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Abstract 

 
The nucleophilic addition to nitrogen in 3-monosubstituted s-tetrazines under mild conditions is reported, 

by using silyl-enol ethers as the nucleophiles and mediated by BF3. The preference for this azaphilic 

addition over the usually observed inverse electron demand Diels-Alder reactions was determined 

experimentally and evaluated theoretically. In this regard, the influence of the effect of BF3-coordination 

to s-tetrazines was investigated thoroughly. The substrate dependency of this unusual reaction was 

rationalized by determination of the activation barriers and on the basis of the activation strain model by 

employing density functional theory. Lastly, the decomposition of the unstable adducts was examined 

and an interesting rearrangement to a triazine derived structure was observed. 
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Introduction 

Aromatic compounds have been central to chemistry over the last two decades, and discoveries 

concerning their properties,[1] their preparation,[2] and their production have impacted society as a whole, 

from dyes and colorants[3] to drugs[4] and crop protection agents.[5] The chemistry of aromatic compounds 

fills textbook chapters,[6] and students in many disciplines learn the basic reactivity of these compounds, 

such as electrophilic or nucleophilic aromatic substitution.[7] The latter reaction classically involves 

nucleophilic attack on an electron-deficient aromatic system with subsequent elimination of a suitable 

leaving group (Scheme 1, top left).[8] Nucleophilic attack on aromatic compounds without elimination is 

generally not favored, as aromaticity is not restored. In addition, students also learn that the N atom in 

nitrogen-containing aromatics usually serves as a nucleophile in many different reactions, which results 

in a chemical bond to an electrophilic partner.[9]  

 

Scheme 1. Reactivity of s-tetrazines. 

In this communication, and in contrast to all these textbook examples, we report on an unusual 

nucleophilic attack on the electrophilic nitrogen atom in electron-deficient tetrazines in an Umpolung 

reaction (Scheme 1, bottom right). In addition, no elimination and no concomitant restoration of 

aromaticity are observed, as this reaction strikingly leads to the corresponding non-aromatic dihydro-

derivatives.  

s-Tetrazines have emerged as the heterocycles of choice for a wide range of applications, in particular 

with regard to bio-orthogonal chemistry.[10] In such settings, the inverse electron demand [4+2] Diels-

Alder (iEDDA) reaction of s-tetrazines with strained alkenes and alkynes enabled successful conjugation 

reactions, even at biologically relevant concentrations.[11] As pioneered by Sauer and co-workers,[12] 
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olefins typically result in the corresponding aromatic pyridazines, a process that can also be accelerated 

by Lewis acids. [13] 

In contrast to cycloaddition reactions, direct addition reactions of nucleophiles to N-containing aromatics 

have rarely been described in the literature, and are generally limited to 1,2,3-benzotriazoles, 1,2,3-

triazines, and 1,2,4,5-tetrazines.[14, 15] To the best of our knowledge, there are only three reports in the 

literature on the addition of hard organometallic reagents, such as RLi or RMgX, to the tetrazine core.[14, 

16, 17] Neugebauer and Siegel were first to react unsubstituted s-tetrazine with methyl magnesium iodide to 

give 1,4-dihydro-1-methyl-s-tetrazine,[17] which was corroborated independently at the same time by 

Hunter and Neilson.[16] Subsequently, the role of different metal ions of aryl and alkyl organometallic 

reagents was then investigated by Kotschy and coworkers for 3,6-disubsituted s-tetrazines.[14, 18] This 

reactivity was only observed with strong organometallic nucleophiles and thus cannot generally be 

applied to 3-monosubstituted s-tetrazines, because the instability of these compounds towards strong 

bases results in degradation of the tetrazine core.[19] In the context of our research on the chemistry of 3-

monosubstituted s-tetrazines and specifically 3-bromotetrazine (3-Br-Tet) (1), a small s-tetrazine building 

block for the labelling of macromolecules previously reported by our group and others,[20] we investigated 

their reactivity with silyl-enol ethers. In this context, we show that the reactivity of silyl-enol ethers can 

switch from an unprecedented nucleophilic (azaphilic) addition of an unsaturated system to the N atom 

of s-tetrazine by employing bulky reagents to cycloaddition in the presence of less bulky groups, thereby 

producing pyridazines. 

 

Results and Discussion 

Preliminary experiments revealed that a catalyst was necessary in order to promote the reaction of silyl-

enol ethers with 3-Br-Tet (1). Based on previous reports by Wegner and co-workers, who used a bidentate 

bisborane Lewis acid to activate s-tetrazines, we were interested to see if commercially available BF3 · 

OEt2 could replace the more complex bisborane Lewis acid.  (Scheme 2). The reaction of 3-Br-Tet (1) 

with TBS-silyl-enol ether 2 cleanly produced 3-bromo-4-phenylpyridazine (3) in 82% yield and the 

constitution was confirmed by a single crystal X-ray structure analysis. Remarkably, the reaction proved 

to be very fast (15 min, room temperature) and regioselective (single isomer observed). Interestingly, 

when the higher substituted silyl-enol ethers 4 and 5 were employed, the outcome of the reaction changed 

drastically. When methyl-substituted silyl-enol ether 4 was reacted with 3-Br-Tet (1), the pyridazine 6 

was only observed as the minor product of this transformation in low conversion (12%) together with a 

major unknown compound, as judged by 1H-NMR spectroscopy.  
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Scheme 2. Reactivity of silyl-enol ethers with 3-Br-Tet (1). 

The major product was assigned to be the azaphilic addition product 7 by extensive NMR analysis. 

However, since an inseparable mixture of adduct and pyridazine was obtained, we employed the bulkier 

silyl-enol ether 5 in the hope of achieving exclusive selectivity and easy separation from impurities. In 

this case, a single product was obtained (as observed by UHPLC-MS and NMR analysis) and single-

crystal X-ray structure analysis unambiguously confirmed the structure of 8 to correspond to the azaphilic 

addition product. In order to gain insight into this unique and novel reactivity of silyl-enol ethers with 3-

Br-Tet (1) and to understand the crucial role of the Lewis acid, we extensively studied theoretically the 

effect of the coordination of BF3 · OEt2 to 3-Br-Tet (1) and the influence of substituents on the silyl-enol 

ether. We analyzed the frontier molecular orbitals (FMOs) of the tetrazine by means of condensed Fukui 

functions (electrophilic: 𝑓!, nucleophilic:	𝑓") (see supporting information for a detailed description of 

the used computational methods and their validation). Based on our preliminary experimental 

observations and theoretical calculations on the relative stability of BF3 adducts, we propose the 

coordination of a single Lewis acid moiety at N-3 of 3-Br-Tet (1) (see Table S8). Further, we found that 
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independent of the coordination site of the BF3, there is no alteration of the symmetry of the FMOs (see 

Figures S1 and S2). However, when comparing the relative local electrophilicity[21] index calculated from 

condensed Fukui functions by conceptual DFT,[22] we found, that the coordination of BF3 leads to a 

significant depletion of the electron density at the para nitrogen atom. Bearing this result in mind, this 

nitrogen atom becomes more susceptible to an azaphilic attack (see Figure 1) and a high regioselectivity 

for azaphilic attack is expected. In addition to this, upon coordination of the Lewis acid, a steady decrease 

in the orbital energies of all the frontier orbitals (HOMO-1, HOMO, LUMO, and LUMO+1) can be 

observed (see Figure S4). In accordance with FMO theory, we observe that the stabilization of the orbitals 

correlates with an increased reactivity.[23] The decrease in the energies of the orbitals follows the same 

trend as the relative stability of the BF3 adducts, i.e. interactions between the Lewis acid and the bromo-

substituent are avoided.   

 

 

 

 

 

Figure 1. Relative local electrophilicity index of the BF3 adducts relative to native 3-Br-Tet (1). This 

dimensionless quantity helps to rationalize the reactivity of tetrazine towards an azaphilic addition. The 

most electrophilic site (highlighted) corresponds to the nitrogen atom that is found to undergo the 

azaphilic addition reaction. 

In order to rationalize the selectivity towards either the azaphilic addition for enol ethers 4 and 5 or the 

iEDDA reaction for enol ether 2, we employed the active strain model (ASM). ASM was demonstrated 

to be a suitable tool for decomposing the activation barriers into different components, namely the 

distortion energy required to deform the reactants and the interaction energy gained through stabilizing 

interactions.[24] The ability of the dienophiles used in this study to undergo an iEDDA like reaction is 

clearly dependent on the steric demand imposed by the alkyl/aryl substituent. This can be seen from the 

distinctive difference in the deformation energy as a function of the C-C bond formation, which follows 

the expected trend 𝐸#$%&'(: Ph > Me > H (see Figure 2). On the other hand, the azaphilic addition is, as 

expected, only marginally affected by the nature of substituents of the dienophile as can be seen from the 

almost identical 𝐸#$%&'( and 𝐸'($ energies (see Figure S5). 
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Figure 2. Plot of the total electronic energy (𝐸$)$), distortion energy (𝐸#$%&'(), and interaction energy 

(𝐸'($) versus the bond distance of the C–C bond that is to be formed between the dienophiles (H (2), Me 

(4), and Ph (5)) and 3-Br-Tet (1) without the aid of a Lewis acid. Note, (𝐸#$%&'() of the structures 

representing the associated reactant (AR) was set to zero for all derivatives. 

 

 
 

Figure 3. Gibbs free energy profile of the azaphilic attack and Diels-Alder like reaction for the methyl-

derivative 4 with and without BF3 adducts. In the case of the iEDDA reaction, only BF3@N-5 and 
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BF3@N-2 are shown. Note that in the case of the azaphilic attack, only the nitrogen atoms in the para or 

meta position are expected to react. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 3. Azaphilic addition to 3-bromo, 3-aryl, and 3-alkyl substituted s-tetrazines. 

 

The conclusions drawn from the ASM analysis are supported by the calculated activation barriers for all 

three silyl-enol ethers 2,4 and 5 in the presence and absence of BF3, respectively (see Tables S6 and S7). 
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on the yield of the reaction and led to the isolation of the azaphilic addition products 11 and 12 in 31 and 

28% yield, respectively. The introduction of a “push-pull” system slightly increased the yield compared 

with 8; compound 13 could be isolated in 40% yield. With these results in hand, we tried several alkyl 

residues in order to determine the minimum steric requirement for obtaining exclusively the azaphilic 

addition product, bearing in mind that a methyl substituent afforded a mixture. Interestingly, only for the 

respective cyclopropyl TBS-silyl enol ether, the pyridazine could be observed in trace amounts in 

UHPLC-MS. The main product proved to be 14, which was isolated in 45%. For a tert-butyl or iso-propyl 

group, the azaphilic addition products 15 and 16 remained the only observed products of this 

transformation and could be isolated in 29 and 42% yield, respectively.  

 

Having established the generality of the presented reaction with 3-Br-Tet (1), we were intrigued to see if 

this reactivity can be transferred directly to more electron rich alkyl and aryl substituted tetrazines 

(Scheme 3B). Interestingly, a larger excess of BF3 · OEt2 was necessary to achieve synthetically useful 

conversions and yields. Possible reasons for this requirement could involve stronger Lewis basicity of 

corresponding reaction products, binding multiple equivalents of BF3. Along these lines, aryl substituted 

tetrazines required 6 equiv of Lewis acid and alkyl substituted tetrazines required 12 equiv of BF3 · OEt2, 

together with longer reaction times compared to azaphilic attack on 3-Br-Tet (1). The longer reaction time 

can be correlated with the higher electron density within the tetrazine ring resulting from the electron 

donating ability of the alkyl or aryl substituents. This effect of the substituent then leads to a less favorable 

azaphilic addition pathway. Nevertheless, also for alkyl and aryl substituents, the azaphilic addition 

pathway is favored over the inverse electron demand Diels-Alder reaction, and only in the case of 

compound 17, was the pyridazine 18 obtained in isolable amounts as a minor-byproduct (6%) (Scheme 

3B). Electron-acceptors, as well as donors, on the tetrazine core were tolerated under these conditions and 

led to the formation of dihydrotetrazines 19 – 21 in moderate yields. Several alkyl substituted 

dihydrotetrazines 22 – 24 could also be isolated and were obtained in 21 – 49% yield and with exclusive 

regioselectivity. In order to gain further experimental insight into the transformation, explored whether 

or not a phenyl group at C1 in the silyl-enol ether is mandatory (Scheme 4), or if a bulky alkyl residue 

also promotes azaphilic addition.  
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Scheme 4. Reactivity of TES-silyl-enol ethers, enamines and cyclic silyl-enol ethers. 
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short reaction times. Since the synthesis of highly substituted pyridazines with high regiocontrol still 

remains a challenge, this method potentially gives an easy entry to the synthesis of complex pyridazines 

bearing a Br-atom for further functionalization via cross-coupling reactions.[26]  

Lastly, we investigated the decomposition of the adducts using dihydrotetrazine 8 as a model substrate. 

Although all described azaphilic addition products could be isolated and purified via standard silica gel 

column chromatography, the obtained compounds have limited stability in solution. According to 

UHPLC-MS, conversion to a single new compound was observed, when stirring dihydrotetrazine 8 in 

CH2Cl2 over a period of 3 days. After several attempts, we were able to obtain suitable crystals of the HBr 

salt of the rearranged product 31 for a single-crystal X-ray structure analysis (Scheme 5).  

 
Scheme 5. Rearrangement of dihydrotetrazine 8 to triazine derived 31. 

To our surprise, the fused heterocyclic structure 31 was formed through a novel rearrangement. 

Derivatives of this triazine scaffold with a different substitution pattern were obtained earlier via a 

different route; the synthesis of this heterocyclic scaffold from tetrazines is unprecedented, to our 
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acylamino-3-oxo-6-aryl-2,3,4,5-tetrahydrotriazines, s-tetrazines give easy access to these heterocyclic 

scaffolds with a novel substitution pattern. Studies on the mechanism of this unprecedented rearrangement 
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obtained. Experimental findings were supported by X-ray crystal-structure analyses, which 

unambiguously confirmed the structures of the adducts, as well as the exclusive regioselectivity. 

Theoretical calculations of the reaction could provide additional valuable insights into the formation of 

the dearomatized dihydrotetrazines. Finally, a novel rearrangement of the dihydrotetrazine core to a 

triazine 31 derived bicyclic scaffold was recognized. 
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