

Molecular recognition3,4 is one concept of supramolecular chemistry, which is 

specific binding of a guest molecule to a complementary host molecule to form a 

host-guest complex. One of the earliest examples of such supramolecular entity is 

crown ethers which are capable of selectively binding specific cations. However, a 

number of artificial systems have since been established. The key applications of this 

field are the construction of molecular sensors and catalysis. 

Over the past several decades, a large number of macrocyclic receptors have 

been synthesized and evaluated for their abilities to bind cations5. More recently, 

increased attention has been directed towards the design and construction of anion4, 6  

receptors because of their important role in biological systems and environmental 

issues. Further development in the field has been the combination of these two types 

of receptors to bind both partners. Compared with simple ion receptors, ion pair 

receptors bearing both a cation and an anion recognition site offer the promise of 

binding ion pairs or pairs of ions strongly as the result of direct or indirect cooperative 

interactions between co-bound ions. Most ion pair receptors take advantage of 

hydrogen bonding donors (urea, amide, imidazolium, pyrrole and uranyl), Lewis 

acidic sites and positively charged polyammonium groups, for anion recognition. On 

the contrary, cation recognition relies on lone pair electron donors and p-electron 

donors. 

Ion pair receptors can be classified by how they bind the cations and the anions 

of targeted ion pairs (Figure 2.1). In the first mold presented, the anion and the cation 

are in a direct contact; in the second, termed �solvent-bridged ion pair�, one or more 

solvent molecules bridge the gap between the anion and the co-bound cation; in the 
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last one, called �host-separated ion pair�, the anion and the cation are bound relatively 

far from another, usually by the receptor framework7,8. 

 

 

Figure 2.1. Limiting ion-pair interactions relevant to receptor-mediated ion-pair 

recognition: (a) contact, (b) solvent-bridged, and (c) host-separated. In this figure, the anion is 

shown as �A-�, the cation as �C+�, and the solvent is represented as �S�. 

 

However, in spite of their potential applications in various fields, such as salt 

solubilization, extraction, and membrane transport, the number of well-characterized 

ion pair receptors remains limited9. 

 

2.1.2    Fluorescent molecular sensors 

 

Usually the structure of a sensor is a combination of a complexing part and a 

sensing part. The complexation of guest species with receptors can be monitored 

either by optical (colorimetric or fluorescent) changes or by changes in 

electrochemical behavior (resistance, conductivity, current, potential, capacity, etc). 

Due to the high demand in analytical chemistry, clinical biochemistry, medicine, 

the environment, and so on, the design of fluorescent sensors is more and more 

important. Furthermore, numerous chemical and biochemical analytes can be detected 

by fluorescence methods: cations (H+, Li+, Na+, K+, Ca2+, Mg2+, Zn2+, Pb2+, Al3+, Cd2+, 

etc.) , neutral molecules (sugars, etc.) and gas (O2, CO2, NO, etc). In addition, 

fluorescent molecular sensors offer distinct advantages such as high sensitivity, 

selectivity, short response time, local observation, and the possibility for remote 

sensing. 

Valeur has classified the fluorescent molecular sensors into three classes10 
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(Figure 2.2): 

Class 1: fluorophores that undergo quenching upon collision with an analyte; 

Class 2: fluorophores that can reversibly bind an analyte, of which the 

fluorescence can be either quenched (Chelation Enhancement of Quenching (CEQ) 

type) or enhanced (Chelation Enhancement of Fluorescence (CEF) type) upon binding; 

Class 3: fluorophores linked, via a spacer or not, to a receptor. The design of 

such sensors, which are based on molecule or ion recognition by a receptor, requires 

special care in order to fulfill the criteria of affinity and selectivity, which are relevant 

to the field of surpramolecular chemistry. The changes in photophysical properties of 

the fluorophore upon interaction with the bound analyte are due to the perturbation of 

photoinduced processes by the latter (electron transfer, charge transfer, energy 

transfer, excimer or exciplex formation or disappearance, etc.). Again, fluorescence 

can be quenched or enhanced. 

 

 

Figure 2.2. Main classes of fluorescent molecular sensors classified by Valeur (from ref. 10). 
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The discovery of crown ethers and cryptands in the late 1960s opened up new 

possibilities for cation recognition with improvement of selectivity, especially for 

alkali metal ions for which there was a lack of selective chelators. Then, the idea of 

coupling these ionophores to chromophores or fluorophores, leading to so-called 

chromoionophores and fluoroionophores, respectively, emerged some years later. In 

the design of a fluoroionophore, much attention is paid to the characteristics of the 

ionophore moiety and to the expected changes in fluorescence characteristics of the 

fluorophore moiety upon binding10 (Figure 2.3). It is important to note that the same 

working principles can be applied to the development of fluorescent sensors for 

anions, ion pairs or neutral molecules. 

 

 

Figure 2.3. Main aspects of fluorescent molecular sensors for cation recognition 

(fluoroionophore) (from ref10). 

There are other kinds of sensors in addition to fluorescent molecular sensors, for 

example, electrochemical sensors, which are based on changes of electrochemical 

behavior once the complex between redox-active receptor and analyte is formed11.  

 

2.1.3    Experimental evidences of anion-s-tetrazine interactions 
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In 199912, Dunbar�s group reported a one-pot, high-yield synthesis of 

metallacyclophanes from 3,6-bis(2-pyridyl)-s-tetrazine and [Ni(CH3CN)6]
2+, by anion 

template assembly with [BF4]
-. This is the first experimental evidence for the use of 

s-tetrazine as a binding unit for the molecular recognition of anions. Then, they did 

further studies in this field13,14. And the results have shown that the formation of the 

various metallacyclophanes is influenced by the choice of the metal ions, anions, and 

solvents. Two examples have been retrieved from Cambridge Structural Database, 

which are shown in figure 2.415. In LOGWOT, the encapsulated anion [BF4]
- resides 

in the void space in the center of the cavity of the molecular square, p-interacting with 

the four electron deficient s-tetrazine rings. In QEZVIA, the [SbF6]
- anion was used. 

A molecular pentagon has been obtained where the anion interacted with 5 electron 

deficient s-tetrazine rings. 

 

 

Figure 2.4. X-ray crystal structures of [Ni4(bptz)4(CH3CN)8]
8+ with the encapsulated [BF4]

- 

ion (LOGWOT) and [Ni5(bptz)5(CH3CN)10]
10+ with the encapsulated [SbF6]

- ion (QEZVIA). 

 

Recently, Dunbar et al. reported a series of such attractive contacts between 

various polynuclear anions and the s-tetrazine-based ligand bis(2-pyridynyl)-s-

tetrazine (bptz)16. For example, [Ag2(bptz)2(CH3CN)2](PF6)2 owns strong binding 

interactions between the PF6 ions and the s-tetrazine rings (Figure 2.5). 
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Figure 2.5. Representation of the complex [Ag2(bptz)2(CH3CN)2]
 (PF6)2 showing the 

hexafluorophosphate-s-tetrazine-hexafluorophosphate interactions. Distances between the 

s-tetrazine centroid A and the fluoride atoms F2 and F5a of hexafluorophosphate anions: 

r=2.806 Å and r�=2.835 Å, respectively. 

 

In addition, they mentioned that there are close directional contacts between the 

anion and the central s-tetrazine ring of the bptz ligands. It could then be of interest to 

further explore the possibility of anion-p interactions as a stabilizing factor in this 

kind of system and for the design of anion receptors. 

 

2.1.4    Anion-p interactions 

 

The anion-p interaction has been reported by Frontera�s group in the study of 

interactions between anions and hexafluorobenzene17 or 1,3,5-trinitrobenzene18, and 

by Maascal et al.
19. 

Elegant studies have revealed that the anion-p interaction is dominated by 

electrostatic and anion-induced polarization contributions17,20. The electrostatic 

component of the interaction is correlated to the permanent quadrupole moment, Qzz, 

of the electron deficient aromatic ring. The quadrupole moment is a measure of the 

charge distribution of a molecule relative to a particular molecular axis. 

Further studies indicated that, for molecules with a very positive Qzz, e.g, 1,3,5-

trinitrobenzene (Qzz = +20B), the anion-p interaction is basically dominated by the 

electrostatic term, whereas for molecules with small Qzz value, e.g, 1,2,4,5-tetrazine 

(Qzz = +0.9B), the anion-induced polarization correlates with the molecular 

polarizability, a
ロ

. of the aromatic compound. This component has a significant 
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contribution to the anion-p interaction for molecules with high a
ロ

 values, for example, 

a
ロ

"
(s-tetrazine) = 58.721.""

A comprehensive crystallographic and theoretical study was undertaken by 

Dunbar�s group16 to probe the effect of anion-p interactions on the preferred structural 

motifs of the Ag (I) complexes obtained from the reaction of the Ag(I)X salts (X 

=[PF6]2, [AsF6]2, [SbF6]2 and [BF4]2) with 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz)16. 

Figure 2.6 presents the geometry optimization and electrostatic potential (ESP) maps 

for bptz. Due to the four electron withdrawing nitrogen atoms in the central ring in 

bptz, a significantly electropositive area is observed in the tetrazine ring. The bptz 

reactions led to polymeric, dinuclear and propeller-type species, depending on the 

anion. In addition, multiple, shorter and stronger anion-p interactions between the 

anions and s-tetrazine rings are established in the bptz complexes. Furthermore, all the 

Ag (I) bptz complexes have more than one s-tetrazine ring p-contacts per anion, in 

[Ag2(bptz)3]
 [SbF6]2, each anion interacts with 3 s-tetrazine rings (Figure 2.6). Multiple 

anion-p interactions per anion are established in the case of the bptz complexes. It is 

notable that this structure exhibits the first crystallographic example of an anion-p6 

system, i.e., a system having six anion-p interactions per participating [SbF6]
- anion. 

Besides the anion-p interactions, the central s-tetrazine ring of bptz participates in p-p 

stacking interactions with another s-tetrazine ring (Figure 2.7). 

 

         

 

Figure 2.6. Right: BP86/TZP geometry optimization and ESP maps for bptz in the syn 

orientation. The ESP maps were generated with ADFView at an isodensity value of 0.02 and 

a color scale of +126 (blue) to �63 (red) kcal/mol. Left: a fragment of the [Ag2(bptz)3]
 

[SbF6]2 structure depicting three anion-p contacts between each  [SbF6]
- anion and 

s-tetrazine rings (from ref16). 
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Figure 2.7. Anion-p interactions between a [SbF6]2 anion and six s-tetrazine rings in 

[Ag2(bptz)3][SbF6]2. F-centroid distance = 3.265(3) Å (red dashed lines), F- s-tetrazine plane 

distance = 2.844 Å. The p�p contacts (3.36 Å) are indicated with purple dashed lines. 

 

The evidence gleaned from the solid state structures vis-à-vis the relative 

strength of the anion-p interactions for bptz, was corroborated by DFT single point 

energy calculations on several of their Ag (I) complexes. In figure 2.8, the ESP maps 

for [Ag2(bptz)2(CH3CN)2]
 [AsF6]2 as (a) a dication and (b) a neutral species are shown. 

The dication demonstrates high electropositive character (more blue) on the central 

s-tetrazine rings, which is greatly diminished in [Ag2(bptz)2(CH3CN)2]
 [AsF6]2 due to 

a flow of electron density from the [AsF6]
- anions to the bptz p-acidic central rings 

and the establishment of favorable anion-p interactions between anion and s-tetrazine 

rings. In the singly-charged cation {[Ag2(bptz)2(CH3CN)2]
 [AsF6]}

+, the ring distal 

from anion is clearly more electropositive than the ring in close proximity to the 

[AsF6]
- anion (Figure 2.9). 
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Figure 2.8. ESP map from the BP86/TZP SPE calculations of (a) dication 

[Ag2(bptz)2(CH3CN)2]
2+ with a color scale of 220 (blue) to�31 (red) kcal mol-1 and (b) neutral 

complex [Ag2(bptz)2(CH3CN)2]
 [AsF6]2 with a color scale of 126 (blue) to 2126 (red) kcal 

mol-1. The maps were generated with ADFView at a 0.02 isodensity value. (from ref16). 

 

 

Figure 2.9. ESP map from the BP86/TZP SPE calculations for the singly charged cation 

{[Ag2(bptz)2(CH3CN)2]
 [AsF6]}

+ with a color scale of 188 (blue) to 231 (red) kcal mol-1. The 

maps were generated with ADFView at a 0.02 isodensity value (from ref16).  

 

More recently, Frontera�s15 group has reported the results of high level ab initio 

calculations computed for several complexes of anions with urea, squaramide and 

s-tetrazine, to go deeper into the understanding of the binding forces entangled in both 

hydrogen bond and anion-p  interactions. For the electron deficient aromatic ring 
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s-tetrazine, calculations showed that the formation of a complex between s-tetrazine 

and fluoride (Figure 2.10) should be energetically favorable (calculated complexation 

energy E = -18.75 Kcal.mol-1) and would be mainly governed by electrostatic and 

polarization energies. Comparably, complexation with chloride or bromide would be 

less favorable (E! -10 Kcal.mol-1), and in principle, the halogen anions could be 

discriminated. 

 

Figure 2.10. MP2-optimized geometries of s-tetrazine complexes with fluoride, chloride, and 

bromide. Distances are in angstroms, and the ring centroid is represented by a dummy atom. 

 

2.2 Molecular design of ion pair receptors 

 

Audebert�s group22 reported that the fluorescence of the bis-s-tetrazine 56 

(Figure 2.11), can be efficiently quenched in the presence of electron-rich compounds 

such as triphenylamines, phenol or anisole. Figure 2.11 depicts the Stern-Volmer plots 

in the case of several quenchers. It is clear that the tendency is related to the electron 

affinity of the quenchers: the better electron donors lead to the higher quenching 

constants. 
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Figure 2.11. Stern�Volmer plots for compound 56 as functions of quencher concentrations for 

the various quenchers: ! triphenylamine; x tris-p-bromophenylamine; " phenol;  

+ 4-nitrophenol; # anisole. 

 

Later, they prepared new multi s-tetrazine derivatives 60, 61, 63 and 64 (Figure 

2.12)
23,24

. The fluorescence of compound 60 and 63 is quenched by electron donors 

according to a charge transfer process (Figure 2.13). It confirms the potential of 

s-tetrazines for the sensing of aromatic electron rich compounds. Except in the case of 

the closed cyclophane 61, the spatial arrangement of the s-tetrazine rings does not 

seem to influence noticeably the rate of the fluorescence quenching.  

N N

NN

N N

NN

Cl

Cl

O

O

56
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Figure 2.12. Multi s-tetrazine derivatives reported by Audebert�s group. 

 

 

Figure 2.13. (a) Stern�Volmer plots for the quenching of compound 60 with five different 

quenchers (Q), namely tetrathiafulvalene (!"), triphenylamine (  ), tri(4-bromophenyl)amine 

(+), pyrrole (#) and 1,3,5-trimethoxybenzene (x). (b). Stern�Volmer plots for the quenching of 



75 

 

63 with triphenylamine , tri(4-bromophenyl)-amine (+), pyrrole (�) and 

1,3,5-trimethoxybenzene (x). 

 

Recently, tetrazine 79 (Figure 2.14) have been prepared by Audebert�s group25, 

and fluorescence quenching experiments were performed with aliphatic or aromatic 

amines. Each time, the addition of the pollutant leads to a diminution of the 

fluorescence intensity. The slopes of the Stern-Volmer plots are in good agreement 

with the electron density of each quencher, which is fully consistent with a quenching 

by electron transfer in the excited state. Additionally, this molecule has been grafted 

on silica nanoparticles. They show a bright fluorescence emission, albeit with some 

degree of quenching because of interchromophoric interactions and can also detect the 

same amines through fluorescence quenching. 

 

 
Figure 2.14. Stern-Volmer plots for the free dye 79 as function of quencher concentration for 

various quenchers: ! DPA; " EtOA; x TEA (excitation wavelength 340 nm). 

 

Thus the interaction of s-tetrazines with electron rich aromatics in the excited 

state is well established. However, there is no experimental evidence of s-tetrazine-

anion interactions in solution so far despite the calculations results from Frontera�s 

group and the solid state observations from Dunbar�s team. Preliminary tests 

conducted in Audebert�s team did not show any significant evidence of interactions 

(fluorescence quenching, variation of reduction potential) of anions with s-tetrazines 

upon simple mixing. So the binding force between anions and s-tetrazine is probably 

too small. An alternative approach was pursued by designing an ion pair receptor 

where recognition of the anion would be favored by cooperative interactions between 

co-bound ions. For this purpose an open receptor was designed which contains a site 
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for interaction with cations: a polyethylene glycol chain and sites to bind anions 

through anion-p interactions: s-tetrazines. In order to get the best spectroscopic 

response both sites should be as close as possible. So it was considered linking 

directly tetrazine to PEO chain (Figure 2.15). The open chain topology is usually less 

favorable for efficient binding but it was nether the less selected for two main reasons. 

First, nucleophilic substitution on alkoxy-s-tetrazines is unfavorable and second, 

dialkoxy-s-tetrazines are less fluorescent. In order to increase the probability of 

s-tetrazine interactions with anions, two s-tetrazines were included. Various PEO 

chain lengths have been used to try to obtain some selectivity. 

 

 

Figure 2.15. Ion pair receptors synthetic targets 

 

The mode of action of the receptor is depicted in figure 2.16. The elongated 

PEO chain should wrap around the cation bringing both s-tetrazines close to each 

other. It is then expected that the anion will lie close to the cation and possibly be 

sandwiched by both s-tetrazines leading to a detectable fluorescence quenching. 
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Figure 2.16. s-Tetrazine ion pair receptor working principle. 

2.3 Synthesis 

2.3.1 Preparation of 3,6-dichloro-1,2,4,5-tetrazine 

 

Considering that 3,6-dichloro-1,2,4,5-tetrazine present a high reactivity toward 

various nucleophiles, we use it as the starting material for the preparation of the 

receptors. As mentioned in chapter one, this intermediate can be obtained in high 

yields in 5 steps (Scheme 2.1). 

First of all, guanidine hydrochloride is refluxed with hydrazine monohydrate in 

1,4-dixoane to give triaminoguanidine monohydrochloride in high yield (98%), which 

is then condensed with 2,4-pentanedione to afford 3,6-bis(3,5-dimethylpyrazol-1-yl)-

1,2-dihydro-1,2,4,5-tetrzine in good yield (85%). Then the dihydro-s-tetrazine can be 

oxidized by using NaNO2 combined with acetic acid, and the reaction goes smoothly 

in water with a small amount of dichloromethane. Product 11 is obtained pure after 

washing the crude solid with dilute aqueous solution of potassium carbonate. After 

the oxidation, the bis-dimethylpyrazolyl-s-tetrazine is refluxed with hydrazine for a 

short time to give 3,6-dihydrazino-s-tetrazine (12). Lastly, trichloroisocyanuric acid as 

chlorination agent reacts with 12 at room temperature, and then dichloro-s-tetrazine 

(13) is obtained. 
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Scheme 2.1. Synthesis of dichloro-s-tetrazine. 

 

2.3.2 Preparation of ion-pair receptors 

 

Because chlorine is a good leaving group, 3,6-dichloro-s-tetrazine is a good 

choice for aromatic nucleophilic substitution with a variety of nucleophiles. In 

addition, the mechanism of the SNAr reaction of dichloro-s-tetrazine was described by 

Gong (Scheme 2.2)23. 

 

 

Scheme 2.2. SNAr mechanism with dichloro-s-tetrazine. 

 

Efficient conditions for this reaction using alcohol as the nucleophile have been 

developed by our group. The reaction works perfectly well in dichloromethane and in 

the prescence of 1 equivalent of s-collidine at room temperature. Typically yields for 

the monosubstition range from 50% to 90% with primary alcohols, but drop 

significantly (10%-20%) with secondary alcohols26. Dialcohols 87, 88, and 89 were 



79 

 

selected as good nucleophiles. Mixing 2 equivalents of dichloro-s-tetrazine with the 

alcohol in the basic conditions gave the target compounds. The yields are as expected, 

above 50%. 

 

 

 

 

Scheme 2.3. Synthesis of ion pair receptors 80, 81 and 82. 

 

2.3.3 Selection and synthesis of ion pairs 

 

In a first approach, simple alkali halides were tested and copared to alkali 

perchloric salts. However, a more elaborate one had also to be considered for 

solubility reason. Many complexes between crown ethers and cationic guest species 

have been reported. However, relatively few cases involving primary alkyl 

ammonium ions as the guest cation are known. But, in all these cases, this guest 

cation is bound principally through [N+-H!!!O] hydrogen bond to the host
27

. This 

situation was supposed to be favorable for our ion pair receptor. In addition, 

octylammonium halides are soluble in organic solvents and became a target of choice 

for our study. 

Four ammonium salts have been prepared by the reaction of octylamine with 

the corresponding aqueous acid
28

, and then recrystallized from diethyl ether. 
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Scheme 2.4. Synthesis of ammonium ion-pairs. 

 

2.4 Screening of ion-pairs 

 

In order to investigate the selectivity of compounds 80-82 as receptors, 

fluorescence quenching studies were carried out by addition of different ion pairs. 

Firstly, from the research of Frontera�s group, calculations showed that the 

complex between s-tetrazine and fluoride should be energetically the most favorable 

followed by chloride and bromide. Since handling of fluoride ions is not always an 

easy task, NaCl and KCl became the first candidates as ion pairs. Unfortunately, they 

are weakly soluble in organic solvents, such as dichloromethane or acetonitrile. 

Furthermore, chloroalkoxy-s-tetrazines react with water or alcohols, so they can not 

be used as solvent. So several other candidates which can be dissolved in organic 

solvents have been chosen: NaClO4 (soluble in CH3CN), LiClO4 (soluble in CH3CN), 

C8H17NH3
+
!Cl

- 
(soluble in CHCl3), C8H17NH3

+
!Br

- 
(soluble in CHCl3), C8H17NH3

+
!I

- 

(soluble in CHCl3) and C8H17NH3
+
!ClO4

- 
(soluble in CHCl3). 

A series of simple screening experiments was handled first: salts were added to 

a solution of s-tetrazine directly and the fluorescence spectra were recorded. If the 

salts are recognized by the s-tetrazine receptor, there should be a change in the 

fluorescence spectra. Figure 2.17 present the results for s-tetrazine 80. There is no 

obvious fluorescence variation by addition of NaClO4 and LiClO4, and fluorescence 

quenching with C8H17NH3
+
!Br

-
. 
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Figure 2.17. Fluorescence change upon addition of several ion pairs to s-tetrazine 80 

 

Similar results have been attained with compound 81, so further screening was 

focused on the octylammonium salts. The three ammonium halides showed 

interactions with s-tetrazines 80, 81 and 82 but not C8H17NH3
+
!ClO4

-
 (Table 2.1). 

 

Table 2.1. Screening of ammonium salts. 

compounds C8H17NH3
+
!Cl

-
 C8H17NH3

+
!Br

-
 C8H17NH3

+
!I

-
 C8H17NH3

+
! ClO4

-
 

80 " + + " 

81 " + + " 

82 " + + " 

+: quenching of fluorescence; ": no effect 

 

In conclusion, only the alkyl ammonium halogen salts induced a quenching of 

the fluorescence of receptors 80-82 in organic solvents. The complexation of these 

receptors with the three salts was thus studied in details by NMR, UV-vis. absorption 

and fluorescence spectroscopies.  

 

2.5 NMR studies of ion pair receptors 

2.5.1 1
H NMR titration 

 

Since the ammonium should interact with the polyethylene oxide chain of the 

receptors, it should be possible to follow the complexation by monitoring the change 

in chemical shifts of the methylenes of the PEO. 

Upon addition of C8H17NH3
+
!I

-
, the signal was found to gradually shift 
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downfield for all three receptors. Especially for 82, the receptor�s proton peaks found 

of d= 4.82ppm and d= 3.99ppm in the initial spectrum ultimately shift to d= 4.92ppm 

and d= 4.07 ppm after addition of 24.7 equivalents of salt. The total shift is about 

0.1ppm, as indicated by the overlay of NMR spectra shown in figure 2.18.  

 

 

 

Figure 2.18. 1H NMR spectra obtained during the titration of host 82 with C8H17NH3
+
!I

-
. Up: 

full spectrum of 82; Down: variation of the significant peaks upon addition of salt. 

 

Titration of compound 82 with C8H17NH3
+
!Br

-
 also leads to spectral shifts, but 

from d= 4.82ppm to d= 4.84ppm after addition of 125 equivalents of salt. The total of 
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chemical shifts is only Dd= 0.02ppm. 

For compound 80, the chemical shifts also change and it is less pronounced 

with bromide salt Dd=0.003ppm (Figure 2.19) than with iodide salt Dd= 0.01ppm 

(Figure 2.20). In addition, the maximum value is attained at the ratio 18: 1 for iodide 

and at 450: 1 for bromide salt. That means that host 80 binds iodide salt stronger than 

bromide salt.  

Furthermore, Dalcanale�s group28 reported that a low Kass value in the case of 

octylammonium chloride as the ion pair. In our case, the changes in chemical shifts 

observed with C8H17NH3
+
!Br

-
 are small (0.003ppm), and are close to the technical 

limit of NMR spectroscopy. So we did not run the NMR titration with C8H17NH3
+
!Cl

-
. 

But fluorescence which is a more sensitive technique allowed titration of 

C8H17NH3
+
!Cl

-
 with our receptors (vide infra). 
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Figure 2.19. 1H NMR spectra obtained during the titration of host 80 with C8H17NH3
+
!Br

-
 Up: 

full spectrum of 80; Down: variation of the significant peaks upon addition of salt. 

 

 

 

Figure 2.20. Binding curves resulting from the 
1
H NMR spectral shifts of the CH2 peak 

of 80 upon titration with C8H17NH3
+
!I

-
 and C8H17NH3

+
!Br

- 
. 
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Compound 81 also showed obvious chemical shift changes (Figure 2.21) in the 

presence of C8H17NH3
+
�I

-
 (Dd= 0.0384ppm), and a smaller variation with addition of 

C8H17NH3
+
�Br

-
 (Dd= 0.0098ppm). A maximum is attained after addition of 15 

equivalents of the first salt and about 400 equivalents of the second. 

 

 

Figure 2.21. Binding curves resulting from the 
1
H NMR spectral shifts of the CH2 peak 

of 81 upon titration with C8H17NH3
+
�I

-
 and C8H17NH3

+
�Br

- 
. 

 

Finally for compound 82, a similar trend is observed (Figure 2.22): larger 

change of chemical shifts at smaller ratio with iodide compared to bromide. 
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Figure 2.22. Binding curves resulting from the 1H NMR spectral shifts of the CH2 peak 

of 82 upon titration with C8H17NH3
+
!I

-
 and C8H17NH3

+
!Br

-
. 

 

Comparison of the results obtained with all three receptors clearly shows that 

C8H17NH3
+
!I

-
 binds stronger than C8H17NH3

+
!Br

-
. Since the main difference between 

the tree receptors is the cavity size, the systematic preference for iodide has to come 

from a specific interaction of the anion with s-tetrazine. It has been reported in the 

literature that s-tetrazine is a highly polarizable aromatic ring (see paragraph 2.1.4). It 

is then understandable it interacts better with the most polarizable anion I
-
. 

Noteworthy, these finding is contradictory with the theoretical work of Frontera
15

.  

The comparisons of the titrations of all three receptors with the same salt are 

presented in figure 2.23 for Br
-
 and figure 2.24 for I

-
. 
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Figure 2.23. Binding curves resulting from the 1H NMR spectral shifts of the CH2 peak of 80 

(blue), 81 (red) and 82 (green) upon titration with C8H17NH3
+
!Br

-
. 

 

 

Figure 2.24. Binding curves resulting from the 
1
H NMR spectral shifts of the CH2 peak of 80 

(blue), 81 (red) and 82 (green) upon titration with C8H17NH3
+
!I

-
. 

 

For both salts, the same trend is observed: the binding strength follows the 

order: 82 > 81 > 80. This tendency probably comes from a better ability of the 

pentaethylene glycol chain of 82 to form a stable complex with primary alkyl 
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ammonium salts than shorter PEO. This result can be related to the superior capacity 

of [18] crown-6 to bind primary alkyl ammonium salts stronger than smaller 

macrocycles29,27,30. It is then likely that receptor 82 can adopt a more favorable 

conformation to accommodate C8H17NH3
+X- salts than the two smaller 80 and 81 

receptor. 

Two conclusions can be drawn from the NMR titrations: 

1) Receptor 82 comprising 6 oxygen atoms binds alkyl ammonium salts 

stronger than its shorter equivalents 80 and 81. 

2) The three tetrazine derivatives show selectivity for halogens in the order: I-> 

Br->> Cl-. 

 

2.5.2 Job plot 

 

Job plot also known as the method of continuous variation or Job�s method is 

used to determine the stoechiometry of a binding event. This method is widely used in 

analytical chemistry, instrumental analysis and advanced chemical equilibrium.  

In our case, 1H NMR titration afforded plots of chemical shift changes vs. molar 

fraction of ammonium iodide. The Job�s plot for the complex 81 with C8H17NH3
+
!I

-
 

presents a maximum for M/(M+L)= 0.3 (Figure 2.25) which corresponds to a M1L2 

stoechiometry (M= C8H17NH3
+
!I

-
 and L=80).  

 

 

Figure 2.25. Job�s plot of compound 81 (L) with C8H17NH3
+
!I

-
 (M). The sum of total 

concentration [L]T +[M]T was 0.0156M in CDCl3. Dd denotes changes in chemical shift of the 
ethyoxyl protons of 81 upon complexation with ammonium salts. 
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The same experiment with 82 and C8H17NH3
+
!I

- 
(Figure 2.26) gives a different 

result since the plot present a broad maximum between 0.5 and 0.6. It is then possible 

that in this case two stoechiometries coexist: ML and M2L. 

 

 

Figure 2.26. Job�s plot of compound 82 (L) with C8H17NH3
+
!I

-
 (M). The sum of total 

concentration [L]T + [M]T was 0.0043M in CDCl3. Dd denotes change in chemical shift of the 
ethyoxyl protons of 82 upon complexation with ammonium salts. 

 

2.5.3 Determination of binding constants 

  

According to the NMR titrations, the ion pairs interact with s-tetrazines 

receptors 80-82. Then the resulting titration data were analyzed by the winEQNMR2
31

 

computer program to attempt binding constant determination. Estimates for each 

binding constant and the limiting chemical shifts and the stoechiometry of the 

complex determined by the Job�s Plot were included the input file. The various 

parameters were refined by non-linear least-squares analysis to achieve the best fit 

between observed chemical shifts and calculated chemical shifts. The program plots 

the observed and calculated chemical shifts versus guest concentration, which reveals 

the accuracy of the experimental data and the suitability of the model. It also gives the 

best fit values of the stability constants together with their errors. The parameters 

were varied until the values for the stability constants converged, and good visual 

similarity of the theoretical binding isotherm with the experimental one demonstrated 

that the model used was appropriate. 

The Job�s plot for the complex of 82 with the ammonium iodide gives a 

maximum value for x= 0.6, which corresponds to a stoechiometry of 1 s-tetrazine 
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receptor for 2 ammonium iodide salts. Hence, the binding of the ion pair to 82 can be 

written as two consecutive equilibria: 

 

Tz + C8H17NH3 I
K1

Tz C8H17NH3 I

Tz + C8H17NH3 I2

K2
Tz C8H17NH3 I

2
 

 

This model was used in the search for the best fit in winEQNMR2 and the 

values obtained for the association constants are K1= 665 and K2= 1177. The 

experimental and calculated chemical shifts correlated well as seen in figure 2.27. 

 

 

Figure 2.27. NMR titration curve and corresponding calculated isotherm for interaction of 82 
with ammonium iodide.  

 

The complex formation of 81 with ammonium iodide was also studied in the 

same way. The maximum value found in the Job�s Plot is 0.3, which reveals the 

formation of a 2:1 complex beside a 1:1 complex. In this case the stepwise binding of 

the ion pair to 81 is: 
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Refinement of the data with this model gave: K1= 487 and K2= 28. Again a 

good agreement between experiment and calculated data is observed (Figure 2.28).  

 

 

Figure 2.28. NMR titration curve and corresponding calculated isotherm for interaction 

of 81 with ammonium iodide. 

 

This result confirms that s-tetrazine 82 is the best receptor for ammonium salts 

among the three derivatives. In addition, 81 and 82 form different complexes. This is 

possibly due to the stereohindrance effect between the receptor and ion pair. In other 

words, thanks to its longer PEO chains, s-tetrazine 82 can accommodate one and even 

two ammonium iodide salts. In contrast, shorter sized 81 led to lower binding 

constants and preferential formation of a 2 receptors for 1 anion complex. 

 

2.6 Fluorescence studies of ion pair receptors 

2.6.1  Spectroscopic properties of the receptors 

 

Before photophysical studies of the ion pair � receptors interactions, we first set 

out to characterize the properties of compounds 80-82 alone (Figure 2.29 and Table 

2.2). 
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Figure 2.29. Absorbance (blue) and fluorescence (red) spectra of s-tetrazine 80 recorded in 

chloroform. 

 

Table 2.2. Photophysical data for receptors 80-82 recorded in chloroform. 

compound !abs, max [nm] !em, max [nm] e [L/(mol.cm)] fF
a
 

80 526 573 429 0.11 

81 520 565 602 0.22 

82 520 566 601 0.34 

a. !éx= 520nm 

 

2.6.2 Titration studies  

 

These studies were perform in chloroform, since it�s a proper medium to assess 

host-guest binding. Firstly, addition of ammonium salts to compound 80 resulted in 

the spectra presented in figure 2.30. The intensity of the fluorescence band decreased 

upon addition of bromide (b) and iodide (c) confirming the modulation of emission 

properties in the presence of ion pairs. On the contrary, there is no variation with 

ammonium chloride (a). Compared to the 
1
H NMR titrations, the binding curves (d) 

showed the same trends: host 80 exhibited a stronger affinity for C8H17NH3
+
"I

-
 than 

for C8H17NH3
+
"Br

-
. And there are no clear sign of interaction between 80 and 

C8H17NH3
+
"Cl

-
. 
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Figure 2.30. Changes in the emission spectra of host 80 upon titration with chloride (a), 
bromide (b) and iodide (c) in chloroform (lex=522nm). Binding curves resulting from the 
changes in the emission properties of host 80 upon titration with ammonium halides (d). 

 

Secondly, addition of ammonium salts to compound 81 resulted in spectra 

shown in figure 2.31. The intensities of fluorescence peaks of s-tetrazines were found 

to decrease upon addition of bromide (b) and iodide (c), and the addition of 

C8H17NH3
+
!Cl

-
 (a) does not change the intensity of s-tetrazine fluorescence.  
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Figure 2.31. Changes in the emission spectra of host 81 upon titration with chloride (a), 
bromide (b) and iodide (c) in chloroform (lex=522nm). Binding curves resulting from the 
changes in the emission properties of host 81 upon titration with ammonium halide (d). 

 

Binding curves for compound 82 are shown in figure 2.32. Emission studies 

with 82 reveal the same trend than for 80 and 81: all of them exhibit stronger affinity 

for iodide salt than bromide one and no interaction with chloride. 
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Figure 2.32. Changes in the emission spectra of host 82 upon titration with chloride (a), 
bromide (b) and iodide (c) in chloroform (lex=522nm). Binding curves resulting from the 
changes in the emission properties of host 82 upon titration with ammonium halide (d). 

 

Fluorescence studies yield results similar to NMR titrations: all these receptors 

do not interact with C8H17NH3
+
!Cl

-
 since no fluorescence quenching appears. 

However, they are quenched by both bromide and iodide, the second being more 

efficient. 

These preferential selectivity for iodide, confirmed both by NMR and 

fluorescence, is quite surprising if one consider the theoretical calculations reported 

by Garou
15

 et al. Indeed, they found that the selectivity should be F
-
> Cl

-
> Br

-
 (iodide 

was not mentioned). However, in more recent studies the same group showed that the 

quadrupole moment of the aromatic ring is not the only factor to consider and that 

anion-p interactions depend also on the polarizability of the molecule. 

The quadrupole moment of s-tetrazine is low while its polarizability is high (see 

paragraph 2.1.4). Furthermore, it was shown that polarizability is indeed the main 
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factor to consider to understand the selectivity of anion binding by s-triazine ring 

which is closely related to s-tetrazine. It is then likely that the better binding of iodide 

by our receptors comes from the high polarizability of both partners. 

Comparison of the binding abilities of molecules 80, 81 and 82 with the same 

salt as seen from the fluorescence studies are presented in figure 2.33 for I- and 2.34 

for Br-. 

 

 

Figure 2.33. Binding curves resulting from the changes in the emission properties of host 80 

(blue), 81 (red) and 82 (green) upon titration with C8H17NH3
+
!I

-
 

 

 

Figure 2.34. Binding curves resulting from the changes in the emission properties of host 81 

and 82 upon titration with C8H17NH3
+
!Br

-
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It is quite apparent that contrary to what was observed by NMR, no selectivity 

of the receptors for a given salt is observed here since all binding curves more or less 

overlap with C8H17NH3
+
�I

-
 or C8H17NH3

+
�Br

-
. One possible explanation is that two 

different phenomenon are observed. In the NMR studies, the main interaction 

monitored is between the ammonium and the PEO chain while in fluorescence studies, 

it is the anion-p one. Hence, both techniques could highlight two complementary 

selectivities: that of PEO chain for cation and that of s-tetrazine for anion. 

However, it must be said that in the course of fluorescence titrations, a strong 

color change was also observed upon addition of either salt. It was then interesting to 

study the receptor ion pair interactions by absorption spectroscopy. 

 

2.7 UV-vis. absorption studies of ion pair receptors 

 

The changes in UV-vis. spectra when ion pair C8H17NH3
+
�Br

- 
was added to 82 

are shown in figure 2.35. A new intense absorption band is observed between 250-

300nm. Its intensity increases with the addition of octylammonium bromide. 

Concomitantly, a second broad band appears in the 300-600nm range. However, its 

intensity is less important than the first one. 
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Figure 2.35. Top: changes in the UV-vis spectra of 82 upon titration of C8H17NH3

+
!Br

-
 in 

chloroform. Bottom: plot of Abs
82

(400nm) as a function of the quantity of C8H17NH3
+
!Br

- 

added. 

 

The plot of the variation of the absorbance at 400 nm where s-tetrazine does not 

absorb, clearly show a quick jump followed by a constant rise. It is noteworthy that 

the absorption band of s-tetrazine in the visible is unchanged. In order to gain insight 

into the origin of these new bands, absorption spectrum of Br2 in chloroform was 

recorded (Figure 2.36). The main feature of this spectrum is a broad band ranging 

from 350 to 550nm and centered at ~410nm. 

This band is quite similar to the new one observed in the visible range during 

titration of 82 with C8H17NH3
+
!Br

-
. It is then possible that Br2 is formed in the media. 

However, the origin of the sharp UV band at ~260nm is still unclear. 

 

 

Figure 2.36. Absorption spectra of Br2 in chloroform. 
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A similar experiment was carried out with 82 and C8H17NH3
+
!I

-
 in chloroform 

(Figure 2.37). Compared to absorption spectra of pure 82, a new absorption band 

centered at ~500nm gradually appears in this case too. 

 

 

 

Figure 2.37. Top: changes in the UV/vis spectra of 82 upon titration by C8H17NH3
+
!I

-
 in 

chloroform; Bottom: plot of Abs
82

(500nm) as a function of the quantity of C8H17NH3
+
!I

- 
added. 

 

The plot of the absorbance at 500 nm where s-tetrazine does absorb is not flat 

but clearly shows a constant rise despite the fact that the concentration of 82 was kept 

constant. The absorption spectrum of I2 in chloroform was also recorded (Figure 2.38). 
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It presents one main absorption band in the visible ranging from 400nm to 600nm, 

and centered at ~500nm.  

A similarity in position and shape between this band and the one appearing 

during the titration of 82 with I- can be noted. It is then ressonable to infer that I2 is 

formed in the media. However, it does not account for the sharper increase in 

absorption observed at l< 300nm. 

 

  

Figure 2.38. Absorption of I2 in chloroform. 

 

In conclusion, the absorption experiments show that the interaction of 

s-tetrazine based receptors with halides is a more complex phenomenon than simple 

binding since it is highly likely that Br2 and I2 are formed upon irradiation. 

 

2.8 Conclusion 

 

We have designed and synthesized three s-tetrazine based receptors for ions pair 

recognition. The cation binding site is a polyethylene glycol chain whose length was 

varied. The anion complexation relies on the ability of s-tetrazine to establish anion-p 

interactions which have been previously recognized in crystals or anticipated by 

theoretical calculations. The novelty of this approach lies in the fact that this type of 

interactions between aromatics and anion has been seldom observed in solution as 

well as in the fact that the receptors are neutral. 

Preliminary experiments have shown that our receptors preferentially interact 

with octylammonium bromide or iodide salts in chloroform. NMR titration 

experiments have confirmed the formation of a complex between the ammonium and 
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the polyethylene glycol moiety for all three receptors and revealed a stronger 

interaction with iodide. The strongest binding was found with 82, presumably because 

pentaethylene glycol has the best size to fit a primary ammonium salt. Furthermore, 

Job�s plot and mathematical fitting of the binding curves proved that the 

stoechiometries of the complexes are ML2 and ML for 81 and ML and M2L for 82 (M 

= salt and L = receptor). This also probably comes from the different sizes of the 

receptors. 

Fluorescence titrations also demonstrated that receptor-salt interactions take 

place, since addition of bromide or iodide leads to a quenching of the emission. Hence, 

it is likely that the anion lies close to the s-tetrazine rings in all receptors thanks to 

anion-p interactions. Fluorescence experiments also confirmed that the receptors bind 

stronger to iodide than other halides. This is contradictory with reported results of ab 

initio calculations. However, it can be rationalized based on more recent work where 

it was demonstrated that polarizability is a main factor in anion-p interactions. 

But the most unexpected results were obtained from UV-vis. absorption 

experiments which suggested the formation of Br2 or I2 during the course of the 

titrations. The later is formed in larger quantity than the former. It is important to 

remind here that it was previously demonstrated in our group that s-tetrazine 

fluorescence is quenched in the presence of electron rich aromatics by photoinduced 

electron transfer. This is due to the very high oxidizing power of the s-tetrazine in its 

excited state. Inspection of the oxidation potentials of both Br- I- and reduction 

potential of s-tetrazine (Table 2.3) shows that it is indeed possible to transfer an 

electron from the anion to the aromatic ring after absorption of a photon. However, 

s-tetrazine should be recovered since its absorption does not decrease during the 

titration. 

 
Table 2.3. Standard redox potentials of compounds involved in the proposed mechanism. 

reaction E0 / V 

 0.54 

 1.09 

 1.36 

 -0.60 

 !1.2-1.4 

 0.70 

 1.78 
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Hence, a full mechanism for the formation of I2 or Br2 and subsequent 

reoxydation of s-tetrazine can be proposed (Scheme 2.5). 

Tz Tz
Cl Cl

+ RNH3 X

Tz Tz
Cl Cl

X

RNH3

hv

Tz Tz
Cl Cl

*X

RNH3

Tz Tz
Cl Cl

RNH3

2X

X2

+ O2
O2

2-

+ 2H+

H2O2

+ 2X

H2O

1

2

X= Br, I

Tz Tz
Cl Cl

=81 or 82

 

Scheme 2.5. Proposed mechanism of formation of X2 from the ion pair-s-tetrazine complex. 

 

In the first step the ion�s pair � tetrazine receptor complex is formed as 

evidenced by NMR titrations. After absorption of a photon by tetrazine, the halide can 

transfer one electron to the aromatic ring yielding two radicals. On one hand, two 

halogen radicals X!
 can combine to form X2. On the other hand, two s-tetrazine anion 

radicals can react with the oxygen dissolved in the solution to give the neutral 

receptors back and O
2-

. This highly unstable species is transformed in hydrogen 

peroxide since there are a lot of acidic protons provided by the ammonium. 

Subsequently, the hydrogen peroxide can also react with halides to give dihalogens 

and water as proved by their respective redox potentials (Table 2.3).  
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This mechanism can explain how Br2 or I2 could be formed. However, 

additional experiments are needed to prove this mechanism solely based on the results 

of absorption spectra and consideration of redox potentials. For example, a complete 

irradiation of the mixture salt and receptor 82 could be done followed by analysis of 

the resulting products. It should be quite easy see if the ammonium has been 

transformed to its amine by NMR.  

Future work on this system should aim at avoiding the side reaction uncovered 

in the course of our experiments by testing other polarizable anions that cannot be 

oxidized by s-tetrazine if sensing properties are pursued. But exploitation of the 

photoinduced oxidation of molecules or ions by s-tetrazine is another possible and 

interesting development. Indeed, photodegradation of pollutants is currently an area of 

research under development since it is an environmental friendly process. 
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Chapter 3 New s-tetrazines functionalized with 

electrochemically and optically active  

 

s-Tetrazine is a rather unique nitrogen containing heterocycle since it is both 

reversibly electroactive and, in many instances, fluorescent. This last property is quite 

uncommon for six membered rings containing nitrogen and is even more interesting 

since the fluorescence quantum yields can be high (up to 0.4) and the fluorescence 

lifetime is very long for an organic molecule (up to 160 ns). The combination of these 

two properties has previously been used in the laboratory to develop, for example, an 

electreofluorochromic cell1. Despite the body of work done to understand these 

unique features2, it was still interesting to consider other factors that could control and 

improve the properties of s-tetrazine. 

In this chapter, we will first introduce new derivatives where the size of the 

substituents or their electron affinity have been varied. Then, new original derivatives 

obtained by an unexpected reaction will be presented. Finally, exploratory work for 

the design of fluorescent dyads comprising s-tetrazine will be depicted with an 

emphasis on the nature of the energy donor and the nature of the link between the two 

moieties. In all cases, the photophysical and electrochemical properties of the 

derivatives have been studied to uncover the influence of the various substituents used 

on the physico-chemical properties of s-tetrazine. 

 

3.1 Studies of tetrazines with bulky or electron withdrawing 

substituents 

3.1.1 Molecular design 

Previous work in the laboratory demonstrated that the combination of a 

chlorine and an alkoxy substituent on s-tetrazine appears to maximize its fluorescence 

quantum yield (fF!0.4) and lifetime (tF!160ns)2. However, the simple 

chloromethoxy-s-tetrazine easily sublimates even at room temperature which limits its 

applicability for the design of solid state devices. An attracting development to 

overcome this drawback was thus to prepare chloro-s-tetrazines with bulky alkoxy 

substituents (Figure 3.1). Since s-tetrazines are electroactive, their electrochemistry 

was also interesting, especially as far as the electron transfer rate can be depended on 

the substituents� size and nature. 
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Figure 3.1. Synthetic targets for steric hindrance effect studies. 

 

It has also been shown that fluorescence and electrochemistry properties are 

depended on the nature of the substituent. For example, s-tetrazines linked to aliphatic 

amines are not fluorescent. However, attachment of electron withdrawing has seldom 

been investigated. It was then interesting to investigate the replacement of the alkoxyl 

by more imides (Figure 3.2). In addition, methoxyfluorene was also tested as a 

reference for electron donating group. This approach could also open up the 

possibility to prepare bichromophoric compounds. 
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Figure 3.2. Synthetic targets for electron affinity effect studies. 

 

3.1.2 Synthesis 

As mentioned in chapter 2, most s-tetrazines substituted with one alkoxy group 

can be synthesized by reaction of the alcohol with dichloro-s-tetrazine in dry DCM in 
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the presence of s-collidine. Hence, most of the targeted s-tetrazines were prepared 

accordingly (Scheme 3.1). The products were obtained pure by column 

chromatography. 

 

N N

NN

Cl Cl+
s-collidine

R OH
N N

NN

Cl O R
dry DCM, RT

 

Scheme 3.1. Synthetic route for chloro-s-tetrazines substituted with one alkoxy group 

(for R substituents see Table 3.1). 

 

Most new s-tetrazines derivatives were obtained in good to excellent yields (40-

90%; Table 3.1). However, s-tetrazine 94 and 95 were obtained in about 2% yields 

only, even when the reaction was done in a pressure tube or at high temperature or 

during longer reaction times. From these results, it can be seen that dichloro-s-

tetrazine usually reacts better with phenols or primary alkyl alcohols than secondary 

alcohols. 

 

Table 3.1. s-Tetrazines derivatives synthesized by SNAr reaction. 

alcohol product yield 

 
O

N N

NN

Cl

91  

39% 

OH

 
 

71% 

  

64% 

 
 

2% 
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2% 

Cl Cl

OH

ClCl

Cl

  

92% 

HO

 
 

80% 

 

The introduction of a second alkoxy substituent on s-tetrazine is always more 

difficult since the first substituent diminish the reactivity of the remaining chlorine3. 

Hence the preparation of compound 98 had to be carried out using the more reactive 

alcoholate which is obtained by action of n-butyl lithium (Scheme 3.2). Compound 98 

was obtained in 42% yield after purification. 

 

 

Scheme 3.2. Preparation of 98. 

 

The preparation of compound 99 was done using a procedure similar to that 

used for alcohols but s-collidine was replaced by potassium carbonate (Scheme 3.3). 

Compound 99 was obtained in 80% yield after purification. 

 

Scheme 3.3. Preparation of 99. 
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Unfortunately, SNAr reaction between dichloro-s-tetrazine and N-

hydroxyphthalimide failed to give N-(6-chloro-s-tetrazine-3-yloxy)-phthalimide 

(Scheme 3.4a). TLC showed that the 3,6-dichloro-s-tetrazine decomposed after 

stirring overnight at 50ォ. As an alternative, N-hydroxyphthalimide was first reacted 

with n-butyl lithium (Scheme 3.4b) to produce the corresponding anion. However, 

after addition on 3,6-dichloro-s-tetrazine, decomposition also occurred and no new s-

tetrazine was detected. 

 

N N
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O
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O

O

O
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n-BuLi

THF

Scheme 3.4. Attempted preparation of N-(6-chloro-s-tetrazine-3-yloxy)phthalimide. 

 

3.1.3 Absorption and fluorescence properties 

As previously reported4,5,1, tetrazines bearing inductive electron-withdrawing 

substituents (like a chlorine or an alkoxy moiety) are fluorescent, both in solution but 

also in the solid state. Figure 3.3 shows the absorpt ion and fluorescence spectrum of 

s-tetrazine 91 in solution (DCM), which is typical of a chloroalkoxy-s-tetrazine since 

they resemble the ones of the generic chloromethoxy-s-tetrazine. There are two 

absorption bands: one is found at about 330nm which is due to a p-p* transition and 

the other one around 520nm is caused by an n-p* transition. The same type of spectra 

was observed for all the other chloroalkoxy-s-tetrazines. All the chloroalkoxy-s-

tetrazines synthesized are fluorescent in solution and emit around 560nm. However 

the phthalimide tetrazine 99 is not emissive. 
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Figure 3.3. Absorption (red) and fluorescence (green) spectra of tetrazine 91 recorded in 

dichloromethane. 

 

Table 3.2 displays the spectroscopic characteristics of s-tetrazines 91-99. 

Quantum yields are very dependent on the nature of the substituent. In the case of 

bulky purely alkyloxy substituents, it was expected that the fluorescence quantum 

yields could be higher than for chloromethoxy-s-tetrazine because of some isolation 

of the fluorescent s-tetrazine core by the bulky inert alkyl groups. However, the yields 

are only very slightly higher, and therefore the size effect of the alkyl group appears 

to be weak. 

The case of 97 bearing an electron rich aromatic group presents an unexpected 

result. Its fluorescence quantum yield is low, most likely because of a quenching by 

excited state electron transfer from the fluorene to the s-tetrazine. As reported4, the 

tetrazine fluorescence is quenched in the presence of good electron donors like 

triphenylamines. In the case of 97 the donor is weaker, since the oxidation potentials 

of triarylamines are typically in the +1V (vs. SCE) range and fluorene group is 

oxidized at higher potential (+1.64V) in organic solvents. However, in this case, the 

proximity of the two groups in the same molecule may enhance the quenching 

efficiency, thus lowering the fluorescence quantum yield. 

On the other hand, s-tetrazines 96 and 99 bearing electron attracting 

substituents display weak to very weak fluorescence quantum yields. This is 

somewhat surprising, especially in the case of the electron withdrawing 

pentachlorophenol, which owns a very low energy p* orbital. Normally this should 

enhance the intensity of the n-p* transition responsible for the fluorescence. However, 

somewhat similarly to the dichloro-s-tetrazine case, quantum yields decrease 
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compared to the chloroalkoxy-s-tetrazine. It might be therefore proposed that the 

existence of an appreciable dipolar moment is also a necessary condition for the 

existence of a relatively high fluorescence quantum yield. Finally, compound 98, 

bearing two alkoxy substituents, displays a fluorescence yield slightly lower than the 

one of dimethoxy-s-tetrazine, and again the large size of the substituents does not lead 

to a rise of the fluorescence quantum yield. 

 

Table 3.2. Spectroscopic data for s-tetrazine 91, 93 and 96-99 measured in dichloromethane. 

compound 
!abs, max 

[nm] 

!em, max 

[nm] 

evis 
[l/(mol.cm)]

a
 

fF 
 

91 
522 
334 

563 
480 

 
0.40 

93 
522 

330 
567 

720 

 
0.40 

96 
518 

<300 
566 

820 

 
0.09 

97 
519 

328 
563 

620 

 
0.08 

98 
530 

351 
579 

590 

 
0.07 

99 
518 

311 
546 

450 

 
0.006 

a: e values measured at the maximum of the visible absorption band. 

 

3.1.4 Electrochemical properties 

The electrochemical behavior of the s-tetrazines has been investigated, looking 

at the substituent effects, and compared to the generic chloromethoxy-s-tetrazine. 

Figure 3.4 represents the cyclic voltammograms for three different tetrazines, two of 

them (91 and 97) bearing a donor alkoxy group, and an attractor imide group for the 

third one (99). It is clear that all of them show reversible CV�s, with potentials 

depending on the electron affinity of the substituent, and not on its size as it could be 

expected. 
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Figure 3.4. CV featuring the first reduction peak of resp. tetrazines 97 (curve a), 91 (curve b) 

and 99 (curve c). 

 

Table 3.3 gathers the standard potential values for the first redox couple of s-

tetrazines studied in this paragraph. While variations of the potential can be easily 

correlated to the electron withdrawing or donating character of the substituent, its 

steric hindrance appears to play a smaller role. All together the differences between 

the s-tetrazines bearing one chlorine and one alkoxy group appear very small, while 

the presence of two alkoxy groups in 98 noticeably decreases the potential. 

Considering the behavior of s-tetrazine 96 and 99, the attracting groups, although 

much more withdrawing than a standard alkoxy, seem to exert a power slightly 

smaller than chlorine since both potentials are more negative than that of dichloro-s-

tetrazine itself (E0 = -0.68V for Cl-Tz-Cl). These results proved that the potential 

depends on the electron affinity of the substituent, but not on its size. 

It should be noticed that electron transfer on s-tetrazine appears relatively slow, 

since the peak to peak separation values are all above 100mV/s. This is unexpected 

for aromatics, and especially for the smaller member of the series like chloromethoxy 

tetrazine. 
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Table 3.3. Standard reduction potentials and peak to peak separations for s-tetrazine 

derivatives 91-93 and 96-99 measured in DCM. 

 91 92 93 96 97 98 99 

E° / V  

vs. Ag+/Ag 
-0.83 -0.88 -0.94 -0.63 -0.84 -1.21 -0.60 

DEp / mV 140 130 140 110 100 130 100 

 

One of the most interesting characteristics of s-tetrazine derivatives is their 

ability to be electrochemically reduced through a two-electrons process (similarly to 

most quinones) without electrochemical, but however, chemical reversibility. Figure 

3.5 presents the CV�s of compound 91 at various negative inversion potentials. On the 

curves, the reoxidation of the anion radical is clearly visible whatever the negative 

potential limit scan. This means that the two electrons reduced electrogenerated 

species gives back the anion-radical in the course of the first reoxidation process. 

 

 
Figure 3.5. CV�s of s-tetrazine 91 at different inversion potentials (Scan rate: 100mV s-1). 

 

In conclusion, new s-tetrazines substituted with bulky or electron withdrawing 

functional groups have been synthesized. All the mono substituted ones have been 

obtained by a SNAr reaction of an alcohol or imide with dichloro-s-tetrazine. The 

symmetric compound 98 was synthesized by reaction of 93 with a lithium alcoholate 

(ROLi). 
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Particular attention was paid to the effect of the substituents on the 

electrochemical and fluorescence properties of these s-tetrazines. The results show that 

all the s-tetrazines have a classical absorption spectrum with two main bands located 

around 330 and 520nm. The fluorescence spectra of the s-tetrazines are weakly 

affected by the size of the substituent. However, its nature has a strong impact on the 

fluorescence quantum yields: they are high (fF!0.4) when the substituent is an alkoxyl, 

but drop dramatically (fF <0.1) when it is an electron donor or acceptor group. This 

can be easily explained by a photoinduced electron transfer process in the case of an 

electron donor but was rather unexpected for electron acceptor substituents. 

Finally, the study of the electrochemical properties shows that the reduction 

potential of the s-tetrazines depends on the electron affinity of the substituent, and not 

on its size. Furthermore, an uncommon slow electron exchange was also observed 

with these small organic molecules. 

 

3.2 New alkyl-s-tetrazines from an unexpected reaction 

3.2.1 Introduction  

In the previous paragraph, it has been shown that the synthesis of compounds 

94 and 95 proceeds poorly since each was obtained in only 2% yield following the 

classical conditions for the SNAr reaction on dichloro-s-tetrazine. Thus, a different 

synthetic method was tried in order to improve the outcome of the reaction. It has 

been shown in previous works that in some cases, the use of the alcoholate instead of 

the alcohol in the SNAr reaction gives better results. Hence, diol 100 was reacted with 

two equivalents of n-butyl lithium and the mixture added onto dicholoro-s-tetrazine. 

However, this approach turned out not to be so successful for the synthesis of 94 or 95 

but instead gave mainly an unexpected side product: n-butyl-chloro-s-tetrazine 101 

(Scheme 3.5). It was also obtained in the absence of 100 and its structure was 

confirmed by NMR and mass spectrometrya. 

 

 

                                            
a Further proof of the integrity of the s-tetrazine nucleus can be gained from the spectroscopic 
results (vide infra) since 101 retain the typical pink color and yellow fluorescence of s-
tetrazine while dihydro-s-tetrazines are usually yellow and non fluorescent. 
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Scheme 3.5. Unexpected synthesis of s-tetrazine 101.  

 

It is likely that the formation of the dianion of 100 is unfavorable since the two 

alcohols are very close. It is also possible that the anion on one oxygen atom is 

stabilized by the assistance of the remaining hydroxyl (Figure 3.6). Hence, one 

equivalent of n-butyl lithium would be still available in the medium to react with the 

dichloro-s-tetrazine. 

 

O

O

H

 

Figure 3.6. Possible stable structure for the anion of 100. 

 

However, it has been reported6 that if soft carbanions, like the sodium salt of 

diethyl malonate, can undergo nucleophilic substitution with s-tetrazines, hard 

carbanions give azaphilic addition selectively. Kotschy et al. have shown that the 

azaphilic addition is always observed when n-butyl lithium reacts with various s-

tetrazines. It is noteworthy that they did not test dichloro-s-tetrazine as starting 

compound but only 3-chloro-6-morpholino-s-tetrazine which decomposed in the 

presence of phenylmagnesium chloride. The nucleophilic substitution of n-butyl 

lithium on dichloro-s-tetrazine is then unique and the scope and limitation of this 

reaction was further investigated. 

 

3.2.2 Optimization and extension of the scope of the reaction 

The first step was to find the best conditions for this reaction. The main factor 

tested was the temperature. Generally, reactions using n-butyl lithium are run at -78°C 

but in our case compounds 101 and 102 where obtained in low yields (Scheme 3.6). 

When the same reaction was carried out at 0°C compounds 101 and 102 where 

obtained in 32% and less than 5% respectively. The low yields for 102 in both cases 

are easily explained since only 1.2 equivalents of n-butyl lithium were used. Hence, 

the mono substitution proceeds smoothly and in good yield at 0°C. 
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Scheme 3.6. Survey of effect of the temperature on the SNAr reaction of n-butyl 

lithium with dichloro-s-tetrazine. 

 

In a second step, the reaction was tested, using the same conditions, on various 

chloro-s-tetrazines already prepared in the laboratory (Table 3.4). It appears that this 

reaction is quite general since it works with several chloro-s-tetrazines bearing either 

electron withdrawing (entries 1, 2 and 4) or donating (entries 3, 5 and 6) groups 

regardless of their size. It is noteworthy that 3-chloro-6-morpholino-s-tetrazine (entry 

6) reacts similarly and does not give any product coming from an azaphilic addition. 

The yields are also typically good (30%-50%), except in the case of compounds 102 

(12%) and 104 (18%). 

 

Table 3.4. Preparation of n-butyl -s-tetrazinea. 

Entry chloro-s-tetrazine n-butyl-s-tetrazine yield 

1 
  

35% 

2 
  

16%b 

3 
  

52% 

4 

  

30% 

5 

  

18% 

6 
  

45% 
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a: reaction conditions: n-BuLi (1.2 eq) in THF at 0°C; b: 2.4 equivalents of : n-BuLi were 

used.  

 

The new reaction uncovered on dichloro-s-tetrazine is then rather general since 

n-butyl lithium reacts smoothly with other chloro-s-tetrazines. It is then demonstrated 

for the first time that alkyl substituted s-tetrazines can be directly obtained from the 

corresponding chloro-s-tetrazine. This is important for s-tetrazine chemistry because 

of the difficulty to synthesize alkyl substituted s-tetrazines. Indeed, unlike aryl nitriles, 

alkyl nitriles hardly give the corresponding s-tetrazine following the classical Pinner�s 

synthesis. Other routes have been reported but suffer from many shortages. Very 

recently, Devaraj et al. proposed an efficient metal-catalyzed (Ni or Zn) one-pot 

synthesis which gives symmetrical and unsymmetrical alkyl(aryl)-s-tetrazines from the 

corresponding nitriles7. Our approach is complementary since it allows the synthesis 

of unsymmetrical s-tetrazines comprising a heteroatom on one side and an alkyl chain 

on the other. 

 

3.2.3 Spectroscopic studies 

The photophysical properties of the new n-butyl-s-tetrazines have been studied 

and compared to those of the starting chloro substituted equivalents in order to 

investigate the influence of the alkyl chain. 

The absorption spectra of s-tetrazines 101-105 are shown in figure 3.7 and data 

are given in Table 3.5.  

 

 

 

a) 
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Figure 3.7. a) Full absorption spectra and b) zoom on the visible band of compounds 101 

(green), 102 (light blue), 103 (red), 104 (blue), and 105 (purple) recorded in DCM. 

 

All compounds display the two usual absorption bands of s-tetrazines: a weak 

absorption in the visible range centered on 520 nm and a stronger one in the UV 

around 350nm. However, compounds 104 and 105 have another intense absorption 

band in the UV region which is due to the substituent (pentachlorobenzene and 

naphthalimide respectively). Additionally, it is clear that upon replacing chlorine by n-

butyl, the visible absorption band is red shifted by 5 to 9nm (Figure 3.8b). The same 

tendency but to a larger extent can also be observed on the UV band as seen for 101 

and 102 (Figure 3.8a). This bathochromic shift for both p-p* and n-p* transitions 

comes from the electron donating ability of the butyl which stabilizes the orbitals of 

the s-tetrazine. 

More importantly, the fluorescence properties of these new compounds have 

also been studied. Compounds 101-105 are all fluorescent when excited in their n-p* 

absorption band (Figure 3.8, Table 3.5). 

 

b) 
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Figure 3.8. Fluorescence spectra of compounds 101 (purple), 102 (red), 103 (green), 104 (blue) 

and 105 (light blue) recorded in DCM. 

 

The fluorescence band maxima are above 570 nm for all compounds but 101. 

Similarly to what has been observed on the absorption spectra, the compounds 

experience a 6-13nm bathochromic shift upon substitution of chlorine by butyl. This 

shift is of the same order when methoxyl replaces chlorine. Hence butyl plays the 

same inductive donor role as methoxyl on s-tetrazine. 

The more noticeable differences are observed on the fluorescence quantum 

yields and lifetimes. Compared to dichloro-s-tetrazine, fluorescence quantum yield 

and lifetime of compound 101 are increased 3.7 (from 0.14 to 0.52) and 2.7 (from 

58ns to 158ns) times respectively. However, dichloro-s-tetrazine and dibutyl-s-

tetrazine 102 have similar values for both parameters. This might originate from the 

combination of one electron donating and one electron withdrawing group on the s-

tetrazine moiety. Indeed, it seems that s-tetrazines substituted with two groups of 

similar electron affinity are less fluorescent than the ones with substituents of 

opposing electron affinities. This has previously been observed on the 3-chloro-6-

methoxy-s-tetrazine compared to either dichloro or dimethoxy-s-tetrazines1. 
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Table 3.5. Spectroscopic characteristics of butyl-s-tetrazines and their chloro counterparts. 

 
               compound labs max 

(nm) 
e 

(L mol-1 cm-1) 
lem max 
(nm) 

fF 

 
tF 

(ns)h 

dichloro-s-tetrazinea 

N N

NN

Cl Cl

 

515 460 551, 567 0.14 58 

 
520 730 563b 0.52 159 

N N

NN

102
 

528 660 576c 0.14 39 

chloro-methoxy-s-tetrazinea 

 
520 - 567 0.38 160 

 
526 520 576d 0.21 45 

 

518 822 566e 0.09 - 

 

525 540 572f 0.37 112 

 

517 400 562g 0.32 158 

N N

NN

N

O

O

O

105
 

526 180 572d 0.18 59 

 

425 
529 

720 
320 

- - - 

a: data taken from ref. 12; b: lex= 520nm; c: lex= 528nm; d: lex= 526nm; e: data taken from 

ref. 13; f: lex= 525nm; g: data taken from ref. 14; h: lex= 520nm. 
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 It was also true for s-tetrazines 96 and 98 presented in the previous paragraph. 

This is confirmed in the butyl series since 102 has similar fluorescent behavior to 3-

chloro-6-methoxy-s-tetrazine while 102 or 103 are similar to dichloro or dimethoxy-s-

tetrazines. The same trend is observed for compounds 96 and 104 (4 times increase of 

the fluorescence quantum yield) and 105 and 112 (1.7 times increase of the 

fluorescence quantum yield). These results are a valuable contribution for future 

design of highly fluorescent s-tetrazines. 

Finally the special case of compound 105 has to be mentioned. It has been 

shown that s-tetrazines linked to aliphatic amines are weakly to non fluorescent 

because the non bonding orbital of the nitrogen is conjugated with the s-tetrazine p 

cloud3. In the previous paragraph, the same result was observed with compound 99 

where s-tetrazine is directly linked to an electron withdrawing imide. Compound 105 

is also weakly fluorescent and falls in the same category. Therefore, there is still no 

simple way to synthesize a fluorescent s-tetrazine substituted with a nitrogen atom. 

 

3.2.4 Electrochemical studies 

The electrochemical studies of these butyl-s-tetrazines have been performed, 

using cyclic voltammetry. Figure 3.9 shows the CV response of tetrazine 104. The first 

reduction which corresponds to s-tetrazine is completely reversible as for 3-chloro-6-

methoxy-s-tetrazine. This is the case for all n-butyl-s-tetrazines synthesized (Table 

3.6). The potential of this reduction depends on the electron affinity of the substituent 

as already observed previously on other derivatives12. The reduction potential of all 

the n-butyl-s-tetrazines is shifted toward the more negative values when compared to 

their chloro-s-tetrazine equivalent. For example, the first redox potential for dichloro-

s-tetrazine found at -0.68V shifts to -0.87V for 3-butyl-6-chloro-s-tetrazine 101 

and -1.19V for dibutyl-s-tetrazine 102. The same trend occurs when going from 

dichloro-s-tetrazine (-0.68V) to 3-chloro-6-methoxy-s-tetrazine (-0.99V) and to 3-

butyl-6-methoxy-s-tetrazine (-1.19V). 

It is possible to further reduce the aromatic moiety of butyl-s-tetrazines below 

approximately -2V (data not shown) but it is an electrochemically irreversible process 

as in most s-tetrazines studied to date. Compound 105 is a special case since the 

naphthalimide part can also be reduced. However, it is an irreversible process while in 

112 it is partially reversible (vide infra). 
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Figure 3.9. CV�s of tetrazine 104 (Scan rate: 100mV s-1). 

 

Table 3.6. Electrochemical data for butyl-s-tetrazines and corresponding chloro-s-tetrazines  

(pot. vs. Ag/10-1 M Ag+). 

compound  
(V) 

compound  
(V) 

 

-0.87 
 

-0.68 

 

-1.19   

 

-1.19 
N N

NN

O Cl

 

-0.99 

 

-0.92 

 

-0.63 

 

-1.63 

 

-0.86 

 

-1.21   
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In conclusion, a series of n-butyl-s-tetrazines have been prepared from an 

unexpected SNAr reaction between n-butyl lithium and chloro-s-tetrazines. The 

reaction works with s-tetrazines substituted by electron withdrawing or donating 

groups and the yields are acceptable to good (16 to 52%). The introduction of this 

alkyl substituent on the s-tetrazine core has a similar effect as a methoxy on its 

photophysical and electrochemical properties. 

However, the usefulness of this transformation is certain since it opens up a new 

way to synthesize unsymmetrical alkyl-s-tetrazines bearing a heteroatom, which would 

be difficult to obtain by other methods. One possible future interest for this 

transformation is that it could help extend the fields of application of s-tetrazines to 

water since it yields fluorescent and electroactive derivatives devoid of the 

hydrolysable chlorine. 

 

3.3 Toward s-tetrazine based fluorescent dyads 

 

3.3.1 Molecular design 

 

We have shown in the previous paragraphs that it is rather difficult to improve 

the fluorescence properties of s-tetrazine by simple modifications of its substituents. 

Indeed it seems that a maximum is reached when the two substituents are of opposite 

electron affinity. Furthermore, replacement of the oxygen by nitrogen atom quenches 

the fluorescence. It was then desirable to try to take advantage of the unique 

fluorescent properties of s-tetrazine to build fluorescent dyads. The main goal was to 

overcome the low absorption of the s-tetrazine visible band and use an energy donor 

with efficient absorption to improve the overall brightness of the molecule. The dyads 

comprise three moieties: an energy donor, a link and a fluorescent energy acceptor. 

The latter being the s-tetrazine, the two first should be compatible with it. In other 

words, it should not quench the fluorescence of s-tetrazine. 

In the two following paragraphs, preliminary work toward the synthesis of these 

dyads will be presented. The emphasis will be on the choice of the energy donor and 

the link. The detailed studies of the working dyads will then be given in the next 

chapter. 

s-Tetrazine is a strong electron acceptor. Hence, the energy donor should not be 

oxydazable or it will quench the fluorescence by an electron transfer process as seen 

with molecule 97 in the first paragraph. As a consequence, imides and benzimidazoles 

were chosen since they are weak electron acceptors and can not be oxidized. Many 

dyads have been design with various imides linked to s-tetrazine either by an alkyl 



126 

 

chain (Figure 3.10) or a phenyl one (Figure 3.11) to compare the effect of the nature of 

the link. Then the photophysical and electrochemical properties of the s-tetrazine in 

these dyads have been studied. 

 

Figure 3.10. Targets with ethyoxyl link. 

 

 
Figure 3.11. Targets with phenoxy link. 

 

Work on the benzimidazoles will be presented in the next paragraph. 
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3.3.2 Synthesis 

3.3.2.1 Preparation of s-tetrazine-imides linked by an ethoxy 

All starting imides are commercially available except tetraphenylphthalimide 

which was obtained from the corresponding anhydride. It was synthesized from 

tetraphenylcyclopentadienone8,9 in two steps and 87% overall yield (Scheme 3.7). 

 

 

Scheme 3.7. Preparation of tetraphenylphthalic anhydride 108. 

 

N-(2-hydroxyethyl)-imides were prepared according to published procedures 

mainly by reaction of the imide with 2-bromoethanol in the presence of potassium 

carbonate in refluxing DMF for several hours (Scheme 3.8) followed by column 

chromatography purification. N-(2-hydroxyethyl)-imide 113 was obtained by reaction 

between anhydride 108 and 2-aminoethanol. Subsequently, the corresponding s-

tetrazines were synthesized by SNAr reaction with dichloro-s-tetrazine following the 

standard protocol described in the first part of the chapter. Table 8 gathers the yields 

of the reactions. 

 

Br
OH

K2CO3,DMF
N

O

O

OH

NH

O

O

+
N N

NN

ClCl

Collidine, DCM, RT
N

O

O

N

N

N

N

O

Cl

 

Scheme 3.8. Preparation of N-(2-hydroxyethyl)-imides and corresponding s-tetrazines. 

 

Table 8. Yields of N-(2-hydroxyethyl)-imides and corresponding s-tetrazine derivatives. 
reactant N-(2-hydroxyethyl)-imide Yield s-tetrazine Yield 

 

N

O

O

OH

109  

99%a 

 

70% 
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74%b 

 

56% 

O

O

O

  

50% 

 

25% 

 
 

4% 
 

-c 

a: ref. 4; b: ref. 5; c: decomposition. 

 

Compound 109, 111 and 113 have been obtained in good yields, but the reaction 

yield for compound 115 is about 4% which is very low. Hence a different protocol 

was tested: 1,4,5,8-naphthalenetetracarboxylic dianhydride was reacted with 

ethanolamine in H2O (Scheme 3.9) and the yield increases to 85%. The difference is 

possibly due to the solvent. The product is not easy to extract from DMF while it 

precipitates in water and can be recovered by direct filtration in the second case. 

 

 

Scheme 3.9. Preparation of 115 from 1,4,5,8-naphthalenetetracarboxylic dianhydride. 

 

However, the reaction of compound 115 with dichloro-s-tetrazine is blocked 

because of the low solubility of 115 in dry organic solvents. Although high 

temperature, pressure tube and larger quantity of solvent have been used to increase 

the quantity of 115 in solution, it does not give the expected s-tetrazine 116. TLC 

analysis indicated that no new s-tetrazine is formed and that the dichloro-s-tetrazine 

decomposed under these conditions. 

It was also tried to prepare an s-tetrazine�perylene bis-imide dyad. First, 

3,4,9,10-perylenetetracarboxylic dianhydride was reacted with ethanolamine in 

refluxing toluene for 7h but none of the expected target compounds 117 or 118 were 

obtained (Scheme 3.10a). Considering that their solubility might be low in organic 
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solvents, 119 and 120 (Scheme 3.10b and c) were targeted since it has been 

demonstrated that introduction of a 2,6-diisopropylpehnyl on perylene bis-imide 

improves its solubility10. Furthermore, it has been reported in the literature that it is 

the possible to selectively hydrolyze one substituent and subsequently introduce 

another one such as ethanolamine10b. Unfortunately, in our hands, all attempts to 

obtain either 119 or 120 failed. 
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Scheme 3.10. Attempts to prepare perylene bis-imide � s-tetrazine dyads. 

 

Another reported strategy to improve the solubility of perylene bis-imide is to 

introduce substituents in the so called bay area (positions 1, 6, 7 and 12) to distort the 

perylene. Bromine has been often used for this purpose. Additionally, it enhances the 

reactivity of the imides. Compound 121 was obtained (Scheme 3.10d) following 

reported procedures and used to form compound 122. Mass spectrometry confirmed 

the expected product, but the extremely low solubility of 122 prevented the formation 

of 123. Hence, it was decided not to pursue the synthetic efforts to get an s-tetrazine-

perylene bis-imide dyad. 

 

3.3.2.2 Preparation of s-tetrazines linked to a phenoxyl 

It has been demonstrated in paragraph 3.1 that linking an s-tetrazine directly to 

phthalimide (99) or pentachlorophenol (96) leads to a marked decrease of their 

fluorescence quantum yield. It was then decided to study in more depth the origin of 

this phenomenon by attaching a phenoxyl or different imides-phenoxyl substituents to 

s-tetrazine. 

s-tetrazines 124 and 125 were obtained directly by SNAr reaction between 

dichloro-s-tetrazine and p-cresol (Scheme 3.11). Introduction of one or two 

substituents can be controlled by the quantity of phenol used as already 

demonstrated11.  
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Scheme 3.11. Preparation of phenoxy substituted s-tetrazines. 

 

The p-imidephenol derivatives have been synthesized according to published 

procedures12,13,14 (Scheme 3.12). Their SNAr reaction with dichloro-s-tetrazine has 

been done with the corresponding lithium phenolate, prepared by action of n-butyl 

lithium. Reaction yields are high for 129 and 133 (76%) and low for 127 (16%). This 

might be due to a lower stability of the anion of 128. 

 

+

 

+ H2N OH
Et3N, CH3CH2OH

toluene, reflux
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N N

NN

Cl Cl

(b)
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96%
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N

O

O
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N
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O
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N N
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Scheme 3.12. Preparation of N-(4-hydroxyphenyl)-imides and the corresponding s-tetrazine 

derivatives. 

 

3.3.3 Spectroscopic studies 

The absorption and fluorescence spectra of all obtained s-tetrazines have been 

recorded in solution in dichloromethane. The results have been compared to those of 

3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine 93 chosen as reference since it does not 

bear a pendant optically active group. 

Absorption spectra of the series of s-tetrazines are given in figure 3.12 and 

corresponding characteristics in table 9. All compounds display the usual visible band 

of the s-tetrazine attributed to its n-p* transition. Absorption maxima for all mono 

substituted compounds are found around 520 nm. No effect of the nature of the link 

(alkyl or phenyl) is apparent. Absorption of compound 125 is bathochromically 

shifted by 10 nm compared to 124, a usual feature on going from single to double 

substitution on the s-tetrazine. 

The most striking differences in the absorption spectra are found in the UV 

region. On one hand 3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine displays the usual 

p-p* transition of the tetrazine centered at 330nm. On the other hand, all the imide 

substituted tetrazines have more intense absorption bands in the same area. This is due 

to a p-p* transition located on the substituent. It is noteworthy that compound 112 

shows the greatest intensity, and we will discuss this compound in the next chapter. 

Finally the simple phenoxy mono substituted tetrazine 124 has a UV absorption band 

similar to 93 while in 125 it is red shifted. This is also a usual feature on going from 
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one to two oxygen substituents on the s-tetrazine since it has been demonstrated that 

its p-p* transition is highly influenced by the electron affinity of the substituents. 

 

 

Figure 3.12. Absorption spectra of s-tetrazines in DCM. 

 

We also investigated the fluorescence emission of these s-tetrazine compounds 

in solution in dichloromethane (Figure 3.13 and Table 3.9) upon excitation in their 

visible band. All monosubstituted compounds present a fluorescence band centered ca. 

565 nm except 129 whose emission band peaks at an uncharacteristically low 

wavelength (549 nm) for no obvious reason. Similarly to the result of the absorption 

spectra, the fluorescence band of 125 is shifted by 10 nm to the red compared to 124 

reflecting the strong donating properties of the phenoxy group. 

Stokes shift of the derivatives substituted by an imidephenoxy are smaller than 

for the other compounds. This might be due to the more rigid structure in the case of 

phenyl compared to ethyl, where, in the latter case, the flexible character of the link 

may allows a stronger reorganization between the fundamental and excited states. 
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Figure 3.13. Normalized fluorescence spectra of s-tetrazines recorded in DCM (lex = labs,max) 

 

However, the more striking differences are observed on the fluorescence 

quantum yields and lifetimes, which happen to be strongly linked to the nature of the 

spacer between the s-tetrazine and the imide group. When the spacer is a non 

conjugated ethyl group, the fluorescence of the s-tetrazine is practically unaffected. 

Fluorescence quantum yields for the three s-tetrazines 110, 112 and 117 are about 0.3-

0.4, and lifetimes are about 110-158ns. These values are comparable to those 

observed for s-tetrazine 93 or 3-chloro-6-methoxy-s-tetrazine. When s-tetrazine is 

connected to a phenol spacer, the fluorescence quantum yields drop considerably and 

the lifetimes become much shorter, with the appearance of multiexponential decays. 

In addition, s-tetrazines 124 and 125 substituted by a cresol display the same 

features with the appearance of small fluorescence quantum yields and complex 

fluorescence decays. This allows us to conclude that fluorescence quenching likely 

occurs through photoinduced electron transfer from the electron-rich phenolic moiety 

to the s-tetrazine ring in its excited state. 

 

Table 3.9. Spectroscopic characteristics of all compounds in this paragraph. 

Molecule 
max
absl  

(nm) 

e  
(L.mol-1.cm-1) 

max
fluol  

(nm) 

Stokes 
shift (cm-1)

 
fluoF

 
 fluot  

(ns)a 

93 522 570 563 1395 0.4 160 

110 519 550 565 1569 0.41 112 

112 518 400 567 1668 0.48 158 
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114 519 800 565 1569 0.33 113 

127 522 450 558 1236 0.03 
2.3 (99.9%) 
51.8 (0.1%)b 

129 521 600 549 979 0.02 
0.3 (98.5%) 
1.7 (1.1%) 

11.0 (0.4%) b 

133 522 400 557 1204 0.01 
2.0 (96.2%) 
5.7 (3.8%) b 

124 524 600 565 1385 0.001 
0.1 (98.4%) 
2.2 (1.4%) 

21.0 (0.2%) b 

125 534 550 580 1485 0.007 
2.3 (99%) 
20.5 (1%) b 

a) lexc= 495nm; b) multiexponential decays (the number in parenthesis are the normalized contribution 

of the lifetimes to the decay). 

 

We have also checked the fluorescence of compounds 110, 112, 114, 129 and 

133 upon illumination at 300nm into the imide absorption band. Fluorescence of s-

tetrazine is always observed, but because there is an overlap between the p-p* band of 

the s-tetrazine and the p-p* band of the imides and the absorption coefficients have 

comparable values, it is difficult to firmly conclude on the existence of an excited 

state energy transfer from the imide to the s-tetrazine. However, more detailed studies 

have been done with compound 112 which will be introduced in details in the next 

chapter. 

 

3.3.4 Electrochemical studies 

The electrochemical studies of all compounds have been performed, using 

cyclic voltammetry as a tool, to characterize not only the s-tetrazine electrochemistry, 

but also the reduction of the functional group, which also displays a reversible 

behavior in several cases. 

Figure 3.14 shows the CV response of both compounds 114 and 133, where the 

completely reversible behavior of the s-tetrazine first transfer is followed at lower 

potentials by another wave, completely or partially reversible. In the case of the 

nitrophthalimide 133, the second wave is reversible because of the presence of the 

nitro group that both considerably raises the reduction potential and stabilizes the 

anion radical on the imide moiety. In the case of 114, the imide reduction is also 

reversible for the same reason. 
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Figure 3.14. Cyclic voltammograms of (A) compound 114 and (B) compound 133 at 

100mV/s in DCM/TBAFP (pot. vs. Ag/10-1 M Ag+). 

Therefore, it is noteworthy that it is possible to form two quite stable and 

independent anion-radicals on the same molecule, each displaying a perfectly 

electrochemically reversible behavior, a relatively rare occurrence in organic 

electrochemistry. 

For other derivatives, for example 110, the second system is less reversible, and 

there is a slight increase in the observed current (Figure 3.15). This is likely due to the 

existence of some overlap between the beginning of the second reduction of the 

s-tetrazine and the phthalimide reductionb. 

 

                                            
b Detailed electrochemical studies of compound 112 will be introduced in the next chapter. 
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Figure 3.15. Cyclic voltammograms of compound 110 at 100mV/s in DCM/TBAFP (pot. vs. 

Ag/10-1 M Ag+). 

 

All the electrochemical data for s-tetrazines presented in this paragraph are 

listed in table 3.10. The first redox potential is ascribed to the s-tetrazine, whereas the 

second redox couple can always been assigned to the pendant group linked to the 

s-tetrazine. It can be noticed that a shift of 100mV toward more positive potentials 

occurs for the first redox couple when the substituent on the s-tetrazine changes from 

an alkoxy to a phenoxy. Both electroactive groups behave as independent redox sites 

in all compounds whatever the spacer. 

In all cases, no additional wave has been observed below -2V, although an 

increase in the background current is sometimes noticeable after -1.9V and should 

probably be ascribed to the second reduction of s-tetrazine. 

 

Table 3.10. Electrochemical data for s-tetrazines from this paragraph (pot. vs. Ag/10-1 M Ag+) 

compound 110 112 114 127 129 133 124 125 

0
1redE  (V) -0.84 -0.86 -0.84 -0.74 -0.74 -0.74 -0.79 -0.95 

0
2redE  (V) -1.85 -1.70 -1.23 -a -1.74 -1.19 -a -a 

a. No second wave observable before -2V, although an increase in the background current is 

sometimes noticeable after -1.9V and probably arising from the second tetrazine reduction. 

 

In conclusion, new s-tetrazines-imides dyads linked either by a phenoxyl or an 

ethoxyl have been successfully prepared. The main synthetic difficulty encountered 

has been the solubility of the intermediate imide-alcohol. The SNAr reaction does not 

proceed when the reactant is too insoluble in organic solvents. If high temperature, 

pressure tube and/or longer time are used to try to force the reaction, the dichloro-s-
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tetrazine decomposes. So the best choice, when possible, is to improve the solubility 

of the imide-alcohol. 

Fluorescence and electrochemical studies confirmed our assumption: the nature 

of the link can play a crucial role on to the s-tetrazine properties. The most dramatic 

effects have been seen on the fluorescence quantum yields and lifetimes. Both of them 

are high with an ethoxy linker and drop with a pehnoxy one. It is probable that a 

photoinduced electron transfer happens between the phenoxy moiety and the s-

tetrazine in its excited state, which leads to a strong fluorescence quenching. Hence, 

the design of fluorescent dyads comprising s-tetrazine as the main emitter is possible 

but careful attention should be paid to the molecular design. 

 

3.4 Tetrazines benzimidazole dyads 

3.4.1 Molecular design 

Benzimidazole is an electron withdrawing group and a good UV absorber used 

in sunscreen. It is then possible to use as energy donor instead of imides for s-

tetrazines. Two sites of the benzimidazole are easily amenable to functionalization: 

position 1 and 2 (Figure 3.16). 

 

N

N
B

A  

Figure 3.16. Sites selected for the functionalization of benzimidazole. 

 

Based on the work on imides, it was decided to introduce the s-tetrazine in 

position A via an ethoxy link. Different functional groups were introduced in position 

B (Figure 3.17). 
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Figure 3.17. s-Tetrazine-benzimidazole dyads. 
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The main difference between the chosen groups is their electronic affinity since 

they can have an effect on the position of the absorption band of benzimidazolec. 

 

3.4.2 Synthesis 

The synthetic strategy used to obtain the targets was based on our previous 

work on imide-tetrazine. The starting benzimidazoles were prepared from 1,2-

diaminobenzene as followed(Scheme 3.13)15:  

 

 

 

Scheme 3.13. Preparation of 1H-benzimidazoles. 

 

The ethoxy link was introduced on the benzimidazole by reaction with 2-

bromoethanol (Scheme 3.14) in the same way as for the imides previously shown. 

Then the synthesis of the dyad was carried out by classical SNAr reaction with 

dichloro-s-tetrazine. 
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Scheme 3.14. Preparation of 1-(6-chloro-s-tetrazine-3-yloxy)ethyl)-benzimidazole. 

 

Table 3.10 lists the details the yields obtained for the synthesis of both 

hydroxyethylbenzimidazoles and the dyads. All N-(2-hydroxyethyl)-benzimidazoles 

were obtained in good yields except compound 142, which has two possible reactive 

points and it was difficult to assign the structure of the product from NMR spectra. 

                                            
c Benzimidazoles bearing electron withdrawing groups were also synthesized and will be 
presented in the next chapter. 
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Additionally, the crude compound was reacted with dichloro-s-tetrazine, but TLC 

analysis of the reaction indicated that the s-tetrazine decomposed and no new s-

tetrazine derivative could be observed. 

The expected dyads 135 and 137 could be obtained albeit in moderate yields. In 

the course of the synthesis of compound 139, TLC analysis indicated that no new s-

tetrazine product formed even after extended reaction time, while the dichloro-s-

tetrazine decomposed. The lack of reactivity of N-(2-hydroxyethyl)-benzimidazole 

138 can comes from its poor solubility. Dyad 141 was obtained successfully, but it is 

instable above 40°C. Consequently, it is hard to get the compound out of a solution. 

 

Table 3.11. Synthetic yields of N-(2-hydroxyethyl)-benzimidazole and corresponding dyads. 

reactant 
N-(2-hydroxyethyl)-

benzimidazole 
yield s-tetrazine yield 

 
 

65% 
N

N

O

O

O

N N

NN

Cl
135

 

23% 

 

 

74% 

N

N

O

N N

NN

Cl137

 

23% 

N
H

N

  

65% 

 

-a 

 
 

90% 

 

23%b 

 
 

-c   

a: decomposed; b: decomposed at 40@; c: NMR indicated the product is not the target 
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3.4.3 Spectroscopic studies 

The absorption spectra of benzimidazole-tetrazines 135 and 137 were recorded 

in dichloromethane (Figure 3.18). Besides the typical absorption band of s-tetrazine in 

the visible corresponding to the n-p* transition, the strong absorption of the 

benzimidazole moiety can be found in the UV region at aproximatly 300nm. The UV 

absorption of s-tetrazine (p-p* transition) can also be seen as a shoulder on the red 

edge of the benzimidazole band. The benzimidazole band arising from a p-p* 

transition is similar in position and intensity for both compounds. 

 

 

Figure 3.18. Absorption spectra of 135 (blue) and 137 (red) in dichloromethane. 

 

The fluorescence properties of both compounds were also investigated (Figure 

3.19) in dichoromethane upon excitation in the visible band of s-tetrazine. 
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Figure 3.19. Fluorescence spectra of 135 (red) and 137 (blue) in dichloromethane (lex=510nm). 

 

Table 3.12 gathers the spectroscopic characteristics of s-tetrazines 135, 137, and 

chloromethoxy-s-tetrazine as the reference. The position of the visible absorption band 

of 135 and 137 due to an n-p* transition is similar to that of chloromethoxy-s-tetrazine 

and is found close to 520nm. On the contrary, the position of the fluorescence band of 

135 and 137 is shifted by approximately by 25 nm to the blue compared to 

chloromethoxy-s-tetrazine. Hence, molecules 135 and 137 have a much smaller 

Stockes shift (!850 cm-1) than chloromethoxy-s-tetrazine (!1600 cm-1). These results 

are rather difficult to explain since unlike molecule 129 the link is not rigid and 

benzimidazole is not conjugated with the s-tetrazine moiety. 

However, the most striking results can be seen on the fluorescence quantum 

yields and lifetimes which are considerably lower than those of chloromethoxy-s-

tetrazine. In fact they have similar values to those of compounds 124, 125 and 133 

which are substituted by a phenoxy. This loss of fluorescence properties might be 

ascribed to the benzimidazole moiety, especially its substituent in the 2 position. They 

are electron donor phenyl groups and could be involved in a excited state electron 

transfer with s-tetrazine. Hence, the nature of the substituent on the benzimidazole is 

crucial to the design of fluorescent s-tetrazine-benzimidazole dyads and should not be 

oxydizable.  

 

Table 3.12. Spectroscopic characteristics of 135, 137 and chloromeoxy-s-tetrazine. 

Molecule 
max
absl  

(nm) 

e  
(L.mol-1.c

m-1) 

max
fluol  

(nm) 

Stokes 
shift 

(cm-1) 
fluoF a fluot b 

(ns) 

135 518 705 541 821 0.005 0.9 
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137 518 794 543 889 0.005 1.2 

chloromeoxy-
s-tetrazine 

520  567 1594 0.38 160 

a: lex=510nm; b: lex=495nm. 

 

3.4.4 Electrochemical studies 

The electrochemical properties of 135 and 137 have been determined in 

dichloromethane using cyclic voltammetry (Figure 3.20). The first s-tetrazine 

reduction found at -0.77V for both compounds is completely reversible. Processes at 

lower potentials are irreversible. The reduction potential of benzimidazole is reported 

at about -1V in MeCN (vs Ag/Ag+)16. The second electrochemical process can then be 

attributed to benzimidazole and the third one to the second reduction of s-tetrazine. It 

is interesting to note that even when the potential is lowered to -2V, the reoxydation of 

the anion radical of s-tetrazine is still reversible like in other derivatives already 

presented. 

Additionally, the first redox potential for 135 and 137 found at -0.77V (vs 

Ag/Ag+) is shifted by +0.2V compared to chloromethoxy-s-tetrazine (-0.99V)2. It is 

rather difficult to explain this change which was not observed in dyads 110 or 112 of 

similar structures. 
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Figure 3.20. CV�s of tetrazine 137 (A) and 135 (B) in dichloromethane at different potentials 

(scan rate: 100mV s-1). 

 

In conclusion, new s-tetrazines-benzimidazole dyads have been prepared. On 

one occasion (141) the product was too unstable to be studied. Photophysical studies 

showed that the nature of the 2-substituent on the benzimidazole is crucial since it can 

act as a fluorescence quencher when it is oxydazble. Hence the dyads 135 and 137 can 

not be considered for further study of the energy transfer but replacement of the 

electron rich substituent by an electron withdrawing one should lead to 

benzimidazoles suitable as energy donor for s-tetrazine. 

 

3.5 Concluding remarks 

In this chapter, different types of s-tetrazine derivatives have been synthesized 

and studied in order to gain better insight into their physico-chemical properties. It 

appears that the size of the substituent on s-tetrazine does not change its properties 

contrary to its electron affinity. It is clear that attachment of electron donor groups 

quenches the fluorescence of s-tetrazine (see e.g. derivatives 124 and 125) even if they 

are not directly linked as seen in molecules 97 or 135 and 137. However, this result 

could be used to design new fluorescent switches based on s-tetrazine where the 

emission can be externally controlled by a remote functional substituent. For example, 

the substituent could be electroactive and the fluorescence controlled by its redox 

state17. Another possibility is the design of off-on fluoroionophores for cations based 

on photoinduced electron transfer. 

A new type of s-tetrazine derivatives have also been obtained through an 

unexpected reactivity of chloro-s-tetrazines. Indeed, it was demonstrated for the first 

time that these derivatives can undergo nucleophilic substitution with n-butyl lithium 
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to give unsymmetrical s-tetrazines bearing one heteroatom and one alkyl chain. 

Furthermore, these rather unique derivatives retain the usual properties of s-tetrazines 

(fluorescence, electroactivity). This reaction could find some applications in the 

development of non hydrolysable s-tetrazine for biolabeling. 

Finally, exploratory work toward the design and synthesis of new fluorescent s-

tetrazines dyads has been done. It results that naphthalimide and carefully selected 

benzimidazole can act as energy donors and that the link between the two should be an 

alkyl chain. In any way, to remain fluorescent, the dyads should never posses an 

electron donating group whatever its position. Further development of this research 

will be presented in the next chapter. 
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Chapter 4 New brightly fluorescent s-tetrazines 

 

We introduced several fluorescent and electroactive s-tetrazine compounds in 

chapters 2 and 3. The fluorescence properties of s-tetrazine are quite unusual (good 

fluorescence quantum yield fF and long excited state lifetime tF) and have been used 

for the detection of electron donating molecules for example1. However, their visible 

absorption band comes from an n-p* transition. This type of electronic transition is 

typically weak since the overlap between the n ad p molecular orbitals is usually 

small. As a consequence, n-p* transitions are characterized by a low molar absorption 

coefficient e which, in the case of s-tetrazines, is usually close to 500 L.mol-1.cm-1. As 

a consequence, brilliance, defined as the product e´fF, of s-tetrazines is low. This can 

be detrimental to the use of s-tetrazine as fluorescent biolabels or sensors. All 

attempts to improve the intrinsic photophysical properties of s-tetrazines presented 

before showed that they are maximized for derivatives comprising one chlorine and 

one alkoxy. So a different approach had to be pursued to improve the brightness. 

A strategy to improve this property is to design a molecular dyad comprising a 

strongly absorbing moiety which can undergo excited state energy transfer (EET) 

with s-tetrazine (Figure 4.1). The overall brilliance would then be improved thanks to 

the combination of the large e of the energy donor and the good fluorescence 

properties of s-tetrazine. 

 

N N

NN

ClRD

excitation energy transfer emission

N N

NN

ClRD

excitation energy transfer emission
 

Figure 4.1. Design of molecular dyads based on s-tetrazine for energy transfer. 

 

4.1 Resonant Energy transfer 

Energy transfer from an excited molecule (donor, D) to another that is 

chemically different (acceptor, A) according to 
** +¾Æ¾+ ADAD  
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is called heterotransfer. This process is possible provided that the emission spectrum 

of the donor partially overlaps the absorption spectrum of the acceptor. There are two 

main types of energy transfer: radiative and non-radiative2. 

It is important to distinguish between both processes since they have different 

effects on the photophysical properties of the partners. Their main characteristics are: 

 

1. Radiative transfer is a two-step process where a photon hn emitted by a donor D 

is absorbed by an acceptor A 

nhDD +¾Æ¾*  
*¾Æ¾+ AAhn  

This process is observed when the average distance between D and A is larger 

than the wavelength. Such a transfer does not require any interaction between the 

partners, but it depends on the spectral overlap and on the concentration. 

Radiative transfer results in a decrease of the donor fluorescence intensity in the 

region of the spectral overlap. However, the donor fluorescence decay is 

unchanged. 

 

2. Non-radiative transfer of excitation energy requires some interaction between a 

donor D and an acceptor A. It can occur if the emission spectrum of the donor 

overlaps the absorption spectrum of the acceptor, so that several vibronic 

transitions in the donor have practically the same energy as corresponding 

transitions in the acceptor (coupled transitions, figure 4.2). So non-radiative 

transfer occurs without emission of photons at distances less than the wavelength 

and results from short- or long-range interactions between molecules. Non-

radiative transfer results in a homogeneous decrease of the donor fluorescence 

intensity over its entire spectrum and its fluorescence decay is shortened. If the 

acceptor is itself a fluorophore, increased fluorescence emission is observed. 

 

In the case of molecular dyads, where the distance is short and more or less 

fixed, non-radiative energy transfer is favored. This transfer is often referred as 

resonance energy transfer (RET) since the in comes from the coupling of two 

resonant electronic transitions or electronic energy transfer (EET). 
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Figure 4.2. Non-radiative transfer of excitation energy depicted on a Perrin-Jablonski 
Diagram 

 

RET can result from different interaction mechanisms. The interactions may be 

Coulombic and/ or due to intermolecular orbital overlap. The Coulombic interactions 

consist of long-range dipole-dipole interactions (Förster�s mechanism) and short-

range multi-polar interactions. The interactions due to intermolecular orbital overlap, 

which include electron exchange (Dexter�s mechanism) and charge resonance 

interactions, are only short range (Figure 4.3).  

 

 

Figure 4.3. Types of interactions involved in non-radiative transfer mechanism. 

 

The two main theories exist to study RET: Förster and Dexter. The Förster is 

based on long range dipole-dipole interactions. The energy transfer efficiency 
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between donor and acceptor molecules decrease as the sixth power of the distance 

separating the two. Consequently, the ability of the donor fluorophore to transfer its 

excitation energy to the acceptor by non-radiative interaction decreases sharply with 

increasing distance between the molecules, limiting the RET phenomenon to a 

maximum donor-acceptor separation radius of approximately 10 nanometers. At 

distances less than 1 nanometer, several other modes of energy and / or electron 

transfer are possible and Dexter theory should be considered. An additional 

requirement for resonance energy transfer is that the fluorescence lifetime of the 

donor molecule must be of sufficient duration to permit the event to occur. Both the 

rate and the efficiency of energy transfer are directly related to the lifetime of the 

donor fluorophore in the presence and absence of the acceptor.  

According to Förster�s theory, the rate of energy transfer is given by the 

equation:  
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where 0
Dt  is the donor lifetime in the absence of the acceptor, R0 is the Förster critical 

distance, and r is the distance separating the donor and the acceptor chromophores. R0 

correspond to the distance at which transfer and spontaneous decay of the excited 

donor are equally probable. It can be determined from spectroscopic data since it is 

proportional to the fluorescence quantum yield of the donor in the absence of the 

acceptor, the spectral overlap between the fluorescence spectrum of the donor and the 

absorption spectrum of the acceptor. It also contains an orientation factor k2 which 

depends on the relative orientation of the transition moments of the partners.  

The transfer efficiency is defined as: 
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So the transfer efficiency can be related to the ratio r/R0: 
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The Dexter theory or electron exchange is applicable at short distances since it 

requires overlap of molecular orbitals. The rate constant for the transfer becomes: 
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where J� is an integral overlap between the fluorescence spectrum of the donor and 

the absorption spectrum of the acceptor (however of a different form from Förster 
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theory), L is the average Bohr radius and K a constant unrelated to any spectroscopic 

data. Hence in Dexter theory, the transfer rate KT has an exponential dependence on 

distance but is difficult to determine experimentally. However, in both theories the 

transfer efficiency will depend on the spectral overlap of the donor and acceptor. 

 

The energy transfer can be observed by exciting the donor with light of 

wavelengths corresponding to the absorption maximum of the donor fluorophore and 

detecting light emitted at wavelengths centered near the emission maximum of the 

acceptor. An alternative detection method is to measure the fluorescence lifetime of 

the donor fluorophore in the presence and absence of the acceptor. So the efficiency 

of energy transfer can be evaluated from steady state fluorescence spectra or 

fluorescence decays of the donor molecule and is given by: 

 

00
11

D

D

D

D
ET t

t
-=

F

F
-=F  

where 0
DF  and DF  are the donor fluorescence quantum yields in the absence and 

presence of acceptor, respectively and 0
Dt  and Dt  are the decay time of the donor in 

the absence and presence of acceptor, respectively. 

 

4.2 Molecular design and synthesis  

4.2.1 Molecular design 

From the theory developed above, the design of a molecular dyad for RET 

should meet several general criterions: 

- overlap of the fluorescence spectrum of the energy donor and the absorption 

one of the acceptor 

- the donor should have a reasonable fluorescence lifetime 

- the two moieties should be kept at close distance but should not be conjugated 

Furthermore, the special properties of s-tetrazine bring one major additional constraint: 

the energy donor should not be electron donating since it would otherwise quench the 

fluorescence of s-tetrazine by a photoinduced electron transfer (PET) process. It has 

been shown in the previous chapter that indeed any electron rich molecule in the 

vicinity of s-tetrazine plays a detrimental role on the fluorescence. It has also been 

shown that the link between the two moieties should be electronically innocent. 

Two families of molecules have then been selected: benzimidazoles and imides 

which are known electron withdrawing fluorophores which can not be oxidized in 

organic solvents and have an intense absorption band in the UV range. The link will 

be an ethyl chain which allows short distance without electronic interference. 
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Preliminary studies have demonstrated that even if benzimidazole is an electron 

withdrawing group, the substituent R in the 2 position (figure 3.18) has to be chosen 

carefully since it can either lead to unstable molecules (alkyl chain) or quenching of 

the fluorescence of s-tetrazine (electron rich phenyl rings). Thus, the target 

benzimidazole donors selected are 2-trifluoromethyl- and 2-pentafluorophenyl-

benzimidazoles (Figure 4.4). 

 

 

Figure 4.4. Dyads benzimidazole - s-tetrazine synthetic targets. 

 

Work on the imide family has shown that all dyads synthesized where still 

fluorescent when an ethyl linker is used (Figure 4.5). However, phthalimide or its 

derivatives do not absorb light as efficiently as 1,8-naphthalimide. So the dyad 

nicknamed NITZ (112) was selected to study RET but not molecules 110 and 114. 

 

 
Figure 4.5. Structure of imide - s-tetrazines fluorescent dyads and N-(2-hydroxyethyl)-1,8-

naphthalimide0 
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It was also reasoned that a reasonable approach to increase the absorption of the 

ensemble would be to introduce more than one energy donor moiety in a single 

molecule. Naphthalimide was selected for this purpose because of its intrinsic good 

absorption as well for its reliable chemistry. Hence two �n-ads� (n=3 or 4) comprising 

two or three naphthalimides have been designed (Figure 4.6) based on the available 

starting materials. 

 

 

Figure 4.6. Imide - s-tetrazines �n-ads�. 

 

4.2.2 Preparation of the novel s-tetrazines n-ads 

 

Based on previous synthetic work, the retrosynthetic scheme adopted for all 

dyads places as the last step the introduction of s-tetrazine through a SNAr reaction 

between dichloro-s-tetrazine and a hydroxyl appended benzimidazole or 

naphthalimide (Scheme 4.1). Thus, the first step will be the preparation of the alcohol. 

The synthesis of NITZ following this scheme has already been presented in chapter 3 

(molecule 112). 

 

O

N N

NN

Cl

N N

NN

Cl Cl +

N

OH

N +Y X
OH

X=Br if Y=NH

X=NH2 if Y=O  

Scheme 4.1. Retrosynthetic scheme for the dyads. 

 

The synthesis of molecules 145 and 146 will adopt a similar strategy: first an n-

mer alcohol of the naphthalimide will be prepared followed by introduction of s-

tetrazine. 
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4.2.2.1 Preparation of compound 143 

N-(2-hydroxyethyl)-2-trifluoromethyl-benzimidazole was synthesized by the 

reaction of 2-bromoethanol and 2-trifluoromethyl-1H-benzolimidazole which is 

commercial. Two procedures were compared. First benzimidazole and 2-

bromoethanol were refluxed for 18 hours in N,N-dimethylformamide in the presence 

of potassium carbonate (Scheme 4.2). Product 6 was obtained in 48% yield. Second, 

microwave activation was applied instead of temperature. The reaction gave the same 

outcome (similar yield) but in a shorter time (1.5+1.5h). Subsequently alcohol 148 

and dichloro-s-tetrazine were coupled using the usual SNAr conditions and compound 

143 was obtained with 58% yield. 

 

 
Scheme 4.2. Preparation of 143 

 

4.2.2.2 Preparation of compound 144 

N-(2-hydroxyethyl)-2-pentafluorophenyl-benzimidazole 149 was prepared 

according to a reported synthetic procedure3 by acid catalyzed condensation of 

pentafluorobenzaldehyde with o-phenylenediamine in 25% yield (Scheme 4.3). 

Unfortunately, the nucleophilic substitution reaction of 149 on 2-bromoethanol failed 

as indicated by NMR analysis of the crude product. 

 

Scheme 4.3. Attempt to prepare benzimidazole 150. 
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Perfluorinated phenyl rings are known to be susceptible to nucleophilic 

substitution reactions primarily with primary amines and thiols in organic solvents4. 

Despite the absence of one of those nucleophiles in the medium, it is possible that 

under the quite forcing conditions used (DMF, reflux), a weaker one like an alcohol 

could react in the same manner and failed to give the expected product. This shortage 

prevented us to get the target benzimidazole dyad 144. 

 

4.2.2.3 Preparation of compound 145 

 

The intermediate bis-naphthalimide alcohol 151 was conveniently prepared 

from the commercially available 1,3-diamino-2-propanol and 1,8-naphthalic 

anhydride (scheme4). The reaction was carried out in N,N-dimethylacetamide (DMA) 

at 100°C and gave 151 in 40% yield. However, introduction of s-tetrazine was not so 

successful. No target s-tetrazine 145 could be obtained when the standard SNAr 

conditions where applied (dichloro-s-tetrazine, collidine in DCM at room temperature) 

even after long reaction time. Thus, stronger conditions had to be applied: excess 

dichloro-s-tetrazine at 70°C for 7 days, to obtain 145 with 17% yield. This result 

again confirmed the weaker reactivity of secondary alcohols toward the SNAr reaction 

on dichloro-s-tetrazine. 
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Scheme 4.4. Synthesis of 145. 

 

4.2.2.4 Preparation of compound 146 
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The synthesis of compound 146 first necessitates the preparation of a tribromo 

alcohol which is not commercial. Pentaerythritol was selected as the starting 

compound and three of its hydroxyl groups could be substituted by bromine cleanly 

using bromic acid to give 152 (Scheme 4.5)5. 

 

 

Scheme 4.5. Preparation of the tribromo alcohol 152 

 

Compound 152 was then directly reacted with naphthalimide in refluxing DMF 

but failed to give the expected product. A bis-naphthalimide product was obtained 

instead (Scheme 4.6a). NMR analysis of the product revealed that one bromide has 

been lost in the course of the reaction and was replaced by a hydroxyl to give 

compound 153 probably because of traces of water in the media. However, addition 

of a drying agent (protassium carbonate, Scheme 4.6b) or modification of the starting 

tribromo alcohol into its O-acetyl form (Scheme 4.6c) gave the same results. The 

hydrolysis of one bromide during the course of the reaction seems to be unavoidable 

so the starting alcohol had to be further modified. 
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Scheme 4.6. Different approaches attempted to prepare a tris-naphthalimide from 1,8-

napahtalimide. 

 

Since introduction of the naphthalimide can also be done by reaction of an 

amine with naphthalic anhydride, molecule 152 was further converted in two steps in 

the triamino alcohol 155 (refmolec10) which does not have any hydrolysable group 

(Scheme 4.7). First, bromines are converted to azides to give compound 154 which is 

then converted to 155 by a Staudinger reaction. Reaction of 155 with 1,8-naphthalic 

anhydride using similar conditions to the synthesis of 151, gave the tris-naphthalimide 

156 in good yield (!60%).  

 

 Scheme 4.7. Preparation of the triamino alcohol 154 and tris-naphthalimide 156. 

 

Compound 156 and dichloro-s-tetrazine were then reacted under the usual 

conditions (collidine in DCM at room temperature) but no new product could be 

detected. Various alternative reaction conditions have been tested: reflux, long 

reaction time or excess dichloro-s-tetrazine but failed to give the expected product. 

Microwave activation only led to decomposition of dichloro-s-tetrazine. Finally 

compound 146 could be obtained in low yield by running the reaction in a pressure 

tube for 7 fays (Scheme 4.8). 
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Scheme 4.8. Preparation of 146. 

 

Four �n-ads� containing s-tetrazines have been synthesized: compounds 143, 

112, 145 and 146 and their physico-chemical properties have been examined giving 

particular care to the study of energy transfer. 

 

4.3 Spectroscopic studies of N-(2-(6-chloro-s-tetrazine-3-

yloxy)ethyl)-2-trifluoromethylbenzimidazole 143 

4.3.1 Electrochemical study  

 

The electrochemical study of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-

trifluoromethyl-benzimidazole 143 has been performed, using cyclic voltammetry to 

characterize not only the s-tetrazine electrochemistry but also the reduction of the 

bezimidazole. Figure 4.7 shows the CV response of N-(2-(6-chloro-s-tetrazine-3-

yloxy)ethyl)-2-trifluoromethyl-benzimidazole, where the completely reversible first 

reduction of the s-tetrazine is followed, at lower potentials, by another wave. The 

reduction potential of s-tetrazine is found at -0.83V, which is close to the standard 

reduction potential of chloro-methoxy-s-tetrazine. Thus, s-tetrazine in dyad 143 is not 

electronically coupled to the benzimidazole. The second system is irreversible, and 

there is a slight increase in the observed current. This is likely due to the existence of 

some overlap between the beginning of the second (sluggish and irreversible) 

reduction of the tetrazine and the bezimidazole reduction, which occur at comparable 

potentials. 
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Figure 4.7: Cyclic voltammogram of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-

trifluoromethyl-benzimidazole 143 (1mm diameter Pt electrode, 100 mV/s, DCM/TBAFP, 

potentials vs. Ag/ 10-2 M Ag+). 

 

4.3.2 Absorption and fluorescence studies 

 

The UV-vis absorption spectra of N-(2-hydroxyethyl)-2-trifluoromethyl-

benzimidazole 148 and N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-trifluoromethyl-

benzimidazole 143 recorded in solution in dichloromethane are shown in figure 4.8. 

As other s-tetrazines, N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-trifluoromethyl-

benzimidazole have two absorption bands: one at 314nm and one at 511nm 

respectively corresponding to the p-p* transition and n-p* transition of s-tetrazine. 

However, compared to the simple chloromethoxy-s-tetrazine, it has one more intense 

absorption band below 300 nm. The exact same band can be seen on the spectra of N-

(2-hydroxyethyl)-2-trifluoromethyl-benzimidazole and can then be attributed to the 

p-p* transition of benzimidazole. Thus, the two moieties of the dyad retain their own 

individual spectroscopic features and behave as independent chromophores. It is also 

noteworthy that the UV absorption of benzimidazole is stronger than that of 

s-tetrazine and both transitions has a very small overlap. 
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Figure 4.8. Absorption spectra of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-

trifluoromethyl-benzimidazole 143 (red) and N-(2-hydroxyethyl)-2-trifluoromethyl-

benzimidazole 148 (blue) recorded in DCM at the same concentration. 

 

Regarding fluorescence properties, N-(2-hydroxyethyl)-2-trifluoromethyl-

benzimidazole 148 behaves like a classic benzimidazole6 (Figure 4.9). Its maximum 

emission is found at 320nm and its fluorescence quantum yield is FF=0.28. 

Comparison of this spectrum with the absorption one of compound 143 shows that 

they partially overlap. It is important to note that this overlap is greater in the UV 

region than the visible one.  

 

 
 



163 

 

Figure 4.9. Absorption spectrum of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-

trifluoromethyl-benzimidazole 143 (red) and chloromethoxy-s-tetrazine (blue); fluorescence 

spectrum of N-(2-hydroxyethyl)-2-trifluoromethyl-benzimidazole 148 (purple) (lex=280nm) 

and (green) (lex=518nm). 

 

In summary, it is important to note that the two chromophores behaves 

independently in the dyad, the s-tetrazine moiety is still fluorescent, the 

benzimidazole moiety has an intense absorption band below 300nm, and the emission 

spectrum of 148 overlaps the p-p* absorption band of s-tetrazine. So it is possible to 

have an energy transfer process between the S1 state of benzimidazole and the S2 state 

s-tetrazine. 

 

4.3.3 Study of the energy transfer in 143 

 

Fluorescence spectra of 143 were recorded upon excitation of the 

benzimidazole moiety (lex=280nm) and s-tetrazine moiety (lex=518nm), and 

compared to the fluorescence spectra of 148 excited at lex=280nm (Figure 4.10). 

 

 

Figure 4.10. Fluorescence spectra of 148 (green) and 143 (blue) at lex=280nm (normalization 

the range 280nm-480nm) and 143 at lex=518nm (red), recorded at the same concentration in 

dichloromethane. The peak at 560nm in the blue spectrum corresponds to the second 

harmonic of the excitation wavelength. 

 

The fluorescence spectrum of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-

trifluoromethyl-benzimidazole 143 upon excitation at 280nm has two bands: one from 
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the benzimidazole moiety and one from the s-tetrazine moiety. The first band has the 

same maximum as 148 (320nm) but its intensity is considerably smaller. It indicates 

that there is a highly efficient energy transfer in this molecule between the donor and 

the acceptor. In addition, almost all the recorded fluorescence is emitted by the s-

tetrazine core, with an 8.5 increased intensity compared to that observed upon 

excitation of s-tetrazine in its n-p* absorption band. So the study of fluorescence of 

143 evidences the occurrence of an energy transfer between the two chromophores.  

Measurement of the fluorescence lifetimes of the donor fluorophore in the 

presence and absence of the acceptor is an alternative detection method of energy 

transfer. It also can explain the mechanism underlying the energy transfer. So the 

fluorescence decays of the benzimidazole moiety of 148 and 143 were recorded after 

excitation at lex=290nm (Figure 4.11). The decays could be fitted by a single 

exponential function and the fluorescence lifetimes for the benzimidazoles are 16.6ns 

in the first case and 17.7ns in the second one. Hence similar values for both 

benzimidazoles are obtained. This is a quite surprising result that points out to a non 

radiative energy transfer process. s-Tetrazine fluorescence decays have also been 

recorded after excitation at 290nm (Figure 4.12) and at 495nm (Figure 4.13). They 

could also be fitted by a single exponential function and the fluorescence lifetimes are 

in both cases equal to 160ns which is a typical value for s-tetrazine. The decay profile 

of 143 does not display any rising time as could be expected from a non radiative 

energy transfer. However, this could come from the instrumental resolution which is 

in the order of a few nanoseconds with the set-up used. 

 

 



165 

 

Figure 4.11. Fluorescence decay profiles of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-

trifluoromethyl-benzimidazole 143 (blue) and N-(2-hydroxyethyl)-2-trifluoromethyl-

benzimidazole 148 (red) recorded at lem=350nm after excitation at 290nm. 

 

 

Figure 4.12. Fluorescence decay profiles of 143 recorded at lem=575nm after excitation at 

lex=290nm. The red line corresponds to the monoexponential fit. 

 

 

Figure 4.13. Fluorescence decay profiles of 143 recorded at lem=575nm after excitation at 

lex=495nm. The red line corresponds to the monoexponential fit. 

 

 

The spectroscopic data relevant to the energy transfer are reported in table 4.1. 

 

Table 4.1. Detailed Spectroscopic data for 143 and 148. 

Molecule/ 
labs 

(nm) 

e 

(L.mol-1.cm-1) 

lem 

(nm) 

Ffluo 

 
e(lex)´Ffluo 

tfluo 

(ns)  
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148 

253 

280 

287 

3600 (280) 

 

320a 

 

0.28a 1008 17.7c 

143 

(tetrazine data) 
518 580 555b 0.36b  

 

209 

(1548a) 

159c, 

161d 

143 

(imide data) 
280 4300 320a 0.005a 22 16.6c 

a lex=280 nm; b lex=518 nm; c lex=290 nm; d lex=495 nm 

 

On the assumption that all the fluorescence lost by the donor is transferred to 

the acceptor, the efficiency of the energy transfer is given by: 

98.0
28.0

005.0
11
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=-=
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D
ET  

This value shows that the energy transfer is quite efficient. Additionally, the 

brightness of s-tetrazine in the dyad 143 is increased 7.4 times upon changing the 

excitation from 518nm to 280nm. 

 

In conclusion, comparison of the steady state fluorescence spectra of dyad 143 

and 148 proves that there is an efficient energy transfer (98%) from the benzimidazole 

donor to the s-tetrazine acceptor. Surprisingly, the fluorescence lifetimes of 

benzimidazole are similar in the presence and absence of the acceptor (i.e. in 143 and 

148 respectively) and no rising time could be detected in the fluorescence decay of 

s-tetrazine in 143 after excitation of benzimidazole. These results fit the expectations 

for a radiative energy transfer. This is quite unusual for a molecular dyad where both 

partners are close to each other and further studies should be done to confirm this 

result. 

 

4.4 Spectroscopic and electrochemical studies of NITZ 

4.4.1 Electrochemistry 

 

Cyclic voltammetry of NITZ has been performed to characterize the 

electrochemical behavior of s-tetrazine and 1,8-naphthalimide, which are both 

electroactive. Figure 4.14 shows the CV response of NITZ, where the completely 

reversible first reduction wave of s-tetrazine is followed at lower potentials by another 

wave which is only partially reversible. This second system also displays a slight 
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increase in the observed current. This is likely to be due to the existence of some 

overlap between the beginning of the second (sluggish and irreversible) reduction of 

s-tetrazine and the reduction of naphthalimide which occur at comparable potentials. 

Cyclic voltammetry of N-(2-hydroxyethyl)-1,8-naphthalimide (NIOH, table 4.2) 

confirms that naphthalimide is reduced at the same potential (-1.70V) in both 

molecules. Thus, the two electroactive components of NITZ are electrochemically 

independent and are not electronically coupled. 
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Figure 4.14. Cyclic voltammogram of NITZ (1mm diameter pt) electrode, 100 mV/s, 

DCM/TBAFP, potentials vs. Ag/ 10-2 M Ag+). 

 

Table 4.2. Electrochemical data for NIOH and NITZ. 

compound NIOH NITZ (tetrazine data) NITZ (imide data) 

 
E0

red/V 
 

-1.70 
 

-0.86 
 

-1.70 

 

4.4.2 Absorption and fluorescence studies 

 

The UV-vis. absorption spectrum of NITZ has two main bands (Figure 4.15). 

The less intense one in the visible is centered at 517 nm and is typical of the n-p* 

transition of s-tetrazine. The band in the UV centered at 330nm is much more intense 

that the typical p-p* transition of s-tetrazine located in the same range as seen in 

figure 15a by comparison with the absorption spectrum of chloromethoxy-s-tetrazine. 

Absorption spectra of NIOH (Figure 4.15b) present the same intense band centered at 
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330nm which can safely be attributed to the first p-p* transition of 1,8-naphthalimide7. 

So the UV band of NITZ comes from an overlap of the p-p* transitions of s-tetrazine 

and 1,8-naphthalimide. Comparison of the absorption spectrum of NITZ and the sum 

of the spectra of its individual components (Figure 4.15b) shows that they are very 

similar which means that s-tetrazine and 1,8-naphthalimide moieties are independent 

chromophores in the dyad. 

 

 
Figure 4.15. (a) Absorption spectra of NITZ (red) and chloromethoxy-s-tetrazine (pink); (b) 

Absorption spectra of NITZ (red), NIOH (blue), the sum of NIOH and chloromethoxy-s-

tetrazine (green). 

 

Fluorescence spectrum of NITZ excited in the visible band of s-tetrazine 

(lex=518 nm) have been shown in chapter 3 and it presents the usual features of the 

chromophore. Fluorescence spectrum of NIOH (Figure 4.16) shows that it behaves as 

a standard naphthalimide7. It should be noted that the fluorescence quantum yields are 

usually not very high with this type of compounds and is 0.06 for NIOH (Table 4.2). 

More interestingly, the emission spectrum of NIOH has a small overlap with the 

visible absorption band of NITZ. So it is possible to have energy transfer between the 

two moieties. 
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Figure 4.16. Absorption spectrum of NITZ (blue) and fluorescence spectrum of NIOH (red, 

lex=340nm) 

 

4.4.3 Study of energy transfer 

 

Then in order to investigate whether the energy transfer exists or not between 

the imide and the tetrazine, fluorescence spectra of NITZ were recorded upon 

excitation of the naphtalimide moiety (lex=355nm) and s-tetrazine moiety 

(lex=518nm), and they were compared to the emission spectrum of NIOH recorded 

for lex=355nm (Figure 4.17). It is important to note that the 355 nm excitation 

wavelength was selected after careful examination of the absorption spectra of NIOH 

and chloromethoxy-s-tetrazine to ensure selective excitation of the naphthalimidea. 

 

                                            
a It has also been verified that chloromethoxy-s-tetrazine excited at 355nm does not emit light. 
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Figure 4.17. Fluorescence spectra of NIOH (green), NITZ with lex=355nm (blue) and NITZ 

with lex=518nm (red). All the solutions are at the same concentration. 

 

There are two bands in the emission spectra of NITZ when excited at 355nm: 

one is due to the naphthalimide moiety and the other is corresponding to s-tetrazine. 

The first band has a similar shape to the one of NIOH but is considerably less intense. 

In addition, almost all the recorded fluorescence is emitted by the s-tetrazine core, 

with an increased intensity compared to that observed upon excitation of s-tetrazine in 

its n-p* absorption band. This result evidences the occurrence of an energy transfer 

between the two chromophores. 

Fluorescence lifetimes have also been determined to confirm the occurrence of 

energy transfer. The fluorescence decays of naphthalimide in NIOH and NITZ with 

lex=355nm were recorded (Figure 4.18). Both decays could be fitted by a single 

exponential and the results give a fluorescence lifetime for the naphthalimide of 

0.37ns in NIOH case and 0.03ns in NITZ. On the other hand, the tetrazine 

fluorescence decay after excitation at the same wavelength is more complex and 

displays a rising time. The decay could be fitted by a bi-exponential function giving a 

rising time of 0.06ns similar to the fluorescence lifetime of the naphthalimide in 

NITZ and a decay one of 158ns typical of the s-tetrazine. 
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Figure 4.18. Fluorescence decay profiles upon excitation at 355nm. Top: NIOH (blue) 

and NITZ (red) for lem=365nm; bottom: NITZ (green) for lem=562nm. 

 

The results of the time resolved fluorescence prove that there is resonant energy 

transfer from the naphthalimide to the s-tetrazine. Furthermore, the shortening of the 

fluorescence lifetime of the naphthalimide in NITZ compared to the one in NIOH 

and the presence of a rising time in the decay of s-tetrazine prove that it is a non 

radiative process. 

Further quantification and elucidation of the mechanism of the energy transfer 

has been done. The spectroscopic data of NIOH and NITZ relevant to the energy 

transfer are reported in table 4.3. 

 

Table 4.3. Detailed Spectroscopic data for NITZ and NIOH.  

Molecule/data 
labs 

(nm) 

e 

(L.mol-1.cm-1) 

lem 

(nm) 
Ffluo e(lex)´Ffluo 

tfluo 

(ns)  
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NIOH 335 8700 

363, 

382, 

402 a 

0.061 a 522 0.37c 

NITZ 

(s-tetrazine data) 
517 400 562b 

0.32b 

(0.3c) 

200 

(1509) 
158c,d 

NITZ  

(imide data) 
334 9100 

378 

400c 
0.003c 15 0.03c 

a lex=350 nm; b lex=517 nm; c lex=355 nm; d lex=495 nm 

 

The efficiency of energy transfer can be determined using either the variation 

of fluorescence quantum yield or the change in fluorescence lifetimes of the 

naphthalimide in the presence and absence of the s-tetrazine acceptor. Hence, on the 

assumption that all the fluorescence lost by the donor is transferred to the acceptor, 

the efficiency of the energy transfer is given by the two following expressions. 
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It is noteworthy that the two calculated values of efficiency are in good agreement. 

The rate associated with the transfer is: 

110

0
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This is two orders of magnitude higher than the radiative rate of the NIOH 

(kR=Ffluo/tfluo1.65´108s-1). The rate of formation of the excited state of s-tetrazine 

determined form the measured rising time is 1.67´1010s-1. This value is in good 

agreement with KT given the uncertainty on the determination of the value of the 

rising time which is short in front of the decay time. 

The calculated transfer efficiency is quite high. According to Förster theory, the 

efficiency of the transfer can be obtained from the spectroscopic data. The critical 

Förster radius for the dyad NITZ was calculated from the spectral overlap and is: R°= 

9.3Å taking k2=2/3 (isotropic dynamic average). The theoretical RET efficiency can 

be obtained from R° and the distance r between the two chromophores. An estimation 

of the value of r was obtained by quantum mechanic geometry optimization of NITZ. 

The distance between the imide donor and the s-tetrazine ring acceptor mass centers 
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were found at r=8.5Å. Therefore, the efficiency of the energy transfer of NITZ 

according to Förster theory is 

 

( ) ( )
63.0
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The discrepancy between the calculated and the experimental values incline us to 

think that the energy transfer mechanism would rather be of the Dexter type or a 

mixed one. 

 

The main goal of the synthesis of the dyad NITZ was to improve the overall 

brightness of s-tetrazine. It is clear from the data in table 3 that it is reached since a 

7.5 times increase is obtained upon excitation of the naphthalimide instead of the 

s-tetrazine. We also made an evaluation of the improved brilliance of the molecule by 

simply visually comparing the brilliance of a 5x10-6 M solution of NITZ and the one 

of a solution of 3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine, which owns the same 

tetrazine emitter but without the presence of the imide donor. At these concentrations, 

both solutions are almost colorless (only the s-tetrazine is colored, but its absorption is 

low; Figure 4.19A). Figure 19B shows the fluorescence of both dilute solutions (3-

(adamant-1-ylmethoxy)-6-chloro-s-tetrazine (left) and NITZ (right)) excited with a 

laboratory UV lamp peaking at 365nm. It is clear that because of the efficiency of the 

imide absorbance and the energy transfer, the brightness of the solution of NITZ is 

much higher than the one of the standard s-tetrazine. 

 

 

Figure 4.19. Picture of two 5x10-6 M solutions of: left, 3-(adamant-1-ylmethoxy)-6-chloro-s-

tetrazine and right, NITZ, both in standard white light (A) and UV light (B). 
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It should be emphasized that this situation is solely due to the proximity of the 

two chromophores in the dyad molecule. Upon irradiation of a mixed solution of 

concentrated NIOH (c!10-3 M) and diluted 3-(adamant-1-ylmethoxy)-6-chloro-s-

tetrazine (c=5x10-6 M) under UV, no energy transfer occurs, and only the weak 

individual fluorescence of both compounds can be observed (Figure 4.20). 

 

 

Figure 4.20. Picture of, left, a solution containing a mixture of concentrated NIOH (10-3 M) 

and diluted 3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine (5x10-6 M) and, right, a diluted 

solution of NITZ (5x10-6 M), under UV light irradiation (peak at 365nm). 

 

All s-tetrazines, including NITZ are soluble in most organic polymers because 

of their moderate molecular weight. Figure 4.21 shows the pictures of a block of 

polystyrene into which NITZ has been dispersed at a 10-5 M concentration. Such a 

low amount of dye gives a perfectly transparent object under ambient light while it 

exhibits a nice yellow fluorescence when exposed to UV light. In addition, the picture 

has been taken three weeks after the object fabrication, which demonstrates that the 

fluorophore does not degrade in normal condition. 
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Figure 4.21. Picture of a block of polystyrene incorporating NITZ under white (left) and UV 

(right) light. The dye concentration in the polymer was ca. 10-5 M. 

 

In conclusion, a naphthalimide - s-tetrazine dyad has been synthesized. It 

contains two independent electroactive units and presents a very bright yellow 

fluorescence thanks to an efficient resonant energy transfer without modification of 

the intrinsic fluorescent properties of s-tetrazine. It is an extremely important progress 

in the improvement of fluorescence properties of s-tetrazine and this compound could 

be used as multi-color fluorescent materials. An example of application of this 

molecule in an electrofluorochromic cell will be presented in the last paragraph of the 

chapter. 

 

4.5 Spectroscopic studies of 145 

4.5.1 Absorption and fluorescence studies 

 

Since NITZ showed very good properties it was then interesting to develop the 

concept further up. For this purpose triad 145 (also nicknamed 2NITZ), containing 

two naphthalimides and one s-tetrazine, was prepared (Scheme 4.4) and studied. The 

absorption spectrum of 2NITZ (Figure 4.22) has the characteristic absorption visible 

band of s-tetrazine at 518nm due to its n-p* transition. In addition, it presents a very 

intense UV band at 330nm characteristic of naphthalimide. A comparison of the 

spectra of 2NITZ, NITZ, and chloromethoxy-s-tetrazine at the same concentration 

has also been done. The intensity of the n-p* transition is almost unchanged whatever 

the molecule. This means that the substituent doesn�t change the characteristics of this 
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absorption. However the major variations can be seen in the UV region. As seen 

before, chloromethoxy-s-tetrazine has a small p-p* transition, and NITZ a more 

intense one overlapping the s-tetrazine transition. Very interestingly for the aimed 

application, 2NITZ have a band with the same shape and position than NITZ but is 

twice more intense. Thus, the chromophores are independent and the absorption of the 

two naphthalimides adds up in 2NITZ. 

 

 

Figure 4.22. Absorption spectra of chloromethoxy-s-tetrazine (red), NITZ (green) and 2NITZ 

(blue) recorded at the same concentration. 

 

It is also clear that despite the overlap between naphthalimide and s-tetrazine 

bands, the absorption between 350 and 365nm completely belongs to the p-p* 

transition of naphthalimide. The same situation was found with NITZ, but the molar 

absorption coefficient of 2NITZ is much higher at 355 nm (17827 L.mol-1.cm-1). 

Prior to investigation of the energy transfer between the two naphthalimides 

and s-tetrazine, the fluorescence spectrum of 151 (lex=364nm) and the absorption one 

of 2NITZ were compared (Figure 4.23). It shows first that the emission spectrum of 

151 has a different shape from the one of the simple naphthalimide NIOH since, in 

addition to the normal structured emission band of naphthalimide with a maximum at 

379 nm, it also has a broad band from 450 to 600 nm. This emission band could come 

from the formation of an excimer between the two naphthalimides of 151 since such 

excimer formation has already been reported for other naphthalimide dyads8,9. Proof 

of the excimeric nature of this band could be gained from fluorescence decay 

measurements. However, whatever its nature, this extended emission is beneficial for 
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the energy transfer since it increases the spectral overlap between the emission of 

naphthalimide and the absorption of s-tetrazine. 

 

 

Figure 4.23. Absorption spectra of 2NITZ (blue) and fluorescence spectra of 151 (red) with 

lex=364nm. 

 

4.5.2 Energy transfer study 

 

From the above, two important points have to be emphasized: first the 

naphthalimide absorption band overlaps the p-p* band of the s-tetrazine; second, the 

emission spectrum of 151 overlaps the absorption spectrum of the 2NITZ. So it is 

expected to have an energy transfer process similar to the one in NITZ between the 

two imides and s-tetrazine in 2NITZ.  

The fluorescence spectra of 2NITZ were recorded upon excitation of the 

naphtalimide moiety (lex=355nm) and s-tetrazine moiety (lex=516nm), and they were 

compared to the emission spectrum of 151 recorded for lex=355nm (Figure 4.24). 

There are two bands in the emission spectra of 2NITZ when excited at 355nm: one is 

due to the naphthalimide moiety and the other is corresponding to s-tetrazine. The 

first band has a similar shape to the one of 151 but is considerably less intense. In 

addition, almost all the recorded fluorescence is emitted by the s-tetrazine core, with 

an increased intensity compared to that observed upon direct excitation of s-tetrazine 

in its n-p* absorption band. These results evidence the occurrence of an energy 

transfer from the two naphthalimides to s-tetrazine. 
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Figure 4.24. Fluorescence spectra of 151 (red), 2NITZ with lex=355nm (blue) and 2NITZ 

with lex=518nm (green). The two solutions have the same concentration. 

 

Additionally, the fluorescence decays of 151 and 2NITZ were measured 

(Figure 4.25). Both decays recorded at 380nm could be fitted by a single exponential 

and the results give a fluorescence lifetime for the naphthalimide of 0.39ns in 151 and 

0.007ns in 2NITZ. In addition, the lifetimes of s-tetrazine are tF=160ns following 

excitation at 355nm and tF=162ns following excitation at 516nm. 
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Figure 4.25. Fluorescence decay profiles following excitation at 355nm. Up: 151 (blue) and 

2NITZ (red) for lem=380nm; down: 2NITZ for lem=565nm 

 

The shortening of the fluorescence lifetime on going from 151 to 2NITZ 

proves that there is a non radiative energy transfer between the naphthalimides and s-

tetrazine. The fluorescence decay of s-tetrazine in NITZ after excitation at 355nm has 

no apparent rising time (Figure 4.25 down). However, the set-up used to measure this 

decay has an instrumental resolution of a few nanoseconds and the rising time should 

of the same order as tfluo of naphthalimide in NITZ (0.007ns). This two time ranges 

are then incompatible and it is not possible to see such rapid event on the set-up used. 

Detailed spectroscopic data for 151 and 2NITZ were reported in table 4.4. 

 

Table 4.4. Detailed Spectroscopic Data for 2NITZ and 151  

Molecule/data 
labs 

(nm) 

e 

(L.mol-1.cm-1) 

lem 

(nm) 
Ffluo e(lex)´Ffluo 

tfluo 

(ns)  

151 335 16200 

362, 

379, 

397 a 

0.09 a 1455 0.39c 

2NITZ 

(tetrazine data) 
516 600 558b 

0.33b 

(0.29c) 

200 

(5170c) 

160c 

162b 

2NITZ  

(imide data) 
335 17800 

363 

379 

397c 

0.004c 71 0.007c 
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a lex=350 nm; b lex=516 nm; c lex=355 nm;  

 

From these data, the efficiency of the energy transfer is: 
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It is noteworthy that the two calculated values are in good agreement. The rate 

associated with the transfer is: 
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which is three orders of magnitude faster than the radiative rate of 151 (kR= 

2.31´108s-1). 

The calculated transfer efficiency is very high. The critical Förster radius for 

the dyad 2NITZ was calculated from the spectral overlap and is: R°= 11.3Å taking 

k2=2/3 (isotropic dynamic average). The theoretical RET efficiency can be obtained 

from R° and the distance r between the two chromophores. An estimation of the value 

of r was obtained by quantum mechanic geometry optimization of 2NITZ. The 

shortest distance between the imide donor and the s-tetrazine ring acceptor mass 

centers were found at r=8.25Å. Therefore, the efficiency of the energy transfer of 

2NITZ according to Förster theory is 
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Similarly to NITZ the calculated and the experimental values show a discrepancy 

wich points out to an energy transfer mechanism of the Dexter type or a mixed 

Dexter-Förster. 

The measured efficiency of energy transfer for 2NITZ is similar to the one 

found for NITZ. Nevertheless, the large absorbance from the two imides has an 

important impact on brightness. The quantitative evaluation of the brilliance (Table 

4.4) shows that it is 25.8 times higher when 2NITZ is excited at 355nm (selective of 

the imide moiety) rather than 516nm (selective of the tetrazine moiety). Even more, 
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the combination of two naphthalimides and an efficient energy transfer impart a much 

higher brilliance to 2NITZ than to NITZ (5100 and 1600 respectively at lex=355nm). 

In order to compare the brightness of chloromethoxy-s-tetrazine, NITZ and 

2NITZ absorption and fluorescence spectra were observed at the same concentration. 

Figure 4.22 presents the overlaid absorption spectra of these three s-tetrazines. The 

intensity of the n-p* transition is completely identical whatever the molecule. 

However, 2NITZ show the most intense absorption in the UV, since the band 

corresponds to the absorption of both naphthalimide and s-tetrazine.  

Then the fluorescence spectra were recorded on the same solutions, with 

excitation wavelengths specific of s-tetrazine (516nm) or of naphthalimide (364nm). 

In the first case (excitation at 516nm, Figure 4.26), spectra with roughly the same 

intensity are obtained. This again proves that the fluorescence properties of s-tetrazine 

are independent of its local environment. 

 

 

Figure 4.26. Fluorescence spectra of chloromethoxy-s-tetrazine (red), NITZ (green) and 

2NITZ (blue) with lex=516nm. All solutions are at the same concentration. 

 

In the second case (excitation at 364nm Figure 4.27), entirely different 

fluorescence spectra are recorded. Chloromethoxy-s-tetrazine displays no emission of 

photons at all. For NITZ, the emission of naphthalimide is almost quenched and the 

emission of s-tetrazine is intense because of the energy transfer. 2NITZ with two 

naphthalimide shows weak emission from the naphthalimides and an s-tetrazine 

emission which is more than two times stronger than its emission in NITZ. 
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Figure 4.27. Fluorescence spectra of chloromethoxy-s-tetrazine (red), NITZ (green) and 

2NITZ (blue) with lex=364nm. All solutions are at the same concentration. 

 

In addition, we made a visual demonstration of the evolution of the brilliance 

by simply comparing 5x10-6 M solutions of chloromethoxy-s-tetrazine, NITZ, 2NITZ 

and 151 (Figure 4.28). The illumination is provided by a laboratory UV lamp peaking 

at 365nm but both naphthalimide and s-tetrazine are excited. First of all, emission of 

the bis-naphthalimide 151 is barely detectable by the eye at this concentration and 

fluorescence of the simple chloromethoxy-s-tetrazine is faint. On the contrary, both 

�n-ads� display an intense yellow fluorescence thanks to the efficiency of the 

naphthalimide absorbance and of the energy transfer. Furthermore, 2NITZ 

comprising two energy donor moieties visually shows a more intense fluorescence 

than NITZ. Thus it can be seen visually that although both molecules have an almost 

equally efficient energy transfer, the brightness of 2NITZ is indeed improved thanks 

to the two naphthalimide groups. 
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Figure 4.28. Picture of 5´10-6 M solutions of (left to right), chloromethoxy-s-tetrazine, NITZ, 

2NITZ and 151 under UV light (365nm).  

 

4.5.3 Color analysis of 2NITZ fluorescence  

 

Considering that 2NITZ has two types of chromophore, each emitting light 

although in a very different ration, it was interesting to determine the true emitted 

color by using the CIE 1931 xy chromaticity diagram10. The coordinates of the 

overall emission are x=0.484 and y = 0.522 which correspond to a yellow-orange 

color (Figure 4.29). Hence NITZ shows pretty much only the yellow emission of s-

tetrazine. 

 

 

Figure 4.29. Coordinates of the emission of 2NITZ excited at 355nm on the CIE 1931 

chromaticity diagram. 
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In conclusion, we have demonstrated that 2NITZ undergo an efficient 

intramolecular resonant energy transfer like NITZ but is brighter thanks to the 

introduction of a second naphthalimide. Let us now examine the case molecule 146 

containing one more. 

 

4.6 Spectroscopic studies for 146 

4.6.1 Absorption and fluorescence studies 

 

Elaborating further on the concept of multichromophoric molecules tetrad 146 

(also nicknamed 3NITZ), containing three naphthalimides and one s-tetrazine, was 

prepared (Scheme 4.7) albeit in poor yield and studied. The absorption spectrum of 

3NITZ (Figure 4.30) has the characteristic absorption visible band of s-tetrazine at 

518nm due to its n-p* transition. In addition, it presents a highly intense UV band at 

330nm characteristic of naphthalimide. The difference of intensity between the two 

bands is so important that the visible absorption of s-tetrazine is barely visible on the 

same scale. Thus, similarly to 2NITZ, the absorption of the three naphthalimides adds 

up in 3NITZ. 

 

 

Figure 4.30. Absorption spectrum of 3NITZ in DCM. 

 

Prior to investigation of the energy transfer between the three naphthalimides 

and s-tetrazine, the fluorescence spectrum of the tris-naphthalimide 156 (lex=355nm) 

and the absorption one of 3NITZ were compared (Figure 4.31). It has to be noted first 
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that the emission spectrum of 156 has a similar shape to the one of the simple 

naphthalimide NIOH. Hence, unlike the bis-naphthalimide 151, molecule 156 does 

not have an apparent emission band coming from the formation of an excimer 

between two naphthalimides. This could come from the more congested geometry of 

156 which might not allow the necessary free volume for the intramolecular 

reorganization leading to the formation of the excimer. The fluorescence quantum 

yield of 156 is 0.07 a similar value to NIOH and 151. The emission spectrum of 156 

also partially overlaps the absorption spectrum of 3NITZ like in the two previous 

cases. So it is possible to have energy transfer between naphthalimdes and s-tetrazine. 

 

 

Figure 4.31. Absorption spectrum of 3NITZ (blue) and fluorescence spectrum of 3NIOH (red) 

with lex=355nm 

 

4.6.2 Energy transfer studies for 3NITZ 

 

The same methodology as for NITZ and 2NITZ was applied to 3NITZ to 

investigate the energy transfer between the three naphthalimides and s-tetrazine The 

fluorescence spectra of 3NITZ and 156 were recorded upon excitation of the 

naphthalimide moiety (lex=355nm; Figure 4.32). There are two bands in the emission 

spectra of 3NITZ: one is due to the naphthalimide moieties and the other corresponds 

to s-tetrazine. The first band has a similar shape to the one of 156 but is less intense. 

However, the relative decrease of fluorescence intensity for 3NITZ vs. 156 is not as 

pronounced as for NITZ or 2NITZ. 
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Figure 4.32. Fluorescence spectra of 3NITZ (green) and 14 (blue) with lex=355nm in DCM. 

 

These results confirm the occurrence of an energy transfer between the three 

naphthalimides and s-tetrazine. From the data table 4.5, the efficiency of the energy 

transfer is: 
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The efficiency is lower than for the other naphthalimide-s-tetrazine �n-ads�. 

Half of the excited naphthalimides transfer their energy to s-tetrazine and half emit 

blue light. So the fluorescence color of whole molecule is a mixture of 

naphthalimide�s blue and s-tetrazine�s yellow. It is then possible to consider the 

preparation of a white fluorescent compound or material by combining these two 

chromophores in the appropriate amount. In addition, the recorded fluorescence 

emitted by the s-tetrazine core after energy transfer is !40 times more intense than 

upon direct excitation of s-tetrazine in its n-p* absorption band (Figure 4.33).  
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Figure 4.33. Fluorescence spectra of 3NITZ with lex=355nm (blue) and lex=516nm (red). 

 

The fluorescence decays of 156 and 3NITZ were also measured (Figure 4.34). 

All decays could be fitted by a single exponential. The decays recorded at 383nm give 

a fluorescence lifetime for the naphthalimide of 0.30ns and 0.25ns in 156 and 3NITZ 

respectively. The shortening of the fluorescence lifetime of naphthalimides in 3NITZ 

proves that there is a non radiative energy transfer between the naphthalimides and 

s-tetrazine. The energy transfer efficiency calculated from these lifetimes is: 
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which is inexplicably much lower than the one obtained from the fluorescence 

quantum yields. The lifetimes of s-tetrazine are tF=153ns following excitation at 

355nm and tF=158ns following excitation at 516nm (data not shown). These values 

are typical for s-tetrazines. Similarly to 2NITZ, no rising time could be detected on 

the decay of tetrazine (Figure 4.34 down) because of set-up limitations. 
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Figure 4.34. Fluorescence decay profiles upon excitation at 355nm. Up: 156 (red) and 

3NITZ (blue) for lem=383nm; Down: 3NITZ for lem=565nm 

 

So a non radiative energy transfer in 3NITZ between the naphthalimides and 

s-tetrazine is apparent from the fluorescence spectra and decays. However, the 

efficiency of the transfer is lower than for NITZ or 2NITZ, but this could lead to 

obtain multi-colored fluorescent compounds and even white emissive molecules. 

Despite the lesser efficiency of the RET, the brightness of 3NITZ is about 7800 (table 

4.5) which is greater than for 2NITZ or NITZ, because of the increased number of 

naphthalimides in the molecule. 
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Table 4.5. Detailed spectroscopic data for 3NITZ and 156 

Molecule/data 
labs 

(nm) 

e 

(L.mol-1.cm-1) 

lem 

(nm) 
Ffluo e(lex)´Ffluo 

tfluo 

(ns) 

156 335 24259 

364, 

383, 

397 a 

0.071 a 1722 0.30a 

3NITZ 

(tetrazine data) 
516 623 558b 

0.43b 

(0.29a) 

268 

(7754a) 

153a 

158b 

3NITZ 

(imide data) 
335 26740 

363 

379 

396a 

0.033a 882 0.25a 

a lex=355 nm; b lex=516 nm. 

 

4.7 Application of NITZ: three colors electrofluorochromic 

cell 

 

Compound NITZ has two remarkable characters. One is the energy transfer 

from naphthalimide to s-tetrazine to activate fluorescence of the latter; the other is 

that two quite stable and independent anion-radicals can be formed on the molecule, 

and both of them display (quasi)reversible electrochemical behavior. It has also been 

previously demonstrated in the laboratory and in collaboration with Pr. Eunkyoung 

Kim of Yonsei University (Seoul, Korea), that inclusion of chloromethoxy-s-tetrazine 

and other derivatives in a solid state electrochemical cell gives a reversible on-off 

fluorescent device as a function of the redox state of s-tetrazine11,12. Thus, it was 

interesting to test NITZ in such a device to check whether it could act as a multicolor 

electrofluorescent switch. 

The cell including NITZ is a sandwiched device made of two layers packed 

between two transparent ITO (Indium tin oxide) electrodes. The first layer, a layer of 

a viscous polymer electrolyte solution was coated on an ITO plate by spin coating and 

then photo-cured so that it became a stiff solid polymer electrolyte film. Then a layer 

of the polymer electrolyte solution containing 1 wt% of NITZ was coated on the other 

ITO plate. The two plates were then contacted and sealed with a reference electrode in 

a 3-electrodes system. The redox potentials of NITZ in solid polymer electrolyte 
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media in 3-electrodes system were observed at -0.67 V and -1.58 V, corresponding to 

the reduction wave of the s-tetrazine and the naphthalimide units, respectively (Figure 

4.35). These potentials match well those found in solution (Table 4.2). These two 

reduction waves were reversible and reproduced by multiple measurements. 

 

 

Figure 4.35. Cyclic voltammogram of NITZ (red line), NITZ blended with 151 (black), and 

151 (blue dashed line) in solid polymer electrolyte, recorded at a scan rate of 20 mV/s in a 3-

electrodes switching cell with an Ag wire reference. Inset: structure of the three-electrode 

device with a thin NITZ layer, a silver wire, and a solid polymer electrolyte (SPE) layer. 

 

The electrofluorochromic switching of NITZ was examined by monitoring the 

photoluminescent properties at different applied potentials (Figure 4.36) in the three-

electrode switching device. The cell showed vivid yellow fluorescence before 

application of potential or when the applied potential to the cell was positive. 

Noteworthy, the minimum content of NITZ to observe the fluorescence was much 

lower than that of chloromethoxy-s-tetrazine thanks to the improved brightness of the 

dyad. Upon application of a negative potential below zero, the fluorescence was 

quenched and the cell was significantly extinguished to dark when the applied 

potential was beyond -1.0V and then almost completely extinguished after -1.4 V. 

The fluorescence intensity change occurred without a shift of the spectral band with 

the potential change, indicating that the fluorescence quenching originated from the 

electrochemical reduction of the neutral fluorophore s-tetrazine to its anion-radical 

form, without the production of side products. 

Additionally, the fluorescence intensity of s-tetrazine decreased when the 

applied potential was in between the reduction potential of s-tetrazine that of 

naphthalimide (-0.6 ~ -1.2 V), where the former unit should be reduced but not the 

latter. Moreover, the blue fluorescence from naphthalimide was not observed in any 

stage of reduction even after s-tetrazine units were completely reduced (> -1.0 V). 

151 

9 

151 (H 1.5) 
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After -1.0 V, although very weak, the fluorescence from the cell was still observed as 

dark yellow, indicating the occurrence of energy transfer from naphthalimide to 

s-tetrazine, similarly to the neutral state. The yellow emission from the energy 

transferred state of NITZ was almost completely extinguished only after -1.4 V, 

beyond which the cell was dark as shown in the photographs of Figure 4.36.  

 

 

Figure 4.36. Fluorescence changes of a three-electrode switching cell containing NITZ at 

different applied potentials from +1.4 V to -1.4 V with 0.2 V decrease at each step. Each 

spectrum was obtained after applying the target potential for 60 s to obtain the fluorescence 

spectrum at saturated state (excitation at 355 nm). Inset: Fluorescence switching image of the 

NITZ at +1.4 V, -0.8 V, -1.0 V and -1.4 V. 

 

Hence electrofluorescent switching of NITZ only allows a yellow to black 

alternation (Figure 4.37, picture NITZ (H0)). The fluorescence of the naphthalimide 

could never be detected when the applied potential was sufficient to reduce s-tetrazine 

and keep the naphthalimide in its neutral state. This is probably coming from the poor 

fluorescence quantum yield of naphthalimide and the high dilution of NITZ in the 

device. Indeed and as was demonstrated with bis-napthalimide 151 (Figure 4.28) 

when this fluorophore is too diluted, no emission can be detected visually. 

Thus a three color display was developed through an alternative approach 

consisting in blending NITZ with 151 in the device. It was first verified that 

electrochemical properties of naphthalimide 151 and the blend in the solid 

electrochemical cell remained unchanged (Figure 4.35). The cell containing 151 

displays blue fluorescence at low potentials and is dark when a sufficiently negative 
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potential is applied (Figure 4.37, picture 151). The reversibility of the process was 

also verified. 

In the next step, variation of the ratio of the two molecules in the blend gave an 

optimum for 1 NITZ for 1.5 151 since this mixture has the perfect blue and yellow 

colors balance to give white fluorescence (Figure 4.37, picture H1.5). The white 

emission was dimmed away and blue emission was observed when the applied 

potential was in the intermediate range (-0.6 V ~ -1.2 V) and then the fluorescence 

was completely extinguished to dark when the potential was beyond -1.4 V. These 

results can be understood easily based on the redox reaction of each molecules 

discussed above. As the s-tetrazine unit is reduced, its yellow contribution 

disappeared and only blue emission of 151 remained in the intermediate potential 

range. Then at the extreme case, where naphthalimide reduction occurs at -1.4 V or 

lower potentials, emission from this unit is quenched to extinguish fluorescence of the 

cell. Thus when the 151 content was smaller (H0.5), the cell showed pale yellow as 

the color mixing to reach white emission was incomplete. Importantly the 

fluorescence from the cell is reasonably switchable at each state, to achieve a 

multicolor switching electrofluorochromic device (Figure 4.37 right). However, the 

electrofluorochromic response of the naphthalimide part is less reversible than the s-

tetrazine one. 
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Figure 4.37. (left) The reversible emission color change of the cell with NITZ blend (H1.5) in 

chromaticity diagram as compared to the cell of NITZ (H0) and 151 (called HNI), measured at different 

potentials. Photographs are the image of the reversible fluorescence switching cells, at given potential. 

The white bar in the photograph corresponds to a silver wire (1cm) reference. (right) Fluorescence 

switching of the blended device (H1.0) between multi-color states. The relative intensity was calculated 

by dividing fluorescence intensity at a given potential by initial intensity. 
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The combination of the NITZ dyad with 151 for electrofluorochromic cell 

opens a new method to control fluorescence color. 

 

4.8 Conclusion 

The brightness of s-tetrazine has been improved by the synthesis of several 

dyads and higher equivalents. Two families of fluorophores have been appended to 

s-tetrazine: naphthalimide and benzimidazole. For both families, dyads were prepared 

(NITZ and 143 respectively) and an efficient intramolecular energy transfer was 

detected. The behavior of molecule 143 containing 2-trifluoromethylbenzimidazole as 

the energy donor is puzzling since photophysical studies indicated that the energy 

transfer seems to radiative. Additional experiments and synthesis of new dyads with 

other benzimidazole derivatives would be needed to confirm this result.  

The naphthalimide fluorophore proved to be very attractive since it gave a very 

efficient RET with s-tetrazine in NITZ. Furthermore, it could be used to synthesize a 

triad (2NITZ) and a tetrad (3NITZ) displaying even higher brightness. Energy 

transfer in 3NITZ is incomplete (efficiency of !50%). This is limiting for the goal 

pursued but could be useful to design molecules with multi fluorescence emission and 

even more interesting, white fluorescent molecules.  

Finally, dyad NITZ was successfully incorporated in an electrofluorochromic 

cell and its yellow fluorescence was reversibly switched off and on. Furthermore, a 

blend of NITZ and 151 was also tested. The cell can be alternated between three 

different states: it goes from white to blue to dark when starting from a neutral 

potential (all species in their neutral state) to an intermediate negative one (s-tetrazine 

is reduced) to a very negative one (all species are reduced). This multicolor switching 

electrofluorochromic device opens up new and interesting opportunities for the 

development of multicolor passive displays.  
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General conclusion and perspectives: 

In conclusion, in this work we have been interested in various research topics 

pertaining s-tetrazine chemistry, electrochemistry and photophysic. I would like in this 

conclusion to outline the main points that we can draw from the results exposed. 

The design of special supramolecular s-tetrazines was definitively a very promising 

idea, the results, although effective, did not fully match our hopes in this direction. 

s-Tetrazines, despite the assertions of previous theoretical works, will probably not find 

applications in anion sensing and detection, since complexation is followed by a photoinduced 

reaction. However, this situation could open up new perspectives in the development of new 

s-tetrazine derivatives for the photo-degradation of pollutants. 

Similarly, the introduction of bulky groups onto the s-tetrazine ring, that was initially 

expected to have a sizable influence on the electrochemical behavior, and possibly the 

fluorescence, was finally found to lead only to small differences compared to the generic s-

tetrazines having methyl or ethyl substituents. Although introducing adamantanyl group had 

indeed a crystallogenic effect, and also lead to compounds easier to manipulate (higher 

temperatures of melting and sublimation, increase of the actual mass of chemical per s-

tetrazine ring) the overall influence on the fundamental properties of s-tetrazines was quite 

moderate. It was also disappointing to find out that direct attachment of electron withdrawing 

groups on s-tetrazine degraded its photophysical properties. 

The discovery that it was possible to prepare chloroalkyl, alkoxyalkyl and even dialkyl 

s-tetrazines, through a simple synthetic procedure, was indeed an interesting result that could 

be advantageous for future synthesis of water resistant fluorescent s-tetrazine. 

Lastly, we were able to find an efficient photoactive antenna, the naphthalimide, which 

is able to transfer almost quantitatively its energy to s-tetrazine, and make it much brighter, 

without affecting neither the stability of the dyad or bringing along large synthetic difficulties. 

As seen from the many trials shown, it was not quite certain to be able to obtain such a result 

when the work was started. Actually this molecule is now being patented, and we are now at 

the edge of finding real life applications for it (for example for anti-fraud labeling). This 

research area is still active in the group and other efficient antennas are actively looked after. 
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We hope we have made the demonstration that s-tetrazines are indeed fascinating 

molecules, and their development, for spectroscopic and analytical applications is only 

starting now after a long period of disinterest among the chemists community. It is very likely 

that many compounds and materials with remarkable properties featuring this unique little 

ring will be discovered in the coming years. 
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Chapter 5 Experimental Section  

 

General procedures 

 
Synthesis 

 

Commercial reagents were purchased from Sigma-Aldrich or Acros Chemical 

and used as received. All solvents for synthesis were synthetic grade and purchased 

from Carlo-Erba. Anhydrous solvents were freshly distilled before use according to 

published procedures. Microwave synthesis reactor was monowave 300 from Anton 

Paar Company. All column chromatographies (CC) were performed on silica gel 60 

(0.040-0.063mm), silica gel SDS (Société de Documentation et Synthèse, Peypin, 

Bouches du Rhone). Analytical thin layer chromatographies (TLC) were performed 

on silica gel 60F254 (60A/15mm) coated on aluminum plates (SDS), and detected by 

UV (254nm or 365nm). The deuterated solvents were purchased from SDS. NMR 

spectra were recorded on a JEOL ECS-400 spectrometer. Chemical shifts are given in 

ppm related to the protonated solvent as internal reference (1H: CHCl3 in CDCl3, 

7.26ppm; CHD2SOCD3 in CD3SOCD3, 2.49ppm; CHD2CN in CD3CN, 1.94ppm; 13C: 
13CDCl3 in CDCl3, 77.14ppm; 13CD3SOCD3 in CD3SOCD3, 39.6ppm; 13CD3CN in 

CD3CN, 1.3ppm, 118.3ppm). Coupling constants (J) are given in Hz. Mass 

spectrometry was performed on a MS Spectrometer (LC)ESI/TOF (LCT Waters, 

2001), in the CNRS laboratory �imagif� (Gif sur Yvette). Melting points were 

measured with a Kofler melting point apparatus.  

 

Absorption and fluorescence spectroscopies 

 

All solvents were of spectroscopic grade. 

 

Steady-state spectroscopy 

 

All spectroscopic experiments were carried out in DCM (spectroscopic grade 

from SDS) and at concentrations ca. 10 !mol.L
-1

 for absorption spectra and ca. 1 

!mol.L
-1

 for fluorescence spectra where only dilute solutions with an absorbance 

below 0.1 at the excitation wavelength "ex were used. UV/vis absorption spectra were 

recorded on a Varian Cary 500 spectrophotometer. Fluorescence emission and 

excitation spectra were measured on a SPEX fluorolog-3 (Horiba Jobin-Yvon). For 
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emission fluorescence spectra, the excitation wavelengths were usually set equal to 

the maximum of the corresponding absorption spectra. Sulforhodamine 101 in ethanol 

(�F = 0.9) was used for the determination of the relative fluorescence quantum yields. 

 

Time-resolved spectroscopy 

 

The fluorescence decay curves were obtained with a time-correlated single-

photon-counting (TSPC) method using a titanium-sapphire laser (1015 nm, 82 MHz, 

repetition rate lowered to 0.8 MHz thanks to a pulse peaker, 1 ps pulse width) pumped 

by an argon ion laser. A doubling or tripler crystal is used to reach 495 and 355 nm 

excitations. Data were analyzed by a nonlinear least-squares method (Levenberg-

Marquardt algorithm) with the aid of Globals software (Globals Unlimited, University 

of Illinois at Urbana-Champaign, Laboratory of Fluorescence Dynamics). Pulse 

deconvolution was performed from the time profile of the exciting pulse recorded 

under the same conditions by using a Ludox solution. To estimate the quality of the fit, 

the weighted residuals were calculated. In the case of single photon counting, they are 

defined as the residuals, that is, the difference between the measured value and the fit, 

divided by the square root of the fit. !
2
 is equal to the variance of the weighted 

residuals. A fit was said to be appropriate for !
2
 values between 0.8 and 1.2. 

 

Electrochemistry 

 

Electrochemical studies were performed using dichloromethane (DCM) (SDS, 

anhydrous for analysis) as a solvent, with N,N,N,N-tetrabutylammonium 

hexafluorophosphate (TBAP) (Fluka, puriss.) as the supporting electrolyte. The 

substrate concentration was ca. 5 mmol.L
-1

. A homemade 1 mm diameter Pt or glassy 

carbon electrode was used as the working electrode, along with an Ag
+
/Ag (10

-2
 M) 

reference electrode and a Pt wire counter electrode. The cell was connected to a CH 

Instruments 600B potentiostat monitored by a PC computer. The reference electrode 

was checked versus ferrocene as recommended by IUPAC. In our case, E°(Fc
+
/Fc) = 

0.097 V. All solutions were degassed by argon bubbling prior to each experiment. 

 

5.1 Preparation of 3,6-dichoro-1,2,4,5-tetrazine 

5.1.1 Preparation of triaminoguanidine monohydrochloride. 
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To a slurry of guanidine hydrochloride (19.1g, 0.20mol) in 1,4-dixoane (100ml) 

was added hydrazine monohydrate (34.1g, 0.68mol) with stirring. The mixture was 

heated under reflux for 2 hours. After the mixture cooled to ambient temperature, the 

product was collected by filtration, washed with 1, 4-dioxane, and dried to give 27.7g 

(98%) of pure triaminoguanidine monohydrochloride. 
13C NMR (100MHz, D2O): d 160.8 ppm. 

 

5.1.2 Preparation of 3,6-bis (3,5-dimethylpyrazol-1-yl)-1,2-dihydro-1,2,4,5-tetrazine 

 

 

 

To a solution of triaminoguanidine monohydrochloride (7.03g, 0.05mol) in water 

(50ml) was added 2,4-pentanedione (10.26ml, 0.1mol) dropwise with stirring at 25ォ 

for 0.5h. It was heated at 70ォ for 4h, during which time solid precipitated from 

solution. The product was filtered from the cooled mixture, washed with water, and 

dried to yield 5.77g (85%) of pure 3,6-bis-(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-s-

tetrazine. 
1H NMR (400MHz, CDCl3) d: 2.21 (s, 6H), 2.47 (s, 6H ), 5.95 ( s, 2H ), 8.09 ( bs, 2H) 

ppm. 
13C NMR (100MHz, CDCl3): d 13.4, 13.7, 109.8, 142.3, 145.8, 149.9 ppm. 

 

5.1.3 Preparation of 3, 6-bis (3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine 

 

 

 

In a 1L two necked round bottom flask, a solution of sodium nitrite (26.2g, 

0.38mol) in 588ml of water was prepared and 60ml of DCM was added. The 

temperature was lowered at 0ォ and 3, 6-bis (3, 5-dimethylpyrazol-1-yl)-1,2-dihydro-

s-tetrazine (37g ,0.136mol) was introduced. Acetic acid (18.67ml, 0.326mol) was 

added dropwise. After gas evolution stopped, the organic layer was separated and the 

aqueous layer was extracted with DCM (3*100ml). The organic layer are reunited, 
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washed to neutrality with 5% aqueous solution of K2CO3, dried over calcium chloride 

and filtered. The crude product is obtained by evaporation of the solvent under 

reduced pressure. The dark red solid obtained is washed several times with diethyl 

ether to give 33.45g (91%) of pure 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-s-tetrazine. 
1H NMR (400MHz, CDCl3): d 2.39 (s, 6H), 2.72 ( s, 6H ), 6.20 ( s, 2H ) ppm; 
13C NMR (100MHz, CDCl3): d 13.9, 14.7, 111.9, 143.8, 154.5, 159.3 ppm. 

 

5.1.4 Preparation of 3, 6-dihydrazino-1, 2, 4, 5-tetrazine 

 

 

 

To a slurry of 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)- s-tetrazine (23.8g, 0.09mol) 

in acetonitrile (150ml), was added hydrazine monohydrate (9.4ml, 0.19mol) dropwise 

at the ambient temperature. After the addition was complete, the mixture was refluxed 

for 20min. the mixture was cooled to room temperature, filtered, and washed with 

acetonitrile to provide 3,6-dihydrazinyl-s-tetrazine in quantitative yield. 

 

5.1.5 Preparation of 3, 6-dichloro-1,2,4,5-tetrazine  

 

 

 

To a slurry of 3,6-dihydrazinyl-s-tetrazine (12.5g, 0.088mol) in acetonitrile 

(350ml) at 0ォ was added dropwise over 30 min a solution of trichloroisocyanuric 

acid (40.8g, 0.18mol) in acetonitrile (250ml). After the addition was finished, the 

reaction vessel was allowed to warm to room temperature and stirred for 20min. The 

white insoluble precipitate was removed by filtration and the volatiles removed in 

vacuo to give crude 3,6-dichloro-s-tetrazine which was passed through a short column 

chromatography to afford 10.75g (81%) of pure product as an orange powder. 
13C NMR (100MHz, CDCl3): d 168.1 ppm. 

 

5.2 Preparation of 1,6-bis (6-chloro-1,2,4,5-tetrazine-3-yloxy) triethylene glycane 
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In a 50ml flacon, 0.15g (1mmol) triethylene glycol was dissolved in 20ml dry 

DCM, 0.35 g (2.32mmol) 3, 6-dichloro-1,2,4,5-tetrazine was added, then 0.15ml 

collidine was dropped under argon. The reaction was keep at room temperature for 3h, 

and then the solvent was removed in vacuo. The mixture was purified by column (PE: 

DCM =5:1), 0.35g (yield is 92%) product was obtained. 
1H NMR (400MHz, CDCl3): d 3.74 (m, 4H), 3.98 ( m, 4H ), 4.81 ( m, 4H ) ppm ; 
13C NMR (100MHz, CDCl3): d 68.7, 69.7, 70.9, 164.4, 166.7┙  ppm. 

Mass: (M+Na)+: 401.0272. 

 

5.3 Preparation of 1,6-bis (6-chloro-1,2,4,5-tetrazine-3-yloxy) tetraethylene glycane   

 

 

In a 50ml flacon, 0.338g (1.74mmol) tetraethylene glycol was dissolved in 

20ml dry DCM, 0.663g (4.39mmol) 3, 6-dichloro-1,2,4,5-tetrazine was added, then 

0.58ml collidine was dropped under argon. The reaction was keep at room 

temperature for 3h, and then the solvent was removed in vacuo. The mixture was 

purified by column (PE: DCM =5:1), 0.6g (yield is 80%) product was obtained. 
1H NMR (400MHz, CDCl3): d 3.65 (m, 4H), 3.72 ( m, 4H ), 3.99 ( m, 4H ), 4.83 (m, 

4H) ppm. 
13C NMR (100MHz, CDCl3): d 68.6, 69.7, 70.5, 70.7, 164.2, 166.6 ppm. 

Mass: (M+Na)+: 445.0513 

 

5.4 Preparation of 1,6-bis (6-chloro-1,2,4,5-tetrazine-3-yloxy) pentaethylene glycane  
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In a 100ml flacon, 0.30g (1.3mmol) pentaethylene glycol was dissolved in 

50ml dry DCM, 0.5g (3.3mmol) 3, 6-dichloro-1,2,4,5-tetrazine was added, then 

0.43ml collidine was dropped under argon. The reaction was keep at room 

temperature for 3h, and then the solvent was removed in vacuo. The mixture was 

purified by column (PE: DCM =5:1), 0.28g (yield is 46%) product was obtained. 
1H NMR (400MHz, CDCl3): d 3.61 (m, 4H), 3.67 ( m, 4H ), 3.94 ( m, 4H ), 4.07 (m, 

4H), 4.78 (m, 4H) ppm. 
13C NMR (100MHz, CDCl3): d 60.5, 68.7, 69.9, 70.7, 71.0, 164.4, 166.8 ppm. 

Mass: (M+Na)+: 489.0780 

 

5.5 Preparation of n-octylammonium chloride 

 

 

 

An excess of aqueous 36% HCl (3ml) was added to a solution of octylamide 

(2ml, 12.1 mmol) in Et2O (20ml). The resulting mixture was stirred at room 

temperature for 30min. The solvent was removed under reduced pressure and the 

product recrystallized from Et2O at 0ォ . 1.5g (yield is 75%) white crystals was 

obtained."
1H NMR (400MHz, CDCl3): d 0.87 (t, 3H, CH3), 1.37-1.27 (m, 10H, 

(CH2)5CH2CH2NH3), 1.77 (m, 2H, CH2CH2NH3), 2.98 (m, 2H, CH2NH3), 8.28 (brs, 

3H; NH3) ppm 
13C NMR (100MHz, CDCl3): d: 14.1, 22.6, 26.5, 27.7, 28.9, 29.1, 31.7, 40.1 ppm. 

m.p.: 204-205ォ 

 

5.6 Preparation of n-octylammonium bromide 

 

 

 

An excess of aqueous 48% HBr (6ml) was added to a solution of octylamide 

(4ml, 24.2 mmol) in Et2O (40ml). The resulting mixture was stirred at room 

temperature for 1h. The solvent was removed in vacuo and the product recrystallized 

from acetone at 0ォ. 2.15g (yield is 43%) light yellow crystals was obtained. 
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1H NMR (400MHz, CDCl3): d 0.88 (t, 3H, CH3, J=6.6Hz), 1.40-1.27 (m, 10H, 

(CH2)5CH2CH2NH3),  1.81 (m, 2H, CH2CH2NH3), 3.04 (m, 2H, CH2NH3), 7.93  (brs, 

3H; NH3) ppm. 
13C NMR (100MHz, CDCl3): d 14.3, 22.8, 26.7, 27.7, 29.1, 29.2, 31.9, 40.2 ppm. 

m.p.: 207-208ォ3"

 

5.6 Preparation of n-octylammonium iodide 

 

 

 

An excess of aqueous 57% HI (3ml) was added to a solution of octylamide (3ml, 

12.1 mmol ) in Et2O (20ml). The resulting mixture was stirred at room temperature 

for 1h. The solvent was removed in vacuo and the product recrystallized from 

petroleum ether at 0ォ.  1.5g (yield is 48%) yellow crystals was obtained. 
1H NMR (400MHz, CDCl3): d  0.88 (t, 3H, CH3), 1.42-1.27 (m, 10H, 

(CH2)5CH2CH2NH3), 1.86 (m, 2H, CH2CH2NH3), 3.14(m, 2H, CH2NH3), 7.52 (brs, 

3H; NH3 ) ppm. 
13C NMR (100MHz, CDCl3): d 14.3, 22.8, 26.8, 27.5, 29.1, 29.2, 31.9, 40.7 ppm. 

m.p.: 205-206ォ 

 

5.7 Preparation of n-octylammonium perchlorate 
 

 

 

An excess of aqueous 60% HClO4 (0.3ml) was added to a solution of octylamide 

(0.42ml, 1.7 mmol) in Et2O (10ml). The resulting mixture was stirred at room 

temperature for 1h. The solvent was removed in vacuo and the product recrystallized 

from petroleum ether at 0ォ.  0.38g (yield is 99%) white crystals was obtained. 
1H NMR (400MHz, CDCl3): d 0.88 (t, 3H, CH3), 1.37-1.27 (m, 10H, 

(CH2)5CH2CH2NH3), 1.73 (m, 2H, CH2CH2NH3), 3.14(m, 2H, CH2NH3), 7.17 (brs, 

3H; NH3 ) ppm. 
13C NMR (100MHz, CDCl3): d 14.3, 22.8, 26.4, 27.4, 29.1, 29.2, 31.9, 41.5 ppm. 
 

5.8 Preparation of 3-choro-6-methoxy-1,2,4,5-tetrazine 
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To a solution of dichloro-s-tetrazine (1.0g, 6.62mmol) in 100ml of methanol 

was added 0.5g MgSO4. The mixture was stirred at room temperature for 1h. The 

solids were filtered and washed with twice DM, and the filtrate was evaporated. After 

a short columnchromatography (PE: EA= 8:1), a red fluorescent solid was obtained 

which is easy to sublimate (0.5g, 50%). 
1H NMR (400MHz, CDCl3): d 4.33 (s, 3H) ppm. 
13C NMR (100MHz, CDCl3): d 57.5,  164.6, 167.1 ppm. 

 
5.9 Preparation of 3,6-dimethoxy-1,2,4,5-tetrazine 

 

 

 

To a solution of dichloro-s-tetrazine (1.0g, 6.62mmol) in 100ml of methanol 

was added 0.5g MgSO4. The mixture was stirred at room temperature for 1h. The 

solids were filtered and washed with twice DM, and the filtrate was evaporated. After 

a short columnchromatography (PE: EA= 8:1), a red fluorescent solid was obtained 

which is easy to sublimate (0.1g, 10.6%). 
1H NMR (400MHz, CDCl3): d 4.23 (s, 3H) ppm. 
13C NMR (100MHz, CDCl3): d  56.8, 165.6 ppm. 

 

5.10 Preparation of 3-(allyloxy)-6-chloro-1,2,4,5-tetrazine 

 

 

 

In a 150ml flacon, 0.40g (6.90mmol) allyl alcohol was added in 100ml dry 

DCM, 1.05g (6.95mmol) 3, 6-dichloro-1,2,4,5-tetrazine was added, then 0.91ml 

collidine was dropped under argon. The reaction was keep at room temperature for 1h, 
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and then the solvent was removed in vacuo. The mixture was purified by column (PE: 

EA =4:1), 0.51g (yield is 43%) was obtained. 
1H NMR (400MHz, CDCl3): d 5.17 (d, J=5.96Hz, 2H), 5.43 (m, 1H), 5.55 (m, 1H), 

6.13 (m, 2H) ppm. 

 

5.11 Preparation of 3-chloro-6-(prop-2-ynyloxy)-1,2,4,5-tetrazine 

 

 

 

In a 150ml flacon, 0.39ml (6.60mmol) propargyl alcohol was added in 100ml 

dry DCM, 1.0g (6.62mmol) 3, 6-dichloro-1,2,4,5-tetrazine was added, then 0.90ml 

collidine was dropped under argon. The reaction was keep at room temperature for 3h, 

and then the solvent was removed in vacuo. The mixture was purified by column (PE: 

EA =2:1), 0.50g (yield is 44.6%) was obtained. 
1H NMR (400MHz, CDCl3): d 2.63 (t, J=2.28Hz, 1H), 5.30 (d, J=2.76Hz, 2H ppm. 
13C NMR (100MHz, CDCl3): d 57.8, 75.7, 77.5, 165.2, 166.1 ppm. 

 

5.12 Preparation of 3,6-bi(prop-2-ynyloxy)-1,2,4,5-tetrazine 

 

 

 

In a 150ml round bottom flask, 0.39ml (6.60mmol) propargyl alcohol was 

added in 100ml dry DCM, 1.0g (6.62mmol) 3, 6-dichloro-1,2,4,5-tetrazine was added, 

then 0.90ml collidine was dropped under argon. The reaction was keep at room 

temperature for 5h, and then the solvent was removed in vacuo. The mixture was 

purified by column (PE: EA =2:1), 0.40g (yield is 63.7%) red compound was 

obtained. 
1H NMR (400MHz, CDCl3): d 2.59 (t, J=2.28Hz, 2H), 5.23 (d, J=2.28Hz, 4H) ppm. 
13C NMR (100MHz, CDCl3): d 57.2, 76.5, 76.8, 165.7 ppm. 

 

5.13 Preparation of 3-choro-6-propanoxy-1,2,4,5-tetrazine 
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To a solution of dichloro-s-tetrazine (0.5g, 3.31mmol) in 50ml of dry DM was 

added 1-propanol (0.25ml, 3.30mmol) and 0.45ml collidine under N2. The mixture 

was stirred at room temperature for 5h. Then the solvent was removed in vacuo, after 

a short columnchromatography (PE: EA= 2:1), the pure compound was obtained 

(0.42g, 73%). 
1H NMR (400MHz, CDCl3): d 1.12 (t, J=7.56Hz, 3H), 1.18 (m, 2H), 4.62 (t, 

J=6.42Hz, 2H) ppm. 
13C NMR (100MHz, CDCl3): d 5.9, 17.6, 68.1, 159.8, 162.4 ppm. 

 

5.14 Preparation of 3-choro-6-ethanoxy-1,2,4,5-tetrazine 

 

 

 

To a solution of dichloro-s-tetrazine (0.8g, 0.53mmol) in 30ml of ethanol was 

added 1.48g MgSO4. The mixture was stirred at room temperature for 3h. The solids 

were filtered and washed with twice DM, and the filtrate was evaporated. After a 

short columnchromatography (PE: EA= 2:1), the pure compound was obtained (0.5g, 

58.8%). 
1H NMR (400MHz, CDCl3): d 1.59 (t, J=7.32Hz, 3H), 4.73 (dd, J1=7.32Hz, 

J2=14.2Hz, 2H) ppm. 
13C NMR (100MHz, CDCl3): d 14.3, 67.1, 164.4, 166.7 ppm. 

 

5.15 Preparation of 1,4-dihydro-1,2,4,5-tetrazinane-3,6-dithiol 

 

 

 

The thiocarbohydraride (5.3g, 0.05mol) was dissolved in 75ml of water and 

heated to 40@. To this solution was added dropwise a solution of dicarboxymethyl-

trithiocarbonate (11.3g, 0.05mol) in 100ml of 1N NaOH. The mixture was stirred at 

40@ for another 20min and at room temperature for 30min, then cooled to 0@. The 
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slightly yellow solids were filtered out, washed with water, and dried in vacuum 

(3.16g, 43%).  

 

5.16 Preparation of 3,6-bis (methylthio)-1,2,4,5-tetrazine 

 

 

 

Dithio-p-urazine (3.16g, 0.021mol) was dissolved in 1N aq. NaOH 

(1.76g,0.042mol) and degassed with Ar. A solution of CH3I (2.7ml, 0.021mol) in 

20ml of ethanol was added dropwise through a dropping funnel, during which time a 

pale yellow solid precipitated. The mixture was stirred for another 2 hours and the 

solids were filtered, washed with water and dried in vacuum to give 3,6-

bis(methylthio)-1,4-dihydro-s-tetrazine (0.7g, 20%). 
1H NMR (400MHz, CDCl3): d 2.41 (s, 6H), 6.54 (br, 2H) ppm. 
13C NMR (100MHz, CDCl3): d  14.1, 150.9 ppm. 

   

An aqueous 2N solution of ferric chloride (1.37g, 8.2mmol) was added dropwise 

to the solution of 3,6-bis(methylthio)-1,4-dihydro-s-tetrazne (0.72g, 4.1mmol) in 

ethanol at room temperature. The mixture was stirred for 30min and extracted with 

ether. The ether layer was dried with MgSO4, and the ether was removed by 

evaporation. After a short column chromatography (silica, PE:EA=5:1) 0.22g (yield is 

31%) of 3,6-bis(methylthio)-s-tetrazine was obtained as a red solid. 
1H NMR (400MHz, CDCl3): d 2.71 (s, 6H) ppm. 
13C NMR (100MHz, CDCl3): d 13.4, 172.8 ppm. 

 

5.17 Preparation of 1, 4-dihydro-3, 6-diphenyl-1,2,4,5-tetrazinane 

 

 
 

Treatment of a solution of benzonitrile (5.16g, 0.05mole) in ethanol (15ml) with 

hydrazine hydrate (10ml), followed by the addition of flowers of sulphur (1g) and 

heating the mixture at reflux for 2 hours afforded yellow powder 8.3g 1,4-dihydro-

3,6-diphenyl-1,2,4,5-dihydrotetrazine, the yield is 70%. 

 

5.18 Preparation of 3, 6-diphenyl-1,2,4,5-tetrazinane 
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In a 250ml round bottom flask, a solution of sodium nitrite (3.38g, 0.05mol) in 

76ml of water was prepared and 8ml of DCM was added. The temperature was 

lowered at 0 ォ  and 1,2-dihydro-3,6-diphenyl-1,2,4,5-dihydrotetrazine 

(4.15g ,0.018mol) was introduced. Acetic acid (2.41ml, 0.042mol) was added 

dropwise. After gas evolution stopped, the organic layer was separated and the 

aqueous layer was extracted with DCM (3x25ml). The organic layer are reunited, 

washed to neutrality with 5% aqueous solution of K2CO3, dried over calcium chloride 

and filtered. The crude product is obtained by evaporation of the solvent under 

reduced pressure. The dark red solid obtained is washed several times with diethyl 

ether to give 3.6g of pure 3, 6- diphenyl- s-tetrazine, yield is 85%. 
1H NMR (400MHz, CDCl3): d 7.76 (m, 6H), 8.67 (m, 4H) ppm. 
13C NMR (100MHz, CDCl3): d 128.1, 129.3, 131.8, 132.7, 164.1 ppm. 

 

5.20 Preparation of 3-chloro-6-(p-tolyloxy)-1,2,4,5-tetrazine 

 

 

 

p-cresol (0.37g, 3.4mmol) and 3,6-dichloro tetrazine (0.56g, 3.7mmol) were 

dissolved in dry 50ml dry dichloromethane, 2,4,6-collidine (0.50ml, 3.6mmol) was 

added at room temperature under N2. After stirring 2h, the solvent was removed under 

reduced pressure, and purified by column chromatography (PE: DCM=1:1). 0.60g 

product is obtained, yield is 79%. 
1H NMR (400MHz, CDCl3): d 2.41 (s, 3H), 7.14 (d, 2H, J=8.2Hz), 7.28 (d, 2H, 

J=7.8Hz) ppm. 
13C NMR (100MHz, CDCl3): d  21.1, 120.4, 130.7, 136.9, 149.5, 165.1, 167.7 ppm. 

 

5.21 Preparation of 3,6-di(p-tolyloxy)-1,2,4,5-tetrazine 

 

 

 

p-cresol (0.5g, 4.6mmol) and 3,6-dichloro tetrazine (0.3g, 2.0mmol) were 

dissolved in dry 30ml dry dichloromethane, 2,4,6-collidine (0.60ml, 4.1mmol) was 

added at room temperature under N2. After refluxing 2h, the solvent was removed 
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under reduced pressure, and purified by column chromatography (PE: DCM=1:1). 

0.50g product is obtained, yield is 89%. 
1H NMR (CDCl3): d 2.38 (s, 6H), 7.13 (d, 4H, J=8.2Hz), 7.23 (d, 4H, J=8.2Hz) ppm. 
13C NMR (CDCl3): d 20.9, 120.5, 130.5, 136.2, 150.2, 167.4 ppm. 

 

5.22 Preparation of N-(2-hydroxyethyl)-phthalimide 

 

 

 

2-Bromoethanol (0.125g, 1mmol) was dissolved in 15ml DMF. To the solution 

potassium carbonate (0.138g, 1mmol) and phthalimide (0.147g, 1mmol) were added 

and then refluxed for 10h. After cooled to room temperature, the mixture was extract 

by ethyl acetate. The product was obtained, 0.19g, yield is 99%. 
1H NMR (400MHz, CDCl3): d 2.80 (s, 1H, OH), 3.87 (s, 4H, NCH2, CH2O), 7.71 (dd, 

2H, J1=3.0Hz, J2=5.4Hz, H-6, H-7), 7.83 (dd, 2H, J1=3.0Hz, J2=5.4Hz, H-5, H-8) 

ppm. 

 

5.23 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy) ethyl)-phthalimide 

 

 

 

N-ethanol-phtalimide (0.191g, 1mmol) and 3,6-dichloro tetrazine (0.20g, 

1.32mmol) were dissolved in dry 15ml dichloromethane, 2,4,6-collidine (0.14ml, 

1mmol) was added at room temperature under N2. After stirring 2h, the solvent was 

removed under reduced pressure, and purified by column chromatography (PE: 

DCM=1:1). 0.214g product is obtained, yield is 70%. 
1H NMR (400MHz, CDCl3): d 4.23 (t, 2H, J=5.5Hz), 4.91 (t, 2H, J=5.5Hz), 7.71 (m, 

2H), 7.82 (m, 2H) ppm. 
13C NMR (100MHz, CDCl3):d  36.0, 67.2, 123.5, 131.8, 134.3, 164.6, 166.3, 168.1 

ppm. 

m.p.: 95ォ 

 

5.24 Preparation of N-(4-hydroxyphenyl)-2,5-pyrrolidine 
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4-Aminophenol (7.45g, 50mmol) and triethylamine (2ml) were added to a 

solution of succinimide (6.2g, 60mmol) in ethanol (100ml) and the reaction mixture 

was stirred at room temperature for 4h. The solvent was removed under reduced 

pressure and the solid residue was dried in vacuum desiccators for 24h. The residue 

obtained was refluxed in distilled dry toluene (20ml) for 6h using Dean and Stark 

apparatus to affect cyclization. The solvent was removed under reduced pressure and 

the solid was washed with ether. The residue was refluxed in distilled water for 0.5h 

to remove unreacted materials. The solid obtained was crystallized from methanol to 

afford (4.7g, 25.6%). 
1H NMR (400MHz, DMSO-d6): d 2.73(4H, s), 6.82 (2H, d, J=8.6 Hz ), 7.01 (2H, d, 

J=8.6 Hz ) ppm. 

 

5.25 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy) phenyl)-pyrrolidine 

 

 

 

N-(4-hydroxyphenyl)-2,5-pyrrolidine (0.231g, 1mmol) was dissolved in 15ml 

dry THF, n-Butyllithium (0.625ml, 1mmol) was dropped under N2. Then the solution 

of 3,6-dichloro-s-tetrazine in THF (1.0mmol/10ml) added quickly. After 1h at room 

temperature, the solvent was removed under reduced pressure, and purified by column 

chromatography. Yield is 0.05g, 16.4%. 
1H NMR (400MHz, CDCl3): d 2.93(4H, m), 7.39 (2H, d, J=8.0Hz), 7.47 (2H, d, J=8.0 

Hz ) ppm. 
13C NMR (100MHz, CDCl3): d 28.5, 115.3, 121.1, 128.9, 130.4, 152.0, 166.9, 177.0 

ppm. 

Mass (M+): 305 

 

5.26 Preparation of N-(2-hydroxyphenyl)-phthalimide  
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4-Aminophenol (2.0g, 18mmol) and triethylamine (2ml) were added to a 

solution of phthalic anhydride (3.0g, 20mmol) in ethanol (100ml) and the reaction 

mixture was stirred at room temperature for 4h. The solvent was removed under 

reduced pressure and the solid residue was dried in a vacuum desiccators for 24h. The 

residue obtained was refluxed in distilled dry toluene (20ml) for 6h using Dean and 

Stark apparatus to effect cyclization. The solvent was removed under reduced 

pressure and the solid was washed with ether. The residue was refluxed in distilled 

water for 0.5h to remove unreacted materials. The solid obtained was crystallized 

from methanol to afford (4.2g, 96%). 
1H NMR (400MHz, DMSO-d6): d 6.80 (2H, d, J=9.0Hz), 6.26 (2H, d, J=9.0Hz), 7.92 

(4H, m), 9.70 (1H, brs) ppm. 

 

5.27 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy)-phenyl)-phthalimide 

 

 

 

N-(4�-hydroxy-phenyl)phthalimide (0.239g, 1mmol) was dissolved in 15ml dry 

THF, n-Butyllithium (0.625ml, 1mmol) was dropped under N2. Then the solution of 

3,6-dichloro-s-tetrazine in THF (1.0mmol/10ml) added quickly. After 1h at room 

temperature, the solvent was removed under reduced pressure, and purified by column 

chromatography. Yield is 0.32g, 76.2%. 
1H NMR (400MHz, CDCl3): d 7.43(2H, d, J=6.0Hz ), 7.62 (2H, d, 

J=6.0Hz), 7.82 (2H, m), 7.99(2H, m) ppm. 
13C NMR (100MHz, CDCl3): d 121.4, 123.5, 129.3, 130.1, 131.6, 134.8, 151.2, 164.0, 

166.9, 167.3 ppm. 

Mass (M+): 353 

 

5.28 Preparations of 3-nitrophthalic acid and 4-nitrophthalic acid 
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In the beaker are placed 5ml of commercial sulfuric acid cooled to 0@ and 

12.5g of technical phthalic anhydride is added, the mixture is stirred by mechanical 

stirrer. After drop slowly the solution of sulfuric acid and nitric acid (17:20.8ml), keep 

the mixture reaches 80@ for 3h. Then 200ml of water poured into the crock. After 

cooling, the solid mixture of 3- and 4-nitrophthalic acids is filtered by suction through 

a Buchner funnel. The wet cake is returned to the crock and stirred thoroughly with 

50ml of water, which dissolves a large amount of the 4-nitrophthalic acid. The 

mixture is again filtered and air-dried. The yield is 4.5g (3-:4- = 6:1). 

3-nitrophthalic acid 1H NMR (400MHz, DMSO-d6): d 7.80 (1H, t, 

J=8.0Hz), 8.23 (1H, d, J=8.0Hz), 8.33 (1H, d, J=8.0Hz ) ppm. 

4-nitrophthalic acid 1H NMR (100MHz, DMSO-d6): d 7.90 (1H, t, 

J=8.0Hz), 8.42 (1H, d, J=8.0Hz), 8.46 (1H, d, J=8.0Hz ) ppm. 

 

5.29 Preparation of N-(2-hydroxyphenyl)-3-nitrophthalimide 

 

 

 

4-aminophenol (3.7g, 25mmol) and triethylamine (1ml) were added to a 

solution of 3- and 4-nitrophthalic acid (4.5g, 20mmol) in ethanol (100ml) and the 

reaction mixture was stirred at room temperature for 4h. The solvent was removed 

under reduced pressure and the solid residue was dried in vacuum desiccators for 24h. 

The residue obtained was refluxed in distilled dry toluene (20ml) for 6h using Dean 

and Stark apparatus to effect cyclization. The solvent was removed under reduced 

pressure and the solid was washed with ether. The residue was refluxed in distilled 

water for 0.5h to remove unreacted materials. The solid obtained was crystallized 

from methanol to afford 0.56g N-(4�-hydroxyphenyl)-3-nitrophthalimide. 
1H NMR (400MHz, DMSO-d6): d 6.87(2H, d, J=8.0Hz ), 7.20 (2H, d, 

J=8.0Hz ), 8.10 (1H, m), 8.22 (1H, d, J=8.0Hz ), 8.31 (1H, d, 

J=8.0Hz ),   9.81(1H, br) ppm. 
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5.30 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy) phenyl) -3-nitrophthalimide 

 

 

 

N-(4�-hydroxyphenyl)-3-nitrophthalimide (0.231g, 1mmol) was dissolved in 

15ml THF, n-Butyllithium (0.625ml, 1mmol) was dropped under N2. Then the 

solution of 3,6-dichloro-s-tetrazine in THF (1.0mmol/10ml) added quickly. After 1h 

at room temperature, the solvent was removed under reduced pressure, and purified 

by column chromatography. Yield is 0.32g, 76.2%. 
1H NMR (400MHz, CDCl3): d 7.45(2H, d, J=8.0Hz ), 7.61 (2H, d, 

J=8.0Hz ), 8.02 (1H, m), 8.19 (1H, d, J=8.0Hz ), 8.25 (1H, d, J=8.0Hz ) ppm. 
13C NMR (100MHz, DMSO-d6): d121.2, 122.6, 126.9, 128.3, 128.4, 129.1, 133.1, 

136.0, 144.6, 151.1, 161.8, 164.1, 164.4, 167.1 ppm. 

Mass (M+): 398 

 

5.31 Preparation of 3,6-di(pyridin-4-yl)-1,4-dihydro-1,2,4,5-tetrazine 

 

 
 

Treatment of a solution of cyanopyridine (5.2g, 0.05mole) in ethanol (20ml) with 

hydrazine hydrate (10ml), followed by the addition of flowers of sulphur (1g) and 

heating the mixture at reflux for 2 hours afforded yellow powder 8.33g 1,2-dihydro-

3,6-dipyridine-1,2,4,5-dihydrotetrazine, the yield is 70%. 
1H NMR (400MHz, CDCl3): d 1.70 (s, 2H), 8.52 (d, 4H, J=6.0Hz), 8.96 (d, 4H, 

J=6.0Hz) ppm. 
13C NMR (100MHz, CDCl3): d 121.4, 138.7, 151.3, 163.8 ppm. 

 

5.32 Preparation of 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine 

 

 

 

In a 250ml round bottom flask, a solution of sodium nitrite (3.45g, 0.05mol) in 

76ml of water was prepared and 8ml of DCM was added. The temperature was 
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lowered at 0°C and 3,6-di(pyridin-4-yl)-1,4-dihydro-1,2,4,5-tetrazine (10g ,0.042mol) 

was introduced. Acetic acid (2.41ml, 0.042mol) was added dropwise. After gas 

evolution stopped, the organic layer was separated and the aqueous layer was 

extracted with DCM (3x25ml). The organic layer are reunited, washed to neutrality 

with 5% aqueous solution of K2CO3, dried over calcium chloride and filtered. The 

crude product is obtained by evaporation of the solvent under reduced pressure. The 

dark red solid obtained is washed several times with diethyl ether to give 7.9g 3,6-

dipyridine-s-tetrazine, yield is 80%. 
1H NMR (400MHz, CDCl3): d 8.52 (d, 4H, J=6.0Hz), 8.96 (d, 4H, J=6.0Hz) ppm. 
13C NMR (100MHz, CDCl3): d 121.4, 138.6, 151.3, 163.8 ppm. 

 

5.33 Preparation of 3,6-di(1-methyl-pyridin-4-yl)-1,2,4,5-tetrazine tetrafluoroborate 

 

 

 

A mixture of 0.38g (1.6mmol) 3,6-dipyridine-s-tetrazine and 0.532g (3.6mmol) 

Me3OBF4 was heated to reflux in 100ml acetonitrile for 18h. After reducing the 

volume to 3ml, amount of 10ml dichloroethane was added and put it in fridge(-20@) 

overnight. 0.7g (yield is 99%) was obtained by filtration. 
1H NMR (400MHz, CD3CN): d 4.46 (s, 6H), 8.97 (d, 4H, J=6.4Hz), 9.12 (d, 4H, 

J=6.4Hz) ppm. 

 

5.34 Preparation of 3,6-di(1-ethyl-pyridin-4-yl)-1,2,4,5-tetrazine tetrafluoroborate 
 

 

 

A mixture of 0.38g (1.6mmol) 3,6-dipyridine-s-tetrazine and 0.684g (3.6mmol) 

Et3OBF4 was heated to reflux in 100ml acetonitrile for 18h. After reducing the 

volume to 3ml, amount of 10ml dichloroethane was added and put it in fridge(-20@) 

overnight. 0.5g (yield is 67%) was obtained by filtration. 
1H NMR (400MHz, CD3CN): d 1.69 (t, 6H, J=7.3Hz), 4.75 (q, 4H), 9.04 (m, 4H), 

9.20 (m, 4H) ppm. 
13C NMR (100MHz, CD3CN): d 16.6, 59.0, 127.4, 127.6, 147.0,162.8 ppm. 
 

5.35 Preparation of 3,6-bis(5-octylthiophen-2-yl)-1,4-dihydro-1,2,4,5-tetrazine 
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Treatment of a solution of 5-octylthiophene-2-carbonitrile (1.654g, 0.07mole) 

in ethanol (5ml) with hydrazine hydrate (1.49ml), followed by the addition of flowers 

of sulphur (0.15g) and heating the mixture at reflux for 2 hours afforded yellow 

powder 0.34g 3,6-bis(5-octylthiophen-2-yl)-1,4-dihydro-s-tetrazine , the yield is 1%. 

 

5.36 Preparation of 3,6-bis (5-octylthiophen-2-yl)-1,2,4,5-tetrazine 

 

 

 

In a 50ml round bottom flask, a solution of sodium nitrite (0.128g, 0.0018mol) 

in 5ml of water was prepared and 2ml of DCM was added. The temperature was 

lowered at 0 ォ  and 3,6-bis(5-octylthiophen-2-yl)-1,4-dihydro-s-tetrazine 

(0.34g ,0.0007mol) was introduced. Acetic acid (0.09ml, 0.0016mol) was added 

dropwise. After gas evolution stopped, the organic layer was separated and the 

aqueous layer was extracted with DCM (3x25ml). The organic layer are reunited, 

washed to neutrality with 5% aqueous solution of K2CO3, dried over calcium chloride 

and filtered. The crude product is obtained by evaporation of the solvent under 

reduced pressure. The dark red solid obtained is washed several times with diethyl 

ether to give 0.2g of pure 3,6-bis(5-octylthiophen-2-yl)-s-tetrazine, yield is 60%. 
1H NMR (400MHz, CDCl3): d 0.88(t, J=6.88Hz, 6H), 1.28 (m, 20H), 1.75 (m, 4H), 

2.90 (t, J=7.56Hz, 4H), 6.93 (d, J=3.68Hz, 2H), 8.07 (d, J=3.68Hz, 2H) ppm. 
13C NMR (100MHz, CDCl3): d 14.1, 22.7, 29.1, 29.2, 29.3, 30.6, 31.5, 31.8, 126.4,  

130.9, 133.2, 154.3, 161.1 ppm. 

 

5.37 Preparation of 2-(3,5-dimethoxyphenyl)-1-(2-hydroxyethyl)-benzimidazole 
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2-Bromoethanol (0.281g, 2.2mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (0.359g, 2.6mmol) and 2-(3,5-dimethoxyphenyl)-1H-

benzolimidazole (0.5g, 2.0mmol) were added and then refluxed for 18h. After cooled 

to room temperature, the mixture was extract by ethyl acetate and washed with water. 

The pure product was obtained after column (PE:EA=1:1). Yield 0.38g (65%). 
1H NMR (400MHz, DMSO-d6): � 3.81 (m, 8H, 2OCH3, CH2OH), 4.34 (t, 2H, 

J=5.5Hz, NCH2), 5.07(t, 1H, J=5.5Hz, OH), 6.67(t, 1H, J=5.5Hz), 7.05(d, 2H, 

J=2.7Hz,), 7.26(m, 2H), 7.67(m, 2H) ppm. 

Mass: (M+H)
+
 299.1408 

m.p.: 60-62@ 

 

5.38 Preparation of 2-(3,5-dimethoxyphenyl)-1-(2-(6-chloro-s-tetrazine-3-

yloxy)ethyl)-benzimidazole 

 

 

 

2-(3,5-dimethoxyphenyl)-1- hydroxyethyl-benzolimidazole (0.032g, 0.1mmol) 

and 3,6-dichloro tetrazine(0.035g, 0.2mmol) were dissolved in dry 20ml 

dichloromethane, 2,4,6-collidine (0.05ml, 0.3mmol) was added at room temperature 

under N2. After stirring 4h, the solvent was removed under reduced pressure, and 

puri!ed by column chromatography (PE: EA=2:1). Yield 0.01g, 23%.  
1
H NMR (400MHz,CDCl3): " 3.83 (s, 6H, 2-OCH3), 4.85 (t, 2H, J=4.6Hz), 4.91(t, 

2H, J=4.6Hz), 6.48 (t, 1H, J=2.3Hz), 6.74 (d, 2H, J=2.3Hz), 7.34(m, 2H), 7.47(m, 

1H), 7.81(m, 1H) ppm. 
13

C NMR (100MHz,CDCl3): "42.7, 55.7, 67.8, 102.0, 107.6, 109.7, 120.5, 123.1, 

123.5, 131.6, 135.0, 143.1, 154.1, 160.9, 164.7,  166.1 ppm. 

Mass (M+H)
+
: 413.1134 (M+1) 

m.p.: 160-166@ 

 

5.39 Preparation of 2-(4-ethylphenyl)-1- hydroxyethyl-benzimidazole 
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2-Bromoethanol (0.267g, 2.2mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (0.30g, 2.2mmol) and 2-(4-ethylphenyl)-1H-

benzolimidazole (0.454g, 2mmol) were added and then refluxed for 18h. After cooled 

to room temperature, the mixture was extract by ethyl acetate and washed with water. 

The pure product was obtained after column (PE: EA=2:1). Yield 0.4g (74%). 
1H NMR (400MHz, CDCl3): ! 1.17 (m, 3H), 2.61 (q, 2H), 3.94 (t, 1H, J=6.6Hz), 4.02 

(q, 2H), 4.26 (t, 2H, J=5.7Hz), 7.64(d, 2H, J=4.1Hz), 7.60 (m, 1H), 7.37 (m, 1H) , 

7.20(d, 2H, J=7.8Hz), 7.14 (m, 2H) ppm. 
13

C NMR (100MHz,CDCl3): !15.3, 28.7, 47.1, 60.5, 110.4, 119.4, 122.2, 122.4, 127.5, 

128.0, 129.7, 135.8, 142.7, 145.8, 154.3 ppm. 

Mass (M+H)
+
: 267.1492 

m.p.: 126-128@ 

 

5.40 Preparation of 2-(4-ethylphenyl)-1-(2-(6-chloro-s-tetrazine-3-yloxy) ethyl)-

benzimidazole 

 

 

 

2-(4-ethylphenyl)-1- hydroxyethyl-benzolimidazole (0.032g, 0.1mmol) and 3,6-

dichloro tetrazine(0.035g, 0.2mmol) were dissolved in dry 20ml dichloromethane, 

2,4,6-collidine (0.05ml, 0.3mmol) was added at room temperature under N2. After 

stirring 4h, the solvent was removed under reduced pressure, and puri!ed by column 

chromatography (PE: EA=2:1). Yield 0.01g, 23%.  
1
H NMR (400MHz, CDCl3): " 1.27 (t, 3H, J=7.3Hz), 2.70 (q, 2H, J=7.3Hz), 4.81 (d, 

2H, J=5.0Hz), 4.92 (d, 2H, J=5.0Hz), 7.28 (m, 2H), 7.32(m, 2H), 7.50(m, 1H), 

7.57(m, 2H), 7.80(m, 1H) ppm. 
13

C NMR (100MHz, CDCl3): "15.3, 28.8, 42.8, 67.8, 109.7, 120.4, 123.0, 123.3, 

127.2, 128.4, 129. 6, 135.2, 143.2, 146.5, 154.4, 164.6, 166.1 ppm. 
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Mass (M+H)+: 381.1224 

m.p.: 158-160@ 

 

5.41 Preparation of N-(2-hydroxyethyl)-benzimidazole 

 

 

 

2-Bromoethanol (0.265g, 2.2mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (0.36g, 2.6mmol) and benzimidazole (0.223g, 1.9mmol) 

were added and then refluxed for 18h. After cooled to room temperature, the mixture 

was extract by ethyl acetate and washed with water. The pure product was obtained 

after column (PE:EA=2:1). Yield 0.2g (65%). 
1H NMR (400MHz, DMSO-d6): ! 3.73 (m, 2H), 4.27 (t, 2H, J=5.3Hz), 4.97 (t, 

J=5.3Hz, 1H, -OH), 7.20 (m, 2H), 7.62(m, 2H), 8.15(s, 1H) ppm. 

 

5.42 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy) ethyl)-benzimidazole 

 

 

 

(1). N-(2-hydroxyethyl)-benzimidazole (0.030g, 0.19mmol) and 3,6-dichloro 

tetrazine(0.056g, 0.37mmol) were dissolved in dry 20ml dichloromethane, 2,4,6-

collidine (0.05ml, 0.3mmol) was added at room temperature under N2. After stirring 

4h, the TLC indicated no reaction. 

(2). N-(2-hydroxyethyl)-benzimidazole (0.030g, 0.19mmol) and 3,6-dichloro 

tetrazine(0.056g, 0.37mmol) were dissolved in dry 20ml dichloromethane, 2,4,6-

collidine (0.05ml, 0.3mmol) was added at room temperature under N2. After stirring 

overnight, the TLC indicated no reaction. 

(3). N-(2-hydroxyethyl)-benzimidazole (0.030g, 0.19mmol) and 3,6-dichloro 

tetrazine(0.056g, 0.37mmol) were dissolved in dry 10ml dichloromethane, 2,4,6-

collidine (0.05ml, 0.3mmol) was added at room temperature under N2. After reacted 

in pressure tube at 40ォ for 4h, the TLC indicated no reaction. 

 

5.43 Preparation of N-(2-hydroxyethyl)-2-nonyl-benzimidazole 



219 

 

 

 

 

2-Bromoethanol (0.164g, 1.3mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (0.25g, 1.8mmol) and 2-nonylbenzimidazole (0.25g, 

1.0mmol) were added and then refluxed for 1day. After cooled to room temperature, 

the mixture was extract by ethyl acetate and washed with water. The pure product was 

obtained after column (PE:EA=1:1). Yield 0.26g (90%). 
1H NMR (400MHz, DMSO-d6): � 0.88 (t, J=6.9Hz, 3H), 1.27 (m, 12H), 1.75 (m, 2H), 

2.85 (t, J=6.9Hz, 2H), 3.67 (q, 2H), 4.20 (t, J=5.5Hz, 2H), 4.93 (t, J=5.5Hz, 1H, -OH), 

7.11 (m, 2H), 7.49 (m, 2H ppm. 
13

C NMR (100MHz, DMSO-d6): � 14.0, 22.1, 26.5, 26.9, 28.7, 28.9, 29.0, 31.3, 45.6, 

59.6, 110.0, 118.2, 121.0, 121.2, 135.2, 142.4, 155.6 ppm. 

Mass (M+H)
+
: 298.2301 

m.p.: 94-96ォ 

 

5.44 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-nonyl-benzimidazole 

 

 

 

N-(2-hydroxyethyl)-2-nonyl-benzimidazole (0.032g, 0.11mmol) and 3,6-

dichloro tetrazine(0.034g, 0.22mmol) were dissolved in dry 20ml dichloromethane, 

2,4,6-collidine (0.03ml, 0.22mmol) was added at room temperature under N2. After 

stirring 5h, the solvent was removed under reduced pressure, and puri!ed by column 

chromatography (PE: EA=2:1). Yield 0.01g, 23%.  
1
H NMR (400MHz, CDCl3): � 0.88 (m, 3H), 1.28 (m, 14H), 3.01 (t, 2H, J=8.0Hz), 

4.71 (t, 2H, J=5.7Hz), 4.98 (t, 2H, J=5.3Hz), 7.40 (m, 2H), 7.73(m, 2H) ppm. 

 

5.45 Preparation of N-(2-hydroxyethyl)-2- sulfhydryl-benzimidazole 
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2-Bromoethanol (1.38g, 11.2mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (1.9g, 13.7mmol) and 2-sulfhydryl-benzimidazole 

(1.49g, 9.9mmol) were added and then refluxed for 1day. After cooled to room 

temperature, the mixture was extract by ethyl acetate and washed with water. The 

product is not the target compound as we expected by NMR. 

 

5.46 Preparation of 2-perfluorophenyl-benzimidazole 

 

 

 

(1). 2,3,4,5,6-pentafluorobenzaldehyde (0.36g, 1.8mmol) and o-

phenylenediamine (0.2g, 1.8mmol) were thoroughly mixed in DMF (5ml), then p-

TsOH (0.07g, 0.37mmol) was added, and the solution heated and stirred at 80ォ for 

2h. When the reaction was finished, the solution was cooled to room temperature. The 

reaction mixture was added dropwise with vigorous stirring into a mixture of Na2CO3 

(0.37mmol) and water (10ml). And the product was extracted into EtOAc, the organic 

phace was washed with water and dried by Na2SO4. Evaporation of solvent gave the 

crude product, and purified by column chromatography over the silica gel to afford a 

pure compound 0.13g.  
1H NMR (400MHz, CDCl3): ! 7.31 (m, 2H), 7.68 (m, 2H), 8.11 (s, 1H ppm. 

Mass (M+H)
+
: 285.0446 

 

(2). In 10ml dry dichloromethane with 0.1ml thionyl chloride solution, 0.1ml 

pyridine and 2,3,4,5,6-pentafluorobenzaldehyde (0.2g, 1mmol) were added under 

argon, and the temperature was keeping at  5-10@0"After stirring 1 hour, o-

phenylenediamine (0.2g, 1mmol) was added, and then 1ml Sodium acetate (0.082g, 

2mmol) aqueous solution was dropped. Then keep stirring at room temperature for 8h, 

and filter, washed with water. The crude compound was dried, and purified by column 

chromatography over the silica gel to afford 0.02g of the pure compound  
1
H NMR (400MHz, CDCl3): ! 7.31 (m, 2H), 7.68 (m, 2H), 8.11 (s, 1H) ppm. 
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Mass (M+H)+: 285.0446  

 

5.47 Preparation of N-(2-hydroxyethyl)- 2-perfluorophenyl-benzimidazole 

 

 

(1) 2-Bromoethanol (0.26g, 2.08mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (0.7g, 5.1mmol) and 2-perfluorophenyl-benzimidazole 

(0.5g, 1.76mmol) were added and then refluxed for 10h. After cooled to room 

temperature, the mixture was extract by ethyl acetate. 0.2g product was obtained after 

the coloum. But the NMR shows it is not the compound we expected.  

(2) 2-Bromoethanol (0.26g, 2.08mmol) was dissolved in 10 ml DMF. To the 

solution Potassium carbonate (0.7g, 5.1mmol) and 2-perfluorophenyl-benzimidazole 

(0.5g, 1.76mmol) were added and then put it into the microwave (130ォ, 2h), then the 

mixture was extract by ethyl acetate. 0.15g product was obtained after the coloum. 
1H NMR (400MHz, CDCl3): ! 3.89 (m, 2H), 4.12 (t, J=5.0Hz, 2H), 7.03 (t, J=7.8Hz, 

1H), 7.13 (t, J=7.6Hz, 1H), 7.25 (d, J=8.2Hz, 1H), 7.31 (d, J=8.2Hz, 1H), 7.49 (s, 1H) 

ppm. 
13

C NMR (100MHz, CDCl3): 48.0, 60.0, 109.7, 119.3, 122.2, 122.9, 133.3, 142.6, 

143.3 ppm. 

 

5.48 Preparation of N-ethoxy-3,4,9,10-Perylenetetracarboxylic dianhydride 

 

 

 

(1) Ethanolamine (0.6g, 9.8mmol) was dissolved in 15 ml toluene. To the 

solution Potassium carbonate (0.3g, 2.2mmol) and 3,4,9,10-Perylenetetracarboxylic 

dianhydride (0.84g, 2.14mmol) were added and then refluxed for 7h. After cooling to 
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room temperature, the solvent removed in vacuum, and the mixture are insoluble in 

any solvent. 

(2) Ethanolamine (1.17g, 15mmol) was dissolved in 70 ml ethanol. To the 

solution 3,4,9,10-Perylenetetracarboxylic dianhydride (1g, 2.5mmol) were added and 

then refluxed for 2.5h, then 130ml H2O was added under N2, refluxed overnight. After 

cooling to room temperature, added KOH, stirring overnight. Then the residuum 

washed with water after filter, but the mixture are insoluble in any solvent. 

 

5.49 Preparation of N-(2,6-diisopropylaniline)- 3,4,9,10-Perylenetetracarboxylic 

dianhydride 

 

 

(1). 3,4,9,10-Perylenetetracarboxylic dianhydride (1.176g, 2.96mmol) was 

suspended in acetic acid (40ml) and heated at reflux, then 2,6-diisopropylaniline 

(3.75ml, 20mmol) was added into this mixture. The mixture was kept at reflux at 

120ォ for 3h, and in fact 3,4,9,10-Perylenetetracarboxylic dianhydride can�t dissolve 

in the solution, and after usual work-up procedure TLC (at low concentration) 

indicated most of the dianhydride remained.   

(2). Prepare a suspension of 3,4,9,10-Perylenetetracarboxylic dianhydride 

(0.784g, 2mmol) in 40ml propionic acid, then 2,6-diisopropylaniline (1.87ml, 

10mmol) was added. The mixture refluxed under N2 for 26h. Filter quickly (keep the 

mixture is hot) after stop the reaction, then put the filtrate in fridge for 2h. Then 

extracted by DCM, and washed with water. The NMR indicated the product is a 

mixture. 

 

5.49 Preparation of 4-bromo-2,6-di-2-propylaniline 
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Bromine (16.08g, 100.6mmol) was dissolved in small portions in 30ml of 

cooled (-10ォ) pyridine. The red solution was added dropwise to a cooled (-10ォ) 

mixture of 2,6-di-2,2-propylaniline (17.0g, 95.8mmol) in 20ml of pyridine. The 

reaction mixture was stirred for 30min at 0ォ  and for a futher 1.5h at room 

temperature. Next, it was treated with an exceed of sodium carbonate in water and 

extracted with diethyl ether. All volatiles were evaporated. Vacuum distillation 

afforded of the product, which was crystallized from n-pentane; yield: 17.01 g 

(66.40mol, 69%). 
1H NMR (400MHz, CDCl3): ! 1.0 (d, J= 6.9 Hz, 12H, CH3), 2.4 (q, 2H, CH), 3.1 (s, 

2H, NH2), 7.3 (s, 2H, H-Ar) ppm. 

 

5.50 Preparation of N-(4-bromo-2,6-di-2-propylaniline)- 3,4,9,10-

Perylenetetracarboxylic dianhydride 

 

 

 

3,4,9,10-Perylenetetracarboxylic dianhydride (0.784g, 2mmol) was suspended 

in acetic acid (5ml) and heated at reflux, then 4-bromo-2,6-di-2-propylaniline (0.512g, 

2mmol) was added into this mixture. The mixture was kept at reflux at 120ォ for 3h, 

and in fact 3,4,9,10-Perylenetetracarboxylic dianhydride can�t solve in the solution, 

and after usual work-up procedure TLC (at low concentration) indicated most of the 

dianhydride remained. 

 

5.51 Preparation of 1,7-Dibromoperylene-3,4:9,10-tetracarboxylic acid dianhydride 

 

 

 

3,4,9,10-Perylenetetracarboxylic acid dianhydride (1 g, 2.55 mmol) was added 

to 150 mL of concentrated sulfuric acid and stirred at 55 °C for 18 h. Iodine (0.024 g, 

0.095 mmol) was added to the reaction mixture, and stirring was continued for 5 h at 

55°C. Bromine (0.2928 ml, 5.7 mmol) was added dropwise, and stirring was 
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continued at 85°C for another 48 h. The reaction mixture was cooled to room 

temperature, and excess bromine was expelled by purging with argon. The mixture 

was cooled in an ice bath, and 2.4 mL of water were added dropwise to precipitate the 

product. The precipitate was separated by centrifugation, and washed with 7.5 mL of 

86 % H2SO4, followed by several washings with water. The crude product was dried 

for 3 days at 50 °C under vacuum to afford 3.14 g of a red solid. The crude product 

was used without further purification in the next step. 

 

5.52 Preparation of N-(2-hydroxyethyl)-1,7-dibromoperylene-3,4:9,10-

tetracarboxydiimide 

 

 

1,7-Dibromoperylene- 3,4:9,10-tetracarboxylic dianhydride (0.21 g, 0.38 mmol) 

and  ethanolamine (0.25mlg, 4.2 mmol) were added to 10 mL of propionic acid, and 

purged with argon. The reaction mixture was refluxed at 155 °C for 3 days under an 

argon atmosphere. To the cold reaction mixture 10 mL of methanol were added. The 

precipitated product was isolated by filtration, and washed with methanol until the 

filtrate was colorless. The crude product was dried for 3 days at 50°C under vacuum 

to afford 0.20 g of a red solid (82 % yield). The crude product was used without 

further purification in the next reaction step. 

Mass (M-H)+: 591.5008. 

 

5.53 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy) ethyl)-1,7-dibromoperylene-

3,4:9,10-tetracarboxydiimide 

 

 

 

N-(2-hydroxyethyl)-1,7-dibromoperylene-3,4:9,10-tetracarboxydiimide (0.100g, 

0.17mmol) and 3,6-dichloro tetrazine (0.11g, 0.73mmol) were suspention in dry 50ml 



225 

 

dichloromethane, 2,4,6-collidine (0.14ml, 1mmol) was added at room temperature 

under N2. After stirring overnight, TLC indicated no new compound, and the 

tetracarboxydiimide can�t dissolve in DCM, while the 3,6-dichlorotetrazine 

decomposed. 

 

5.54 Preparation of N,N-Di(2-hydroxyethyl)- 1,4,5,8-Naphthalenetetracarbondiimide 

(1) 

 

 

 

2-Bromoethanol (0.4g, 3.2mmol) was dissolved in 20 ml DMF. To the solution 

Potassium carbonate (0.4g, 2.9mmol) and 1,4,5,8-Naphthalenetetracarbondiimide 

(0.4g, 1.5mmol) were added and then refluxed for 10h. After cooled to room 

temperature, the mixture was extract by ethyl acetate, and recrystallization after the 

coloum (DCM: PE= 3:1).  The product was purified by coloum, Yield 0.02g (4%).   
1H NMR (400MHz, DMSO-d6): !: 3.65 (M, 4H), 4.16 (t, J = 6.0 Hz, 4H), 4.85 (t, J = 

6.2 Hz, 2H), 8.63 (m, 4H) ppm. 
13

C NMR (100MHz, DMSO-d6): !: 42.2, 57.7, 126.2, 129.6, 130.3, 162.7 ppm. 

 

5.55 Preparation of N,N-bi(2-hydroxyethyl)- 1,4,5,8-Naphthalenetetracarbondiimide 

(2) 

 

 

 

Ethanolamine (2ml, 40mmol) was dissolved in 50 ml H2O. To the solution 

1,4,5,8-Naphthalenetetracarboxylic dianhydride (2.68g, 10mmol) were added and 

then heated at 80ォ for 18h. After cooled to room temperature, the mixture filter and 

washed with acetone, then recrystallization after the coloum (DCM:PE= 3:1).  The 

product was purified by coloum, Yield 3.0 g (85%). 

The NMR result is the same as the method 1. 
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5.56 Preparation of N,N-bi(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-1,4,5,8-

Naphthalenetetracarbondiimide 

 

 

 

N,N-bi(2-hydroxyethyl)- 1,4,5,8-Naphthalenetetracarbondiimide (0.177g, 

0.5mmol) and 3,6-dichloro tetrazine (0.20g, 1.32mmol) were dissolved in dry 50ml 

dichloromethane, 2,4,6-collidine (0.14ml, 1mmol) was added at room temperature 

under N2. After stirring overnight, TLC indicated no new compound, while the 3,6-

dichlorotetrazine decomposed. 

 

5.57 Preparation of N-(6-chloro-s-tetrazine-3-yloxy)-phthalimide 

 

 

 

(1). N-hydroxyphthalimide (0.163g, 1mmol), 3,6-dichloro tetrazine (0.20g, 

1.32mmol) were mixed in dry 20ml dichloromethane, 2,4,6-collidine (0.14ml, 1mmol) 

was added at room temperature under N2. But N-hydroxyphthalimide can�t dissolve in 

dichloromethane, so after stirring overnight at 50ォ, TLC indicated no new compound, 

while the 3,6-dichlorotetrazine decomposed. 

 (2). N-hydroxyphthalimide (0.32g, 2mmol) was added in 20ml dry THF, and n-

BuLi (0.88ml, 2.2mmol) dropwise to the suspension at 0ォ. 10min after, 3,6-dichloro 

tetrazine (0.30g, 2mmol) was added, and stirring at room temperature. But the TLC 

indicated no new compound as expected, while the 3,6-dichlorotetrazine decomposed. 

 

5.58 Preparation of tetraphenylphthalic anhydride 
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An intimate mixture of tetraphenylcyclopentadienone (3.5g, 0.94mol) and 

maleic anhydride (0.93g, 0.95mol) is placed in a 50ml. round-bottomed flask, and to it 

is added 5ml of bromobenzene. After the mixture has been refluxed gently for 3.5 

hours, it is cooled, a solution of 0.7 ml. of bromine in 5 ml. of bromobenzene is added 

through the condenser, and the flask is shaken until the reagents are thoroughly mixed. 

After the first exothermic reaction has subsided, the mixture is refluxed gently for 3 

hours. The flask is then immersed in a cooling bath and the temperature of the mixture 

is held at 0�10° for 2�3 hours. The mixture is filtered with suction, and the crystalline 

product is washed three times with 10ml. portions of petroleum ether (b.p. 60�68°). 

After the product has been dried in the air, it weighs 3.7g. (yield is 87%) and melts at 

289�290°. It is light brown, but when pulverized it is almost colorless. The filtrate, 

when diluted with an equal volume of petroleum ether and cooled to 0�10°, yields an 

additional 2�3 g. of a less pure product which melts at 285�288°. The impure material 

may be purified by recrystallization from benzene, using 8�9 ml. of benzene per gram 

of solid.  
1H NMR (400MHz, CDCl3): � 6.7 (m, 4H), 6.91 (m, 6H), 7.11 (m, 4H), 7.24 (m, 6H 

ppm. 

 

5.59 Preparation of N-(2-hydroxyethyl)-tetraphenylphthalimide 

 

 

 

Ethanolamine (0.125g, 1mmol) was dissolved in 15 ml DMF and 10ml H2O. To 

the solution 2,3,4,5-tetraphenylphthalic anhydride (0.2g, 1mmol) were added and then 

refluxed for 10h. After cooled to room temperature, the product was precipitated as 

gray solid, and not pure, Yield is about 50%. 
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5.60 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)- tetraphenylphthalimide 

 

 

 

N-ethanol-2,3,4,5-tetraphenylphthalimide (0.50g, 1mmol) and 3,6-dichloro 

tetrazine(0.20g, 1.32mmol) were dissolved in dry 15ml dichloromethane, 2,4,6-

collidine (0.14ml, 1mmol) was added at room temperature under N2. After stirring 6h, 

the solvent was removed under reduced pressure and puri�ed by column 

chromatography. Yield 0.15g (24.6%). 
1
H NMR (400MHz, CDCl3): � 4.12 (t, 2H), 4.88 (t, 2H), 6.91 (m, 10H), 7.22 (m, 10H) 

ppm. 
13

C NMR (100MHz, CDCl3):: � 35.8, 66.9, 126.4, 127.1, 127.4, 127.5, 127.9, 129.9, 

130.7, 135.4, 137.9, 139.7, 148.1, 164.5, 166.3, 167.1 ppm. 

Mass (M
+
): 632.1516 

 

5.61 Preparation of 3, 6-bis (2,2-diphenol)-1,2-dihydro-s-tetrazine 

 

 

 

Treatment of solution of 2-hydroxybenzonitrile (5.95g, 0.05mol) in 15ml 

ethanol with hydrazine hydrates (10ml), followed by addition of flowers of sulphur 

(1g), and heating the mixture at reflux for 2h. Then filter, washed with water, dried. 

Because3, 6-bis (2,2-diphenol)-1,2-dihydro-s-tetrazine can be oxided by O2, the 

mixture change to red in the air. So 5.2g product was obtained, but not pure.  

 

5.62 Preparation of 3, 6-bis (2,2-diphenol)-s-tetrazine 
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In a 1L two necked round bottom flask, a solution of sodium nitrite (3.45g, 

0.05mol) in 80ml of water was prepared and 10ml of DCM was added. The 

temperature was lowered at 0ォ and 3, 6-bis (2,2-diphenol)-1,2-dihydro-s-tetrazine 

(4.96g ,0.0185mol) was introduced. Acetic acid (2.86ml) was added dropwise. After 

gas evolution stopped, the organic layer was separated and the aqueous layer was 

extracted with DCM (3x100ml). The organic layer are reunited, washed to neutrality 

with 5% aqueous solution of K2CO3, dried over calcium chloride and filtered. The 

crude product is obtained by evaporation of the solvent under reduced pressure. The 

dark red solid obtained is washed several times with diethyl ether, but it is still 

mixture after the column. 

 
5.63 Preparation of N-(2-hydroxyethyl)-1,8-naphthalimide 

 

 

 

2-Bromoethanol (0.125g, 1mmol) was dissolved in 15 ml DMF. To the solution 

Potassium carbonate (0.138g, 1mmol) and naphthalimide (0.2g, 1mmol) were added 

and then refluxed for 10h. After cooled to room temperature, the mixture was extract 

by ethyl acetate. The product was purified by coloum, Yield 0.18g (73.7%).   
1H NMR (400MHz, CDCl3): ! 3.60 (t, J= 6.4 Hz, 2H, CH2), 4.12 (t, J = 6.4 Hz, 2H, 

CH2), 4.78 (t, J = 6.0 Hz, 1H, OH), 7.84 (t, J = 7.4 Hz, 2H, napht), 8.45 (dd, J= 7.3 

Hz, 4H, napht) ppm. 

 

5.64 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-1,8-naphthalimide 

 

 

 

N-ethanol-naphtalimide (0.24g, 1mmol) and 3,6-dichloro tetrazine (0.20g, 

1.32mmol) were dissolved in dry 15ml dichloromethane, 2,4,6-collidine (0.14ml, 

1mmol) was added at room temperature under N2. After stirring 2h, the solvent was 
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removed under reduced pressure, and purified by column chromatography (PE: 

DCM=1:1). 0.20g product is obtained, yield is 56%. 
1H NMR (400MHz, CDCl3): d 4.75 (t, 2H, J=5Hz), 5.06 (t, 2H, J=5Hz), 7.75 (t, 2H, 

J=7.5Hz), 8.23 (d, 2H, J=7.5Hz), 8.56 (d, 2H, J=7.5Hz ppm. 
13C NMR (100MHz, CDCl3): 

d 166.7, 164.5, 163.6, 134.5, 132.2, 131.7, 128.9, 127.1, 122.3, 67.7, 38.1 ppm. 

m.p.:157-158@"

Mass (M+): 355 

 

5.65 Preparation of (2,3,5,6)-octahydro-2,5-methanopentalene-3,6-tetrazine 

 

 

 

(2,3,5,6)-Octahydro-2,5-methanopentalene-3,6-diol (0.05g, 0.32mmol) and 3,6-

dichloro tetrazine (0.11g, 0.72mmol) were dissolved in dry 15ml dichloromethane, 

2,4,6-collidine (0.10ml, 0.72mmol) was added at room temperature under N2. After 

stirring overnight, the solvent was removed under reduced pressure, and purified by 

column chromatography (PE: DCM=1:1). 0.001g (2,3,5,6)-octahydro-2,5-

methanopentalene-3-ol-6-tetrazine was obtained, yield is 1.2%; 0.001g (2,3,5,6)-

octahydro-2,5-methanopentalene-3,6-tetrazine was obtained, yield is 0.8%. 

(2,3,5,6)-octahydro-2,5-methanopentalene-3-ol-6-tetrazine 1H NMR (400MHz, 

CDCl3): d 0.83 (m, 4H), 1.24 (m, 6H) ppm. 

(2,3,5,6)-octahydro-2,5-methanopentalene-3,6-tetrazine 1H NMR (400MHz, CDCl3): 

d 0.83 (m, 5H), 1.24 (m, 5H) ppm. 

 
5.66 Preparation of butyl-naphtalimideethoxy-s-tetrazine 

 

 

Chloro-naphtalimideethoxy-s-tetrazine (0.053g, 0.15mmol) was dissolved in 

15ml dry THF. The solution was cooled to 0@"by ice-bath for 10 min .then n-BuLi 
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(0.01g, 0.18mmol) was dropped under 0@0The mixture was stirring 30min at room 

temperature. The solvent was removed under reduced pressure, then purified by 

column (PE: DCM=1:1). 0.01g butyl-naphtalimideethoxy-s-tetrazine was obtained, 

yield is 18%.  
1H NMR (400MHz, CDCl3): ! 1.0 (t, J=7.3Hz, 3H), 1.55 (m, 4H), 4,57 (t, J=6.7Hz, 

2H), 4.75 (t, J=5.3Hz, 2H), 4.97 (t, J=5.5Hz, 2H), 7.76 (t, J=7.8Hz, 2H), 8.23 (d, 

J=8.2Hz, 2H), 8.58 (d, J=7.3Hz, 2H) ppm. 
13

C NMR (100MHz, CDCl3): !: 13.9, 19.1, 30.8, 38.4, 66.6, 69.9, 122.5, 127.1, 128.4, 

131.7, 134.4, 164.5, 165.9, 166.3 ppm. 

 

5.67 Preparation of n-butyl-pentachlorophenoxy-s-tetrazine 

 

 

 

Chloro-pentachlorophenoxy-s-tetrazine (0.1g, 0.26mmol) was dissolved in 15ml 

dry THF. The solution was cooled to 0@"by ice-bath for 10 min .then n-BuLi (0.02g, 

0.31mmol) was dropped under 0@0The mixture was stirring 30min at room 

temperature. The solvent was removed under reduced pressure, then purified by 

column (PE:DCM=1:1). 0.03g n-butyl-pentachlorophenoxy-s-tetrazine was obtained, 

yield is 30%. 
1
H NMR (400MHz, CDCl3): ! 4.61 (2H, t, J=6.84Hz), 1.91 (m, 2H), 1.56 (m, 2H), 

1.00 (t, J=7.32Hz, 3H,) ppm. 
13

C NMR (100MHz, CDCl3): ! 13.8, 19.1, 30.7, 70.7, 127.8, 132.7, 145.2, 165.1, 

167.4 ppm. 

 

5.68 Preparation of n-butyl-morpholine-s-tetrazine 

 

 

 

Chloro-morpholine-s-tetrazine (0.1g, 0.5mmol) was dissolved in 15ml dry THF. 

The solution was cooled to 0@"by ice-bath for 10 min .then n-BuLi (0.032g, 
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0.5mmol) was dropped under 0@0The mixture was stirring 30min at room 

temperature. The solvent was removed under reduced pressure, then purified by 

column (PE: DCM=1:1). 0.05g n-butyl-morpholine-s-tetrazine was obtained, yield is 

45%.  
1H NMR (400MHz, CDCl3): ! 0.92 (t, J=7.32Hz, 3H), 1.45 (2H, m), 1.80 (2H, m ), 

3.80 (8H, m ), 4.42 (2H, t, J=6.4Hz) ppm. 
13

C NMR (100MHz, CDCl3): ! 13.9, 19.1, 30.9, 44.4, 66.5, 69.0, 161.5, 164.5 ppm. 

 

5.69 Preparation of n-butyl-methoxy-s-tetrazine 

 

 

 

Chloromethoxy-s-tetrazine (0.15g, 1.03mmol) was dissolved in 15ml dry THF. 

The solution was cooled to 0@" by ice-bath for 10 min .then n-BuLi (0.08g, 

1.24mmol) was dropped under 0@0The mixture was stirring 30min at room 

temperature. The solvent was removed under reduced pressure, then purified by 

column (PE: DCM=1:1). 0.09g n-butyl-methoxy-s-tetrazine was obtained, yield is 

52%.  
1
H NMR (400MHz, CDCl3): ! 0.99 (t, J=7.32Hz, 3H), 1.55 (m, 2H), 1.89 (m, 2H), 

4.23 (s, 3H), 4.55 (t, J=6.44Hz, 2H,) ppm. 
13

C NMR (100MHz, CDCl3): ! 13.8, 19.1, 30.7, 56.8, 69.8, 166.4 ppm. 

 

5.70 Preparation of n-Butyl-chloro-s-tetrazine 

 

 

 

Dichloro-s-tetrazine (0.1g, 0.66mmol) was dissolved in 10ml dry THF. The 

solution was cooled to 0@"by ice-bath"for 10 min .then n-BuLi (0.05g, 0.78mmol) 

was dropped under 0@0The mixture was stirring 30min at room temperature. The 

solvent was removed under reduced pressure, then purified by column (PE: 

DCM=1:1). 0.04g n-Butyl-chloro-s-tetrazine was obtained, yield is 35%.  
1
H NMR (400MHz, CDCl3): ! 1.01(t, J=7.32Hz, 3H), 1.56(m, 2H), 1.93(m, 2H), 

4.66(t, J=6.88Hz, 2H) ppm. 
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13C NMR (100MHz, CDCl3): � 13.8, 19.1, 30.6, 71.0, 164.3, 166.9 ppm. 

  

5.71 Preparation of dibutyl-s-tetrazine 

 

 

 

Dichlorotetrazine (0.1g, 0.66mmol) was dissolved in 10ml dry THF. The 

solution was cooled to 0@"for by ice-bath 10 min.then n-BuLi (0.10g, 1.56mmol) 

was dropped under 0@0The mixture was stirring 30min at room temperature. The 

solvent was removed under reduced pressure, then purified by column (PE: 

DCM=1:1). 0.02g dibutyl-s-tetrazine was obtained, yield is 15.6%.  
1H NMR (CDCl3): ! 1.01(t, J=7.32Hz, 3H), 1.48(m, 2H), 1.83(m, 2H), 4.48 (t, 

J=6.4Hz, 2H) ppm. 
13

C NMR (CDCl3): ! 13.8, 19.1, 30.8, 69.8, 166.2 ppm. 

 

5.72 Preparation of N-(2-hydroxyethyl)-2-trifluoromethyl-benzimidazole 

 

 

 

2-Bromoethanol (0.148g, 1.2mmol) was dissolved in 15 ml DMF. To the 

solution Potassium carbonate (0.13g, 1mmol) and 2-trifluoromethyl-1H-

benzolimidazole (0.169g, 1mmol) were added and then refluxed for 18h. After cooled 

to room temperature, the mixture was extract by ethyl acetate and washed with water. 

The pure product was obtained after column (PE: EA=1:1). Yield is 0.1g (48%)   
1
H NMR (400MHz, DMSO-d6): ! 3.77 (m, 2H), 4.45 (m, 2H), 5.0 (t, 1H), 7.35 (m, 

1H), 7.45 (m, 1H), 7.80 (m, 2H) ppm.  

Mass (M+H)
+
: 231.0740 

m.p.:90-92@"

 

5.73 Preparation of N-(2-(6-chloro-s-tetrazine-3-yloxy)ethyl)-2-trifluoromethyl-

benzimidazole 
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N-ethanol- benzolimidazole (0.023g, 0.1mmol) and 3,6-dichloro tetrazine(0.02g, 

0.13mmol) were dissolved in dry 20ml dichloromethane, 2,4,6-collidine (0.02ml, 

0.1mmol) was added at room temperature under N2. After stirring 4h, the solvent was 

removed under reduced pressure, and puri�ed by column chromatography (PE: 

EA=2:1). Yield 0.02g, 58%.  
1
H NMR (400MHz, CDCl3): � 4.88 (t, 2H, J=5.2Hz), 5.03 (t, 2H, J=5.2Hz), 7.39 (m, 

1H), 7.49 (m, 1H), 7.64 (m, 1H), 7.86 (m, 1H) ppm. 
13

C NMR (100MHz, CDCl3): � 43.5, 68.2, 110.7, 117.8, 120.5, 121.9, 124.3, 126.2, 

135.6, 141.0, 165.1, 166.2 ppm. 

Mass (M
+
): 344.0 

m.p.:125-126@"

 

5.74 Preparation of 2NIOH 

 

 

1,8-naphthalic anhydride (1g, 5.05mmol) was suspended in 10ml of N,N-

dimethylacetamide (DMA). 1,3-Diamino-2-propanol  (0.2g, 2.2mmol) was added to 

the suspension. The mixture was stirred at 100 @ for 12h. After removal of the 

solvent on a rotary evaporator, water (5ml) was added to the residue. The resulting 

white precipitate was filtered and dried, 0.2g (yield is 40%) pure product was 

obtained after the column (PE: EA=1:1).  
1
H NMR (400MHz, CDCl3): d 4.52 (m, 5H), 7.75 (t, 4H, J=7.8Hz), 8.22 (d, 4H, 

J=8.2Hz), 8.59 (d, 4H, J=7.3Hz) ppm. 
13

C NMR (100MHz, CDCl3): d  44.7, 69.7, 122.6, 127.1, 128.4, 131.7, 134.3, 165.1 

ppm. 

m.p.: >264@"

 

5.75 Preparation of 2NITZ 
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2NIOH (0.1g, 0.22mmol) and 3,6-dichloro tetrazine(0.05g, 0.33mmol) were 

dissolved in dry 20ml dichloromethane, 2,4,6-collidine (0.05ml, 0.25mmol) was 

added at room temperature under N2. After reflux 7 days, the solvent was removed 

under reduced pressure, and puri�ed by column chromatography (PE: EA: 

DCM=1:1:2). Then 0.022g (yield is 17%) pure 2NITZ was obtained.  
1
H NMR (400MHz, CDCl3): d 4.83 (m, 2H), 4.96 (m, 2H), 6.20 (m, 1H), 7.73 (t, 4H, 

J=7.8Hz), 8.21 (d, 4H, J=8.2Hz), 8.51 (d, 4H, J=7.3Hz) ppm. 
13

C NMR (100MHz, CDCl3): d 40.9, 60.5, 122.3, 127.1, 128.3, 131.7, 131.8, 134.5, 

164.6 ppm. 

Mass (M+Na)
+
: 587.0836  

m.p.: 140@"

 

5.76 Preparation of 2,2-bis(bromomethyl)-3-bromo-propan-1-ol 

 

 

 

Pentaerythritol (12.8g, 94mmol) was dissolved in glacial AcOH: 48%HBr (aq) 

(1:4.2 v/v, 52ml) and heated under reflux. After 24h 48% HBr (aq) (42ml) and c. 

H2SO4 (23ml) were added and the resulting solution heated under reflux. After a 

further 24h the reaction mixture was cooled. The lower liquid layer from the resulting 

mixture was separated and dissolved in CHCl3 (50ml), washed with water (20ml), 

dried (anhyd. K2CO3), filtered and the solvent removed. The residue was purified by 

flash chromatography (EA:PE=1:9) to give 2,2-bis(bromomethyl)-3-bromo-propan-1-

ol (15.1g, 49%) as a white crystalline solid. 
1
H NMR (400MHz, CDCl3): d 3.75 (d, 2H, J=5.5Hz, -CH2OH), 3.53 (s, 6H, -CH2Br), 

1.70 (br s, 1H, OH) ppm. 
13

C NMR (100MHz, CDCl3): d 34.5, 62.5 ppm. 
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5.77 Preparation of 3-bromo-2,2-bis(bromomethyl)propyl acetate 

 

 

 

Pentaerythritol (6.4g, 47mmol) was dissolved in glacial AcOH: 48%HBr (aq) 

(1:4.2 v/v, 30ml) and heated under reflux. After 24h 48% HBr (aq) (21ml) and c. 

H2SO4 (12ml) were added and the resulting solution heated under reflux. After a 

further 24h the reaction mixture was cooled. The lower liquid layer from the resulting 

mixture was separated and dissolved in CHCl3 (50ml), washed with water (20ml), 

dried (anhyd. K2CO3), filtered and the solvent removed. The residue was purified by 

flash chromatography (EA:PE=1:9) to give 3-bromo-2,2-bis(bromomethyl)propyl 

acetate (7g, 41%) as a white crystalline solid.  
1H NMR (400MHz, CDCl3): d 1.99 (s, 3H), 3.44 (s, 6H, -CH2Br), 4.07 (s, 2H ppm. 
13C NMR (100MHz, CDCl3): d 20.9, 34.3, 42.7, 63.6, 169.8 ppm. 

 

5.78 Preparation of 2NI2OH (1) 

 

 

2,2-bis(bromomethyl)-3-bromo-propan-1-ol (0.05g, 0.15mmol) was dissolved 

in 10 ml DMF. To the solution Potassium carbonate (0.02g, 0.15mmol) and 

naphthalimide (0.3g, 1.5mmol) were added and then refluxed for 3 days. After cooled 

to room temperature, the mixture was extract by ethyl acetate. The product was 

purified by column, Yield 0.01g (13%).   
1H NMR (400MHz, CDCl3): ! 3.52 (t, J= 7.8 Hz, 4H, -CH2OH), 4.12 (t, J = 7.8 Hz, 

2H, -OH), 4.54 (s, 4H), 7.78 (t, J = 7.8 Hz, 4H), 8.25 (d, J= 8.2 Hz, 4H), 8.60 (d, J= 

7.3 Hz, 4H) ppm. 
13

C NMR (100MHz, CDCl3): d 41.6, 48.8, 63.7, 122.2, 127.3, 128.3, 131.7, 132.2, 

 134.7, 166.0 ppm. 

 

Preparation of 2NI2OH (2) 
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2,2-bis(bromomethyl)-3-bromo-propan-1-ol (0.05g, 0.15mmol) was dissolved in 

7 ml DMF. To the solution Potassium carbonate (0.02g, 0.15mmol) and 

naphthalimide (0.3g, 1.5mmol) were added and then with microwave (130ォ, 3h). 

After cooled to room temperature, the mixture was extract by ethyl acetate. The 

product was purified by column, Yield 0.015g (20%) and gave the same NMR spectra 

as in the previous method. 

 

Preparation of 2NI2OH (3) 

 

 

3-bromo-2,2-bis(bromomethyl)propyl acetate (0.05g, 0.13mmol) was dissolved 

in 10 ml DMF. To the solution Potassium carbonate (0.02g, 0.15mmol) and 

naphthalimide (0.3g, 1.5mmol) were added and then refluxed for 3 days. After cooled 

to room temperature, the mixture was extract by ethyl acetate. The product was 

purified by coloum, Yield 0.01g (15%).   
1H NMR (400MHz, CDCl3): ! 3.52 (t, J= 7.8 Hz, 4H, -CH2OH), 4.12 (t, J = 7.8 Hz, 

2H, -OH), 4.54 (s,4H), 7.78 (t, J = 7.8 Hz, 4H), 8.25 (d, J= 8.2 Hz, 4H), 8.60 (d, J= 

7.3 Hz, 4H) ppm. 
13

C NMR (100MHz, CDCl3): d 41.6, 48.8, 63.7, 122.2, 127.3, 128.3, 131.7, 132.2, 

 134.7, 166.0 ppm. 

 

5.79 Preparation of 2,2-bis(aminomethyl)-3-amino-propan-1-ol trihydrochloride 
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NaN3 (1.57g, 24.15mmol) was added to a solution of 2,2-bis(bromomethyl)-3-

bromo-propan-1-ol (0.66g, 20.3mmol) in DMF (12ml) under N2 and the resulting 

mixture warmed to 100@. After 28h the solution formed was cooled, poured into 

water (100ml) and extracted with Et2O (250ml). The organic fractions were combined, 

dried with MgSO4, filtered and the volume of solvent reduced to 10ml. P-dioxane 

(20ml) was added and the volume of solvent reduced again to 10ml. P-dioxane(25ml), 

PPh3 (2.66g, 10.14mmol) and NH3(aq, 30%, 10ml)were added with stiring. After 19h 

the solvent was removed, the residue suspended in CHCl3 (100ml) and extracted with 

HCl (aq, 2.5M, 50ml). The aqueous fractions were combined, washed with CHCl3 

(20ml x 4) and concentrated to a volume of 50ml. c. HCl (aq, 2ml) was added and the 

solution cooled to 4ォ. The white solid that crystallized from solution was filtered, 

washed with cold c. HCl (aq, 2ml), EtOH (3ml), Et2O (5 x 5) and dried under vacuum 

to give 2,2-bis(aminomethyl)-3-amino-propan-1-ol trihydrochloride (0.16g, 32%) as a 

white crystalline solid. 
1H NMR (400MHz, D2O): d 3.28 (s, 6H, -CH2N), 3.83 (s, 2H, -CH2OH) ppm. 

 

5.80 Preparation of 3NIOH 

 

 

 

1,8-naphthalic anhydride (0.4g, 2mmol) was suspended in 15ml of dry DMF. 

2,2-bis(aminomethyl)-3-amino-propan-1-ol trihydrochloride (0.1g, 0.4mmol) was 

added to the suspension. The mixture was heated to reflux for 12h. After removal of 

the solvent on a rotary evaporator, water was added to the residue. The resulting white 

precipitate was filtered and dried, and purified by column (PE:EA=1:1). 0.16g 2,2-

bis(naphthalic -methyl)-3- naphthalic -propan-1-ol was obtained, yield is 59%. 
1H NMR (CDCl3): d 3.72 (d, 2H, J=7.3Hz, -CH2OH), 4.27 (t, 1H, J=7.8Hz, -OH), 

4.66 (s, 6H, -CH2N), 7.72 (t, 6H, J=8.2Hz), 8.20 (d, 6H, J=8.7Hz), 8.55 (d, 6H, 

J=7.3Hz) ppm. 
13C NMR (CDCl3): d 44.3, 49.8, 64.2, 122.7, 127.1, 128.3, 131.7, 134.1, 165.6 ppm. 

Mass (M+Na)+: 696.1741  
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5.81 Preparation of 3NITZ 
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3NIOH (0.05g, 0.07mmol) and 3,6-dichloro tetrazine(0.112g, 0.74mmol) were 

dissolved in dry 10ml dichloromethane, 2,4,6-collidine (0.25ml, 0.12mmol) was 

added at room temperature under N2. After heated at 100@"for 7 days in the pressure 

tube, the solvent was removed under reduced pressure, and puri�ed by column 

chromatography (PE: EA: DCM=1:1:2). Then 0.01g (yield is 2%) pure 3NITZ was 

obtained.  
1
H NMR (CDCl3): d 4.88 (m, 6H), 7.73 (m, 6H), 8.21 (m, 6H), 8.50 (m, 6H) ppm. 

13
C NMR (CDCl3): d 44.1, 45.0, 51.1, 122.5, 127.0, 128.3, 131.6, 134.0, 165.4, 165.5 

ppm. 

  

5.82 Preparation of 3NITZ by microwave 
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3NIOH (0.05g, 0.07mmol) and 3,6-dichloro tetrazine(0.112g, 0.74mmol) were 

dissolved in dry 10ml dichloromethane, 2,4,6-collidine (0.25ml, 0.12mmol) was 

added at room temperature under N2. After reacted in microwave (130ォ, 10min), 

there are no compound expected obtained from the TLC. 

 

5.83 Preparation of 1,2-dithiolane-3-pentanol 
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Lipoic acid (2.06 g, 10 mmol) was placed in a flame-dried 250 mL flask fitted 

with a stirrer and dropping funnel and connected to an oil bubbler to maintain a 

nitrogen atmosphere. Anhydrous chloroform (70 mL) was added followed by 1.0 M 

catecholborane, in tetrahydrofuran (50 mL, 50 mmol), dropwise. The mixture was 

refluxed (70-80 °C) for about 6 h. Cold water (20 mL) was then added dropwise and 

the organic solvent evaporated in vacuo. Dichloromethane (50 mL) was added and the 

mixture extracted with one 25 mL aliquot of water followed by six 25 mL aliquots of 

1.0 M NaOH to remove the catechol. The organic portion was dried with sodium 

sulfate and filtered and solvent evaporated in vacuo. The crude product was purified 

by column chromatography (silica gel, CH2Cl2/ethyl acetate, 4:1). Yield: yellow oil, 

88.5%. 
1H NMR (CDCl3): d 1.5 (broad, 8H, alkyl), 2.4 (quintet, 2H, ring CH2), 3.15 (t, 2H, 

CH2S), 3.6 (m, 3H, CHRS and CH2O) ppm. 
13C NMR (CDCl3): d 25.6, 29.2, 32.6, 35.0, 38.5, 40.4, 56.7, 62.8 ppm. 

 

5.84 Preparation of 3-chloro-6-(1,2-dithiolane-3-pentanoxy)-1,2,4,5-tetrazine  

 

 

 

1,2-dithiolane-3-pentanol (0.19g, 1mmol) and 3,6-dichloro tetrazine (0.20g, 

1.32mmol) were dissolved in dry 15ml dichloromethane, 2,4,6-collidine (0.14ml, 

1mmol) was added at room temperature under N2. After stirring 2h, the solvent was 

removed under reduced pressure, and purified by column chromatography (PE: 

DCM=1:1). 0.25g product is obtained, yield is 82%. 
1H NMR (400MHz, CDCl3): d 1.53 (m, 8H), 2.41 (m, 1H), 3.09 (m, 2H), 3.51 (m, 

1H), 4.60 (t, 2H, J=6.42Hz) ppm. 
13C NMR (100MHz, CDCl3): d 25.5, 28.3, 28.8, 34.7, 38.4, 40.2, 56.4, 70.7, 164.0,  

166.6 ppm. 
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a b s t r a c t

Several new s-tetrazines have been prepared with hindered, electron-withdrawing or electron-rich sub-

stituents. This is the first time that tetrazine bearing interactive functional groups other than ligands are

described. . . Their electrochemical and spectroscopic properties have been investigated, especially con-

cerning the electron transfer rate in the case of three selected compounds. Fluorescence occurs as

expected as soon as the substituent linked to the tetrazine core is electron withdrawing enough. The exis-

tence of the tetrazine fluorescence with imide substituents might open the way to the preparation of bic-

homophoric fluorophores.

Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction

s-Tetrazine chemistry has been known for more than one cen-

tury [1], and their photophysical [2] and electrochemical [3] prop-

erties have been briefly recognized. However, only recently did

these very original properties started to be fully investigated. With

regards to the recently developed supramolecular chemistry [4],

the s-tetrazine building block appears a very promising and fasci-

nating one. s-Tetrazines are electroactive heterocycles, having a

very high electron affinity which make them reducible at high to

very high potentials. Since pentazine and hexazine are unknown

and probably not stable [5], they are actually the electron poorest

class of aromatic neutral C–N heterocycles. In addition, they have a

low lying p� orbital, with as consequence a low energy n–p� tran-

sition in the visible range, which makes them highly colored. The

chemistry of s-tetrazines has been recently reviewed [5], enlight-

ening especially their interest in explosives synthesis [6] and coor-

dination chemistry [7].

We, and others, have remarked that s-tetrazines substituted

with heteroatoms display interesting fluorescence properties [8–

11] that can be electrochemically monitored [12,13]. Actually, all

these compounds are fluorescent on TLC as well as in the crystalline

state, which place them amongst the smallest organic fluorophores

in the visible range ever prepared. This makes them especially

attracting in view of sensing applications. Our first studies had

shown indeed that chloromethoxy-s-tetrazine was among the best

compounds, because the combination of a chlorine and an alkoxy

substituent on a s-tetrazine appeared to lead to the maximum fluo-

rescence yield (/F = 0.38) in dichloromethane [10]. However, this

compound easily sublimates even at room temperature, and layers

are not stable over days. An attracting development to overcome

this drawback is thus to prepare chlorotetrazines with other alkoxy

substituents, and especially hindered ones. Since tetrazines are

electroactive, their electrochemistry is also interesting, especially

as far as the electron transfer rate can be dependant on the substit-

uents size and nature. We wished also to check how the fluores-

cence was dependant on the substituent nature. A point of

interest was therefore to investigate the replacement of alkoxy sub-

stituents bymore electronwithdrawing substituents, and the imide

group appeared especially interesting. In addition, it could open the

possibility to prepare bichromophoric compounds.

In this article we report the synthesis of several new s-tetra-

zines featuring bulky alkoxy substituents, like adamantane related

groups. We also report their electrochemical and fluorescence

properties in solution. In addition, we also report the preparation

and a few properties of tetrazines substituted by electron-attract-

ing groups, namely the phtalimidochlorotetrazine, as well as the

perchlorophenoxychlorotetrazine, with their electrochemical and

spectroscopic characteristics.

0022-0728/$ - see front matter Ó 2009 Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Syntheses

All the reported alcohols were reacted using the same operating

mode: a mixture of dichlorotetrazine (150 mg, 10ÿ3 moles) and

alcohol (1.5 eq.) is dissolved into dry dichloromethane (DCM), de-

gassed (about 20 ml), and added 2.5 eq (about 0.30 ml) of dry sym.

collidine. The solution is stirred for about 2 h, then concentrated

and purified on a silica gel column (usually DCM: Pet. Ether 1:1).

Yields are in the 60–80% range for primary alcohols, and 10–20%

for secondary alcohols.

Imides were purchased as their potassium salts and reacted as

such, in acetonitrile (the salts are not soluble in DCM) for about

2 h. Then acetonitrile is completely taken off in vacuum, and the

products are purified by chromatography similarly to above

described.

Characterizations of the compounds (NMR data) are provided as

Supplementary material.

2.2. Electrochemical studies

Electrochemical studies were performed using dichlorometh-

ane (DCM) (SDS, anhydrous for analysis) as a solvent, with n-tetra-

butylammonium hexafluorophosphate (TBAFP) (Fluka, puriss.) as

the supporting electrolyte (0.1 M), except for the kinetic studies

where an acetonitrile/DCM mixture was used to improve the con-

ductivity. The substrate concentration was ca. 5 mM. A 1 mm

diameter Pt or glassy carbon electrode was used as the working

electrode, along with a Ag+/Ag (10ÿ2 M) reference electrode and a

Pt wire counter electrode. The cell was connected to a CH Instru-

ments 600B potentiostat monitored by a PC computer. The refer-

ence electrode (Ag/10ÿ2 M Ag+) was checked vs. ferrocene as

recommended by IUPAC. In our case, E°(Fc+/Fc) = 0.097 V. All solu-

tions were degassed by argon bubbling prior to each experiment.

For kinetic studies, the ohmic drop was carefully compensated

as detailed before [15]. The k° value was determined according to

the classical formula where the letters have the following

meaning:

k� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F

RT
aDv t

r

vt is the transition scan rate (crossing point in the Ep vs. log v

asymptots), a the transfer coefficient (determined from the slopes

of the Ep vs. log v at high scan rate), D the diffusion coefficient of

the electroactive species (neutral and reduced forms are assumed

to have the same value of D) and F, R, T have their usual meanings.

2.3. Fluorescence measurements

All solvents were of spectroscopic grade.

2.3.1. Steady-state spectroscopy

A UV-Vis. Varian CARY 500 spectrophotometer was used. Exci-

tation and emission spectra were measured on a SPEX Fluorolog-

3 (Jobin-Yvon). A right-angle configuration was used. Optical

density of the samples was checked to be less than 0.1 to avoid

reabsorption artifacts. A rhodamine 6G standard (95% yield in

ethanol) was used as reference.

2.4. Theoretical modeling

All the geometry optimizations and scan were performed in va-

cuo on a Nec TX7 with 32 processors Itanium 2 of the Meso center

at ENS Cachan.

Geometry optimizations of the neutral molecules were per-

formed using the hybrid density functional B3LYP potential in con-

juration with a 6–31 + G(d) basis set as implemented in

GAUSSIAN03 [16]. This level was adequate for the geometry opti-

mization of aromatic compounds. No symmetry was imposed on

the molecules. Harmonic vibrations were also calculated for all

the obtained structures to establish that a true minimum was ob-

served. The scan are relaxed and were performed using the

opt = modredundant command after freezing the value of the dihe-

dral angle of interest every 20°. Radical anions were studied with a

similar approach starting from the optimized geometry of the neu-

tral molecules, specifying a ÿ1 charge with a spin multiplicity of 2

and unrestricted B3LYP.
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Scheme 1. Summary of the tetrazines synthetic routes.
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3. Results and discussion

3.1. Synthesis

The following synthetic route (see Scheme 1 below) was used

for the preparation of the tetrazines.

It should be noted that so far in this work we found that nucle-

ophilic substitution works well only with weakly hindered oxygen

nucleophiles. For example the yields with imides and hindered

alcohols are low, and the substitution only works well with pri-

mary alcohols and phenols. In addition, the size and the electronic

characteristics of the substituents clearly affect both the electronic

and the optical properties of the tetrazines, more than it could be

expected.

3.2. Electrochemistry

We have investigated the behaviour of all the tetrazines pre-

pared, looking at the substituent effects, and also comparing to

the generic chloromethoxy tetrazine. Fig. 1 represents the cyclic

voltammograms for three different tetrazines, two of them bearing

a donor alkoxy group, and the third an attractor imide group. It is

clear that all compounds display reversible CV’s, with potentials

depending on the electron affinity of the substituent, and not on

the steric hindrance as it could be expected. This is even clearer

from Table 1, which gathers the standard potential values for the

first redox couple of all the tetrazines studied.

While some variations of the potential can be easily correlated

to the electron withdrawing or donating character of the substitu-

ent, on the other hand the steric hindrance of the substituents ap-

pears to play a smaller role, which is more complicated to

attribute. All together the differences between the tetrazines bear-

ing one chlorine and one alkoxy group appear very small, while the

presence of two alkoxy groups (in 6) noticeably decreases the po-

tential. Considering the behaviour of tetrazines 7 and 8, the attract-

ing group, although much more withdrawing than a standard

alkoxy group, seems to exert a power slightly smaller than a chlo-

rine since both potentials are more negative that dichlorotetrazine

itself. It should also be noticed that electron transfer on tetrazines

appears relatively slow, since the peak to peak separation values

are all above 100 mV/s. This is unexpected for aromatics, and espe-

cially for the smaller member of the series like chloromethoxy tetr-

azine. Hindered tetrazines seem at first sight, to transfer electron

more slowly, however, we show later on that the difference in their

diffusion coefficients is probably responsible for the larger peak

separation.

First,wehave performedcalculations on the structure of theneu-

tral tetrazine and the anion radical for three typical compounds: the

generic chloromethoxytetrazine, the adamantanymethoxychloro-

tetrazine 5 and the bis(adamantanylmethoxy)tetrazine 6. This

choicewasmotivatedby the fact that the admantyl is themostbulky

group of our series, and therefore that the steric hindrance regularly

and noticeably increases from the first to the third compound. Fig. 2

shows the calculated energy differences related to the values of the

dihedral angle N–C–O–C as shown on the figure, both for the neutral

molecule and the anion-radical. The results are quite as expected in

the case of the neutral compounds, the important energy variation

associated with the bending of the structure resulting from the loss

of the mixing of the nitrogen lone pairs to the attracting tetrazine

ring. All anion-radicals also show aminimum for the 0° angle value,

whichwas not obvious in this case, taking into account that the tetr-

azine ring becomes much less electron attracting once an electron

hasbeenadded inside. Theenergydifferences are slightly lower than

for theneutral compounds, thedifferencebeing smaller than it could

be expected. Therefore the deformation of the molecule geometry

upon reduction is not likely to be the reason for the slow electron

transfer.

In order to investigate more precisely the electron transfer rate

for these three tetrazines, and know whether the substituents hin-

drance had an influence on the electron transfer rate, we per-

formed scan rate dependant experiments in order to extract the

heterogeneous rate constants k° in the three cases. Fig. 3 displays

the variations of the peak potentials with the scan rate, and Table

2 displays both diffusion coefficients and rate constants for the

three compounds. Actually, despite the huge difference in the ste-

ric hindrance, the three tetrazine display almost the same rate con-

stant, the apparent slower character of the heavier ones coming

mainly from the diffusion coefficients difference. Therefore, the

sluggishness of the electron transfer is likely to come in this case

from solvation differences, which constitutes a difference with

most of the aromatic compounds where electron transfer is usually

fast [17].

One of the most interesting characteristics of tetrazine deriva-

tives is the ability to be electrochemically reduced through a

two-electrons process (similarly to most quinones) without elec-

trochemical, but however, chemical reversibility (all tetrazines in

our hands display this charateristics but dichlorotetrazine). This

is exemplified in Fig. 4 which presents the CV’s of compound 1 at

various negative inversion potentials. On the curves, the reoxida-

tion of the anion radical is clearly visible whatever the negative po-

tential limit scan. This means that the two electrons reduced

electrogenerated species gives back the anion-radical in the course
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c

Fig. 1. CV featuring the first reduction peak of resp. tetrazines 2 (curve a) 1 (curve

b) and 8 (curve c) (conditions as in exp. part). Scan rate: 100 mV/s. Electrolyte was

dichloromethane with 0.1 M TEAFB, with an Ag/Ag+ reference, and substrate

concentration around 5 � 10ÿ3 M.

Table 1

Standard reduction potentials and peak to peak separations for the tetrazine derivatives 1–8 (for conditions see exp. part).

1 2 3 4 5 6 7 8

E° (V) vs. Ag+/Ag ÿ0.83 ÿ0.84 ÿ0.91 ÿ0.88 ÿ0.94 ÿ1.21 ÿ0.63 ÿ0.60

DEp (mV) 140 100 130 130 140 130 110 100
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of the first reoxidation process. This species is likely to be the one-

time protonated dianion. This feature is quasi-general for tetra-

zines (only dichlorotetrazine behaves differently) and quite unex-

pected particularly for the monochlorotetrazines family, because

it implies that no chloride ions is expelled, even from the electro-

generated dianion, This behaviour reflect the particularly high

electron affinity of tetrazines and is in sharp contrast with the

behaviour of almost all the halogenated aromatics [14].

This shows that most tetrazines can store up to two electrons

per ring, which makes them potentially interesting compounds

for energy storage (most conducting polymers, for example, store

a maximum of one electron over three rings). However, it should

be remarked that this will not be necessarily the case for a polymer

made with tetrazines; this point will be investigated further on.

3.3. Fluorescence

As previously reported [10–12], tetrazines bearing inductive

electron-withdrawing substituents (like a chlorine or an alkoxy

moiety) are fluorescent, both in solution but also in the solid state.

Fig. 5 shows the fluorescence spectrum for 1 in solution, which is

typical of a chloroalkoxytetrazine, and resembles the one of the

generic chloromethoxytetrazine.

The fluorescence of all the tetrazines has been investigated in

solution, and the results are displayed in Table 3. Quantum yields

are very dependant on the substituent nature. In the case of bulky

purely alkyloxy substituents, we had expected that the yields could

be higher because of some isolation of the fluorescent tetrazine

core by the bulky inert alkyl groups. Actually, the yields are only

very slightly higher, and therefore the size effect of the alkyl group

appears unfortunately to be weak.

The case of compounds 2 and 3 bearing electron rich aromatic

groups is more interesting. Quantum yields are low in these cases,

most likely because of quenching by intramolecular electron trans-

fer. We had shown before that the tetrazine fluorescence could be

quenched by good electron donors, typically triphenylamines [10].

In these case the donors are weaker, since while the oxidation

potential of the triarylamines is in the +1 V (vs. SCE) range, the

Fig. 2. Energy profiles as function of the dihedral torsion angle of one alkoxy substituent for chloromethoxytetrazine, chloro-(adamant-1-ylmethoxy)-tetrazine 5 and bis-

(adamant-1-ylmethoxy)-tetrazine 6, each for the neutral and the anion-radical forms.
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cyclophane (+1.47 V [18]) and fluorene (+1.64 V [19]) groups are

oxidized at higher potentials in organic solvents. However, in this

case, the proximity of the two groups in the same molecule may

enhance the quenching efficiency, thus lowering the fluorescence

quantum yield.

Unfortunately, tetrazines 7 and 8 bearing other electron attract-

ing substituents display weak to very weak fluorescence quantum

yields. This is somewhat surprising, especially in the case of the

electron withdrawing pentachlorophenol, which owns a very low

energy p orbital. Normally this should enhance the intensity of

the p–n transition responsible for the fluorescence. However,

somewhat similarly to the dichlorotetrazine case (where /F is only

0.15), quantum yields decrease compared to the chloroalkoxy tetr-

azines. It might be therefore proposed that the existence of an

appreciable dipolar moment is also a necessary condition for the

existence of a relatively high fluorescence quantum yield. Finally

compound 6, bearing two alkoxy substituents, display fluorescence

yield in the range but slightly lower that the one of dimethoxytetr-

azine, and again the large size of the substituents unfortunately

Fig. 3. Variation of the peak potentials with the scan rate for chloromethoxytetr-

azine, 5 and 6 (same conditions as Fig. 1).

Table 2

Kinetic parameters for the electrochemical behaviour of chloromethoxytetrazine, 5 and 6.

vt (V/s) D/10ÿ5 (cm2 sÿ1) a k° (cm sÿ1)

Chloromethoxytetrazine 0.20 ± 0.05 1.6 0.42 0.007 ± 0.001

5 0.27 ± 0.1 0.8 0.45 0.006 ± 0.002

6 0.51 ± 0.05 0.6 0.43 0.007 ± 0.001
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Fig. 4. CV’s of tetrazine 1 at different inversion potentials. Scan rate: 100 mV sÿ1

(same conditions as Fig. 1).

Fig. 5. Absorption and emission spectra of tetrazine 1 recorded in dichloromethane.

Excitation wavelength 522 nm:
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does not lead to a rise of the quantum yield. However, it should be

noticed that this compound is as expected nicely crystalline.

4. Conclusion

We have prepared several new s-tetrazines and examined clo-

sely their electrochemical behaviour and more briefly their fluores-

cence spectroscopy. The results show that most of the

alkoxytetrazine behave like the parent chloromethoxytetrazines,

and that as well the the electron transfer as the fluorescence

behaviour is weakly affected by the size of the substituent. The

substituent nature incidence is however, more important on the

fluorescence properties, but bears essentially on the quantum

yields rather than on the maximum emission wavelength. Preli-

minary results on the solid state fluorescence showing the exis-

tence of long range energy transfer are currently being obtained

and will be presented in a more specialized paper.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.jelechem.2009.03.021.
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Table 3

Fluorescence data for tetrazines reported in this paper.

Compound kabs, max (nm) kem, max (nm) e (L molÿ1 cmÿ1) /F

1 522 563 477 0.40

334

2 519 563 620 0.08

328

3 521 564 593 0.04

326

5 522 567 717 0.40

330

6 530 579 588 0.07

351

7 518 566 822 0.09

<300

8 518 546 451 0.006

311
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Bright fluorescence through activation of a low absorption fluorophore:
the case of a unique naphthalimide–tetrazine dyadw
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An original fluorescent dyad has been prepared, featuring a 1,8-naphthalimide chromophore

linked to a fluorescent tetrazine. This bichromophore benefits from the good absorption

coefficient of the imide, and displays a quasi complete energy transfer to the tetrazine, followed

by its fluorescence emission. This allows the preparation of remarkable transparent solutions and

solids displaying a strong yellow fluorescence with a long life-time.

Introduction

The search for original fluorescent dyes has never stopped and

among them, special colours or effect linked to energy transfer

between chromophores have for a long time and till now

received special attention.1 This interest has been recently

renewed due to multistate molecules and molecular calculators.2

Bichromophoric dyads have also been widely investigated,

especially on the point of view of the mechanisms and efficiency

of energy transfer.3

However, an especially interesting situation is the activation

of a weakly absorbing fluorophore by a more efficient one,

which has, up to now, only been scarcely investigated.3 This is

likely due to the shortage of low-absorbing fluorophores,

which implies that the transition responsible of the fluorescence

is a forbidden or weakly allowed one. Actually, to the best of

our knowledge, there are only two examples of low absorption

fluorophores in the visible range, biacetyls,4 and tetrazines5

(see below). However, this remarkable case could lead to

particularly interesting applications, like fluorescence emission

from nearly transparent solutions or materials.6 Another

remarkable feature is that fluorescence coming from quasi-

forbidden transitions has often a long life-time, which is

especially interesting for fluorescence sensing, because it would

leave the necessary time for the receptor/analyte interaction.

Unfortunately, the sensing efficiency is often hampered by the

low absorption coefficient. This problem can typically be over-

come using a dyad. This is for example true for the biacetyl

family since all its members have an extremely low absorption

coefficient (e E 10–20 L molÿ1 cmÿ1). However, they can be

activated through energy transfer and this has been extensively

studied by Speiser et al. These authors nevertheless showed that

on many occasions, energy transfer is not complete (may be due

to the too low e value).

We have recently shown that s-tetrazines substituted with

heteroatoms also display unique fluorescence properties, based

on the very same process that biacetyls (the fluorescence stems

from a n–p* transition)5b featuring among other characteristics a

very long lifetime (over 100 ns). Besides, the highly oxidizing

character of their excited state makes them especially attractive

for sensing electron rich pollutants. Although they absorb

light more efficiently than biacetyls, unfortunately, and for a

related reason, they still display a relatively low e in the

500–1000 L molÿ1 cmÿ1 range7 which limits the brilliance of

these molecules. An attracting development to overcome this

drawback was thus to prepare chloroalkoxytetrazines linked

to an appropriate strongly absorbing chromophore which is

able to absorb light with a much higher efficiency, and transfer

its energy to the fluorescent tetrazine. As explained above, and

as noticed before by other authors for different chromophores8

this could lead to a much improved brilliance for the molecule

through light harvesting,9 and thus improved efficiency of any

device using this family of molecules. However, the partner

chromophore of the tetrazine has to be chosen carefully,

because not only the absorption bands have to show some

overlap, as usual when energy transfer is envisaged, but also

the partner has to be devoid of, even weak, reducing

properties, since the excited tetrazine is a very good electron

acceptor.

We describe here the preparation of a dyad made of a

chloroalkoxytetrazine linked to a naphthalimide, N-(2-(6-chloro-

s-tetrazin-3-yloxy)ethyl)-naphthalimide (that will be designed

later as NITZ, Fig. 1). Both partners in the dyad are electro-

deficient (the only available report states that the oxidation

potential of naphthalimide is higher than +2 V).10 This

ensures that no electron transfer can take place between
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the excited state of the tetrazine and the naphthalimide, since

the redox potential of the former has been estimated between

1.2 V and 1.4 V, based on the optical gap.5a The photochemical

behaviour of this new original molecule, along with the

demonstration of its improved brilliance (about 10 times the

one of a standard tetrazine) is presented along with its

electrochemical properties. Also, we show that the compound

can be inserted into a polymer and lead to a transparent and

yellow fluorescent object, a unique feature that should find

application in the realization of decorative objects.

Experimental

Materials and methods

All reagents were purchased from Sigma-Aldrich or Fluka and

used as received. All solvents were obtained from Carlo-Erba.

Synthesis grade ones have been dried prior to use according to

standard literature procedures. All reactions were carried out

under an inert argon atmosphere. Photophysical and electro-

chemical studies have been done in spectroscopic grade

solvents. Solution NMR spectroscopy was performed on a

Bruker AMX 500 MHz instrument. Mass spectrometric

analyses were carried out on an Agilent 5973N apparatus.

Dichloro-s-tetrazine was prepared as previously described.5b

Synthesis

Synthesis of N-(2-hydroxyethyl)-1,8-naphthalimide.11 1,8-

Naphthalimide (0.2g, 1 mmol) was reacted with 2-bromoethanol

(0.125g, 1 mmol) in dimethylformamide (DMF, 15 ml) in the

presence of potassium carbonate for 10 h (previous workers

used acetonitrile but in our hands the yields were unsatisfactory).

Then the resulting solution was poured in water (10 ml) and

extracted with ethyl acetate; the product was purified by

chromatography on silica gel using dichloromethane (DCM)

as an eluant to give N-(2-hydroxyethyl)-1,8-naphthalimide

(yield: 73%). 1H NMR (400 MHz, CDCl3, ppm): 2.36

(t, 1H, J = 5.5 Hz, OH), 3.98 (dt, 2H, J1 = 5.5 Hz, J2 =

5 Hz, CH2-OH), 4.47 (t, 2H, J = 5 Hz, CH2-N), 7.76

(t, 2H, J = 7.5 Hz), 8.23 (d, 2H, J = 7.5 Hz), 8.62 (d, 2H,

J = 7.5 Hz).

Synthesis of NITZ. The reaction of dichloro-s-tetrazine and

N-(2-hydroxyethyl)-1,8-naphthalimide was conducted under

previously described standard conditions12 (1 eq. dichloro-s-

tetrazine, 1 eq. alcohol, 2 eq. collidine in DCM, RT, 2 h) to

give NITZ in 56% yield. 1H NMR (400 MHz, CDCl3, ppm):

4.75 (t, 2H, J= 5 Hz), 5.06 (t, 2H, J= 5 Hz), 7.75 (t, 2H, J=

7.5 Hz), 8.23 (d, 2H, J = 7.5 Hz), 8.56 (d, 2H, J = 7.5 Hz).
13C NMR (100 MHz, CDCl3, ppm): 38.1 (CH2-O), 67.6

(CH2-N), 122.3, 127.1, 128.9, 131.8, 132.3, 134.5 (naphthalene

core), 163.7, 164.5, 166.7 (CQO and tetrazine). High-res ESI

MS (positive ion): 355, 357 m/z (M+).

Electrochemistry

Electrochemical studies were performed using DCM as a

solvent and N,N,N,N-tetrabutylammonium hexafluorophosphate

(TBAFP) as the supporting electrolyte. The substrate concen-

tration was ca. 5 mM. A 1 mm diameter Pt or glassy carbon

electrode was used as the working electrode, along with a

Ag+/Ag (10ÿ2 M) reference electrode and a Pt wire counter

electrode. The cell was connected to a CH Instruments 600B

potentiostat monitored by a PC computer. The reference

electrode was checked vs. ferrocene as recommended by

IUPAC. In our case, E0(Fc+/Fc) = 0.097 V. All solutions

were degassed by argon bubbling prior to each experiment.

Photophysical measurements

Steady-state spectroscopy. All the spectroscopic experiments

were carried out in DCM and at concentrations ca. 10 mmol Lÿ1

for absorption spectra and ca. 1 mmol Lÿ1 for fluorescence

spectra. UV-vis absorption spectra were recorded on a Varian

Cary 500 spectrophotometer. Fluorescence emission and

excitation spectra were measured on a SPEX fluorolog-3

(Horiba-Jobin-Yvon). For emission fluorescence spectra, the

excitation wavelengths were set equal to the maximum of the

corresponding absorption spectra. Only dilute solutions with

an absorbance below 0.1 at the excitation wavelength lex were

used. For the determination of the relative fluorescence

quantum yields (fF), sulforhodamine 101 in ethanol (fF = 0.9)

was used as a fluorescence standard.

Time-resolved spectroscopy. The fluorescence decay curves

were obtained with a time-correlated single-photon-counting

method using a titanium–sapphire laser (82 MHz, repetition

rate lowered to 4 MHz thanks to a pulse-peaker, 1 ps pulse

width, a doubling crystal is used to reach 495 and 355 nm

excitations) pumped by an argon ion laser. Data were analyzed

by a nonlinear least-squares method (Levenberg–Marquardt

algorithm) with the aid of Globals software (Globals Unlimited,

University of Illinois at Urbana-Champaign, Laboratory of

Fluorescence Dynamics). Pulse deconvolution was performed

from the time profile of the exciting pulse recorded under the

same conditions by using a Ludox solution. In order to

estimate the quality of the fit, the weighted residuals were

calculated.

Results and discussion

The following synthetic route (Scheme 1) was used for the

preparation of NITZ.

The synthesis is relatively straightforward and allows the

preparation of appreciable quantities of compound if needed.

We have performed the spectroscopic and electrochemical

study of both N-(2-hydroxyethyl)-1,8-naphthalimide and

NITZ in order to evaluate the properties of the imide alone,

and further to be able to analyze the energy transfer in the

bichromophoric NITZ. Table 1 gathers the physicochemical

characteristics of N-(2-hydroxyethyl)-1,8-naphthalimide and

NITZ, in the latter case focusing, respectively, on the imide

and the tetrazine characteristics.

Regarding absorption and fluorescence, the N-(2-hydroxy-

ethyl)-1,8-naphthalimide behaves like a standard naphthalimide,

Fig. 1 Formula of NITZ.
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as shown in Fig. 2.10,13 It should be noted that the fluorescence

yields are usually not very high with this type of compounds.

However, the situation with NITZ is more interesting. The

absorption is very close to the sum of the contributions

from the imide and the tetrazine behaving as independent

chromophores (Fig. 2, left). NITZ when excited at 517 nm

displays a classical fluorescence spectrum (lmax = 567 nm)

characteristic of all chloroalkoxytetrazines associated with a

long fluorescence lifetime and a relatively high quantum yield.

The electrochemistry data also show that the reduction

potentials are in the same range, so that, as expected electron

transfer is not possible upon photochemical excitation.

However when the excitation is set at 355 nm where the

naphthalimide absorbs almost exclusively, the NITZ fluores-

cence spectrum (Fig. 3) shows that the intrinsic fluorescence of

the imide moiety has almost disappeared, at the expense of the

one of the tetrazines, evidencing the occurrence of energy

transfer between the two chromophores. We have quantified

the efficiency of the energy transfer, on the basis of the data

reported in Table 1. On the assumption that all the fluorescence

lost by the donor is transferred to the acceptor, the efficiency

of the energy transfer is calculated to be:9

fET ¼ 1ÿ
fdonor

f0
donor

¼ 1ÿ
0:003

0:061
¼ 0:95

This shows that the energy transfer is quite efficient. Molecular

modelization shows that the average distance between the

imide donor and the tetrazine ring acceptor is about 8.5 Å.

The spectral overlap between the fluorescence of the donorScheme 1 Synthesis of NITZ.

Table 1 Photophysicochemical and electrochemical characteristics of compounds in dichloromethane

Compound lmax/nm e/L molÿ1 cmÿ1 lem/nm f F el(ex) � f F tF/ns E0
red/V

N-(2-Hydroxyethyl)-1,8-naphthalimide 335 8700 363 0.06a 522 0.37c ÿ1.70
382
402a

NITZ (tetrazine data) 517 400 562b 0.32b 130 158c,d ÿ0.86
NITZ (imide data) 334 9100 (5000 at 355 nm) 378 0.003c 12 0.03c ÿ1.70

400c

a lex = 350 nm. b lex = 517 nm. c lex = 355 nm. d lex = 495 nm.

Fig. 2 Left: absorption spectra of N-(2-hydroxyethyl)-1,8-naphthalimide (blue), chloromethoxy-s-tetrazine (orange), NITZ (red) and the sum of

N-(2-hydroxyethyl)-1,8-naphthalimide and chloromethoxy-s-tetrazine (green); right: absorption (full lines) and fluorescence (dotted lines) spectra

of N-(2-hydroxyethyl)-1,8-naphthalimide (blue) and NITZ (red). The fluorescence of NITZ was obtained by direct excitation of the s-tetrazine

(lex = 517 nm).

Fig. 3 Fluorescence spectra of N-(2-hydroxyethyl)-1,8-naphthal-

imide (green), NITZ with lex = 518 nm (blue) and NITZ with

lex = 355 nm (red).

D
ow

nl
oa

de
d 

by
 E

co
le

 N
or

m
al

e 
S

up
er

ie
ur

e 
de

 C
ac

ha
n 

on
 0

2 
Ja

nu
ar

y 
20

12

P
ub

li
sh

ed
 o

n 
22

 J
un

e 
20

11
 o

n 
ht

tp
:/

/p
ub

s.
rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

1N
J2

01
00

J

View Online



This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011 New J. Chem., 2011, 35, 1678–1682 1681

and the absorption of the acceptor being small a short Förster

radius of R = 9.3 Å is calculated, and therefore the efficiency

of the energy transfer should be only around 63%. The

discrepancy between the calculated and the experimental value

therefore inclines to think that the energy transfer mechanism

would rather be of the Dexter type or a mixed one.

In order to refine our investigations, we recorded the

fluorescence decay of the N-(2-hydroxyethyl)-1,8-naphthalimide

and NITZ. The results (Fig. 4) give a fluorescence lifetime for

the naphthalimide of 0.37 ns in the first case and 0.03 in the

second, and therefore it is possible to calculate the efficiency

and the rate of the energy transfer:

fET ¼ 1ÿ
tdonor

t0donor
¼ 1ÿ

0:03

0:37
¼ 0:92 kET ¼

1

tdonor
ÿ

1

t0donor

¼ 3:06� 1010 sÿ1

which is two orders of magnitude higher than the radiative lifetime

of the N-(2-hydroxyethyl)-1,8-naphthalimide (kR = 1.65 �

108 sÿ1). It is noteworthy that the two calculated values of f ET

are in good agreement. On the other hand, the tetrazine

fluorescence decay is more complex and displays a rising time.

The decay could be fitted by a bi-exponential function giving a

rising time of 0.06 ns similar to the fluorescence lifetime of the

naphthalimide in NITZ and a decay of 158 ns typical of the

tetrazine.

Finally, we have performed visual evaluation of the

brilliance of our molecule, by simply comparing the brilliance

of a 5 � 10ÿ6 M solution of NITZ and the one of a solution

of 3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine, which comprises

the same tetrazine emitter but without the presence of a donor.

Fig. 5A shows the pictures of both solutions in white light;

at these concentrations the solutions are almost colourless.

Fig. 5B displays the fluorescence of the solution, excited at

ca. 365 nm. It is clear that, due to the efficiency of the imide

absorbance and the energy transfer, the brilliance of the NITZ

solution is much higher than the one of the standard tetra-

zines. The quantitative evaluation of the brilliance (column

el(ex) � f F in Table 1) shows that it is 7.5 times higher when

NITZ is excited at 355 nm (selective of the imide moiety)

rather than 517 nm (selective of the tetrazine moiety) as is

evidenced in Fig. 5.

All tetrazines, including NITZ are soluble in most organic

polymers because of their moderate molecular weight. Fig. 6

shows the pictures of a block of polystyrene into which NITZ

has been dispersed at a 10ÿ5 M concentration. Such a low

amount of dye gives a perfectly transparent object under

ambient light while it exhibits a nice yellow fluorescence when

exposed to UV light. In addition, the picture has been taken

three weeks after the object fabrication, which demonstrates

that the fluorophore does not degrade in normal conditions.

Conclusions

We have presented a new fluorescent dyad made of a naphthal-

imide absorber and a tetrazine emitter. The fluorescence

properties of this new molecule have been studied. The results

show that, due to the efficiency of the energy transfer, the dyad

is much more brilliant than a simple tetrazine irradiated in

the same conditions. Application of this new molecule to

fluorescent sensors is ongoing.

Fig. 4 Fluorescence decay profiles upon excitation at 355 nm. Up:

N-(2-hydroxyethyl)-1,8-naphthalimide (blue) and NITZ (red) for

lem = 365 nm; down: NITZ (green) for lem = 562 nm.

Fig. 5 Pictures of two 5 � 10ÿ6 M solutions of, right, 3-(adamant-1-yl-

methoxy)-6-chloro-s-tetrazine and, left, NITZ, both in (A) standard white

light and (B) 365 nm UV light.

Fig. 6 Pictures of a block of polystyrene incorporating NITZ under

white (left) and UV (right) light. The dye concentration in the polymer

was ca. 10ÿ5 M.
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J. Phys. Chem. A, 2009, 109, 6725; (d) Ch. Scharf, K. Peter,
P. Bauer, Ch. Jung, M. Thelakkat and J. Köhler, Chem. Phys.,
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I. INTRODUCTION

s-Tetrazines chemistry has been known for more than one
century,1 and their photophysical2 and electrochemical3 proper-
ties have been briefly recognized in the past. However, consider-
ing the recent interest in conjugatedmolecules and active organic
materials,4 the tetrazine block has been envisaged only very
recently. We have shown that the s-tetrazine building block is
indeed a very promising and fascinating one.5 Very recently, the
work of Ding et al. has also emphasized their remarkable potential
in the field of conjugated materials for organic electronics.6

s-Tetrazines are electroactive heterocycles, having a very high electron
affinity and therefore reducible at high potentials, through a
one- and sometimes two-electron process.5b,c Consequently,
they have a low-lying π* orbital, with a low-energy n-π* transi-
tion in the visible range (this transition should normally be
forbidden, but is allowed in the case of tetrazines albeit with a low
absorption coefficient), which makes them colored and some-
times fluorescent. This fluorescence can be clearly perceived by
the naked eye. In particular, s-tetrazines substituted with some
heteroatoms display interesting fluorescence properties7 featur-
ing among other characteristics a very long lifetime (>100 ns),
which make them especially attractive for sensing applications.
For instance, it would allow more time for the receptor/analyte
interaction. Furthermore, the excited state of the tetrazine has
a strongly oxidant character that provides a lot of opportu-
nities for fluorescence quenching through electron transfer.8

Indeed, a slight change in lifetime would be easier to detect
with a fluorophores having a long luminescence lifetime, com-
pared with a short one (a few nanoseconds). Unfortunately,
because the absorbance band responsible for fluorescence
of the tetrazine is a weak transition, it has a low ε (in the

500ÿ1000 molÿ1 L cmÿ1 range), which limits the brilliance of
these molecules. The chemistry of s-tetrazines has been recently
reviewed by Saracoglu and us.9

We wished to examine the influence of functional groups
attached to a fluorescent tetrazine, like, for example, an aromatic
group, or, more interestingly, another chromophore able to
absorb light and possibly transfer the energy to the tetrazine
fluorophore. This could lead to an improved brilliance for the
molecule and therefore improved efficiency of any device using
this family of molecules. However, the partner chromophore of
the tetrazine may also have the possibility to exchange charge
instead of energy because the tetrazine is a good electron
acceptor and in such a case quenches the fluorescence instead
of exalting it. Therefore, the redox potential of the partner
chromophore has to be carefully chosen so as to avoid this
situation.
Activation of low ε fluorophores has already been investigated

in a few cases,10 and it includes only one other example of n-π*
fluorophore, the biacetyl family, which has been extensively
investigated by Speiser et al.11 Actually, they had some success
in their demarche, but the rather low ε of this class of compounds,
however, apparently limited the efficiency for the energy transfer.
The low yet clearly larger ε of the tetrazine family likely opens a
more promising field for tetrazine activation through chromo-
phore “antennas”.
We describe here the preparation and the properties of several

new tetrazines, linked to various functional groups or chromophores.

Received: May 26, 2011
Revised: June 29, 2011

ABSTRACT: Original new fluorescent and electroactive com-
pounds have been prepared, where the fluorescent moiety is a
chloroalkoxy-s-tetrazine. Besides the tetrazine, several of these
compounds possess a second active group, electroactive or able
to absorb light at a lower wavelength. The electrochemical
properties and photophysical properties of these bichromopho-
ric compounds have been investigated, especially focusing on
the occurrence of energy or electron transfer to the tetrazine. In
one case, where the primary absorber is a naphthalimide, a quasi-complete energy transfer, followed by the tetrazine fluorescence, is
observed. This allows the preparation of remarkable transparent solutions displaying a yellow fluorescence.
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In most cases, we have chosen electrodeficient imide-type chro-
mophores, which literature describes as nonoxidizable compounds12

and present the best chance to forbid the charge transfer. The
photochemical and electrochemical behaviors of these new
original molecules are detailed, and we show that in two cases
an increase in the molecule brilliance has been reached compared
with a parent unmodified chloro-(1-adamantanemethoxy)-
tetrazine.

II. EXPERIMENTAL SECTION

1. Synthesis. The synthesis of the compound has been made
through existing procedures or modifications and is fully detailed
in the Supporting Information.
2. Electrochemical Studies. Electrochemical studies were

performed using dichloromethane (DCM) (SDS, anhydrous
for analysis) as a solvent, with N,N,N,N-tetrabutylammonium
hexafluorophosphate (TBAFP) (Fluka, puriss.) as the support-
ing electrolyte. The substrate concentration was ca. 5 mM. A
homemade 1 mm diameter Pt or glassy carbon electrode was
used as the working electrode, along with a Ag+/Ag (10ÿ2 M)
reference electrode and a Pt wire counter electrode. The cell was
connected to a CH Instruments 600B potentiostat monitored by
a PC computer. The reference electrode was checked versus
ferrocene as recommended by IUPAC. In our case,E�(Fc+/Fc) =
0.097 V. All solutions were degassed by argon bubbling prior to
each experiment.
3. Photophysical Measurements. Steady-State Spectroscopy.

All spectroscopic experiments were carried out in DCM
(spectroscopic grade from SDS) and at concentrations ca.
10 μmol Lÿ1 for absorption spectra and ca. 1 μmol.Lÿ1 for
fluorescence spectra. UVÿvis absorption spectra were recorded
on a Varian Cary 500 spectrophotometer. Fluorescence emission
and excitation spectra were measured on a SPEX fluorolog-3
(HoribaÿJobinÿYvon). For emission fluorescence spectra,
the excitation wavelengths were set equal to the maximum of the
corresponding absorption spectra. For the determination of the
relative fluorescence quantum yields (Φf), only dilute solutionswith
an absorbance below 0.1 at the excitation wavelength λexwere used,
sulforhodamine 101 in ethanol (Φf = 0.9)

Time-Resolved Spectroscopy. The fluorescence decay curves
were obtained with a time-correlated single-photon-counting
method using a titanium-sapphire laser (82 MHz, repetition rate
lowered to 0.8 MHz thanks to a pulse-peaker, 1 ps pulse width, a
doubling crystals is used to reach 495 and 355 nm excitations)
pumped by an argon ion laser. Data were analyzed by a nonlinear
least-squares method (LevenbergÿMarquardt algorithm) with
the aid of Globals software (Globals Unlimited, University of
Illinois at UrbanaÿChampaign, Laboratory of Fluorescence
Dynamics). Pulse deconvolution was performed from the time
profile of the exciting pulse recorded under the same conditions
by using a Ludox solution. To estimate the quality of the fit, the
weighted residuals were calculated. In the case of single photon
counting, they are defined as the residuals, that is, the difference
between the measured value and the fit, divided by the square
root of the fit. χ2 is equal to the variance of the weighted residuals.
A fit was said to be appropriate for χ2 values between 0.8 and 1.2.

III. RESULTS AND DISCUSSION

1. Synthesis. We have prepared and studied the following
molecules (Scheme 1).
The following synthetic route (Scheme 2) was used for the

preparation of all reported tetrazines.
The synthesis is relatively straightforward with good yields and

allows the preparation of appreciable quantities of compound if
needed. (Full details of the experimental procedure can be found
in refs 5c and 7.) The preparation of alcohols was performed
following several already published procedures (Supporting
Information) as well as our work.5,6a,10 In some occasions,
experimental procedures have been slightly modified, like, for
example, changing acetonitrile to DMF as the synthesis solvent.

Scheme 1. Chart of Prepared Tetrazines

Scheme 2. General Synthetic Scheme for All Tetrazines
(except c)
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All synthetic procedures and the relevant references have been
gathered in the Supporting Information, Part 1, along with a
detailed report of all modified procedures as well as theNMR and
MS data for all new compounds and some important precursors.
2. Electrochemical Study. The electrochemical study of all

compounds has been performed, using cyclic voltammetry as a tool,
to characterize not only the tetrazine electrochemistry but also the
reduction of the functional group, which also displays a reversible
behavior in several cases. Figure 1 shows the CV response of both
compounds 2 and 5, where the completely reversible behavior of
the tetrazine first transfer is followed at lower potentials by another
wave, completely or partially reversible. In the case of the
nitrophthalimide, the second wave is reversible because of the
presence of the nitro group that both considerably raises the
reduction potential (>500 mV) and stabilizes the anion radical
on the imide moiety. We are therefore in the case of a system with
two quite stable and independent anion-radicals on the same
molecule, each displaying a perfectly electrochemically reversible
behavior, a relatively rare occurrence in organic electrochemistry.
In the case of the naphthalimide derivative 2, the second

system is less reversible, and there is a slight increase in the
observed current. This is likely to be due to the existence of some
overlap between the beginning of the second (sluggish and
irreversible) reduction of the tetrazine and the naphthalimide
reduction, which occurs at comparable potentials (from pre-
viously published data on chloroalkoxytetrazines).5a,b,6,7 When
considering the phthalimide derivative 4, the second reduction is
almost irreversible, confirming the trend that the lower the redox
potential of the second system the less reversible it behaves.
The redox potentials of all compounds are listed in Table 1.

The first redox potential is ascribed to the tetrazine, whereas the
second redox couple can always been assigned to the pendant
group linked to the tetrazine. It can be noticed that a shift of
∼100 mV toward more positive potentials occurs for the first
redox couple (located on the tetrazine) when the substituent on
the tetrazine changes from an alkoxy to a phenoxy: the donor
effect of the oxygen on the tetrazine is weakened by the phenyl
ring through mesomery.13 Both electroactive groups behave as
independent redox sites in all compounds whatever the spacer.

Also noticeable is the similar potential values for compounds 1
and 3: the unexpected very little influence on the redox potentials
resulting from the five phenyl rings on the phthalimide is
probably due to the fact that the phenyl rings are actually
perpendicular to the phthalimide and thus do not conjugate
with it. (This has been verified by calculation using Gaussian.)
In all cases, no additional wave has been observed belowÿ2 V,

although an increase in the background current is sometimes
noticeable aroundÿ1.9 V and should probably be ascribed to the
start of the second tetrazine reduction.
3. Spectroscopic Studies. Absorption and fluorescence stud-

ies have been performed for all tetrazines, with tetrazines a, b, and
c standing for references becausethey do not bear pendant
optically (nor electrochemically) active groups. The complete
figures for each compound can be found in the Supporting
Information, Part B.
The absorption spectra for tetrazines 1ÿ5 are given in

Figure 2. It is clear on all spectra that when one compares any
of them to the (generic) 3-(adamant-1-ylmethoxy)-6-chloro-s-
tetrazine spectra, all spectra from molecules 1ÿ5 display addi-
tional bands in the UV region ascribable to the absorption of the
imide group. In some cases, the imide UV band is, however, not
much more intense than the band resulting of the πÿπ*
transition of the tetrazine at 330 nm. The nÿπ* transition of
the tetrazine is always present, with a similar intensity with all
compounds, as could be expected.
The fluorescence spectra (Figure 3) show, however, that all

tetrazines are fluorescent upon excitation in the visible range,

Figure 1. Cyclic voltammograms of (A) Compound 2 and (B) Compound 5 at 100 mV/s in DCM/TBAFP (pot. vs Ag/10ÿ1 M Ag+).

Table 1. Electrochemical Data for Scheme 1 Compounds
(pot. vs Ag/10ÿ1 M Ag+)

compound 1 2 3 4 5 a b c

Ered1
0 (V) ÿ0.84 ÿ0.86 ÿ0.84 ÿ0.74 ÿ0.74 ÿ0.74 ÿ0.79 ÿ0.95

Ered2
0 (V) ÿ1.85 ÿ1.70 ÿ1.80 ÿ1.74 ÿ1.19 a a a

aNo second wave observable before ÿ2 V, although an increase in the
background current is sometimes noticeable after ÿ1.9 V and should
probably be ascribed to the second tetrazine reduction.
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albeit with very different features. Table 2 gathers the spectro-
scopic characteristics of all tetrazines prepared, based on the
tetrazine n-π* absorption band in the visible region. (The
formulas of the compounds have been added in the Table along
with their corresponding numbers for easier reading.) This
includes the tetrazines aÿc, which bear no special group but
were studied for comparison purposes because they have differ-
ent linkers. We have also added to the Table the characteristics of
the generic chloro(1-adamantanemethoxy)tetrazine, which are
typical of any chloroalkoxytetrazine bearing only innocent alkyl
groups, regardless of their steric hindrance.14

Most of the tetrazines have their fluorescence at a wavelength
identical to the generic 3-(adamant-1-ylmethoxy)-6-chloro-s-
tetrazine.6 Several among the ones described here also have
identical absorption and emissionmaxima (around 520 and 570 nm,
respectively). Looking into detail, we shall compare compounds
b and cwith a previously published chloromethoxytetrazine.5cAs
already observed, a 10 nm increase in absorption band position is
observed on going from chloromethoxytetrazine, to b, then to c
compound. Adding the donor phenoxy group induces a 10 nm
bathochromic shift. Compared with the methoxy group (5 nm),
the bathochromic shift is stronger with the phenoxy (10 nm),

Figure 2. Absorption spectra of all compounds in Scheme 1 plus the generic 3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine.

Figure 3. Normalized fluorescence spectra of all compounds in Scheme 1 plus the generic 3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine, focusing on
the tetrazine response.
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which is in accordance with stronger donating properties. The
same tendency is observed for the fluorescence band position
(+15 nm bathochromic shift).
One striking feature is the Stokes shift evolution with the

nature of the linker between the imide (or naphthalimide) group
and the tetrazine core. Indeed, when an ethyl bridge is present
(compounds 1ÿ3), a 45ÿ49 nm Stokes shift is measured,
whereas when the link is a phenyl moiety, the Stokes shift is
decreased to 28 nm (compounds 4ÿ6). This might be due to
the less rigid structure in the case of ethyl link compared with
phenyl one, where the flexible character may allow a stronger

reorganization between the fundamental and excited states
(larger Stokes shift).
However, the more striking differences are observed on the

fluorescence quantum yields, which happen to be strongly linked
to the nature of the spacer between the tetrazine and the imide
group. When the spacer is a nonconjugated ethyl group, then the
fluorescence of the tetrazine is practically unaffected. (Slight
variations from one compound to another can be observed but
are within the experimental error.) When the tetrazine is con-
nected to a phenol spacer, not only do the fluorescence yields
drop considerably but also the life times become much shorter,

Table 2. Spectroscopic Characteristics of All Compounds Prepared

a Error 10%. bData from ref 10.
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with the appearance of multiexponential decays. For comparison,
we have prepared the three generic compounds aÿc, which all
own a phenol linked to the tetrazine ring, and they all display the
same features with the appearance of a sharp drop of the
fluorescence yields and complex fluorescence decays. This allows
us to conclude that fluorescence quenching likely occurs through
electron transfer from the electron-rich substituted phenolic
moiety to the tetrazine ring and that the presence of an electron-
withdrawing group on the para position of the phenyl ring
reduces, as expected, the efficiency of the process.
We have also observed the fluorescence characteristics of

molecules 1ÿ5 upon illumination at 300 nm into the imide
absorption band (at the exception of 2, where naphthalimide
absorption occurs at 350 nm and which was subjected to closer
analysis, see below). Tetrazine fluorescence is also observed, but
because there is overlap with the πÿπ* band of the tetrazine and
the absorption coefficients have comparable values, it is difficult
to estimate the efficiency of the energy transfer. However, in the
case of 1, it is likely, on the basis of the spectra, that some energy
absorbed by the imide is transferred to the tetrazine, and the
molecule looks more brilliant upon testing with the naked eye.
The especially interesting case of molecule 2 has been thoroughly
investigated, especially because the much larger absorption
coefficient of this molecule was expected to improve the bright-
ness (defined by εΦf) of its fluorescence emission.
Photophysical Study of Compound 2. Indeed, the case of

compound 2, where the naphthalimide absorption band effi-
ciently overlaps the πÿπ* band of the tetrazine, is the most
interesting because the occurrence of energy transfer between
the imide and the tetrazine was highly probable. This could

occur, either into the πÿπ* band of the tetrazine, followed by
internal conversion, or also possibly directly into the nÿπ* band
of the tetrazine, followed by fluorescence.
We have performed the complete spectroscopic study of both

the precursor N-(2-hydroxyethyl)-1,8-naphthalimide and 2 to
evaluate the properties of the imide alone and further to be able
to analyze the energy transfer in the bichromophoric compound
2.7 Table 3 gathers the spectroscopic characteristics of N-
(2-hydroxyethyl)-1,8-naphthalimide and 2 and in the case of 2
focusing on the naphthalimide and the tetrazine response,
respectively.
Regarding absorption and fluorescence, theN-(2-hydroxyethyl)-

1,8-naphthalimide behaves like a standardnaphthalimide (Supporting
Information, Figure 1A). It should be noted that the fluorescence
yields are somewhat low with this type of compound. However,
the situation with 2 is more interesting. The absorption is close to
the sum of the contributions from the imide and the tetrazine
behaving as independent chromophores. Also, when 2 is excited
at 518 nm, it displays a classical fluorescence spectrum char-
acteristic of all chloroalkoxytetrazines (Supporting Information,
Part 2), with an absorption due to the n-π* band in the visible,
associated with a long fluorescence lifetime at 567 nm and a
relatively high quantum yield.
The fluorescence spectrum of both N-(2-hydroxyethyl)-1,8-

naphthalimide and 2 upon excitation at 355 nm is quite more
informative. In the first case, the classical fluorescence of N-
(2-hydroxyethyl)-1,8-naphthalimide (violine) is observed with a
low yield. (See Table 3 and Figure 4.) In the second case, almost
all recorded fluorescence is emitted by the tetrazine core, with an
apparent analogous relative intensity, as compared with the case

Table 3. Detailed Spectroscopic Data for Naphthalimide-Tetrazine 2 and N-(2-Hydroxyethyl)-1,8-naphthalimide

molecule/data λabs (nm) ε (L molÿ1 cmÿ1) λem (nm) Φfluo ε(λex) � Φfluo τfluo (ns)

N-(2-hydroxyethyl)-1,8-naphthalimide 335 8700 363, 382, 402a 0.06a 522 0.37c

2 (tetrazine data) 517 400 562b 0.32b (0.3c) 200 (1509) 158c,d

2 (imide data) 334 9100 378 0.003c 15 0.05c

400c

a
λex = 350 nm.

b
λex = 517 nm.

c
λex = 355 nm.

d
λex = 495 nm.

Figure 4. Fluorescence spectra of N-(2-hydroxyethyl)-1,8-naphthalimide (green) 2 with λex = 518 nm (blue) and 2 with λex = 355 nm (red).
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of direct excitation of the fluorescence in the visible region on the
n-π* band of the tetrazine. This result evidences the occurrence
of an energy transfer between the two chromophores. In 2, at the
exception of the very small band at 360 nm, all fluorescence is
transferred to the tetrazine, and a fluorescence yield of 0.3 is
obtained.
We have quantified the importance of the energy transfer on

the basis of the data reported in Table 3. On the assumption that
all fluorescence lost by the donor is transferred to the acceptor,
the efficiency of the energy transfer is given by15

ϕET ¼ 1ÿ
ϕdonor

ϕ0donor
¼ 1ÿ

0:003

0:061
¼ 0:95

This shows that the energy transfer is indeed quite efficient.
Standard molecular modeling shows that the average distance
between the imide donor and the tetrazine ring acceptor is∼8.5 Å.
The spectral overlap between the fluorescence of the donor and
the absorption of the acceptor being small, a short F€orster radius
of R = 9.3 Å is calculated; therefore, the efficiency of the energy
transfer should be only∼63%. The discrepancy between the cal-
culated and the experimental value therefore inclines us to think
that the energy transfer mechanismwould rather be of the Dexter
type or amixed one. To refine our investigations, we recorded the
fluorescence decay of theN-(2-hydroxyethyl)-1,8-naphthalimide

and 2. Results (Supporting Information, Figure 2) give a fluores-
cence lifetime for the naphthalimide of 0.37 ns in the first case
and 0.03 in the second; therefore, using the decay times, it is
possible to calculate on another basis the efficiency and the rate
of the energy transfer

ϕET ¼ 1ÿ
τdonor

τ
0
donor

¼ 1ÿ
0:03

0:37
¼ 0:93kET

¼

1

τdonor
ÿ

1

τ
0
donor

¼ 3:06� 1010 sÿ1

This is two orders of magnitude higher than the radiative lifetime
of theN-(2-hydroxyethyl)-1,8-naphthalimide (kR = 1.65� 108 sÿ1).
It is noteworthy that the two calculated values of ϕET are in good
agreement. It is also worth noticing that for the tetrazine fluo-
rescence decay in the case of 2, excitation at 355 nm is more
complex and especially displays a rising time. The decay could be
fitted by a biexponential function giving a rising time of 0.06 ns
similar to the fluorescence lifetime of the naphthalimide in 2 and
a decay of 158 ns typical of the tetrazine.
Finally, we made a visual evaluation of the improved brilliance

of our molecule by simply comparing the brilliance of a 5 �

10ÿ6M solution of 2 and the one of a solution of 3-(adamant-1-
ylmethoxy)-6-chloro-s-tetrazine, which owns the same tetrazine
emitter but without the presence of an imide donor. At these
concentrations, both solutions are almost colorless (only the
tetrazine is colored, but its absorption is low; see Figure 5A).
Figure 5B shows the fluorescence of a dilute solution (5� 10ÿ6M)
excited with a laboratory UV lamp peaking at 365 nm (close to
355 nm, both in the imide and the tetrazine πÿπ* band) of both
3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine (Figure 5B, left)
and 2 (Figure 5B, right). It is clear that because of the efficiency
of the imide absorbance and the energy transfer, the brightness
of the solution of 2 is much higher than the one of the standard
tetrazine. A quantitative evaluation of the brilliance (column
ε(λex) � Φfluo in Table 3) shows that it should be 7.5 times
higher when 2 is excited at 355 nm (selective of imide moiety)
rather than 517 nm (selective of tetrazine moiety), as is evi-
denced in Figure 5, where the visual evaluation leads to the same
appreciation.16

It should be emphasized that this situation is solely due to the
proximity of the two chromophores on the dyad molecule. Upon
irradiation of a mixture of concentrated N-(2-hydroxyethyl)-1,8-
naphthalimide (10ÿ3M) and diluted 3-(adamant-1-ylmethoxy)-
6-chloro-s-tetrazine (5� 10ÿ6M) under UV, no energy transfer
occurs, and only the weak individual fluorescence of both
compounds can be observed (Figure 6).

IV. CONCLUSIONS

We have presented new fluorescent dyads made of a tetrazine
moiety linked to various imide moieties. The physicochemical
characteristics of these new molecules, featuring especially
the fluorescence, have been described, showing an original
physical chemistry, like the existence, for example, of a stable
double anion-radical. We have also shown that it is possible, in
one particular case, to activate efficiently the energy transfer,
providing a dyad that is much more brilliant than a standard
tetrazine with inactive substituents. Application of this new
molecule to fluorescence sensors and coloration of materials
is ongoing.

Figure 6. Picture of, left, a solution containing a mixture of concen-
trated N-(2-hydroxyethyl)-1,8-naphthalimide (10ÿ3 M and diluted
3-(adamant-1-ylmethoxy)-6-chloro-s-tetrazine (5� 10ÿ6M) and, right,
a diluted (5 � 10ÿ6 M) solution of 2, under UV light irradiation.

Figure 5. Picture of two 5 � 10ÿ6 M solutions of, left, 3-(adamant-1-
ylmethoxy)-6-chloro-s-tetrazine and, right, 2, both in standard white
light (A) and UV light (B).
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